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ABSTRACT

Background: To assess and compare image quality characteristics of x-ray computed
tomography (CT) and cone beam (CBCT) imaging systems of the Varian linear
accelerator. Materials and Methods: The CatPhan®504, was examined on the CT
simulator (SOMATOM Definition AS, VA48A) and two CBCTs (TrueBeam™ and Clinac®
iX linear accelerators) attached to Varian linear accelerator. Image quality parameters
including pixel value stability, spatial linearity, pixel size verification, uniformity, noise,
spatial resolution, low contrast resolution, and contrast-to-noise ratio (CNR) were
assessed using different scanning protocols. Results: The mean pixel values of regions
of interest were stable for CT, TB, and iX-CBCT imaging. Noise on CT was slightly lower
and was seen to decrease with increasing mAs, while CNR increased with CT mAs and
two CBCTs. For all schemes, the Modulation Transfer Function (MTF) of the
reconstructed image was limited by the pixel size. Low contrast targets for TB-CBCT
were visible, with up to 6 and 2 targets for 1% and 0.5% for contrast, respectively.
However, up to 4 targets of 1% contrast on iX-CBCT images are visible for the low-
contrast objectives. Also, up to 8, 4, and 1 targets of 1%, 0.5%, and 0.3% contrast were
visible for the low-contrast targets on CT images. Conclusions: CT and CBCT image
quality parameters have been quantified and compared for clinical protocols in
different mAs conditions. Selecting the right protocol will boost contrast, based on
image quality criteria. The mAs can be decreased to minimize patient dosage.

INTRODUCTION in the usability of the image sets acquired as the
image quality and accuracy of the Hounsfield units
Cone-beam computed tomography (CBCT) (HU) decreases proportionally (). This problem is

mounted on a linear accelerator (LINAC) in

exacerbated by the essential problem that the large

radiotherapy departments increased the probability
of routine imaging of the anatomy of the patient in
the treatment position (- Comparing the anatomy in
three dimensions (3D) with the planning computed
tomography (CT) allows prompt correction of the
positioning deviations before delivery of the
treatment dose 23). The major objectives of
Image-Guided radiotherapy (IGRT) are to optimize
treatment margins reduction, allow the use of sharp
dose gradients common to intensity-modulated
radiation therapy (IMRT), volumetric modulated arc
therapy (VMAT), and interactively adapt to changes
in the tumor during treatment . Latest CBCT
acquisition modes aim (a) to reduce the dose to a
minimum, (b) to save the patient from excessive
imaging dose, and (c) obtain enough bone contrast
and soft tissue to perform regular system corrections.
However, the reduced dosage can lead to limitations

cone geometry causes more artifacts and scatter than
the fan beam CT (6.

To resolve the specific output of each CBCT
system, a quality assurance (QA) program was
developed for the image quality of CBCT guidance (.
This QA is a tool way to solve problems HU's
homogeneity values and the uniformity and spatial
resolution of multiple CBCT systems, and a tolerance
limit for each parameter. Previous papers analyzed
image quality aspects such as spatial resolution and
CBCT noise based on the QA program. In these
papers, the parameters of image quality were
compared for different methods of reconstruction
and different tube current settings (68),
Several studies have measured the efficiency of the
CBCT image when affected by noise and resolution (°-
14), In CBCT, apart from the geometry and features of
the scanner (tube current, tube voltage, mAs, and
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focal spot size), the reconstruction filters often affect
image quality with greater effects on resolution and
noise than image uniformity (15).

This study uses the Varian TrueBeam™and Varian
Clinac® iX-CBCT images of the CatPhan®504
phantom. Image quality parameters of CNR, HU
uniformity, pixel stability, and spatial resolution were
assessed for full-fan and half-fan acquisition modes of
CBCT. This study attempted to assess the imaging
capabilities of two CBCT systems for IGRT
implementation. The objective was to compare and
provide an unbiased review of two commonly used
CBCT systems.

MATERIALS AND METHODS

Catphan phantom setup

The Catphan®504 phantom (The Phantom
Laboratory, New York, USA) is a cylindrical phantom
build of multiple modules that can be used to
measure different indices of image quality. The
phantom is 20 cm in diameter, and 20 cm in length.
The Catphan modules CTP 404, CTP 486, CTP 528,
and CTP 515 were used for this study. For pixel value
stability and pixel size verification, a CTP 404
package containing inserts of different densities was
used; which includes air, acrylic, polystyrene, low-
density polyethylene, teflon, and delrin with densities
varying from 0-2.16 g/cm3. CTP 486 has a standard
150 mm diameter water equivalent disk for
determining HU uniformity. A spatial resolution of up
to 21 Ilp/cm was assessed using CTP 528. Low
contrast resolution was evaluated with CTP515
module (16).

Imaging devices and parameters of acquisitions

All scans included in this study were acquired
using a helical CT simulator (Siemens, SOMATOM
Definition AS, VA48A, Germany) and CBCT integrated
with Varian TrueBeam™and Varian Clinac® iX (Varian
Medical Systems, Palo Alto, CA, USA) at 90° with
respect to the treatment beam. In this study, the two
CBCT models will be called TB and iX respectively
(table 1). The 2D projection data of the Catphan®504
phantom was acquired three times for both full-fan
and half-fan modes of iX-CBCT and acquired four
times for full-fan and twice times for half-fan modes
of TB-CBCT.

Pixel Value Stability

The CatPhan's reconstructed CTP 404 module
slice was used to determine the stability of the pixel
value for each of the inserts (figure 1). The seven
different inserts were computed using means and
standard deviation. Ideally, the mean value measured
for the area of interest is representative of HU values
(equation 1), and the SD in that area reflects noise (o)
(17). Where px is the linear attenuation coefficient of
the material in question and pwater and pair are the

linear attenuation coefficients of water and air,
respectively.

HU =1000+ Hx " Hwatery (1)

Spatial linearity and Pixel Size Verification

Verification of the pixel size of the image was
carried out to ensure that the pixel size coincides
with the nominal value. A rectangular ROI was used
to calculate the number of pixels in the pin-to-pin
distance, using the distance measurements from the
spatial linearity calculation (figure 2). The pixel size
was calculated using the equation 2 by knowing the
distance between two pins and the number of pixels
in that distance (16),

. .., _ distance topin (mm)
Pixel size = /Number of pixels in that distance (2)

Uniformity

The CTP 486 module of the Catphan containing a
homogeneous material was wused to quantify
uniformity of the image. On the same slice of the
Catphan image, rectangular ROIs were selected at the
center and four peripheral regions figure 3. To
evaluate the image uniformity the mean HU values of
each ROI were calculated (7).

The difference between the pixel values from the
peripheral region to the center of an image slice
determines the uniformity of the image. The
uniformity of the image was evaluated using the
Uniformity Index (UI), as defined in equation 3.

x 100 (3)

center

Ul = (Hupsﬂ'phsry - HUCB‘H ter )/HU

Where HU periphery is the average HU value of all
the four peripheral ROIs and HU center is the average
HU value from the central ROI.

Noise

The standard deviation of pixel intensities over a
region of interest (ROI) is indicative of the image
noise. We used ROIs of 3mm x 3mm for evaluating
noise as shown in figure 3. We didn't use larger ROIs
to evaluate noise because of the result may be
affected by artifacts in the image and the fact that it
can lead to an increased standard deviation (SD) with
ROI size (18),

Spatial resolution

The spatial resolution was measured using the
CTP 528 module, containing 1 to 21 Ip/cm (figure 4).
The Modulation Transfer Function (MTF) that is a
function of the spatial resolution of the imaging
system has been evaluated. In this study, the MTF
was evaluated based on the density change through
each line pair pattern using the equation 4 (19),

Hjﬁ*vw/

(4)
|HUm,srm1 - Hum,srmz |

MTF =
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Where M is the noise within the line pair patterns,
N is the noise within a uniform image area and
HUmeant and HUmeanz are the mean pixel values within
uniform regions of different thickness or densities.

Low contrast resolution

The low contrast module CTP515 includes
multiple objectives used to test the low contrast
resolution efficiency of the imaging systems. Low
contrast resolution refers to the ability of a machine
to differentiate between objects with identical
attenuation coefficients for x-rays. The CTP 515
module is composed of supra-slice and sub-slice
targets as shown in figure 5. The supra-slice targets
are three levels of contrast: 0.3%, 0.5%, and 0.1%.
Each contrast level has nine supra-slice targets with
diameters 2, 3,4, 5, 6, 7, 8,9, and 15 mm. additionally,
there are three sub-slice target areas in the middle of
the phantom, each with a contrast level of 1.0 %. Each
area includes four targets with diameters ranging
between 9 mm and 3 mm. The low contrast
performance assessment was performed through

visual analysis. The target areas of the supra-slice and
sub-slice were assessed independently of one
another. Supra-slice contrast was measured by the
total number of visible targets at each contrast level
and the cumulative amount was recorded (20,

Contrast-to-noise ratio (CNR)

CNR is defined as the difference between the
average HU values in the insert and background,
divided by (o) Which is the standard deviation of the
pixel values in a region of interest in the background
(18), The CNR of the insert was calculated using
equation 5.

CNR =2 % |HUm.st - Hubackgruuﬂdl/(

Cinsert + gba::i'qgmund)
(5)

Statistical analysis

The Statistical Package for Social Sciences (SPSS
Statistics) version 26.0 (IBM Corp. Armonk, USA)
was used for statistical analysis.

Table 1. List of routine patient imaging protocols for TB, iX-CBCT, and CT simulator.

Parameters Head Spotlight Image Gently Pelvis Pelvis obese Thorax
Fan Type Full Full Full Half Half Half
Trajectory Half Half Half Full Full Full
X Ray Tube Current, mA 20 100 13 80 99 20
X Ray Tube Voltage, KV 100 125 80 125 140 125
Exposure, mAs 150 750 100 1080 1687.5 270
Exposure Time, s 7.515 7.5 7.5 13.41 17.005 13.425
TB-CBCT Focal Spot, mm 1 1 1 1 1 1
Slice Thickness, mm 2 2 2 2 2 2
Resolution(X*Y), mm 0.511*0.511 | 0.511*0.511 | 0.511*0.511 | 0.908*0.908 | 0.908*0.908 | 0.908*0.908
Projections 500 500 500 900 900 900
Matrix size 512 512 512 512 512 512
CTDI vol, mGy 3.17 12.3 0.94 15.98 36.79 4
Parameters Standard Dose| Low Dose High Quality Pelvis Spot Pelvis Low Dose
Head Head Head Light Thorax
Fan Type Full Full Full Full Half Half
Trajectory Half Half Half Half Full Full
X Ray Tube Current, mA 20 10 80 80 80 20
X Ray Tube Voltage, KV 100 100 100 125 125 110
Exposure, mAs 145 72 720 720 680 262
iX-CBCT Exposure Time, s 7.7 7.56 9.65 9.65 9.048 13.9
Focal Spot, mm 0.1 0.1 0.1 0.1 0.1 0.1
Slice Thickness, mm 2.5 2.5 2.5 2.5 2.5 2.5
Resolution(X*Y), mm 0.651*0.651 0.651*0.651 0.651*0.651 0.651*0.651 | 1.172*1.172 | 1.172*1.172
Projections 360 360 360 360 655 655
Matrix size 384 384 384 384 384 384
CTDI vol, mGy 3.9 2 19.4 14.4 17.7 4.7
Parameters Head Thorax Abdomen Pelvis Head& Neck Shoulder
Eff.mAs 410 140 250 270 200
KV 120 120 120 120 120
Scan time, s 13.14 14.52 19.13 14.71 11.44
Rotation time, s 1 1 1 1 1
slice, mm 3 4 4 4 4
Range, cm 16 32 32 32 32
CT Pitch 0.55 1.2 0.6 0.8 0.8
FOV 500 500 500 500 500
Collimation (X*Y), mm 16*1.2 16*%1.2 16*1.2 16*%1.2 16*1.2
Focal Spot, mm 1.2 1.2 1.2 1.2 1.2
Resolution(X*Y), mm 0.977*0.977 0.977*0.977 0.977*0.977 0.977*0.977 0.977*0.977
Matrix size 512 512 512 512 512
CTDI vol, mGy 68.57 11.33 20.23 21.89 16.22
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Figure 1. Image of CTP 404 module
of Catphan with seven different
inserts for (a) CT simulator (b)
iX-CBCT (c) TB-CBCT at X Ray Tube
Voltage = 100 kV and X Ray Tube
Current = 80 mA.

1000

Figure 2. Image of CTP404
Module used to measure the pixel
size by knowing the distance
(50mm) between two pins and
the number of pixels in that
distance.
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Figure 3. An axial slice view of the
CTP 486 module of Catphan with
ROIs drawn on (a) CT simulator (b) iX
-CBCT (c) TB-CBCT at X-ray tube
voltage = 100 kV and X-ray tube
current = 80 mA.

Figure 4. An axial slice view of the
CTP528 Module was used to
evaluate the high contrast spatial
resolution on (a) CT scanning, (b)
iX-CBCT scanning, and (c) TB-CBCT
scanning.
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Figure 5. The CTP 515 module for low contrast resolution test with supra-slice and sub-slice contrast targets.
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RESULTS

Pixel Value Stability

The calculated mean pixel values for 3 mm
diameter circular ROIs in different Catphan module
inserts, CTP 404, were recorded for full-fan and
half-fan modes. Insert pixel values were stable when
mAs varied with imaging system except for one or
two values. The mean pixel values in the ROIs for the
different protocols of the various CTP 404 module
inserts were -1000+9, -200+15, -100+21, -35+32,
120445, 340+122, and 9904384 HU for TB-CBCT
scanning protocols whiles values of -1000+30, -
200126, -100+130, -35+120, 120+104, 34089, and
9904181 HU for iX-CBCT scanning protocols. For CT
scanning protocols -1000+16, -200+£18, -100+15, -
35+13, 120412, 340+18, and 990439 HU in air, PMP,
LDPE, polystyrene, acrylic, delrin, and teflon,
respectively. It was seen that with an increase in HU
values, i.e., with an increase in relative densities, the
difference in HU between the measured and expected
values increases. The highest density insert, Teflon,
recorded a large HU difference of 384 HU on
TB-CBCT and 181 HU on iX-CBCT when compared to
the expected values 21,

Spatial linearity and pixel size verification

The CBCT imaging protocols used two-pixel sizes
as shown in table 1. The pin distances measured for
all images (CT, TB, and iX-CBCT) are within a nominal
distance of 2 %. All images are within 1%; except for
the low dose thorax protocol of iX-CBCT which is
1.56%. Most of the distances measured are near the
nominal value, and little variation is found. The
greatest difference between the measured and
nominal pixel size was 0.015 mm, giving the head and
neck and pelvis protocols an error of 1.54% for CT.
The smallest error in the pelvis, pelvis obese, and
thorax protocols for TB-CBCT between the measured
and nominal pixel size is 0.11 %.

Uniformity

Table 3 shows measurements of the Ul on a
reconstructed slice of Catphan using various mAs in
CT simulator, TB, and iX-CBCT full- and half-fan
modes. It was found that some of the HU values at the
peripheral ROI were higher than those of the central
ROI for both full-fan and half-fan modes likely due to
'cupping artifact' and the other HU values at the
peripheral ROl were lower than those of the central
ROI, due to 'capping artifact'.

The average values of the Ul are 0.48, -1.16, 2.09,
0.047, and 0.25 for full fan and half fan on TB, iX-
CBCT, and CT simulator, respectively.

Noise

For CT and CBCTTB, iX, the image noise was
decreased as tube mAs has increased. As shown in
table 3, the values of the noise for full fan and half fan

on CBCTTB, iX and CT simulator. An overall reduction
of the values of the noise with increasing mAs was
also observed for CBCTTB, iX at half fan compared to
a full fan.

Spatial resolution

MTF measurements using different protocols for
full- and half-fan modes are shown in table 2. The
number of line pairs determined by all protocols
indicates limited variance in CT, TB, and iX-CBCT
imaging for both full-fan and half-fan modes at 50 %
MTF (~0.4 lp/mm for full-fan and ~0.3 lp/mm for
half-fan).

Table 2. The MTF measurement with the frequencies
corresponding to the MTF values of 0.5 and 0.1 for CT, TB, and
iX-CBCT imaging protocols.

CT
Head &
Head Neck | Pelvis | Thorax | Abdomen
Shoulder
fos (mmT)| 0.28 033 | 036 | 0.38 0.34
fo. (mm™)| 0.49 0.49 | 0.58 | 0.64 0.69
TB-CBCT
Full Fan Half Fan
Image Pelvis

Head |Spotlight gently Pelvis ObeseThorax

fos (mm?)| 038 | 034 | 054 | 022 |028| 02
for(mm?)| 071 | 061 | 0.87 | 0.44 | 0.46 | 0.44

iX-CBCT
Full Fan Half Fan
Standard| Low | High- . Low
dose dose |quality Pel‘."s Pelvis| dose
spotlight

head head | head thorax
fos (mm?)| 0.44 037 | 044 | 047 |034]| 032
for (mmT)| 0.79 0.61 | 0.78 | 0.87 |[0.53| 0.42

Low contrast resolution

With the increase in mAs, the visibility of the low
contrast targets for CT, TB and iX-CBCT were
improved. While low contrast targets on TB-CBCT
were visible, up to 6 and 2 targets, respectively, of
1% and 0.5% contrast were visible for the highest
mAs setting (i.e., 750 mAs) using the full-fan mode,
and up to 6 of the targets were visible for half-fan
mode at the 1687.5 mAs (Pelvis obese). However, the
low-contrast targets are visible up to 4 targets at 1%
contrast on iX-CBCT images for full-and half-fan
mode. Also, the low-contrast targets on CT images
were visible, up to 8, 4, and 1 targets, respectively, of
1%, 0.5%, and 0.3% contrast were visible in the mAs
range from 140 to 410.

Contrast-to-noise ratio (CNR)

Table 3 shows the different CNR for each CT, TB,
and iX-CBCT imaging protocols. In general, The CNR
increases with increasing mAs for CT, TB, and
iX-CBCT. That because noise decreases with
increasing mAs, and pixel values with different mAs
are relatively constant. The head, pelvis obese, and
pelvis spotlight protocols have the greatest CNR with
values of 3.91, 1.63, and 1.21, respectively on CT, TB,
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and iX-CBCT. The lowest CNR on CT, TB, and iX-CBCT
images were thorax, image gently, and low dose head
protocols with values of 1.21, 0.26, and 0.25,
respectively.

Table 3. Measurement values of the uniformity index (Ul),
noise (SD), and contrast-to-noise ratio (CNR) for various scan-
ning protocols for CT, TB and iX-CBCT.

Protocols kV| mAs | Ul | SD |CNR

Head 120, 410 |-0.02|0.35|3.91

CcT Head& Neck Shoulder 120/ 200 (0.33|1.03|1.24

simu- Thorax 120/ 140 [0.27(1.06|1.21
lator Abdomen 120| 250 [0.39| 0.9 |1.59
Pelvis 120, 270 |0.27|0.92|1.74

Image Gently |Full Fan|[80| 100 |2.12|5.53|0.26

Head Full Fan [100| 150 |2.03(2.85| 0.4

TB- Spotlight Full Fan [125| 750 |-2.7|0.79(0.13

CBCT Thorax Half Fan|125| 270 |-2.24|1.25|0.84
Pelvis Half Fan{125| 1080 |-0.62|1.01|1.44

Pelvis obese |Half Fan|140(1687.5-0.62|0.79(1.63
Low Dose Head |Full Fan (100, 72 |1.77|3.87|0.25

Standard Dose |\ ¢ 100 145 |2.57/3.36/0.39

Head
iX- High Quality
CBCT Head Full Fan {100 720 |2.15(2.11|1.07

Pelvis Spot Light | Full Fan [125| 720 |1.88(1.65|1.21
Low Dose Thorax|Half Fan(110| 262 [0.47(0.97(0.82
Pelvis Half Fan{125| 680 |0.47|0.84|0.96

DISCUSSION

The overall aim of this work was to evaluate
image quality of CT simulator (Siemens, SOMATOM
Definition AS, VA48A, Germany) and two different
cone-beam machines (TB and iX-CBCT) provided by
the same manufacturer (Varian Medical Systems,
Palo Alto, CA, USA) in terms of many performances
and image quality parameter. The image quality
parameters of the CT, TB, and iX-CBCT imaging
systems were evaluated quantitatively to assess the
optimum acquisition mode to be used for the
volumetric imaging protocols. Catphan504 was a
successful tool in quantifying and interpreting the
results obtained from the three different systems.
These tests included pixel value stability, spatial
linearity, pixel size verification, uniformity, noise,
spatial resolution, low contrast resolution, and CNR.

The current CBCT image quality evaluation
typically focuses on various factors, as previously
described in studies, including building a quality
assurance framework for fully automated and
time-efficient performance evaluation (22), evaluating
imaging characteristics just within the axial slice
(2324), and looking at the CBCT device's long-term
stability (7.25).

The pixel value stability differed between the CT
and CBCT systems. There were large variations in the
HU values between the CT and CBCT systems, there
were also fairly significant HU fluctuations between
the imaging protocols used by each system. It was
seen that although the two CBCTs showed

inconsistent HU accuracy, the TB-CBCT images
demonstrated a better estimation of the HU revealed
by the CT data. This shows how HU values can differ
significantly due to changes in imaging parameters
(object size, kV, mAs, pitch, and fan type).

The calculated MTF of the CT and CBCT images for
each protocol was relatively similar, although the
resolution calculated in the selected CT images was
lower than that of the CBCT. MTF depends on a
number of variables, which is the reason behind the
difficulty to establish the direct contrast between
CBCT and CT images. The imaging protocol can use
several techniques that eventually affect their spatial
resolution capabilities. The MTF of the imaging
system can differ depending on slice thickness, pixel
size, focal spot size, the field of view, image matrix,
and detector size. But it was the pixel size that was
critical to the MTF calculation because we did the
calculated MTF at the axial slice view of the CTP528.
The TB and iX-CBCT images of the head, spotlight,
image gently, standard dose head, low dose head,
high-quality head, and pelvis spotlight use smaller
pixel sizes than the CT images for the same anatomy,
so higher results appeared at 50% and 10% MTF.
Thus, the CBCT images have a marginally better
resolution than the oncology CT images by using the
standard imaging protocols on each system.

Since the average noise and average uniformity
index were higher in CBCT than in CT images. It was
observed that with the increase in mAs, the noise
decreased and the maximum average noise was
reported on the TB-CBCT when the full fan was used.
The large differences in image density between the
maximum and minimum HU values resulted in a
'capping artifact' on TB-CBCT (pelvis, pelvis obese,
thorax, and spotlight) and a 'cupping artifact' on TB
and iX-CBCT. In contrast, the CT images showed no
artifacts, resulting in lower capping artifacts. Where
the highest capping artifact value was -2.7 on
TB-CBCT for spotlight protocol and the highest
cupping artifact value was 2.57 on iX-CBCT for
standard dose head.

In the low contrast resolution test, the most
important difference was found between the CT and
CBCT images. The CBCT system inability to detect
low contrast targets significantly restricts its
capability for diagnostic scanning (26). It is possibly
due to an increase in image noise in the CBCT images.
The CBCT beam is considerably larger than
traditional fan-beam geometry, allowing more scatter
into the system. The composition and configuration
of the detector may also lead to a greater amount of
noise. The CBCT uses a flat panel detector with a
large imaging area that allows for more scattered
radiation to be detected than CT. The difference
between the CT and CBCT image techniques in mAs is
a major parameter in image quality and noise levels.
By using a higher mAs, the number of photons
absorbed in the detector will increase reducing
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statistical counting uncertainty.

In our study we also calculated CNR of the
different imaging protocols for TB and iX-CBCT have
a much lower CNR than the CT images. In table 3, this
data also reflects the results of the low contrast
resolution analysis in which only a few targets are
visible with low CNR images. We also observe that
the highest CNR value in each system for the mAs and
kV is highest, followed by increased CTDIvo exposure
of the patient. The relationships in this work are
intended to be an analysis of the image quality versus
different protocols for various systems. The
physicists can use it for the creation, when deciding
clinical scanning protocols for their respective needs,
of a good dose-to-image-quality compromise in
making responsible clinical decisions.

CONCLUSIONS

On two CBCT widely used and commercially
available models we analyzed the effects of various
protocols on image quality and compared them with
CT simulator. Various image quality parameters were
assessed to evaluate image quality using an extensive
series of clinically relevant imaging protocols using
CatPhan504. Using different protocols, the image
quality of CBCT's full-fan and half-fan acquisition
modes was evaluated. The choice of different
protocols could improve the image quality, making it
easier for radiation oncologists to contour structures
and image registrations. The choice of the suitable
protocol will improve contrast, depending on the
requirements of image quality.
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