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Abstract

The purpose of this study was to compare various multisource configurations applied to cone
beam CT (CBCT) using phantom imaging and Monte Carlo simulations. Image quality, scatter,
and dose were evaluated in both overlapping (large cone angle) and collimated (small cone
angle) configurations for CBCT. Four x-ray tube configurations were considered: traditional
one source, three source overlapping, six source overlapping, and six source collimated. Image
quality was evaluated on a prototype breast CT system using the following five phantoms: a

Defrise phantom, a previously reported CBCT QA phantom (Corgi), a polyethylene cylinder, and
two anthropomorphic phantoms (hand and knee). Scatter contamination and radiation dose were
evaluated using Monte Carlo simulations of a voxelized polyethylene cylinder. The modulation of
the Defrise phantom disks on average was 2.7X greater for the six source collimated configuration
than the six source overlapping configuration. The data lost from cone beam artifact (spatial
domain) and the null cone (frequency domain) in the overlapping configuration were completely
recovered using the collimated configuration. The maximum scatter-to-primary ratio (SPR) for the
overlapping configuration was 0.81 and the maximum SPR for the collimated configuration was
0.26. The average dose and maximum dose was 4X less in the collimated six source configuration
when compared with the overlapping configurations. The maximum dose for the overlapping
configurations (one, three & six) remained constant, but the average dose for the multisource
(three & six source) overlapping configurations increased 25% when compared to the one source
configuration. Use of a collimated multisource x-ray tube configuration was shown to provide
significant improvements in image quality throughout the cone-beam geometry field-of-view,
reduction in scatter contamination, and more efficient use of dose in comparison to both the
traditional CBCT geometry with a single source and the overlapping multisource configurations.

xrayimagingamy@gmail.com .
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1. Introduction

Cone beam CT (CBCT) was originally developed in 1982 for angiography (Robb 1982), but
it was not until the late 1990s that advancements in flat panel detectors (FPD) and computer
technology made it possible to produce CBCT systems for routine clinical use. In the last 20
years, clinical use and continued research in CBCT has expanded its application to include
angiography (Fahrig et a/2006), oral and maxillofacial imaging (Miracle and Mukherji
2009), interventional radiology (Jaffray et a/2008), image guided radiotheraphy (Jaffray
et al 2002), musculoskeletal imaging (Posadzy et a/ 2018) and breast imaging (Lindfors

et al 2008, Gazi et al 2015). The main benefits of CBCT over traditional multi-detector

CT (MDCT) are higher spatial resolution with reduced cost, dose, and space requirements
(Posadzy et al 2018). This has greatly increased accessibility to CT imaging for both
researchers and clinicians and has allowed unique geometries to be designed for specialized
applications. Conventional CBCT scanners expose the patient extremity with a cone shaped
x-ray beam that covers the entire object. Projection data is collected on a FPD with a
typically circular trajectory and that data is reconstructed into a 3D volume dataset.

There are known general disadvantages of CBCT that need to be better investigated to
ensure that image quality and clinical outcomes are not compromised when switching from
MDCT to CBCT. First, the common circular trajectory of the source is a known limitation
because it does not meet the Kirillov—Tuy condition (Tuy 1983) for complete 3D image
reconstruction—Ileading to inherent cone beam artifacts along the zaxis and incomplete
sampling in the Fourier domain. These artifacts are most pronounced at large cone angles
resulting in inconsistent image quality (Ozaki et a/2013) throughout the field of view (FOV)
which can reduce the diagnostic quality and quantitative integrity of CBCT when compared
to MDCT. A second limitation of CBCT is the size of the object that can be scanned,

since the maximum object FOV is smaller in CBCT than MDCT. Another limitation for
CBCT applications in image guided therapy is that the planning target volumes often require
multiple scans to cover the entire area of interest, which extends the total scan time. CBCT
also suffers more from scatter than MDCT, due to the larger x-ray beam field size, and

this increases noise and decreases contrast resolution (Endo et a/2001, Scarfe and Farman
2008).

A common problem with traditional CBCT reported in clinical comparisons between MDCT
vs. CBCT was the inconsistency in image quality throughout the FOV (i.e. better image
quality near the central ray and worse toward the periphery of the FOV) generally caused by
scatter, noise, and artifacts. Several groups have made direct comparisons between CBCT vs.
MDCT for clinically relevant tasks and these studies reveal the limitations of current CBCT
for various clinical applications.

For image guided radiotherapy, the limited FOV and inaccurate Hounsfield Unit values
of CBCT were shown to cause inaccuracies in treatment planning when compared to
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MDCT in both phantom and patient cases (Yoo and Yin 2006). For the characterization of
musculoskeletal trauma in cadaver knees and hands, it was shown that MDCT was favorable
to CBCT by radiologists for soft tissue tasks (Demehri ef a/2015). In a large cohort patient
study (Faccioli et a/2010) comparing MDCT to CBCT, post-traumatic finger fractures
were missed in CBCT. Another study that compared the application of MDCT and CBCT

in cadaver wrists found that CBCT was less sensitive than MDCT at detecting fractures
(Neubauer et a/2016). CBCT applied to orthodontics in cadaver studies was shown to result
in large and frequently inaccurate bone height measurements when compared to physical
measurements (Wood et a/ 2013) and was also shown to be less accurate than MDCT for
bone density evaluation (Parsa et a/ 2015).

There have been efforts to overcome the undersampling problem in CBCT, with multisource
x-ray source configurations (Gang et a/2018), computer simulations of inverse CBCT
systems (Schmidt et a/ 2004, Gilat Schmidt 2009), prototype development of inverse CT
systems (Neculaes ef a/2016), and development of correction techniques in the image
reconstruction algorithm (Baek and Pelc 2010, Han and Baek 2019). Complex geometries
(e.g. helical, saddle, line and circle) aim to meet the Kirillov—Tuy condition (Tuy 1983),

but at the expense of complicated hardware and mechanical alignment systems. Multiple
individual x-ray sources have been applied to CBCT and have shown improvements in the
reduction of cone beam artifacts with a physical prototype (Gang et a/2018), but still suffer
from photon scatter caused by large field sizes. Numerical simulations have been used to
study multiple parallel circular cone beam orbits (Zhye and De Man Bruno 2009, Fu and
Fan 2015), the saddle geometry (Shah et a/2015), the line and circle geometry (Vedantham
et al2012), multithreaded cardiac CT (Kachelriel ef a/2006), helical CBCT (Zhao et a/
2009), semi-stationary CT (Chen et a/ 2014a) and stationary CT (Chen et a/2014b). Current
methods for scatter correction in CBCT include physical collimators and anti-scatter grids
(Siewerdsen et a/ 2004), as well as software correction algorithms based on Monte Carlo
estimation (Poludniowski et a/2009, Chen et a/ 2016), physical measurements (Siewerdsen
et al 2005, Zhu et al 2009, Gong et al 2018) or postprocessing in the image domain (Ghazi et
al2019).

The present study will preserve the simplicity of the circular trajectory in CBCT with
analytical image reconstruction while overcoming the limitations of cone beam artifacts
and scatter caused by large field sizes, extending the FOV, and distributing the dose more
effectively. This solution could offer improved image quality in the many applications that
suffer from artifacts caused by the non-ideal geometry in conventional CBCT.

Physical experiments were performed to evaluate image quality using a prototype CBCT
system and Monte Carlo simulations were applied to evaluate both the 3D dose distribution
in a voxelized polyethylene phantom and scatter contributions in the projection domain for
various multisource configurations. Three multisource geometries were considered with two
different collimation schemes. Traditional CBCT collimates the x-ray beam to cover the
entire detector at once, and when applied for multisource techniques this will be referred to
as the overlapping multisource geometry. We also consider a different approach to achieving
full detector coverage in CBCT by stacking several small cone angle exposures, which will
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be referred to as the collimated multisource geometry. The FOV for the reconstructed image
domain remains the same across the comparisons.

2. Methods

2.1. Source configuration concept

Diagrams in figure 1 show the x-ray source positions and corresponding FOV sizes for

the different source configurations considered in this study. Three multisource geometries
were considered with two different collimation schemes. The CBCT collimation scheme
that covers the entire detector at once will be referred to as the overlapping multisource
geometry (figures 1(b) and (c)). We also consider a different collimation scheme by stacking
several contiguous small cone angle acquisitions, which will be referred to as the collimated
multisource geometry (figure 1(d)). In this study, six source locations with 30 mm separation
between each source were simulated in both the overlapping and collimated geometry. Each
vertical source position is assigned a letter (A—F) and those positions were constant across
all geometries and experiments. Comparisons were made between the four different CBCT
source configurations: (i) a one source, (ii) overlapping three source, (iii) overlapping six
source, and (iv) collimated six source.

The ideal collimation system is depicted in figure 1, where the sources are uniquely
collimated to cover the FOV with adjusted posterior and anterior cone angles. For the

three source overlapping configuration (figure 1(b)) the cone angle of position A is 2°
posteriorly and 14° anteriorly, for position C the cone angles are 6.9° posteriorly and 9.3°
anteriorly, and for position E the cone angles are 11.7° posteriorly and 4.5° anteriorly.
Similarly, for the six source overlapping geometry the cone angles of position A are 2°/14°
(anterior/posterior), position B cone angles are 4.5°/11.7°, position C are 6.9°/9.3°, position
D are 9.3°/6.9°, position E are 11.7°/4.5°, and position F are 14°/2°. This ideal collimation
scheme was applied in the Monte Carlo simulations explained in section 2.3. However,

the physical experiments (detailed in section 2.2) utilize a rigid collimation system (i.e.

2° posteriorly and 14° anteriorly) which cannot be adjusted and was predetermined by the
built in x-ray tube housing. For the collimated system geometry, additional collimation was
added anteriorly resulting in a 2° cone angle both posteriorly and anteriorly (figure 1(d)) and
consistent for both the physical experiments and the Monte Carlo simulations.

2.2. Experimental study of CBCT system source configurations

2.2.1. CBCT system parameters—To illustrate various x-ray source configurations
in CBCT, phantom imaging was performed on a prototype breast CBCT system ‘Doheny’
built at UC Davis. The relevant parameters are described here, but the complete system
parameters are reported elsewhere (Gazi et a/2015). Doheny was designed as an
approximate half cone system rather than a full cone system in order to maximize chest wall
coverage for imaging the breast in the pendant geometry. The central ray is positioned near
the chest wall with a maximum fan angle of 23.8°. Multiple scans using a one source x-ray
tube were used to simulate a multiple-source CBCT system. A vertical actuator controlled
by a stepping motor was used to move the one source x-ray tube to different vertical
positions between scans and a full 360° CT acquisition was acquired at each position. A
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full set of projection data were acquired producing 500 projections at each of the source
positions (A—F as shown in figure 1). Individual projections were subsequently interleaved
during image reconstruction to simulate a multisource x-ray tube system as detailed in
section 2.2.2. All scans in this study were acquired at 60 kV with 0.2 mm Cu filtration, 150
mA, an x-ray pulse width of 4 milliseconds (ms), and a pulse period of 23 ms. The total tube
current time product was therefore 180 mAs.

2.2.2. Image reconstruction—The volume datasets were reconstructed using the
Feldkamp-Davis-Kress (FDK) (Feldkamp et a/1984) 3D filtered back projection with a
Shepp Logan apodization filter which was implemented in MATLAB using voxel-based
back projection. Each volume data set was reconstructed using an isotropic voxel size of 150
pum and a matrix size of 1024 x 1024 x 1200 voxels which creates a FOV of 150 x 150 x 180
mm. In a previous study conducted on this system (Gazi et a/ 2015), the system modulation
transfer function (MTF) was measured and the 10% MTF resolution limit was determined to
be 3.33 mm™1, which corresponds to a voxel size of 150 pm.

For all overlapping multisource geometries, the total tube time current product used to
generate each reconstructed volume dataset was kept the same by interleaving a total of
500 projections. This was achieved by interleaving a subset of the original projections from
each source, demonstrated in figure 2. Due to the built-in collimation of the x-ray tube
housing, some of the projection data was lost when the x-ray source was moved from the
original ‘A’ position. This was accounted for by linearly scaling each voxel value after
reconstruction based on how many sources contributed to it. Rigid registration was applied
for the overlapping multisource geometries.

For the collimated six-source multisource geometry, a narrow collimator was applied to
limit the x-ray beam to a smaller region in the z-dimension for each source position

(see figure 1(d)) and all 500 projections from each acquisition were used in the image
reconstruction. These volumes were reconstructed into sub-volumes using the same FDK
method as the one source configuration and all sub-volumes were combined in the CT image
domain to complete the image reconstruction. Figure 3 shows the regions that were used

in the collimated six-source multisource reconstruction, although the physical collimation is
slightly larger than that in the diagram. In a fully assembled system, the collimation for each
source would be designed precisely for the region on the detector used in the reconstruction.
The coverage is contained within 1330 detector element ‘dexel” rows resulting in 20 cm of
vertical detector coverage from the inherent collimation on the system. These exact rows
were not optimized for this preliminary study. The same total region on the detector (i.e. 20
cm vertical detector coverage) was used for the one source and the overlapping multisource
configuration reconstruction.

2.2.3. Defrise phantom—In order to demonstrate cone beam artifacts in the
experimental studies on the Doheny scanner, a Defrise phantom (figure 4(a)) was built from
evenly-spaced compact disks. The phantom is composed of 120 mm diameter polycarbonate
disks 1.2 mm thick and evenly spaced using nylon plastic disks which are 25 mm in
diameter and 2.4 mm thick. The overall height of the stack was 150 mm which is large
enough to fill the entire object space. All four source configurations were used to image the
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Defrise phantom and compare line profiles through the 3D reconstructions. The modulation
of the Defrise disks was determined by finding the difference between the maximum (95th
percentile) and minimum (5th percentile) within the line profile data.

2.2.4. Corgi phantom—A multi-purpose and modular quality assurance phantom
(Siewerdsen ef a/2019) for CBCT scanners was recently developed and commercialized,
referred to as the Corgi phantom (figure 4(b)). Contained within this phantom is a

cone beam artifact module consisting of Teflon disk pairs separated with polyethylene
terephthalate and positioned vertically in the phantom at different cone angles. The diameter
of each disk is 25.4 mm with a thickness of 1.0 mm, and the disks are spaced 3.0 mm apart
vertically. For these experiments, four cone beam modules were positioned 30 mm from
each other vertically within the phantom and used to quantify the magnitude of the zaxis
modulation at these four regions of the reconstructed FOV. The modules were positioned
vertically from the one source central ray location at 30 mm, 60 mm, 90 mm, and 120 mm
to isolate specific cone angles within the scanner FOV. A metric (Siewerdsen ef a/ 2019)
has been developed for evaluating the magnitude of the cone beam artifact referred to as the
z-modulation [Zy04] Which is illustrated in figure 4(c) and defined in equation (1).

Ht — Hm
Mt — Ho

Zmod = @
where the mean reconstructed voxel value (; linear attenuation coefficient) is measured

in the Teflon (t) disk, in the middle (m) region between the two Teflon disks, and the

outside (0) region beyond the disks as depicted in figure 4. When the module is completely
resolvable, the [Znoq] Will approach unity and when it is completely unresolvable, the [ Znoqd]
will be nearly zero. To calculate the 4, tm, and 4, values, an ROI (9 mm x 9 mm) was
averaged within each coronal slice to reduce noise in the estimation.

2.2.5. Noise power spectra—It is well known in CBCT that the 3D noise power
spectrum (NPS) has a null cone (Bartolac et a/ 2009, Baek and Pelc 2011) that corresponds
to the frequencies missing in the data and the cone angle used in the scan. This missing
cone can be explained by the central slice theorem. For a single projection, the diverging
rays in a cone beam tilt the 2D Fourier plane in the projection domain, which tilts the 3D
Fourier plane in the reconstructed domain. Since all the projections are summed into the
reconstruction, the many tilted 2D Fourier planes result in a cone shape in the reconstructed
3D Fourier domain. To characterize the noise properties and quantify the null cone, the

3D NPS was measured for the one source, three source, and six source configurations.

Two identical scans of a polyethylene cylinder were reconstructed, and the data sets were
subtracted to obtain a single noise-only image. The 3D NPS(u, v, w) was then calculated
using the noise-only image with 100 overlapping volumes of interest (VOI) centered around
a circle at half the radial distance of the polyethylene cylinder. A cylinder with a diameter
of 154.2 mm was used in the acquisition, so the center of the VVOIs were located at 38.1 mm
from the isocenter and each volume was 128 x 128 x 128 voxels.

Phys Med Biol. Author manuscript; available in PMC 2021 November 02.
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2
Y, IDFT3p(VOILi(x, v, 2)I” Ax Ay Az

1
NPS(u, v, w) = W,; > NN, N, 2

In equation (2), the 3D frequency domain is represented by variables (v, v, w) and the
corresponding 3D spatial domain is represented by variables (x, y; 2). The VOI; term is the
individual cube of data within the difference data and the A/term refers of the number of
VOlIs, which in this case is 100. The VOIs are 3D discrete Fourier transformed (DFT3p),
magnitude squared, and divided by two to account for the doubling of the noise magnitude
during the subtraction step. The data from 100 VOIs were averaged and then scaled by the
number [Ny, Ny, N] and size [Ax, Ay, AZ] of the voxels.

In order to quantify the null cone of the 3D NPS, the elements that were less than 10% of the
95th percentile of the entire 3D NPS were classified as the null elements (Gang et a/2018).
This criterion was used to determine the null elements within the 3D NPS and the fraction

of the total that were null for each multisource configuration. The percent null elements
were plotted with respect to the zdimension relative to the central ray for 16 regions down
the length of the data. This was done in the same regions for the one source, overlapping
multisource, and collimated multisource configurations.

Carlo simulation of CBCT system source configurations

2.3.1. Simulation model—A validated Monte Carlo-based radiation transport code
(MCNP X 2003) (MCNP6 version 1.0) was employed in this study to simulate: (1) primary
and scatter contributions to projection images, and (2) 3D dose distributions for the various
source configurations. For all simulations a 60 kV polyenergetic source with 0.2 mm Cu
filtration was modeled using TASMICS (Hernandez and Boone 2014) and implemented in
MCNP6 as a probability density function for the photon source distribution. The source was
defined as a point with photon emission directed towards a simulated collimation window
for either the overlapping or collimated geometry as shown in figure 1 and detailed in
section 2.1. A phase space file was recorded for all photons passing through the collimator
window using the source surface write card in MCNP which records each photon energy,
direction, and location. The phase space files were then used with the source surface read
card in MCNP to define the source for subsequent simulations detailed in the following two
sections. A separate phase space file was recorded for all six sources in the overlapping
geometry. Given the symmetric collimation (in 2) for the collimated geometry, only a
single-phase space file was generated and then translated (using the TR card in MCNP) in
zto simulate all six sources. A 154.2 mm diameter polyethylene cylinder was modelled as
a voxelized phantom 40 cm in length with an isotropic voxel size of 0.12 mm and centered
about the scanner isocenter in x-y’and the center of the detector FOV in z This cylinder
diameter matches that used in the NPS measurements in the experimental study. The excess
phantom length beyond the 14.4 cm detector FOV was simulated in order to include the
effects of backscatter.

For normalization of the projection image and dose simulations, the air kerma free-in-air
was simulated at the isocenter by modelling a 0.6 cm3 thimble ionization chamber (10 x 6-
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0.6CT, RadCal Corp., Monrovia, CA, USA). A total of 6.0 x 108 and 1.3 x 10° photons were
tracked and written to the phase space files for the collimated and overlapping geometry,
respectively. This number of source photons was sufficient to ensure that the relative error
was less than 1% across all projection, dose and air kerma simulations.

2.3.2. Primary and scatter contributions to projection images—*For simulation
of projection images, the detector geometry detailed in section 2.2 was modeled in MCNP6.
An ideal energy integrating detector model was implemented in the simulations which
assumes 100% absorption efficiency of photons independent of detector material and
incident angle (Smans ef a/2010). The estimated scatter-to-primary ratio (SPR) from

this model is within ~5% of measured values for the photon energy range investigated

in this work providing confidence that this detector model is suitable for the purpose of
this work. Simulation of the native dexel pitch (0.075 mm) for the FPD utilized in this
work is superfluous for the purpose of comparing the primary and scatter contributions
across the different source configurations. Moreover, the scatter contribution to projection
images is a relatively low frequency effect and does not require high resolution simulations
for accurate estimation. Therefore, the primary projection images were simulated with a
dexel pitch of 0.75 mm using a grid of point detector tallies (*F5 in MCNP®6), after
correcting for the surface area of each dexel and the cosine of the angle between the
primary x-rays and the normal to the detector surface (Smans et a/ 2010). The scatter
projection images were simulated with a dexel pitch of 3.75 mm using a grid of *F1 tallies
which records the energy current through the detector surface using a modification card to
discriminate between primary and scatter contributions. Lastly, the low-resolution scatter
projections were interpolated to match the resolution of the primary projections and then
used to calculate the SPR across the entire detector surface. The primary, scatter, and SPR
projections were compared across the different source configurations investigated in this
work. The simulated air kerma (mGy per source particle) was scaled to the detector surface
using the inverse square law and used to normalize all projection images (MeV per source
particle) such that each dexel is in units of MeV per mGy at the detector surface.

2.3.3. 3D dose distributions—The energy deposited per unit mass (MeV g~1) was
estimated for each voxel within the voxelized polyethylene phantom using the F6 tally in
MCNP6 and converted to units of dose (mGy) by multiplying the tally output by 1.6022

x 1077, 3D dose distributions were simulated for all six sources in both the collimated

and overlapping geometry (12 total simulations). All dose distributions were then divided
by the simulated air kerma at the isocenter such that the unit of each voxel is absorbed
dose per air kerma (mGy mGy~1). Given that the cylindrical phantom is homogenous and
symmetric about the scanner isocenter, separate simulations were not required for rotating
the phantom (or source). Phantom rotation was accomplished by bilinear interpolation of the
3D dose distribution for a single projection through any arbitrary rotation angle, ensuring
that the rotated dose map was the same size as the original dose map. This approach to
estimating the dose distribution for an entire CBCT scan allows for flexibility in simulating
any arbitrary number of rotation angles, orbital extent, source configuration, and source
exposure sequencing.

Phys Med Biol. Author manuscript; available in PMC 2021 November 02.
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2.4. Anthropomorphic phantom imaging

An anthropomorphic hand phantom measuring 25 mm x 110 mm x 200 mm and an
anthropomorphic knee phantom measuring 150 mm x 150 mm x 250 mm were scanned
to show the subjective differences in image quality for two simple clinical imaging tasks.
The same scan protocol that was previously described was applied using the one source
configuration and the collimated six source configuration.

3. Results

3.1.

Experimental study of CBCT system source configurations

3.1.1. Defrise phantom—The results from the Defrise phantom for the various

source configurations are shown in figure 5. A single sagittal slice through the center

of the reconstructed volume data set shows qualitative differences between the source
configurations. An arrow is superimposed onto each image to show where data was
extracted for a line plot from the top to bottom slices. Line plots were created to quantify
the cone beam artifacts. A region of 2 x 2 pixels in the coronal plane was averaged for each
slice of the line plot to reduce noise. When the one source configuration was used to image
the Defrise phantom, the disks are distinguishable for only a small region of the total FOV,
about 30 mm in the vertical direction near the central ray of the x-ray beam. The same trend
is apparent in the three-source overlapping configuration, where the visibility of the disks

is improved near each of the central rays of the x-ray beam. The six-source overlapping
configuration resolves the disks for the entire phantom, however a considerable fraction

of the modulation intensity is lost. The modulation of the disks on average throughout

the volume is 2.7X greater for the six source collimated configuration than the six source
overlapping configuration. The six-source collimated configuration uses only the small cone
angle (6= £2°) projections from each source to the object, resulting in full modulation
intensity throughout the entire phantom.

3.1.2. Corgi phantom—A sagittal slice through the volume data of the Corgi phantom
with the cone beam factor modules is displayed in figure 6 alongside line profiles of the
data measured orthogonal to the disk planes. This line profile data was used to calculate
the modulation in z (figure 4) for four positions within the scanner FOV (in 2) as shown in
figure 7.

3.1.3. Noise power spectra—An example of a central slice through the 3D NPS is
illustrated in figure 8 for all four configurations to show the null cone. This example
captures the NPS in a volume of interest that is between 107.2-126.4 mm in the =
dimension. For the one source configuration, this corresponds to the region between 12
to 14 degrees cone angle. It is displayed in a cropped window to feature the null cone and
not the apodization of the ramp filter.

The cone angle was measured from a central slice of the 3D NPS (as shown in figure 8(a))
as the half angle within the null cone. To validate this method, the measured cone angle
within the null cone map was compared to the true system cone angle from the geometry
of the one source configuration. The measured cone angle and true cone angle were plotted
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and found to have a coefficient of determination equal to 0.99 showing that the criterion
could correctly identify the null elements within the 3D frequency domain. The fraction
of the elements within the 3D NPS that were null was tallied for 17 positions through the
z-dimension and are plotted in figure 9.

3.1.4. Anthropomorphic phantom imaging—A slice through the reconstructed
volumes was used to visualize the differences in the hand (figure 10) and knee (figure

11). A sagittal slice is displayed to show that the one source configuration cannot recover
the entire FOV (figure 10(a)) while the collimated multisource configuration (figure 10(c))
extends the FOV to capture the full length of the hand. A small region of the hand is selected
from the image between 55 to 85 mm from the central ray in the one source system because
it is positioned at a large cone angle and the qualitative difference in anatomical details is
revealing. These improvements in image quality for the six source collimated configuration
are due to both a reduction in the cone beam artifacts (figures 7) and a reduction in scatter
contamination (discussed in the following section).

Between the metacarpophalangeal joints there are apparent streak artifacts when the one
source configuration was used. Figure 11 shows a coronal slice from the knee phantom

data positioned at 80 mm from the central ray to illustrate the difference in contrast to

noise between the one source configuration (figure 11(a)) and the collimated six source
configuration (figure 11(b)). In both anthropomorphic phantoms, the details within the bone
structure are obscured when one source is applied, and they are much sharper when the
collimated small cone angle configuration is applied. The visibility of these fine structures
can impact the diagnostic quality of CBCT scans for many orthopedic applications, as
discussed in the introduction.

3.2. Monte Carlo simulation results for the CBCT system source configurations

3.2.1. Primary and scatter contributions to projection images—The SPR
simulated at the detector surface for the collimated and overlapping configurations is shown
in figure 12. A 2D map of the SPR for the collimated one source configuration and the
overlapping one source configuration is shown. A subset of the 2D SPR maps was extracted
to quantify the SPR along z (figures 12(c)—(d)) by calculating the mean SPR for all dexels
within an ROI (1 cm x 1 cm) centered about the z-locations indicated in the figure. Two sets
of ROIs were considered, one at the center of the detector columns ‘central’ and another at
the periphery of the columns *peripheral’ which was set at one quarter of the detector width.
The specific zlocations of the ROIs were chosen to align with the center of the collimated
FQV for each source. The maximum SPR was determined by calculating the 95th percentile
of the 2D SPR map (figures 12(a)—(b)) within the shadow of the phantom on the detector.
The maximum SPR for the collimated configuration was 0.26 while the maximum SPR for
the overlapping configuration was 0.81. The scatter distribution was compared between the
overlapping and collimated configurations for source A and source F, shown in figure 13.
This plot was created by collecting ROIs (1 cm x 1 cm) on the detector to calculate the mean
scatter at each row position.
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The summation of simulated scatter distributions for collimated sources A,C,E and the
summation of collimated sources B,D,F were also compared for a theoretical multisource
configuration which utilizes simultaneously triggered sources (labeled *ACE collimated’
and ‘BDF collimated’ in figure 13). The collimated multisource configuration theoretically
allows for simultaneous source activation as illustrated in figure 2 for two consecutive
projection images. This is unique to the multisource collimated geometry because there is no
overlap of the primary beam from a subset of sources on the detector. In this configuration,
sources A, C, E could theoretically be triggered simultaneously and sources B, D, F

could also be triggered simultaneously. However, given that the Doheny scanner used in

the present experiments does not have the multisource x-ray tube installed, simultaneous
triggering is not possible. In the experimental study (section 3.1), only one source was
triggered at a time, and a narrow collimation scheme is used to limit the exposure to a sub
volume within the total FOV. In a system that is actually triggered simultaneously, there
would be an increase in scatter contamination from adjacent sources (as illustrated in figure
13) that would need to be considered. Simultaneous source triggering is discussed further in
section 4.2.

3.2.2. 3D dose distributions—The average and maximum dose (95th percentile) for
the four different source configurations were calculated from the Monte Carlo simulation
results and detailed in table 1. A sagittal slice through the center of the 3D dose distributions
for the different source configurations are shown in figure 14. Each dose map is normalized
to the maximum dose and displayed on a scale from 0 to 1 in order to show the relative

dose distributions. Line profiles (along 2) through the 3D dose distributions are also shown
in figure 14. An ROI (1 cm x 1 cm) was averaged across the coronal plane of the volume

to calculate the data for the line profiles at the center and periphery (1.5 cm from the edge
of the phantom) of the 3D dose distributions. The profiles for the overlapping configurations
were plotted on a scale from 0 to 3 mGy per 100 mAs while the collimated configuration
was plotted from 0 to 1.5 mGy.

4. Discussion

4.1.

Experimental study of CBCT system source configurations

The phantom imaging studies presented in this work demonstrate the image quality
improvements and utility of the multisource concept applied to CBCT. The Defrise phantom
and the Corgi phantom quantify the variable contrast modulation throughout the scanner
FQV, and the null cone in the 3D NPS quantifies the missing frequencies throughout the
scanner FOV. Within the FOV of the one source configuration, the farther the position is
from the central ray, the more information is lost in both the spatial and frequency domains.
The collimated six source configuration shows the most improvement for all three phantom
studies when compared to the one source configuration. These two configurations were then
used to image the two anthropomorphic phantoms (figures 10 and 11) and demonstrated
clear qualitative differences in the contrast with the collimated six source configuration
providing significantly improved visibility of fine details. The smaller sub volumes in the
collimated geometry contribute to a decrease in the noise caused by scattered photons and
also essentially eliminates cone beam artifacts because only small cone angles are used
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during the acquisition. One limitation of the study was that the built-in collimation of the
x-ray tube prevented the full coverage of the detector for the overlapping geometries. This
implies that the volume datasets from the overlapping geometries have inconsistent noise
properties throughout the FOV.

Monte Carlo simulation of CBCT system source configurations

The Monte Carlo simulation results demonstrate the differences in the scatter contributions
between the collimated and overlapping geometries. For a full FOV (overlapping geometry),
the SPR varies down the length of the detector with a peak at the middle of the polyethylene
phantom (figure 12(c)). In the collimated geometry configuration, the SPR remains
consistent down the length of the detector (figure 12(d)). The scatter interactions were
examined separately from the primary interactions and compared between the overlapping
and collimated configurations (figure 13) for the top ‘A’ and bottom ‘F’ source positions.
The magnitude of the scatter is greatly reduced when comparing the overlapping to the
collimated source configurations at the same source positions. When only one source

is triggered at a time, the scatter is limited and does not depict the scatter that would

occur for simultaneously triggered sources that was discussed as a potential benefit of the
multisource collimated geometry (but not physically simulated on the breast CT scanner
used in this study). Monte Carlo simulation comparisons with simultaneous triggering of
multiple collimated sources are also shown in figure 13 (labeled ‘ACE collimated” and ‘BDF
collimated’) demonstrating an increase in scatter contamination in the projection domain
from adjacent sources as expected.

Simultaneous triggering of multiple sources in the collimated multi-source configuration
would however provide a higher duty cycle and therefore make more efficient use of the
scan time and improve angular sampling. The duty cycle refers to the fraction of the time
within a complete acquisition that an individual source is active. For example, consider a
single source (non-simultaneous) acquisition with six sources and a total of 498 projections
acquired in 360 degrees. Each source would be active in only 1/6 or equivalently 83 of

the 498 projections. With simultaneous pulsing (three sources at a time) and an odd (A,C,E)/
even (B,D,F) synchronization approach, each source would contribute to 14 or equivalently
252 of the 504 projections. Hence the duty cycle would increase from 1/6 (0.17) to 14 (0.5)
with an increase of a factor of 3.

The 3D dose distributions show that the maximum dose for all the overlapping
configurations (one, three & six) remained relatively constant, but the average dose for
the multisource (three & six source) overlapping configurations had increased 25% when
compared to the one source configuration. This increase in the average dose can be
attributed to the improved coverage of the phantom volume near the bottom of the FOV
when multiple sources are used as shown in figure 14(b). There is a four-fold decrease in
both the average dose and the maximum dose when comparing the collimated six source
configuration and all of the overlapping configurations. These results are as expected since
the multisource, collimated geometry makes more efficient use of the x-ray beam by not
irradiating the object at large cone angles which effectively mitigates cone beam artifacts
and reduces scatter contamination in the projection domain as demonstrated in this study.
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While these results are promising there is a need to optimize the system geometry for the
multisource collimated configuration in order to minimize hot spots in the dose distributions
(shown in figure 14(d)) and reduce total scan times by investigating more complex source
and detector synchronization schemes.

Future studies are needed on a tabletop multisource CBCT system which allows for
simultaneous source triggering in order to optimize the collimated source configurations

for minimizing the scatter contaminations and dose contributions while still making efficient
use of the source output and minimizing total scan time. This will be made possible by

the ongoing development of multisource x-ray array technology (Boone et a/ 2019), which
involves multiple individually addressable cathodes and a single rotating cylindrical anode.

5. Conclusions

Multisource CBCT configurations were physically simulated and evaluated based on image
quality in the spatial domain, sampling in the frequency domain, radiation dose, and scatter
contributions. The multisource overlapping configurations reduced cone beam artifacts and
improved frequency sampling relative to a single source configuration, but the contrast is
compromised and there is considerable scatter contribution to the signal. The collimated
multisource concept applied to CBCT was shown to significantly reduce scatter (figures
12-13) and improve consistency in image quality (figures 5-7) throughout the FOV when
compared to standard CBCT (one source). The collimated beam multisource concept also
showed the reduction of artifacts and improvements in contrast in two anthropomorphic
phantoms (figures 10-11).

The combination of improved image quality and reduced dose makes the collimated

six source configuration for CBCT a promising potential modality for clinical imaging.
Therefore, we believe that collimated multisource CBCT applied to clinical applications has
the potential to provide more consistent image quality throughout the FOV and more reliable
diagnostic information when compared to standard one source CBCT.
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Figurel.

Diagrams of the geometry of each CBCT system: (a) one source, (b) three source
overlapping, (c) six source overlapping, (d) six source collimated configuration. The narrow
collimators are indicated in green. The blue indicates the spatial distribution of the x-ray
beams. The position of each source location is constant across the different geometries. The
diagrams are drawn to relative scale for a source to isocenter distance of 500 mm, source to
detector distance of 700 mm, detector height of 200 mm, sources separated by 30 mm in the
z-dimension, and an object space of 153.6 x 153.6 x 180 mm.
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Figure 2.
Diagram detailing the method used for image reconstruction for the overlapping multisource

configurations which involves selecting a subset of each full acquisition to interleave into
a combined reconstruction. An example for the overlapping three source configuration is
shown.

Phys Med Biol. Author manuscript; available in PMC 2021 November 02.

Page 17

Source E

KeepN=3,6,8 ...



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Becker et al.

Z-aXIS

Page 18

(@) Sources ACE (b) Sources BDF

y-axis

Figure 3.
The detector (Varex Dexela 2923 CMOS) coverage applied for the collimated six source

geometry, (a) Coverage for sources A, C, E digitally combined, (b) coverage for sources B,
D, F digitally combined. Each source covers 330 rows which equates to 49.5 mm on the
detector and a 2-degree cone angle both posteriorly and anteriorly.
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(a) Defrise phantom  (b) Corgi phantom (c) Z-modulation (cone beam module)

A
— — — — — teflon
i wz | _ — — middle
outside
>

Figure 4.
Photos of the (a) Defrise phantom and the (b) Corgi phantom used in the quantitative

experimental study. (c) Line pair demonstration to show the calculation of the loss in
modulation in the z-dimension (zn0q) through the volume data set of the Corgi phantom
cone beam artifact module.
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Figureb.

Defrise phantom results are shown for the (a) one source, (b) three source overlapping, (c)
six source overlapping, and (d) six source collimated configurations. Sagittal slices through
the reconstructions are shown in the top row qualitatively demonstrating modulation of the
disks and the bottom row shows line plots through the volume quantifying the modulation.
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Figure®6.
Cone beam modules from the Corgi phantom used to evaluate the modulation in zat various

vertical locations throughout the object space. Each row of data corresponds to a position in
the z-dimension relative to the central ray displayed on the right.
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Cone beam artifact measured as the loss in modulation in the zdimension for several
multisource systems compared to the one source system for four locations along the
z-dimension relative to the central ray. Four configurations are represented: one source,
three source overlapping, six source overlapping, six source collimated. In the legend, O =

overlapping and C = collimated.
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Figure 8.
Sagittal slices though the 3D NPS for the four different MXA configurations at a cone angle

of 14 degrees (relative to one source) to illustrate the null cone recovery in the multisource
systems. (a) One source configuration with an illustration of the null cone measurement, (b)
three source overlaped configuration, (c) six source overlapping configuration, (d) six source
collimated configuration.

Phys Med Biol. Author manuscript; available in PMC 2021 November 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Becker et al.

(o))

Percent Null Cone [%)]
N H

-

Page 24

Null Cone vs. z-dimension

0
0

¢ One Source O o

i + Three Source O o
» Six Source O
o Six Source C

s

%Q 180

® éﬁﬁﬁpnunuqﬂﬂnnnlu

-50 0 50 100 150

z-dimension [mm]

Figure9.
Percent null cone within the 3D NPS plotted at 16 locations through the field of view. Four

configurations are represented: one source, three source overlapping, six source overlapping,
six source collimated. In the legend, O = overlapping and C = collimated.
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Figure 10.
Anthropomorphic hand phantom scanned by both the one source system and the collimated

six source system. Sagittal slices are shown through the reconstructed volumes with a region
of interest. (a) One source system full FOV, (b) one source system ROI FOV, (c) six source
collimated configuration full FOV, (d) six source collimated configuration ROI FOV. The
slices were displayed with the same window range [0, 1.2] to make a fair comparison.
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Figure 11.
Anthropomorphic knee phantom scanned by both the one source system and the collimated

six source system. Coronal slices are shown through the reconstructed volumes at 80
mm from the central ray, which corresponds to a cone angle of 9° in the one source
configuration. (a) One source configuration, (b) collimated six source configuration. The
slices are displayed with the same window range [0, 0.9] to make a fair comparison.
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Figure 12.

Top row: Monte Carlo simulation results showing 2D maps of the scatter to primary ratio
(SPR) on the detector surface for a 154.2 mm polyethylene cylinder scanned using one
source position ‘A’ in the (a) overlapping configuration and the (b) collimated configuration.
Bottom row: 1D SPR profiles along the z (rows) of the simulated detector in the (c) six
source overlapping configuration and the (d) six source collimated configuration are also
shown. The central ROIs were centered about y’= 139 mm and peripheral ROIs were
centered about )= 69 mm. Along the zdimension, the ROIs (central & periphery) were
centered about z= 25, 55, 85, 115, 145, and 175 mm.

Phys Med Biol. Author manuscript; available in PMC 2021 November 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Becker et al.

scatter (MeV per mGy)

Page 28
Scatter Profile vs. Detector Rows
4000 | A
” o -~ ~
7’ ’ » ~ b
’ .t hoh “
3000 " 2 oot e o , ,
< e, i Y = = source A overlapping
2000 | .- = = source F overlapping
| ovbnses source ACE collimated
1000 | e source BDF collimated |
| source A collimated
0 : : . [——source F collimated |
0 50 100 150 200
Z (mm)
Figure 13.

Line profile down the detector rows at the center of the columns Y (mm) = 139 to show the
magnitude of the scatter distribution for source A and source F in both the collimated and
overlapping configurations. The simulated air kerma (mGy per source particle) was used to
normalize the projection images (MeV per source particle) to calculate the scatter (MeV per
mGy) plotted here.
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Figure 14.

Top row: central slices through the 3D dose distributions for the various multisource
configurations, each normalized to the maximum dose within the corresponding volume.
Bottom row: line profiles through the 3D dose distributions at the center and periphery of the

volume.
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Table 1.

Monte Carlo dosimetry metrics for the various multisource CBCT configurations.

Metric Onesource Threesourceoverlapping Six sourceoverlapping  Six source collimated
Number of projections per source 498 166 83 498

Dose, average (mGy/100 mAs) 2.098 2.256 2.259 0.513

Dose, maximum (mGy/100 mAs)  2.864 2.827 2.823 0.640
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