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Abstract

Purpose: The invention of carbon nanotube (CNT) x-ray source arrays has enabled the develop-
ment of novel imaging systems, including stationary tomosynthesis and stationary computed
tomography (CT) with fast data acquisition, mechanically robust structures, and reduced image
blur from source–detector motion. In this work, we report the results of simulation studies of
potential system configurations for a stationary head CT (s-HCT) using linear CNT x-ray sources
and detector arrays.

Approach:We explored s-HCT configurations that utilize one, two, and three linear CNT source
arrays. Simulations were implemented using three digital phantoms with both CPU and GPU
computing. Sinogram coverage was used for qualitative evaluation of the CT projection collec-
tion efficiency for each configuration. A modified low-contrast Shepp–Logan (SL) phantom was
implemented for image quality assessment using quantitative metrics. Different iterative recon-
struction (IR) methods were compared with both qualitative and quantitative assessments.

Results: Sinogram coverage of s-HCT configurations was sensitive to the number of CNT
source arrays and geometry. The simulations suggest that a s-HCT configuration with three
planes gives near complete sinogram coverage. Such a configuration enables accurate recon-
struction of the low-contrast SL phantom and considerably diminished artifacts caused by the
system geometry.

Conclusions: An optimized s-HCT system configuration with three linear CNT x-ray source
arrays is feasible. IR algorithms can diminish artifacts caused by sparse and asymmetrical scans.
The proposed s-HCT system configuration is currently under construction.
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1 Introduction

The rapid diagnosis of traumatic brain injury is of paramount importance in combat casualty
care. In resource-poor environments, the lack of advanced cross-sectional imaging such as com-
puted tomography (CT) limits the ability of forward surgical teams to diagnose life-threatening
head injuries. Current CT systems are highly complex instruments with the rapid rotation of
an x-ray tube and detector, requiring a physically stable structure. Furthermore, the slip ring
technology and high precision motion necessitates a well-controlled environmental setting,
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which may not be available at forward operating bases. The CT gantry’s physical movement
limits the total acquisition time for a thick volume, and this type of movement produces
non-negligible motion artifacts. Improvements have been made by employing more sources
and detectors,1 increasing the detector size,2 reducing the rotation time,3 and optimizing the
reconstruction techniques.4 The electron beam CT was proposed to remove the movement of
CT rotational gantry thus providing high temporal resolution for cardiac CT imaging.5,6 New
imaging techniques such as inverse-geometry computed tomography system7 and tetrahedron
beam computed tomography (TBCT)8 demonstrate the potential for image quality improvement
and radiation dose efficiency with innovative CT configurations using stationary x-ray tubes with
multiple focal spots. Carbon nanotube (CNT) x-ray source arrays have provided a path for
designing and constructing stationary tomographic imaging systems without mechanical motion.
Stationary digital tomosynthesis systems for breast,9 chest,10 and dental11 imaging based on CNT
linear arrays have been constructed and evaluated in translational human studies. Furthermore,
gated imaging can also be performed with the field-emission sources, for either prospectively
gating micro-CT for small animal imaging12 or gated chest tomosynthesis.13

This paper investigates the feasibility of a stationary head CT (s-HCT) system designed using
stationary linear CNT x-ray source arrays and stationary detectors. In our approach, emitters on
each linear CNT x-ray source array fire sequentially and provide sufficient coverage in the object
domain to fulfill CT image reconstruction requirements. Multiple s-HCT configurations were
explored through simulation and evaluated for sinogram coverage and reconstruction quality.
Due to sparse data sampling, iterative algorithms were utilized for reconstruction. Results show
that a three-plane s-HCT configuration provided sufficient data for CT reconstruction while
limiting the system complexity.

The paper is structured as follows: In Sec. 2, the definition of sinogram coverage and two
iterative algorithms are described. In Sec. 3, simulation results for different s-HCT configura-
tions are reported. The discussion and conclusion are given in Secs. 4 and 5.

2 Materials and Methods

2.1 Sinogram Coverage

A conventional rotating geometry fan beam CT using a single x-ray source emitter and the cor-
responding set-up using a linear x-ray source array is shown in Fig. 1. A standard sinogram plot
shows the source–detector’s rotational angle with each projection angle generating points on the
plot that represent the connection between the x-ray focal source to each detector pixel [Fig. 2(b)].
Sinogram coverage provides an intuitive visual evaluation of possible s-HCT configurations.
For a ray passing through a voxel Mðx0; y0Þ in the object space, the corresponding point ðr; θÞ

Fig. 1 Fan beam CT illustration. (a) Conventional rotating geometry with single source emitter
and a linear detector. (b) Sample stationary geometry with a CNT multi-source array and a linear
detector.
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in the sinogram space is defined by the radon transform,14 where r is the displacement of the ray,
and θ is the angle of the ray as

EQ-TARGET;temp:intralink-;e001;116;468r ¼ x0 cosðθÞ þ y0 sinðθÞ: (1)

In the ideal case, every voxel of the object is traversed by an x-ray beam from all projection
angles between 0 deg and 180 deg. Each ray then maps to a point in the sinogram space.
However, in the s-HCT configuration, the available focal spots are limited by the source array
physical dimensions, which limit the number of focal spots and the spacing between them. As a
result, not all object voxels are traversed by all x-ray beams in the stationary CT configuration.
The detector length and pixel size also potentially limit options in system geometry, especially if
the detector receptor area does not reach the edge of its housing. Clearly, longer detectors will
increase sinogram coverage but will also enlarge the system size. Thus, we restricted the length
of the detector and fixed the detector pixel size at 0.1 mm × 0.1 mm. Each projection image
from a focal spot was discretized into multiple rays and mapped into sinogram space as a dotted
line. We evaluated focal spot separations of 12 and 4 mm. The projections of a linear source array
correspond to a series of dotted lines as shown in Fig. 2(b). To maintain a fair comparison, the
spacing of rotation angles was converted to the same focal spot spacing as in s-HCT. The mini-
mum complete sinogram coverage of a conventional fan beam rotating-gantry CT is 180 deg
rotation plus fan angle. However, to simplify the simulation, we used a single-source CT system
with 360 deg rotation as the configuration for full sinogram coverage. Figure 2(b) schematically
illustrates the sinogram of s-HCT systems. For a circular field-of-view (FOV), the sinogram of
the 360° rotational CT is illustrated as the gray box. The sinogram coverage for each possible
configuration is calculated by calculating the area of corresponding sinogram [area within the
dashed line in Fig. 2(b)] in comparison with the area of full-coverage sinogram. This provided an
intuitive gauge of potential reconstruction image quality for the configuration.

2.2 Reconstruction Algorithm

Reconstruction code in thiswork is based on theAIRTools IIMATLABpackage15 and theASTRA
Toolbox16 in MATLAB (Mathworks, Inc. Natick Massachusetts). Iterative Reconstruction (IR)
techniques including algebraic reconstruction techniques (ART) and simultaneous iterative
reconstruction techniques (SIRT) were evaluated for the s-HCT system to improve upon ana-
lytical methods for limited projection views. The modified algorithms enable simulation of
different s-HCT geometries with variable placement of source and detector arrays. GPU
enabled reconstruction was applied to reduce reconstruction time.

Fig. 2 Sinogram definition for the stationary CT system. (a) A fan beam projection in the stationary
CT system with ray passing through a massM . (b) Fan beam projections in sinogram space. Each
point represents a single ray in the fan beam projection. Each dotted line (e.g., the red line)
corresponds to a projection from a focal spot and the gaps within the dotted line indicate the spac-
ing between detector panels. The sinogram coverage is calculated as the ratio of area covered
by the test sinogram (region within the dashed line) to the ideal complete sinogram (gray region).
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The fan-beam CT system can be approximated using a discrete linear system of equations

EQ-TARGET;temp:intralink-;e002;116;723Ax ¼ b; (2)

where x is a q × 1 vector that represents the object with q ¼ m × n voxels to be reconstructed,
b is a p × 1 vector that represents the projection data with p ¼ nS × nD, the total number of
discretized rays given by the production of nS – number of source points and nD – number
of detector pixels, and A is the p × q system matrix defined by the s-HCT configuration.

2.2.1 Randomized ART method

Denoting rows of system matrix A as a1; : : : ; ap and set b ¼ ðb1; : : : ; bpÞT , the contribution of
the ith row (projection) for the iterative improvement in the ART algorithm can be written as

EQ-TARGET;temp:intralink-;e003;116;582xkþ1 ¼ xk þ bi − hai; xki
kaik22

ai; (3)

where xk denotes x in the k’th iteration. For each iteration, the order of i is randomized to
improve the convergence rate of the method for the s-HCT system.17

2.2.2 SIRT method

The SIRT method was implemented in a GPU environment (MATLAB R2019a, with Intel Core
i5-9600K CPU @ 3.70 GHz and NVIDIA GeForce RTX 2070 graphics card). The SIRT algo-
rithm is denoted as

EQ-TARGET;temp:intralink-;e004;116;439xkþ1 ¼ xk þ DATMðb − AxkÞ; (4)

where D is a diagonal matrix denoting the inverse column sums of A, i.e., di ¼ 1∕
P

jaij, and
M is a diagonal matrix denoting the inverse row sums of A, i.e., mj ¼ 1∕

P
iaij.

2.3 Image Quality Assessment

Both subjective and objective methods were used to assess the reconstructed image quality.
Qualitative image quality assessment was conducted based on the subjective comparison of
reconstructed images. Quantitative image quality metrics including the root-mean-square error
(RMSE), the peak signal-to-noise ratio (PSNR), and the Structural Similarity Index (SSIM)18

were also used to evaluate reconstructed image quality with different reconstruction algorithms
and different configurations. Given a reference image f and a test image g, both of size m × n,
the metrics can be written as

EQ-TARGET;temp:intralink-;e005;116;260RMSEðf; gÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

mn

Xm
i¼1

Xn
j¼1

ðfij − gijÞ2
vuut ; (5)

EQ-TARGET;temp:intralink-;e006;116;191PSNRðf; gÞ ¼ 10 log10

�
max2ðfÞ

RMSE2ðf; gÞ
�
; (6)

EQ-TARGET;temp:intralink-;e007;116;154SSIMðf; gÞ ¼ lðf; gÞcðf; gÞsðf; gÞ; (7)

where
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EQ-TARGET;temp:intralink-;e008;116;735

8>>>><
>>>>:

lðf; gÞ ¼ 2μfμgþC1

μ2fþμ2gþC1

cðf; gÞ ¼ 2σfσgþC2

σ2fþσ2gþC2

sðf; gÞ ¼ σfgþC3

σfσgþC3

: (8)

The SSIM is designed to assess any image distortion as a combination of three factors: lumi-
nance distortion lðf; gÞ, contrast distortion cðf; gÞ, and loss of correlation sðf; gÞ. In Eq. (8), μf
and μg are the mean luminance of the two images. Parameters σf and σg denote the standard
deviations of f and g. The covariance between the two images is given by σfg. Parameters C1,C2,
and C3 are small positive constants used to avoid a null denominator.

2.4 Dataset

Two modified Shepp–Logan (SL) digital phantoms19 were used in this study. A high-contrast SL
phantom [HCSL, Fig. 3(a)] was used to compare different s-HCT configurations. A low-contrast
SL phantom [LCSL, Fig. 3(b)] modified based on the SL phantom was used to evaluate the
reconstructed image quality of the proposed head CT system for the purpose of diagnosing brain
hemorrhages. The index values for both phantoms are given in Table 1, in Hounsfield units.
Hypothetically, matter labeled with A, B, and C/D represents the cranial bone, white/gray matter,
and lateral ventricles in the human’s head, respectively. All the other masses represent soft tissue
and/or blood clots with different attenuations. It is worth noting that different display windows
are used for the two SL phantoms.

2.5 Source–Detector Module Selection

The proposed s-HCT system is to be constructed with multiple copies of the same x-ray module
to simplify the design and simplify manufacturing. Each module consists of a linear CNT x-ray
source array paired with segments of linear detector arrays [Fig. 4(b)]. Instead of using one long

Fig. 3 Two Shepp-Logan digital phantoms used in the simulation with (a) high contrast (display
window: [0,1]) and (b) low contrast [display window: [0.55, 0.70])].

Table 1 Specification of the contrast objects used in the two SL phantoms.

Region A B C D E F G H I J

HCSL 1 0.2 0 0 0.3 0.3 0.3 0.2 0.2 0.2

LCSL 1 0.6 0.577 0.577 0.606 0.608 0.611 0.608 0.611 0.614

LCSL (HU) 750 50 10 10 60 65 70 65 70 75

Tissue Bone White
matter

Ventricles Tumor and blood
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linear detector array to pair with the source array, three shorter detector arrays provided more
efficient angular coverage in the fan beam type geometry. With these source–detector compo-
nents, the exploration of different s-HCT configurations is simplified by either employing differ-
ent numbers of modules or different layouts with the same number of modules. In the simulation,
each x-ray source array has multiple emitters arranged linearly over a length of 530 mm and is
paired with multiple segments of linear detector array with an effective length of 690 mm. Two
source densities were evaluated. First, a dense source array at 128 emitters per source array was
used to examine the sinogram coverage. Second, a sparse 45 emitter per source array was used to
represent a more realistic physical implementation and evaluate different reconstruction algo-
rithms. The distance of each source array to object center was fixed at 360 mm, and the distance
of the source array center to the detector array center was 470 mm. These parameters reflect the
currently available CNT x-ray source array parameters and the desire to have a reconstruction
FOVof 256 mm × 256 mm for head imaging. The rotational CT system [rotCT, Fig. 4(a)] with
the same number of projections and same detector structure was set as a reference. The proposed
stationary CT configurations with a different number of source–detector modules and different
angles between modules are shown in Fig. 4. To keep the same source-to-detector distance and
source-to-object distance, the placement of different modules solely utilized rotation around the
center of the object. The rotation angle between the first module and the second module is
defined as α. The rotation angle between the second module and the third module is defined
as β. For the s-HCT, continuous full coverage of the sinogram is difficult to achieve in a single
plane configuration because each x-ray source array requires packaging space for isolating the

Fig. 4 Modular head CT configurations. (a) Rotational CT (rotCT) configuration with a single
source array and 3-detector segments structure with the gantry rotating in a circular trajectory.
An individual short detector segment is highlighted by the dashed lines. (b) Stationary CT con-
figuration with 1 source–detector module (s-HCT-1) using a CNT x-ray source array and 3-detector
segments structure. The source emitters fire sequentially along the array. (c) Stationary CT con-
figuration with 2 source–detector modules (s-HCT-2). A second module is added based on s-HCT-
1 and rotated around the region of interest (ROI) by an angle of α. (d) Stationary CT configuration
with 3 source–detector modules (s-HCT-3). The angle between the third module added and the
second module as in s-HCT-2 is β. For actual implementation, the modules may need to be dis-
placed along the axial axis (see Fig. 5).
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high voltage and radiation shielding. Thus, the potential arrangement of the x-ray source arrays
is constrained by their physical structure. A practical solution is to separate the source–detector
paired modules into different imaging planes.20 A schematic diagram showing the 3D structure is
illustrated in Fig. 5. In this study, we focused on the 2D fan beam reconstruction and considered
all source–detector modules to be in the same imaging plane despite the potential for hardware
overlap.

3 Results

3.1 Sinogram Coverage and Non-Uniformity Analysis with Uniform Disk
Phantom

The evaluation of sinogram coverage for each CT system is simplified by using a uniform disk
phantom with consistent size of ROI in this section. In the evaluation, 128 source emitters are
used in each module to allow more dense sinogram coverage. The total ROI has a size of
256 mm × 256 mm, 512 × 512 pixels. The display window is [0, 1]. Figure 6 shows the sino-
grams of some of the proposed CT systems. Figure 6(a) presents the complete sinogram cover-
age from the rotational CT. A single source–detector module provided approximately 45% of the
full sinogram space according to the sinogram in Fig. 6(b). This lack of coverage in the sinogram
lead to obvious missing projections [Fig. 7(b)], introducing artifacts in the image. These artifacts
exist because the single source–detector configuration is essentially stationary digital tomosyn-
thesis.21 When a second source–detector module is added by simply rotating the first module
around the center of the ROI by an angle of α, the sinogram coverage increases as α increases
from 0. The value reached a maximum of 87% when α ¼ 80 deg. The coverage percentage then
fell as α increased further to 180 deg, as expected when the second pair reaches a mirror image
position. The blurry regions caused by missing information at certain angles shrink when the
sinogram coverage increases. To complete the coverage gap in the s-HCT-2 system, a third
source–detector module is thus necessary. The s-HCT-3 system with α ¼ β ¼ 120 deg increases
the coverage in sinogram up to 98% (see Table 2), where β is the rotation angle between the
second module and the third module. Non-uniformity (NU) was evaluated by creating 12

Fig. 5 Schematic 3D diagram of a three plane s-HCT system configuration with three source–
detector modules.

Luo et al.: Simulation on system configuration for stationary head CT using linear carbon nanotube. . .

Journal of Medical Imaging 052114-7 Sep∕Oct 2021 • Vol. 8(5)



Fig. 6 Sinograms of different system configurations using uniform disk phantom. (a) Rotational CT
system. (b) Stationary CT system with 1 source–detector module. (c)–(e) Stationary CT system
with 2 source–detector modules and α ¼ 60 deg; 90 deg; 120 deg. (f) Stationary CT system with
3 source–detector modules and α ¼ β ¼ 120 deg.

Fig. 7 Reconstructed images for different CT system using a uniform disk phantom. (a) Rotational
CT system. (b) Stationary CT system with 1 source–detector module. (c)–(e) Stationary CT system
with 2 source–detector modules and α ¼ 60 deg; 90 deg; 120 deg. (f) Stationary CT system with
3 source–detector modules and α ¼ β ¼ 120 deg.
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randomly selected 8 mm × 8 mm ROIs to evaluate the attenuation fluctuations in the recon-
structed images. The ROIs were randomly positioned in the homogeneous region on the phan-
tom as shown in Fig. 7(a). NU is calculated by taking the standard deviation of the mean value in
all ROIs for each image, i.e. NU ¼ σðROIÞ. As shown in Table 2, lower RMSE and higher
PSNR can be acquired when the sinogram coverage increases, which is consistent with the fact
that when the coverage is low, the image is more blurry and has more defects. This qualitative
evaluation also agreed with the NU values in Table 2. Overall, the s-HCT-3 system has the high-
est sinogram coverage that provides low NU and fewer artifacts visually.

3.2 Reconstruction Image Quality Analysis with HCSL Phantom

Three types of s-HCT configurations were studied with one source–detector module, two
source–detector modules and three source–detector modules respectively on the HCSL phantom.
In this evaluation, 128 source emitters are used in each module to provide a greater number of
views. The total FOV has a size of 256 mm × 256 mm, 256 × 256 pixels. The display window is
[0, 1]. A conventional fan beam CT with full 360 deg rotation was used as the benchmark. The
sinogram was recast to θ ∈ ½−90 deg; 90 deg� to remove redundant information, with the physi-
cal dimension shown in mm. All modules were held stationary throughout the scans. The
Randomized ART method from the AIR Tool II toolbox was used to reconstruct the image for
the different configurations.

In the rotational CTwith full 360 deg rotation (Fig. 8), the sinogram was fully covered from
−90 deg to 90 deg, as expected. This coverage served as a benchmark for evaluating the s-HCT
configurations. The high quality reconstructed image was used as the reference image.

Table 2 Quantitative evaluation of sinogram and reconstructed image quality for different CT
system with uniform disk phantom.

Config rotCT s-HCT-1

s-HCT-2 α ¼

s-HCT-360 deg 80 deg 90 deg 120 deg

Sino(%) 100.00 44.91 78.28 87.41 85.43 77.41 98.59

NU 0.00 0.04 0.01 0.01 0.01 0.01 0.01

RMSE 0.04 0.18 0.12 0.11 0.10 0.11 0.11

PSNR 29.08 16.07 19.22 19.55 20.02 20.57 19.17

Fig. 8 Rotational CT configuration. (a) Layout for the reference rotational CT configuration. The
x-ray source emitter and detector arrays rotate simultaneously around the center of object domain.
(b) Sinogram. This configuration gives a full sinogram coverage from −90 deg to 90 deg.
(c) Reconstructed image with ART algorithm. The sinogram and reconstructed phantom image
for this configuration was used as the benchmark for comparison of other configurations.
Display window: [0, 1].
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With only one source array and detector set (Fig. 9), only about 80 deg of view is covered in
this configuration. A large area of sinogram space coverage is absent. The reconstructed image is
of poor quality in the upper and lower regions, which corresponded to the missing sinogram
coverage.

With two source–detector pairs, there were several possible ways of arranging the pairs in a
single plane or in two imaging planes. Figure 10 shows three possible configurations. To identify
the different source–detector pairs, the source array in the first pair is marked as red, as is the
sinogram data generated by this pair. The second pair is rotated clockwise from the first around
the object center, this source array as well as the corresponding sinogram data block are labeled
in blue. As the relative angle between the two pairs increases from 0 deg (second pair overlapped
with the first pair) to 180 deg (second pair opposite to the first pair), sinogram data contributed
by the second source–detector pair (blue) moves to left, i.e. along the negative x axis (θ) direc-
tion. Three angles of interest 60 deg, 90 deg, and 120 deg were selected to illustrate the impact on
reconstructed images. When the angle is between 80 deg and 100 deg, the sinogram had the
largest coverage with the least overlap between the two blocks of data. Nevertheless, artifacts
in reconstructed images still exist at the top and bottom region near the skull due to the missing
data in the sinogram space. It was concluded that the two-module configuration is not sufficient
in sinogram coverage for generating acceptable CT images.

With three source–detector modules, near complete sinogram coverage can be achieved.
Figure 11 shows plots that are similar to that in the Fig. 10 with the third pair of source and
detector arrays (labeled in black) added. The angle between each pair is 120 deg. With such
a centrosymmetric layout, data points are spread evenly in the sinogram space and provide a nearly
full coverage for the object. The quality of reconstructed image is high and close to that of the
rotating CT configuration. From the sinogram it can be seen that objects as large as 256 mm ×
256 mm will have sufficient coverage and be properly imaged.

3.3 Different Reconstruction Algorithms Comparison with LCSL Phantom

As anticipated, the image quality of the reconstruction is significantly improved by increasing
the sinogram coverage. Given the geometric constraints caused by the physical structure of CNT
x-ray tubes and detector panels, at least three source–detector pairs are required to achieve suf-
ficient coverage in the sinogram space. To physically implement this three-module configura-
tion, each source–detector pair is separated to an individual plane to avoid overlapping onto each
other and blocking x-ray beams.

In the preliminary experimental set-up,22 a single linear CNT x-ray source tube with 45 beam
emitters was used to collect projection data. The interval between source emitters was 12 mm.
The detector panel has 2304 by 68 pixels with a 0.099 mm2 pixel size. The phantom was set to

Fig. 9 One source–detector pair configuration. (a) Layout. The black dots represent the x-ray
source emitters and are linearly arranged on an linear array (the red box). Three detector segments
are paired with this source array. Each emitter shines sequentially to acquire data from different
angles of view. (b) Sinogram. The sinogram coverage is near 80 deg; less than half of the sinogram
space is covered. (c) Reconstructed HCSL phantom image with the ART algorithm. The phantom
is recovered only for the central portion of the image. For the top and bottom sections, the lack
of projection information caused large distortions and blurs. Display window: [0, 1].
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Fig. 11 Three source–detector pair configurations. (a) Layout. Three source–detector pairs sit at
0 deg, 120 deg, and 240 deg individually. (b) Sinogram. The sinogram coverage in the phantom
region is nearly complete. (c) Reconstructed image with ART algorithm using HCSL phantom.
Display window: [0, 1].

Fig. 10 Two source–detector pair configurations and reconstruction using HCSL phantom.
(a)–(c) Layout, sinogram and reconstructed image for a two source–detector pair configuration
with the second pair rotated by 60 deg. (d)–(f) Layout, sinogram and reconstructed image for
a two source–detector pair configuration with the second pair rotated by 90 deg.
(g)–(i) Layout, sinogram and reconstructed image for a two source–detector pair configuration with
the second pair rotated by 120 deg. Display window: [0, 1].
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256 mm × 256 mm with 1 mm2 voxel size. Due to physical constraints, the three modules need
to be placed in three separate planes. The scanned object travels axially through the system to
allow the targeted slice to be scanned by all three source–detector pairs. In this section, the LCSL
phantom was utilized to mimic both normal and pathologic materials in the human head. The
values of the LCSL phantom were mapped to the corresponding Hounsfield unit scale to re-
present the brain and skull. The HU map is given in Table 1 – LCSL(HU). The ASTRA toolbox
was utilized for reconstruction and leveraged GPU acceleration. The IR speeds were also com-
pared for both CPU and GPU. Two regions of interest (ROI) marked in red boxes with 1 and 2
(ROI1∶60 HU and ROI2∶10 HU) were selected for quantitative measure of the Contrast Ratio
(CR). CRi ¼ jROIi − ROI0j∕ROI0, i ¼ 1 or 2. The red box marked with 0 (ROI0 ¼ 50 HU)
was used as a background.

Two IR methods were evaluated and compared for the three-plane configuration in Fig. 12
with different iteration numbers. Without any photon or electronic noise applied, the image qual-
ity of reconstruction is improved by increasing the total number of iterations. All low contrast
objects can be identified in the two algorithms; the difference in object H, I, and J was only 5 HU,
which is identical in both algorithms. When the iteration number is low, artifacts appeared promi-
nently throughout the images. A higher number of iterations reduced and nearly eliminated the
error caused by the missing coverage in sinogram space and the sparsity of views. Figure 13
shows the horizontal profile of lines drawn in the reference image [Fig. 12(a)], the reconstruction
image with randomized ART, 100 iterations [Fig. 12(d)], and the reconstruction image with
SIRT, 100,000 iterations [Fig. 12(i)]. From the profiles, it can be seen that both algorithms are
capable of reconstructing the low contrast objects even with a small, 5 HU difference. With
higher number of iterations employed, SIRT almost completely restores the intensity and sharp-
ness of the low-contrast SL phantom. Even with a high iteration number, artifacts still appear
within the low-contrast area near the periphery of the head phantom especially in the frontal
region where the thick bone is located. This is due to the missing sinogram coverage in the
corresponding area. Longer detectors can provide coverage of the missing sinogram area, but
longer detectors would also increase the size of the system and the cost to physically implement.

Quantitative assessment was conducted by calculating the image quality metrics for each
algorithm (Table 3). Both algorithms perform well in the periphery region given the low
RMSE values. As the iteration number increases, the RMSE value becomes smaller and the
image quality was improved significantly with higher similarity values. With the lowest
RMSE and highest SSIM, the SIRT method with 100,000 iterations gave the best result quan-
titatively for the proposed configuration. Consistent with the qualitative evaluation, contrast

Fig. 12 Different reconstruction algorithms for the three-plane configuration using a LCSL phan-
tom without noise. (a) Reference image, (b)–(d) Randomized ART method with AIR Tool II toolbox
using 1 iteration, 10 iterations and 100 iterations, (e)–(i) SIRT with ASTRA Toolbox using iterations
of 10; 100; 1000; 10,000; and 100,000. Display window: [0.55, 0.70].
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ratios of both ROIs (CR1 and CR2 are the contrast ratios of regions 1 and 2 and region 0 in
Fig. 12) had minor variations and the SIRT algorithm with 100,000 iterations resulted in the
highest quality values out of all the tested methods. This result will provide guidance for our
future work in selection of iteration numbers.

4 Discussion

In this work, different head CT configurations were compared using a design of source–detector
module with a single linear CNT x-ray source array and linear detector strips. This modular
design provided the feasibility and flexibility to simulate potential s-HCT systems. The configu-
rations were evaluated for both sinogram coverage and reconstructed image quality using three
digital phantoms. The image quality of a configuration was sensitive to the number and layout of
the source–detector modules. Three modules were found to be necessary and provided almost

Table 3 Image quality metrics comparison for different reconstruction algorithms. ART implemen-
tation is on Intel Core i5-9600K CPU @ 3.70 GHz while SIRT implementation is on NVIDIA
GeForce RTX 2070 graphics card.

Algorithm ART (CPU) SIRT (GPU)

Iteration 1 10 100 10 100 1000 10,000 100,000

RMSE 0.05 0.02 0.01 0.12 0.05 0.03 0.01 0.00

PSNR 26.49 34.54 37.51 18.09 25.36 31.10 41.23 71.57

SSIM 0.40 0.86 0.94 0.57 0.72 0.76 0.94 1.00

CR1 0.13 0.14 0.16 0.62 0.27 0.16 0.17 0.20

CR2 0.84 0.83 0.82 0.29 0.82 0.85 0.81 0.80

Run time (s) 99 320 2476 0.05 0.3 3 29 299

Fig. 13 Line profile comparison for different reconstruction algorithms used in the three-plane con-
figuration. The lines are marked in Fig. 12 (a), (d), and (i) corresponding to the reference image,
reconstruction image using randomized ART with 100 iterations and reconstruction image using
SIRT with 100,000 iterations.
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sufficient sinogram coverage for CT reconstruction. The reconstructed images were recovered
with low error and high peak signal-to-noise ratio for the high contrast objects, and it was pos-
sible to differentiate low contrast (5 to 10 HU difference) tissue with further improvement in
reconstruction and data processing.

With the same iteration number (100 iterations as an example), the randomized ART method
provided slightly better image quality given the algorithm’s randomized selection of rows in
Eq. (3) but at the cost of computing time (about 40 minutes per image slice) as it was not yet
implemented in GPU processing. The SIRT method gave comparable image quality, and with
GPU implementation, the reconstruction time for each slice was less than one second. When the
number of source emitters on each CNT source array decreased from 128 to 45, the error in the
reconstructed image increased substantially, making it more difficult to differentiate low contrast
objects. By increasing the total number of iterations, the artifacts were almost eliminated. This
demonstrated the feasibility of building a three-plane s-HCT system.

In the previous section, the image quality was only assessed using digital phantoms without
any noise. Noise due to primary or scattered photons was not considered. We performed a pre-
liminary investigation of image reconstruction with noisy data in Fig. 14. In the laboratory setup,
the source array was operated at 120 kVp and each emitter had a reliable output of 0.06 mAs. The
average signal-to-noise ratio measured in the projection images is 52.86. Different Poisson-noise
levels were applied to the same LCSL phantom in this simulation. Figure 15 shows metrics of
reconstructions from noiseless data, low noise-level data with PSNR of 103 and high noise-level

data with PSNR of 102. Normalized RMSE (nRMSE) is measured as nRMSEðf; gÞ ¼ RMSEðf;gÞ
RMSEðf;fÞ.

With no noise or low-level noise, more iterations reduce the RMSE and improve the SSIM,
which proved the IR recovers the image quality despite the absence of projection views. But
with high noise-levels, higher iteration numbers introduced a loss of image fidelity and ruined
the structural similarity of the reconstructions. The metrics indicated that there is a need to care-
fully choose iteration number in clinical imaging applications.

Some limitations of the study are noted. First, digital phantoms with simple morphology
were studied. We are evaluating the system with more complicated phantoms such as the
ACR phantom, which includes spatial resolution inserts and clinical CT images of human head
anatomies. Second, no regularization has yet been applied in the reconstruction algorithm as
shown in the result. An implementation of TV regularization is under evaluation during itera-
tions of the reconstruction, the overall error was reduced but at the cost of a loss in spatial res-
olution. This suggested that further improvements in image quality can be gained with advanced
iterative algorithms such as TV-POCS,23 ASD-POCS,24 EPTV,25 and AwTV26 can be gained.

Fig. 14 Reconstructed image of LCSL phantom with noise. (a)–(e) Reconstruction with low noise
level (PSNR ¼ 103) using SIRT 10; 100; 1000; 10,000; and 100,000 iterations. (f)–(j) Recon-
struction with high noise level (PSNR ¼ 102) using SIRT 10; 100; 1000; 10,000; and 100,000
iterations respectively. Display window: [0.55,0.70].
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Additionally, The image quality of an actual s-HCT system remains to be validated with an
experimental system. The construction of the s-HCT based on this configuration study is under-
way, and we hope to report the results in a future publication.

5 Conclusion

In this work, we simulated different s-HCT configurations and compared the quality of the
reconstructed images with different digital phantoms. Three types of s-HCT systems were stud-
ied with one, two and three linear CNT x-ray source arrays and corresponding detector segments.
Qualitative and quantitative evaluations were conducted in terms of the sinogram coverage and
image quality metrics. Two IR algorithms were compared to test their performance in image
reconstruction for low-contrast head images. The artifacts caused by missing sinogram coverage
were significantly reduced by applying more iterations for noiseless projections. When noise was
applied, artifacts were initially reduced with more iterations. But, beyond an optimal iteration

Fig. 15 Metrics nRMSE(a) and SSIM(b) of LCSL phantom reconstruction with noiseless data
(line), low-noise data (circle) and high-noise data (triangle) using different iterations of SIRT
algorithm.
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number, the artifacts increased, especially in regions with low attenuation. This suggests that a
careful selection of iteration number in future applications of the IR algorithm is needed. Finally,
we showed that a three-plane s-HCT configuration has sufficient sinogram coverage for image
reconstruction with high fidelity, low errors, and fewer artifacts. Further study on the physical
implementation will be reported.
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