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Aim: In this study, the egs_cbct code’s ability to replicate an electronic portal imaging device
(EPID) is explored.

Background: We have investigated head and neck (H&N) setup verification on an Elekta Precise
linear accelerator. It is equipped with an electronic portal imaging device (EPID) that can
capture a set of projection images over different gantry angles.

Methods and materials: Cone-beam computed tomography (CBCT) images were reconstructed
from projection images of two different setup scenarios. Projections of an Anthropomor-
phic Rando head phantom were also simulated by using the egs_cbct Monte Carlo code for
comparison with the measured projections.

Afterwards, CBCT images were reconstructed from this data. Image quality was evaluated
against a metric defined as the image acquisition interval (IAI). It determines the number
of projection images to be used for CBCT image reconstruction.

Results: From this results it was established that phantom shifts could be determined within
2mm and rotations within one degree accuracy using only 20 projection images (IAI=10
degrees). Similar results were obtained with the simulated data.
Conclusion: In this study it is demonstrated that a head and neck setup can be verified
using substantially fewer projection images. Bony landmarks and air cavities could still
be observed in the reconstructed Rando head phantom. The egs_cbct code can be used as a
tool to investigate setup errors without tedious measurements with an EPID system.

© 2019 Greater Poland Cancer Centre. Published by Elsevier B.V. All rights reserved.

1. Introduction

through a CT scan of the patient can then be superimposed
on them to verify the patient setup. Usually, bony landmarks
act as reference points for image overlay evaluation. Instead of

Patient positioning accuracy can be verified from EPID images
before radiation treatment takes place. For example, a set of
EPID projection images can be obtained and transversal CBCT

bony landmarks, fiducial markers can also be used inside the
patient to act as image matching points. The shift and rotation
of the patient are recorded through matching software of the

slices of the patient can then be reconstructed to obtain a
set of transversal images for the patient that includes the
treatment volume. Corresponding reference images obtained

system.

Monte Carlo simulation of radiation transport has led to
sophisticated patient dose calculation with numerous exam-
ples of dose calculation engines such as the EGSnrc based
DOSXYZnrc, Penelope, GEANT, and other codes.'” Recently,
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Fig. 1 - The Rando head phantom, the phantom setup is
assisted using the green lasers.

scanners that produce transmission data, enabling image
reconstruction from filtered back projections. It was written in
C++ by Ernesto Mainegra-Hing and Iwan Kawrakow.** It can
be used to set up a CBCT imaging system and has proved to
be successful in previous studies. The egs_cbct code has been
used for scatter estimations in a chest phantom,® an Elekta
XVI CBCT imaging system’ and an onboard imaging panel.?
In a recent study, the code proved to be successful for the
simulation of fan beam CT configuration for Hounsfield unit
verification.’

In this study, the egs_cbct code’s ability to replicate an elec-
tronic portal imaging device (EPID) is explored since they are
used in image-guided radiation therapy (IGRT) which forms
part of modern radiation therapy.'>'* They can be used to
confirm tumour location and to facilitate correct patient set-
up prior to radiation treatment, therefore reducing the risk
of dose misadministration to the target and surrounding
radiosensitive structures.’"13>"17 Small treatment margins
used for intensity modulated radiation therapy (IMRT) and
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volumetric modulated arc therapy (VMAT) demand accurate
tumour localisation.

Since the radiation beam of the linear accelerator is used
as the X-ray source for the EPID, it results in low contrast
images.!’ Megavoltage x-ray interactions are dominated by
the Compton process in tissue-equivalent materials. The
intensity of these interactions is proportional to the relative
electron density per unit volume and is similar for soft tissue
e.g. muscle and heart tissue. This results in poor soft tissue
contrast in megavoltage images and is of the same order as
image noise. Substantially lower or higher electron density tis-
sue, such as the lung and bone, will show a better contrast in
reconstructed CBCT images.

Several methods have been explored to minimise the
dose received by patients during high energy imaging. These
methods can include limiting the field of view, limiting
the number of projection and using post-processing tech-
niques to improve the image quality.’® Although it leads
to a dose reduction, it also limits the anatomical infor-
mation in the images. As an alternative, better imaging
receptors have been developed by leading vendors such as
Varian Medical Systems (Mountain View, CA) and Siemens
Medical Solution (Concord, CA). The latter developed a
system called MVision with improved detection quantum
efficiency and faster read-out time.'® They reported that an
object with 1% electron density contrast could be detected
using this system with 10c Gy at the isocentre.”? Slightly
higher doses of 16 cGy were obtained by Varian Medical
Systems (Mountain View, CA) with an image receptor con-
sisting of a thallium-doped caesium iodide [CsI(TI] scintillator
where doses of 0.023 cGy can be used to form projection
images.”!

Our study involved using the egs_cbct Monte Carlo code
to model an EPID imaging system for an Elekta Precise linear
accelerator (Elekta Oncology Systems, Crawley, UK). A series of
scenarios were devised to assess the accuracy of the egs_cbct
code in depicting setup errors in simulated EPID images. The
possibility of reducing the number of EPID images of a Rando
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Fig. 2 - a) The terbium doped gadolinium oxysulfide (Gd,0,S: Tb) sandwiched between a sheet of Cu and an array of
photodiodes. b) The setup used for the simulation of the projection images in egs_cbct.
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Head-and-Neck phantom, to reduce the dose, was investi-
gated.

2. Methods and materials

The radiation dose is a dominant factor when EPID imag-
ing is used to locate and confirm tumour positions. It can
be reduced when the number of projection images neces-
sary to determine patient shift and rotation is minimized. We
introduce a parameter called image acquisition interval (IAI)
to study patient shift and rotation accuracy when the num-
ber of projection images are reduced but at equally spaced
angles. It is the arc interval (in degrees) at which EPID trans-
mission images are sampled for CBCT image reconstruction.
Sets of EPID images were obtained from measurements and
simulations and reconstructed for different IAI values. The
resulting transversal image quality was determined with the
contrast-to-noise ratio (CNR) and the signal-to-noise ratio
(SNR). The shift and rotation setup errors were calculated
on these images by comparing the original images for those
obtained for a shifted and rotated phantom. It was compared
for increasing IAI values to investigate how fewer projection
images could still be used to detect these shifts and rotations.

The egs_cbct Monte Carlo code was used to simulate the
above measured data for the purpose of benchmarking it for
EPID studies. Reconstructed transversal images from the CBCT
simulations were also obtained with increasing IAI. CNR, SNR,
and phantom shift and rotation was investigated as in the
measured cases.

2.1.  Image acquisition

2.1.1. Measurements

A Rando head phantom (Rando phantom, The Phantom Lab-
oratory, Salem, NY) was set up at the isocenter of an Elekta
Precise linear accelerator. This phantom is shown in Fig. 1.
The iViewGT EPID requires typically two to four monitor units
(MUs) for a 16-bit portal image. This system provides 2D MV
planar images within a fraction of a second, making on-line
patient position correction possible.??

EPID projection images were acquired at one degree gantry
angle intervals from —100° to 100°. For each image, one
monitor unit of radiation was used for a 6 MV x-ray beam.
The radiation field size was 25x25cm? at the isocenter,
corresponding to 40 x 40cm? at the EPID surface. The EPID
registered images in a 1024 x 1024 matrix with a pixel size of
0.025cm at the isocenter. The source-to-EPID distance (SDD)
is fixed at 160 cm. The 200 images were used as the basis for
CBCT image reconstruction from which images were sampled
as a function of IAIL

2.1.2.  Simulation

The ctcreate?® program was used to convert the CT images
of the phantom into a format consisting of the material
and density information needed for the egs_cbct simulations.
Transmission images of the phantom model were obtained
from radiation transport simulations through the phantom
model. The energy spectrum of a previously obtained Elektra
Precise source model was used as an input x-ray source. The

Fig. 3 - Positions of the ROIs for the calculation of the SNR
and the CNR.

simulated detector material, SSD, SAD and the voxel size of the
detector corresponded to that of the Elekta Precise EPID con-
figuration. The a-Si flat panel imager (EPID) used in this study
was the iViewGT from Elekta. A typical EPID relies on an indi-
rect photon detection mechanism. The scintillation material,
terbium doped gadolinium oxysulfide (Gd;0,S: Tb), is sand-
wiched between a metal sheet top layer of 1 mm copper and
a pixelated array of photodiodes typically referred to as an
active matrix flat panel imager (AMFPI).>*2¢ The detector and
the setup used for the egs_cbct simulation is shown in Fig. 2
below.

Simulated data were obtained over the same arc length
as during measurements. The transport conditions set prior
to simulation included energy cut-offs of 0.010 and 0.7 MeV
for photons and electrons, respectively. Atomic relaxations,
Rayleigh scattering and bound Compton scattering were not
requested. Spin effects were implemented and the electron-
step algorithm and boundary cross algorithm (BCA) was
PRESTA-II and PRESTA-I, respectively. The skin depth for the
BCA was set to three elastic mean free paths.

2.2 Image reconstruction

CBCT images were reconstructed from EPID images acquired
over a 200 degree arc length. The chosen slice thickness
was 1.6mm and the reconstruction image matrix size was
256 x 256. In each EPID image, row profiles, corresponding to a
specific z-position along the phantom. Before reconstruction,
each measured EPID image was corrected for (I) detector off-
set, (II) detector rotation and, (IlI) gantry angle variation. The
gantry angle read-out on the Elekta accelerator desktop was
used as the reference and confirmed by independent gyrome-
ter measurements.

Six sets of transmission images were sampled from the
measured and simulated data for image reconstruction. Each
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Detect and extract feature
descriptors

Match features and retrieve
locations of corresponding points

Estimate transformation and
solve for shifts and angle

Fig. 4 - The schematic of the method used in MATLAB to
determine the shifts and angle difference between two
images.

set had a unique IAI value namely 1, 2, 3,4, 5,6, 7, 8,9, and 10
degrees respectfully.

The Interactive Data Language (IDL) software package?’
was used to develop tools for the reconstruction of CBCT
(transversal) images from the set of measured EPID trans-
mission images obtained above. A Feldkamp-type filtered
backprojection (FBP) algorithm?®?° was used for CBCT image
reconstruction using the geometry-corrected EPID images.

The simulated EPID images were used to reconstruct
transversal images with the Open Source Cone-beam Recon-
structor (OSCaR) software from the American Association
of Physicists in Medicine (AAPM).>° This software uses the
Feldkamp-Davis-Kress (FDK) algorithm and suitable recon-
struction filters.

There are high-pass filters and low-pass filters that can be
used for the filtering of the projection data. The Ram-Lak filter

is a high-pass filter and will sharpen parts of the image where
there is a sudden change in signal, e.g. at the edges. This filter
will unfortunately amplify statistical noise and can be used
in combination with a low-pass filter.?! These combination
filters decrease the image resolution and; therefore, the ramp
filter was used for all the images in this study.

2.3. Image quality

From each set of reconstructed transversal images obtained
from measured and simulated data, the signal-to-noise (SNR)
and contrast-to-noise (CNR) ratios were calculated. For the
SNR a region-of-interest (ROI) was drawn in on a uniform
part of the reconstructed transversal image slice under con-
sideration as seen in Fig. 3 below. From the same image,
the CNR was calculated from pixel values in two ROlIs,
shown as the smaller squares, each of which is assumed
to have a uniform, but different pixel value. One ROI was
drawn in on a bony landmark and one adjacent to that
representing background. A bony landmark was chosen for
contrast calculation since it is used most frequently to detect
patient displacement and rotation during setup verifica-
tion.

The level of noise in the reconstructed image is determined
by:

SNR = méa/ 1)

where mean represents the mean pixel value and o the stan-
dard deviation in the ROIL.

The CNR calculates the mean and standard deviation of
the pixel values of an object and the homogenous background
surrounding the object.?%3?

CNR = I5-Ss6)/, 2

where S and Sp; are the mean pixel values in the insert and
background region, respectively, and o is the average standard
deviation of the pixel value in the insert and the background.

The above method was repeated for images reconstructed
using increasing IAI values.

2.4.  Phantom positional accuracy and rotation
detection

In this study bony anatomical points were chosen in the Rando
head phantom to study shift and rotation detection.

The head phantom was imaged for two cases with the
EPID system to detect positional and rotational indifferences
between consecutive setups. In the first case, the phan-
tom was imaged as described in section 2.1.1 to obtain
reference data. In the second case, the head phantom was
moved a known distance (2cm) first in a lateral direction
and then rotated by five degrees. 200 planar EPID images
were taken for CBCT data reconstruction. The matching
transversal slice images of these two cases were compared
with the reference data to determine the shifts and rota-
tion.

A MATLAB code was used to determine the shifts and
rotations between the images. The Speeded-up Robust
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f)

Fig. 5 - Reconstructed images of the Rando head phantom over 200° arc length for IAI of (a) 1°, (b) 2°, (c) 3°, (d) 4°, (e) 5° and

(f) 6°.

Fig. 6 - Reconstructed images of the simulated Rando head phantom over 200° arc length for IAI of (a) 1°, (b) 2°, (c) 3°, (d) 4°,

(e) 5° and (f) 6°.

Features (SURF) algorithm was used to find the corre-
sponding points between two images that are rotated with
respect to each other.>®> The process can be seen below in
Fig. 4.

This process was repeated for the simulated egs_cbct data
to compare phantom displacement and rotation assessment
with the measured data.

3. Results
3.1. Image reconstruction

Image acquisition-, patient dose-, and reconstruction time
can be reduced by using fewer projection images. In
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Fig. 7 - SNR as a function of IAI It was obtained from CBCT images reconstructed from planar images sampled at increasing
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Fig. 8 - CNR as a function of IAI, obtained from CBCT images reconstructed from planar images sampled at increasing IAI

this study the IAI was used to determine the number
of projection images. However, there exists a trade-off
between image quality and the IAI as seen in Fig. 5. Visu-
ally, the image (panel f) do look degraded at an IAI=6
degrees. Similar results were obtained from the images
reconstructed from egs_cbct EPID simulations as seen in
Fig. 6.

In Fig. 6, egs.cbct simulated EPID images were used to
reconstruct the images using the OSCaR reconstruction algo-
rithm.

3.2.  Image quality

The SNR and CNR were calculated for the reconstructed
transversal images (see e.g. Figs. 7 and 8) at increasing IAI val-
ues. As it increases, the reconstructed transversal image noise
increased causing both the SNR and CNR to deteriorate. This
is seen in Figs. 7 and 8.

In the next section, we investigated the accuracy with
which we could measure patient shift and rotation as an
increasing function of IAL
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Fig. 9 — Reconstructed data for a Rando phantom. The
phantom was shifted 2.0 cm lateral in panel (b).

Fig. 10 - Reconstructed data for the simulated Rando
phantom. The phantom was shifted 2.0 cm lateral in panel

(b).

3.3.  Phantom positional accuracy and rotation

In Fig. 9 the reconstructed transverse images are shown with
(a), the Rando head phantom set up at isocenter, and (b), the
phantom in the same position but the treatment couch moved

Fig. 12 - The corresponding points used to determine the
rotation between the two images.

a known distance of 2.0 cm in the lateral direction. The corre-
sponding simulations can be seen in Fig. 10.

From these images, the calculated shift was determined by
determining the distance between the corresponding points
obtained in MATLAB (Fig. 4). In the next step, the IAI was
increased to determine a new set of projection images to
reconstruct the transversal images in the same z-plane as that
shown in Figs. 9 and 10. Again, the calculated shift was deter-
mined from the same corresponding points on the images.
Differences between the calculated and known shift as a func-
tion of IAI are shown in Fig. 11.

As seen below in Figs. 12 bony landmarks were used to
determine the positional shift and rotation between the two
datasets. The landmarks were identified by the MATLAB code
as described in Fig. 4.

Absolute difference from known shift
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oy
- 7] N

Absolute difference from known shift {mm)
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Simulated: lateral
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10 12 14 16

Image acquisition interval (degrees)

Fig. 11 - Difference between calculated and known shifts for data points between the images in Figs. 9 and 10 for increasing
IAIL Lateral shift differences were calculated for the measured and the simulated data.
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Fig. 13 - Reconstructed data for a Rando head phantom.
The phantom was tilted five degrees clockwise in panel.

Fig. 14 - Reconstructed data for the simulated Rando head
phantom. The phantom was tilted five degrees clockwise.

The following images were used to determine the rotation
between the measured and simulated data sets. Each of these
datasets is acquired with a IAI of 1 (Figs. 13-14).

New sets of transversal images were constructed for IAI
values of 1°, 5°, 10° and 15°. The difference between the

calculated and known rotations for increasing IAI is shown
in Fig. 15.

It is seen here that the accuracy of the calculation for rota-
tion is dependent on the IAI To be accurate within one degree
of rotation, the IAI should not be larger than 8 degrees.

4, Discussion

For the measured data, the CNR stays relatively constant for
IAI values greater than 5 degrees. The SNR reaches 50% at
IAl=4 degrees and 30% at IAI=10 degrees. From this informa-
tion, it seems that a further increase in IAI would not affect
CNR and SNR significantly for IAI > 10 degrees. Similar results
are seen for the simulated data.

As expected, an increase in the IAI would degrade the
SNR and CNR in the reconstructed images as can be seen in
Figs. 5 and 6. At the same time, differences between the cal-
culated and known shifts in general become larger as seen in
Fig. 11. To keep the calculated shift inaccuracy within 2 mm,
the IAI must be limited to 10 degrees which is confirmed by
the data from egs_cbct simulation results. Shift inaccuracies
larger than 2mm would become clinically relevant and they
occur at IAI values larger than 10 degrees. If an IAI value of
10 degrees is used, it can reduce the planar image acquisition
and CBCT reconstruction time by a factor of 10. When patient
shift and rotation detection is the prime objective of imaging,
image quality is not an important factor since high contrast
landmarks can be identified to detect a patient shift during
setup.

Fewer reconstruction images are advantageous to reduce
reconstruction time and dose to the patient during image
acquisition. In this study, bony structures found in the head
and neck can be used effectively to detect phantom shift and
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Fig. 15 — The difference between the calculated and known rotation calculated for images reconstructed for IAI values of 1°,

5°, 10° and 15°.
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rotation up to an IAI value of 8 degrees. The method developed
in this study specifically focussed on head and neck setup ver-
ification and may not be applicable for other treatment sites
in the body.

The egs_cbct code is useful to investigate the characteris-
tics of an EPID system. Good correlation was obtained for the
measured and simulated SNR, CNR, shift and rotation mea-
surements. The most powerful of these applications is that
egs_cbct can be used to evaluate a priori if a given EPID system
can be used with minimal dose to the patient in its abil-
ity to verify patient shifts with a maximum IAI to decrease
the amount of EPID images needed for image reconstruction.
The egs_cbct simulations verified the concept of IAI used to
reduce patient dose without distorting patient shift and rota-
tion detection accuracy to clinically significant values.

5. Conclusion

Head and neck setup error accuracy as a function of IAI was
investigated. An Elekta Precise linac (6 MV beam) equipped
with an on-board EPID was investigated. This EPID was used
to obtain a set of projection images for reconstruction of
megavoltage CBCT image data sets. Projections images were
simulated with the egs_cbct code to verify the setup errors
found with the measured data.

The SNR and CNR values were calculated on the Rando
head phantom for the measured and simulated data. Both
these values decreased as the IAl increased but tended to sta-
bilise at IAI larger than 5 degrees. The SNR decreased by 60
percent and the CNR decreased by 25 percent for IAl between
1 and 5 degrees.

Positional accuracy was verified through measurements of
simulated shifts and rotations of the Rando head phantom.
This was repeated for reconstructed images using various IAls.
The absolute difference from known shifts (all directions) and
rotation was less than 1 mm and 1° for 200 projection images
and less than 2 mm and 1° for 20 projection images. For image
acquisition over 200 degrees, a maximum IAI of 10 degrees is
recommended.

In this study it is demonstrated that head and neck setup
can be verified using substantially fewer projection images
over a gantry arc of 200 degrees. Since image contrast is low in
megavoltage images, bony landmarks still appear well defined
despite fewer projection images. This enables head and neck
setup accuracy within 2 mm and one degree using only 20 pro-
jection images (IAI=10 degrees). The egs_cbct code can be used
as a tool to investigate setup errors without tedious measure-
ments with an EPID system. This study can be extended to
other anatomical regions and more complex errors.
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