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Introduction:
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Radiotherapy is used to treat patients with various types of cancer, where lin-
ear accelerators produce the radiation beam used for the treatment. Before each
treatment fraction, the patient needs to be correctly positioned according to the
treatment plan. Patient setup is often performed using a build-in kV cone beam
computed tomography (CBCT) system. Recently Varian has implemented a new
CBCT reconstruction algorithm, based on iterative reconstruction (iCBCT). The
purpose of this work was to evaluate the Varians iCBCT reconstruction method
and compare it with the standard CBCT recontruction method.

In this study, three types of phantom were used: Alderson Rando phantom, Kyoto
Kagaku phantom and Catphan 604 phantom, and eight existing patients images.
The image quality was evaluated using Catphan phantom in DoseLab. The image
quality was evaluated by calculating contrast, HU constancy, noise, uniformity and
spatial resolution. The impact of various reconstruction filters: smooth, standard
and sharp and noise suppression parameters (for iCBCT) were studied using Kyoto
Kagaku phantom for head and pelvis mode. The exposure mAs was decreased with
iCBCT for both head and pelvis mode with Alderson Rando and Kyoto Kagaku
phantom to achieve similar image quality as with standard CBCT visually. The
CT dose index-volume (CTD l,,)) was measured for head and pelvis mode using
CTDI phantoms and an ion chamber. The CBCT acquisition and reconstruction
time for head and pelvis mode were measured using Kyoto Kagaku phantom.

Phantom and patient images showed that iCBCT significantly improves the image
quality by reducing the image noise and artifacts on the images. The adjustable
parameters of the iterative reconstruction have much less impact on the image
quality than the reconstruction method. To visually achieve similar image quality
for iCBCT and standard CBCT mAs was reduced. This resulted in a decrease
of measured CTD |, of about 70% for a pelvis scan and about 50% for a head
scan. The reconstruction time for iCBCT is somewhat longer than the standard
reconstruction method. For the phantom used in this work, the measured difference
is 15 s for pelvis and 12 s for head.



Sammanfattning

Inledning: Stralbehandling anvands for att behandla patienter med olika typer av cancer,
dar linjaracceleratorn producerar den stralning som anvands for behandlingen. Fore
varje behandlingsfraktion behéver patienten vara korrekt positionerad enligt behan-
dlingsplanen. Patient setup utfors ofta med ett inbyggt kV-cone beam CT-system (CBCT).
Varian har nyligen implementerat en ny CBCT-rekonstruktionsalgoritm, baserad pa
iterativ rekonstruktion (iCBCT). Syfte: Detta arbete syftar till att utvardera Varians
iCBCT-rekonstruktionsmetod och jamfora den med standard CBCT. Féljande parametrar
undersoktes: Bildkvalitet, CBCT-insamling och rekonstruktionstid, iCBCT justerbara
parametrar sasom olika filter och brusdampning, och minskad straldos med iCBCT for
att uppna samma bildkvalitet som med standard CBCT. Metod: I denna studie anvandes
tre typer av fantom: Alderson Rando fantom, Kyoto Kagaku fantom och Catphan 604
fantom. Samt befintliga patient bilder anvindes och rekonstruerades med bade stan-
dard CBCT och iCBCT. Bildkvaliteten utvarderades med Catphan 604 fantom i DoseLab.
Bildkvaliteten utvirderades genom berdkning av kontrast, HU, brus, unifromitet och
upplosning. Effekten av rekonstruktionsfiltren smooth, standard och sharp och noise
suppression parameter (for iCBCT) studerades med Kyoto Kagaku fantom for huvud- och
pelvis mode. For att studera exponeringens inverkan pa bildkvaliteten varierades mAs.
Syftet var att uppna en bildkvalitet f6r iCBCT motsvarande den for standard CBCT, genom
att minska exponeringen nar iCBCT rekonstruktionen anvandes. CBCT-insamlings- och
rekonstruktionstiden for huvud- och pelvis studerades f6r Kyoto Kagaku-fantom. Resul-
tat: Fantom och patient bilderna/studierna vissade att iCBCT forbattrar bildkvaliteten
avsevart genom att minska bildbruset och artefakter pa bilderna. De justerbara parame-
trarna for den iterativa rekonstruktionen har mycket mindre inverkan pa bildkvaliteten
an rekonstruktionsmetoden. For att visuellt uppna liknande bildkvalitet for iCBCT och
standard CBCT mAs reducerades. Detta resulterade i en minskning av uppmaétt CTDIvol
med cirka 70% for ett pelvis scan och cirka 50% for ett head scan. Rekonstruktionstiden
for iCBCT ar nagot langre jamfort med standardrekonstruktionsmetoden. For fantomen
som anvands i detta arbete dr den uppmatta skillnaden 15 s for backenet och 12 s for
huvudet.
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1 Introduction

Radiotherapy is used to treat patients with various types of cancer, where linear ac-
celerators produce the radiation beam used for the treatment. Before each treatment
fraction, the patient needs to be correctly positioned according to the treatment plan.
Imaging during the patient setup plays an important role in producing accurate images
of the treatment anatomy and effective treatment. In the early days, radiographic films
were placed underneath the patient to produce an image. Developing the images were,
however, time consuming and the film processing was also harmful to the environment.
Later on, faster methods were developed, so called electronic portal-imaging devices
(EPIDs). One drawback of using the megavoltage (MV) beam for patient setup is that it
produces low contrast images, due to compton scattering is dominant. Later, an x-ray tube
and a flat panel imager (FPI) were mounted 90° from the linacs gantry head. The x-ray
tube produces kV-beam that produces images with high contrast, as photoelectric effect
dominates at these energies. The possibility to obtain tomographic sections/slices by
rotating a cone shaped beam around the patient was also introduced. This idea was first
implemented in the odontology field, for imaging teeth. Due to its benefits, mainly that a
larger volume can be imaged during a single rotation, it began to be used in radiotherapy
to reduce patient set-up errors before each treatment session [1].

1.1 Cone Beam CT

Cone beam computed tomography (CBCT)is a type of CT that uses projection images
from a single rotation to derive a 3-dimensional image of the anatomy. The x-ray tube
rotates around the patient, and 2D data is collected and then reconstructed into 3D images
[2]. Because the CBCT covers a large volume of the patient, more scatter radiation will
be detected, compared to regular CT. CBCT images are also prone to various types of
artifacts such as motion-, metal-, scatter-, noise-, photon starvation and beam hardening
artifact, that will appear on the images. The artifact causes the CT number in the image to
differ from the expected CT number, which depends on the linear attenuation coefficient.
Artifacts that appear on the image reduce the image quality, such as homogeneity, contrast,
noise, and visibility of the imaged anatomy in the reconstructed CBCT image.

1.1.1 Varian Standard CBCT

The Feldkamp, Davis and Kress (FDK) algorithm have been the most popular recon-
struction technique for cone-beam projections [1]. The linac vendor Varian (Medical
Systems, Inc) refer to the FDK algorithm as "standard CBCT" reconstruction. The FDK
algorithm is an extension of the 2D fan-beam filtered-back projection (FBP) and consists
of pre-weighted steps. The angle by which the cone-beam plane is tilted with respect to
the central ray is corrected to compensate for the increased attenuation of photons along
the periphery [1]. The FDK algorithm consists of the following steps: The measured cone-
beam projections are pre-weighted, filtred, and back-projected. The FBP-reconstruction
consists of four main steps. The first step is a Fourier transform of Radon space, which
contains projection values from many angles (also called for sinogram), which requires a
1D Fourier transform. A ramp filter is applied for every projection, but this suppresses
the low frequencies, which contain detailed information of an image, and raises high
frequencies, which contain noise. The third step is, an inverse Fourier transform is applied
to the ramp filter to obtain a Radon space with modified projection profiles. The last



step is the back-projection of the filtered profiles that creates a reconstructed image, see

figure 1 [1],[3].
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Figure 1: Graphic description of [Ifdred back projection.

The FDK algorithm is easy to implement, but the projection data for CBCT is insufficient
for exact reconstruction. Also when radon transformation is implemented on discrete
data points, this will cause artifacts and noise [1].

1.2 Varian iCBCT

To improve the CBCT image quality, Varian has implemented a so called iterative re-
construction algorithm. iCBCT uses advanced scatter correction models and iterative
reconstruction methods to reduce noise, shading, streak artifacts and beam hardening
artifacts. This is one of the main advantages when it comes to reducing artifacts and
the level of noise that appears on the CBCT images, which reduces the image quality.
However, the algorithm does not reduce motion artifacts. Therefore the iCBCT algorithm
is primarily used in the head and neck (H&N) and pelvis regions, where motion artifacts
are generally small.

The iterative reconstruction algorithm works as follows. The first step is to estimate data,
then a projection over the data is made into a sinogram, and correction for attenuation
och scattering is made. The estimated and the measured projection is compared. If
the corrections factors change, the algorithm will continue with the next iteration. If
the correction factors approach 1 (or 0) or do not change from the previous iteration,
the algorithm will end, and the images is reconstructed [4]. Figure 2 shows a visual
description of how the iterative reconstruction algorithm works.
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Figure 2: Graphic description of iterative reconstruction algorithm.

Iterative CBCT has shown enormous progress when it comes to improving the CBCT
images, which means that soft tissue becomes easier to visualise [5]. In radiotherapy, the
CBCT scan is often used to accurately position the patient in the beam. If this can be
done based on the images with lower image quality, the improved image quality obtained



with iCBCT can instead be used to lower the absorbed dose due to imaging, which will
be investigated in this paper.

1.3 Aim

The aim of this work was to evaluate the Varian’s iCBCT reconstructions method and
compare it with the standard CBCT reconstruction method.

The following parameters was examined: Image quality, CBCT acquisition and reconstruc-
tion time, iCBCT adjustable parameters such as different filters and noise suppression,
and decreased radiation dose with iCBCT to achieve the same image quality as with
standard CBCT.

2 Methods and Materials

For all measurements in this study, the kV imaging system of a Varian TrueBeam linear
accelerator (v.2.7) was used. The same linac was used throughout the project. The kV
system consists of the kV x-ray tube, the kV beam collimator and filters and on the
other arm a digital kV imager (PaxScan detector 4030CB). Currently eight CBCT imaging
protocols are available by default in the TrueBeam imaging system. In this study, two of
the standard protocols were used, Head (100 kVp, 150 mAs, 200 degree gantry rotation)
and Pelvis (125 kVp, 1080 mAs, 360 degree gantry rotation), see table 1. Thorax was
omitted due to moving anatomy, even though iCBCT potentially could be considered for
thorax in combination with gated CBCT or breath-hold CBCT.

Table 1: Default parameters for the Pelvis and Head CBCT mode, of the TrueBeam system.

Pelvis scan | Head scan
Fan type Half Full
Trajectory Full Half
Tube voltage [kV] 125 100
exposure[mAs] 1080 150

In front of the x-ray tube, a bowtie filter is mounted, a beam shaping filter that improves
the quality of the CBCT. The bowtie filters are build-in and controlled automatically
by the system. There are two types of bowtie filters. Full fan bowtie filter is used for
acquisition of head scan, and half fan bowtie filter is used for acquisition of pelvis scan.
The fan type describes the scanning arc of the CBCT, a full fan mode corresponding to
200-degree acquisitions, and the kV-imager is aligned with the kV-beam. For imaging of
larger volume of interest (VOI), half fan mode is used with acquisition that corresponds to
360 degrees to complete the projection data due to the kV-imager being shifted laterally.

Re-reconstruction of CBCT images

All CBCT images in this study were re-reconstructed in Varian’s Advanced reconstructor
(AR) mode of the TrueBeam with standard CBCT and iCBCT. The images were evaluated
visually by a physicist (the author).



2.1 Visual comparison of image quality between standard CBCT
and iCBCT

2.1.1 Phantom study

In this study, three different phantom types were used. Kyoto CT Whole Body Phantom
(Kyoto Kagaku Co., Ltd.) is an anthropomorphic phantom made of materials similar to the
normal human body. In this study, the phantom represented a full-grown patient/adult
man, as shown in figure 3.

Figure 3: The Kyoto Kagaku phantom positioned for (a) a pelvis scan and (b) a head scan.

The female Alderson Rando phantom is also an anthropomorphic phantom transected
horizontally into 2.5 cm thick slices. For this study, seven slices were put together to
represent the human pelvic area and eight slices for the head, as shown in figure 4.

Figure 4: Female Alderson Rando phantom positioned for (a) a pelvis scan and (b) a head scan.



The third phantom that was used was the Catphan ®604 phantom (The Phantom Labora-
tory, USA), used for evaluating the difference in image quality between standard CBCT
and iCBCT, see figure 5.

Figure 5: Catphan 604 phantom

The phantoms were placed one at a time on the couch for imaging and imaged using the
default pelvis and head scan. Each imaging set was then reconstructed using standard
CBCT and iCBCT reconstruction algorithms. Then a visual comparison of the image
quality between standard CBCT and iCBCT was made.

2.1.2 Patient study

In this study, eight random existing patient images locally saved on the Varian system
were selected, both male and female. The images were reconstructed in AR mode with
standard CBCT and iCBCT. A visual comparison of the image quality between the standard
CBCT and iCBCT was made.

2.2 CBCT acquisition and reconstruction time

The total time required for CBCT acquisition and reconstruction of the two standard
imaging modes in table 1 for standard CBCT and iCBCT were measured using a timer
with Kyoto Kagaku phantom. Acquisition and reconstruction time was counted from
when the start button was pressed until it displayed that the reconstructed slices were
completed. As the acquisition is the same, any changes in total time will reflect changes
in the reconstruction time.

2.3 Impact of reconstruction parameters on image quality

Kyoto Kagaku phantom was used to evaluate the impact of reconstruction parameters on
the image quality, with default parameters mentioned in table 1.



The adjustable reconstruction parameters for standard CBCT and iCBCT were investi-
gated by re-reconstructing the images in AR mode. The following parameters remained
constant throughout the study: matrix size 512x512, slice thickness 2.0 mm and detrunca-
tion volume adaptive, as these do not differ between standard CBCT and iCBCT.

iCBCT has adjustable parameters that can be selected for each reconstruction: filter, noise
suppression, matrix size, slice thickness and detrunction volume. The reconstruction
filter selection controls the level of sharpness in the reconstructed image and was ranged
from smooth to sharp. When selecting different filters, the amount of noise in the images
can change. However, at the same time, the spatial resolution can be affected. The noise
suppression parameters control the level of noise in the final images. For standard CBCT,
the following filters were used: smooth, standard, sharp, see table 2.

Table 2: Adjustable reconstruction parameters for iCBCT and standard CBCT.

Standard CBCT iCBCT

Filter Filter Noise suppression
smoaoth smooth very low medium very high
standard standard very low medium very high
sharp sharp very low medium very high

One parameter at a time was varied, while the remaining was constant. The reconstructed
images were evaluated visually based on noise level, artifacts and visibility of the scanned
anatomy.

2.4 Impact of exposure parameters on image quality
2.4.1 Varying mAs

Default kV parameter (table 1) with various exposure (mAs) was tested to study the
impact of exposure parameters on image quality with Alderson Rando phantom and
Kyoto Kagaku phantom . For head scan following exposures was used: 150, 112.5, 81.25,
62.5, and 50 mAs, and for pelvis scan: 1080, 810, 585, 427.5, 315, 202.5, 135, 112.5, and 90
mAs. The images were then reconstructed with both standard CBCT and iCBCT and
evaluated visually, and the level of noise for each phantom was determined by placing
10x10mm ROL:s. The purpose of varying the mAs is to investigate which mAs with iCBCT
correspond to similar image quality as default exposure for standard CBCT.

2.4.2 Varying kV

Kyoto Kagaku phantom and Alderson Rando phantom were imaged. The CBCT system
does not allow on the fly adjustment of the tube voltage (kV). To study the impact of kV,
a default scan mode using 80 kV instead of 100 kV, denoted image gently mode, was used.

2.4.3 CTDI, measurement

Computed tomography dose index (CTDI) phantoms and ion chamber (Unfors Raysafe
X2 CT sensor) with 10 cm length were used for measuring CTDI values. CTDI phantoms
were positioned at the isocenter, see figure 6. The ion chamber was connected to a Base



unit which displayed the measured dose in mGy, and the ion chamber was positioned
inside the center of the CTDI phantom cavity. All other cavities were plugged with tube
cylinders. The 16 cm diameter head phantom was used to estimate CTDI in the head,
and the 32 cm diameter body phantom was used for the pelvis. For each mode, the ion
chamber was positioned at the center, and four peripheral positions and the CTD I 109
was measured for five positions, and the weighted CTD I,y was calculated using equation
1 which is the mean value of the radiation for a rotation.

1 _2
CTDIly §CTD|100,C §CTD|100,p (1)

CTDI100,c was CTDI measured at the center, and CTDl199,p was the average CTDI
measured from four peripheral positions. Then CTD |, which was the mean value of

the radiation dose in the examined area and is defined as CTD l,,0j= <21 but the pitch

pitch
in CBCT is one, CTDl,, ~ CTDIy. The kV tube is moved to the same start position
for each new exposure so that CTDI does not depend on the direction of rotation. The
measured CTD Iy for exposures 150 mAs and 62.5 mAs for head and 1080 mAs and 315

mAs for pelvis was compared with Varians reported values.

Figure 6: Measurement setup for determination of CTD I, with an CTDI head phantom .






