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Abstract

Purpose: The most common detector material in the PC CT system, cannot achieve the best performance at a relatively
higher photon flux rate. In the reconstruction view, the most commonly used filtered back projection, is not able to provide
sufficient reconstructed image quality in spectral computed tomography (CT). Developing a triple-source saddle-curve
cone-beam photon counting CT image reconstruction method can improve the temporal resolution.

Methods: Triple-source saddle-curve cone-beam trajectory was rearranged into four trajectory sets for simulation and
reconstruction. Projection images in different energy bins were simulated by forward projection and photon counting
CT respond model simulation. After simulation, the object was reconstructed using Katsevich’s theory after photon counts
correction using the pseudo inverse of photon counting CT response matrix. The material decomposition can be per-
formed based on images in different energy bins.

Results: Root mean square error (RMSE) and structural similarity index (SSIM) are calculated to quantify the image
quality of reconstruction images. Compared with FDK images, the RMSE for the triple-source image was improved
by 27%, 21%, 14%, 8%, and 6% for the reconstrued image of 2033, 33—47, 47-58, 58—69, 69-80 keV energy bin.
The SSIM was improved by 1.031%, 0.665%, 0.396%, 0.235%, 0.174% for corresponding energy bin. The decomposition
image based on corrected images shows improved RMSE and SSIM, each by 33.861% and 0.345%. SSIM of corrected
decomposition image of iodine reaches 99.415% of the original image.

Conclusions: A new Triple-source saddle-curve cone-beam PC CT image reconstruction method was developed in this
work. The exact reconstruction of the triple-source saddle-curve improved both the image quality and temporal
resolution.
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1 Introduction

Since spectral computed tomography enables improved
tissue contrast, it has been used to meet multiple diagnostic
objectives [1]. In traditional dual-energy CT, the maximum
number of separable tissues is three [2]. Capable of perform-
ing multiple tissue decomposition, photon counting com-
puted tomography (PC CT) was developed [3]. PC CT can
perform multi-energy spectral CT by detecting photons of
various energy using the pulse height analyzing technique.
The ability to quantify more than three materials can help
optimize visualization of lesions, such as coronary stenosis
[4], and virtual non-calcium images have improved diagnos-
tic performance in coronary artery lumen [5]. Besides tissue
decomposition, insight into other benefits brought by PC CT
related to the image performance has been proved in previ-
ous studies, such as photon weighting technique, higher spa-
tial resolution image and low patient dose [6].

Cadmium (zinc) telluride (CdTe or CZT) is the most
common detector material in PCCT system [6]. However,
for CdTe or CZT detectors, the comparatively high density
of imperfection can give a rise to the possibility of break
down or quantum efficiency degradation at high photon flu-
ence rate, also refer to as polarization [7]. Higher photon flux
rate also can cause photons interact within a short time per-
iod, resulting in count loss. Improved capabilities at high
flux can be achieved in smaller detector [8] but increase
charge sharing, which could result in compromised spectral
performance [9], causing further degradation in material
decomposing [10].

Superior spectral imaging generated by PCCT makes
multi-contrast imaging possible, which is promising to
exploit more spectral information especially in cardiovascu-
lar applications [11]. However, when considering cases of
high/irregular heart rates or pediatric and emergent cases,
reconstruction could be extremely difficult. Higher temporal
resolution is required for these cases. When using single
source CT, shorter acquisition time, which also means a
higher photon fluence rate, could improve the temporal res-
olution but degrade the quality of spectral image as
described above. Besides photon flux rate, the spectral tail-
ing caused by charge sharing and two secondary peaks in
the spectrum except for the photopeak, which is caused by
K-fluorescence, can also result in distortion in spectrum
information [6]. The correction for photon counts in different
energy bins is also necessary for decomposition.

In the reconstruction view, traditional filtered back pro-
jection (FBP), is not able to provide sufficient reconstructed
image quality in spectral cone-beam CT due to increased
noises [12]. With a circular scan trajectory, there are more
image artifacts further away from the mid-plan [13]. Suffi-
cient and necessary conditions for exact reconstruction have
been proposed in 1980s [14,15]. After the first exact and effi-

cient reconstruction formula for helical cone-beam CT [16],
exact reconstruction algorithms for both helical and saddle
curve cone-beam CT have been studied [17,18]. For the mul-
tiple source saddle CT, the best temporal resolution is opti-
mized only when using triple-source, which is three times
better temporal resolution than with single-source saddle
CT [19]. The exact reconstruction method was based on Kat-
sevich’s algorithm [20]. Dual source hybrid spectral micro-
CT using an energy-integrating and a photon-counting
detector have been used for the separation of iodine (I), gold
(Au), gadolinium (Gd), and calcium (Ca) with improved
RMSE (root mean square error) [21]. Comparing to an
asymmetric dual-energy CT system, a symmetric triple-
source system is superior in reconstruction for meeting the
condition of exact reconstruction [22]. Triple-source CT
has been proposed to improve the temporal resolution for
application within cardiology. A lower flux could be
achieved with the same or better temporal resolution when
using triple-source CT. With an optimized temporal resolu-
tion, lower patient dose and scatter signal could be achieved
by triple-source CT compared with multiple source CT
(more than 3 sources).

Current developing PCCT uses single-source or dual-
source with CZT or silicon detectors and a circle source tra-
jectory [23-27]. To avoid pile-up, current technique chose to
use PCDs that have smaller detector elements so that the
PDCs can resolve the individual photons. However, smaller
detector elements can cause increasing charge sharing.
Despite the potential of triple-source saddle curve design
in optimizing temporal resolution without increasing charge
sharing, the application of the concept of triple-source saddle
curve on PC CT has not been investigated yet. This paper
presents the first triple-source saddle-curve cone-beam PC
CT system simulation work to validate the feasibility of
the system. Spectral correction matrix was calculated from
Monte Carlo simulation and applied to explore the possibil-
ity of multiple energy bin spectral correction.

2 Material and method

2.1 Triple-source CT system

Three sources were symmetrically positioned along the
circle, with a flat photon counting detector plane in the oppo-
site position (Fig. 1). R, the distance between source and
rotation axis, is 200 mm, which is also the same as D, the
distance between the center of detector plane and rotation
axis. A single detector plane contains 250 * 250 pixels with
pixel sizes of 0.5 * 0.5 mm?. The radius of field of interest
was calculated as followed:

;= R sin (arctan (ﬁ)) (1)
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Figure 1. Triple-source photon counting CT system design.

where r stands for radius of field of interest, d stands for
transaxial width of detector plane.

The detector area in this work is designed to sufficiently
cover the rearranged projection lines. The projection lines
were designed and rearranged as followed:

1. Three saddle curves are defined as:

2*(;_1)71))

i=1,23 )

C(0) = (R sin (1), Rcos (1), h cos (227

where A is the angular parameter, and h is the pitch of each
saddle, which is 20 mm in this work. 1080 projections for
each saddle curves were generated.

2. When the lowest panel of field of interest (FOV) on
axial direction (0, 0, -h) is needed to be exactly recon-
structed, the saddle curves intersections at 0.5h are the piece-
wise for different saddle curves. When the highest projection
on axial direction (0, 0, h) is needed to be exactly recon-
structed, the intersections at -0.5h are the piecewise for dif-
ferent saddle curves. In one period of the saddles, four
different rearranged curves can be generated from three orig-
inal saddle curves (Fig. 2).

2.2 Simulation framework

The simulation process is based on the framework devel-
oped by Abadi et al. [28]. Concentric spheres phantom was
used in this study to validate the system. The density and
elemental composition for each material were defined based
on NIST Standard Reference Database. Tube photon flux
spectrum was generated using SPEKTR3.0 [29] with a tube
voltage of 100kVp with mm Al and 0.5 mm Be filter.

3)

where N, is the numbers of photons, at energy E, at the
source towards detector pixel (i, j) at projection o. u is the
linear attenuation coefficient of material m at energy E. [ is
the intersection length for material m with the ray detected
by pixel (i, j) at projection .

2.3 Photon CT Detector (PCD) model

When a photon reaches the center pixel, chances are that
distortion in spectrum distortion only took place in the center
and abutting pixels. To accelerate the simulation, we
assumed the distortion spectrum was only recorded in the
pixel that the photon reaches first. The actual photon CT
detector count at each pixel was estimated as:

=22

X Z (E,u,v,0) + N (E,1,0,0) )Ry (E, i, 1)

(10)

R (E,i,J,t,) is the probability of a photon at energy E
reaching pixel (u,v) being detected at the energy threshold
of ¢, by pixel at (i, j). The probability expectation was esti-
mated by the mean value of photon response at energy E
detected by each energy bin by pixel at (i, j). The response
was calculated by Monte Carlo simulation. The energy was
divided into 5 energy bins by the threshold of 20, 33, 47, 58,
69, 80 keV. 10® events of simulation history were recorded.
The total probability of a photon at energy E reaching pixel
(u,v) being detected at the energy threshold of ¢, by any
pixel are shown in Fig. 3.

E717]7

2.4 Photon counts correction

In order to redress the distortion in the energy response of
PCD, the correction was performed as follow.

Step 1: Define the response matrix using Monte Carlo
simulation result:

711 IR W,

ripo ot T

where r;; is the photon response expectation of photon in
energy bin j being detected at energy bin i.

Step 2: Let x being the original photon at energy bin i,
and b being the signals for each energy bin i, and A" being
the pseudo inverse of A. To solve the problem of
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Figure 2. Four rearranged curves (a), (b), (c) and (d) and original three saddle curves (e), green line in the left figure shows the connection
of intersections of saddle curves and the x—y plane. With highest projection on axial direction (0, 0, h) in (e), the saddle curves intersections
at 0.5h in (a) and (b) while the saddle curves intersections at -0.5h in (c) and (d).
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Figure 3. The total standard photon response expectation of photon E being detected at each energy bin by any pixel at the panel.

min ||4x — b||, then general least square solution can be et al. [19]. The general formula of exact reconstruction
XER .
of cone beam was derived by Yang et al. [30] as
follows.

Let X be the point to be reconstructed, ¢ be the filtering
direction at each detector panel, @ (4) be the point on the
scanning trajectory. Then,

implemented as x = A7b + (I, — ATA)y(y € R") with the
solution with minimum norm as x = 4" b. The solution with
minimum norm was considered as corrected photon counts
in this work.

2.5 Reconstruction algorithm 1

NN _ 1 /11+|
S A e T

N = —
A, X e
The reconstruction algorithm was based on the )
triple-source CT image reconstruction developed by Lu (11)
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A pixel can be reconstructed as
1
f(?) = EK(?, ?N,MAN»AI)
e
+E K(?’?i‘i+l7j’l—7ii+l)N:3’475.‘. (16)

where ¢;; are the filtering directions for projections
between 4; and ;.. 4; are the transection of the scanning
trajectory and reconstruction plane. The reconstructed region
is a convex polygon.

The algorithm can be implemented as:

Step 1: Rearrange the saddles.

Step 2: A; are the transection of the scanning trajectory
and the x—y plane. The filter directions for rearranged curve
are ;41 — 4;. Then, filter direction were rearranged based on
study by Lu et al. [19].

Step 3: Compute the derivative data for every projection

g:

Lo (0 DIi+P+D*) O DI(A)j+ij 9\ ,, . .
gi(Ai,)) = (a-‘r D0) i D(A) 8—j>g(ml 7
(17)

The discrete partial derivatives were derived from deriva-
tives of interpolation polynomial terms.

55 [—38(x) +4g(xin) — g(xir2)), i =0
21A [g(xia) —4g(xim1) +3g(x)],i =N
3 [—g(xim1) + g(xi1)], otherwise

) = (13)

where N is the maximum value of i.

Step 4: Perform the filtration:

The filter directions were chosen based on study by Yang
et al. [30]. Based on the filter directions, Hilbert transform
process can be implemented as pre-weighting, forward
height-base rearrangement, Hilbert transform and backward
height-based rearrangement. The height Z in the filtering pro-
cess refers to the relative Height difference between the tra-
jectory point and a point where the filtering plane intersects
with the z-axis. The height-based filtering line on the panel
can be described as:

Jj(Rsinl - e, — Rcosi - ey)
=Z[((R + D)sini. — icosA)e, — ((R + D)cosi + isin))e,| (19)

The filtering process can be described as:

.7
& (4,1, 7) ORI gl( o, J) (20)
g3()”7 l',/Z\) =g2()»,l,](l,z)) (21)

where the rearrangement process was based on equation
(19), and bilinear interpolation is used in this step,

ga(ini)3) = / iy (i — 1)g5(2,7,2) (22)

where hy is the kernel of the Hilbert transform, with a dis-
crete implementation as:

m—1

g(niZ)~ Y g3 bt 2) Z g3 (4, 2) (23)
m'=—M l'" m'=m+1
where -M<m’<M,
gS()”7 17]) :g4()‘7la/Z\(l7J)) (24)
D) +E+7
i) =V (3)
Step 5: Back projection were performed as:
_ 1 As+21 1 F[ .
= —— diss——=-8 tered ()i 26

2.6 Material decomposition

In traditional dual-energy CT, beam hardening effect can-
not be fully eliminated. Decomposition images based on
reconstruction images were not fully accurate. For PC CT,
the beam hardening effect can be further eliminated based
on more detailed spectral information. Therefore, decompo-
sition based on reconstruction images was applied in this
paper. For dual-energy CT, often then decomposition is per-
formed using water and iodine as reference materials, by
solving the equations:

M (Y)) (Ehigh) = Puwater \ X ( ) Hater (Ehlé'h) + Piodine ( ) Hiodine (Ehrgh)

/’L(?) (EIUW) = pwater( ) I’Lwatu (EIOW) + pzodme( ) :ulodme (EIO“)
(27)

To exploit the spectral information detected by PCD, 5
energy bins were used to record the photon energy reaching
the detector panel. For chosen materials model, the recon-
struction images of energy bin E; are linear characterized
by basic materials as:

Z sub jectto Z

(28)
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The decomposition coefficient in space can be solved by:

Hw) ) a (¥)

(1) (Er)

u(?) (E) I (E;) 1 (E/) a(n) (?)

N
subjectto Z a; (?) =1

i=1

(29)

The pseudo inverse of basic material attenuation coeffi-
cient matrix was used for decomposition. The minimum
norm of solution was applied in this work. The energy bin
selection was based on the specific composition needs.

3 Result

3.1 Reconstruction algorithm

The accuracy of the reconstruction algorithm was testified
by using simulating images without scattered signals and
PCD response simulation. FDK reconstruction method were
also used for reconstruction, applying hamming filtering. A
phantom consisting of concentric spheres with different mate-
rials was used to validate the reconstruction algorithm quan-
titively. The phantom consists of six concentric spheres of
skeleton, 15 mg/cc I solution, lung, soft tissue, water and adi-
pose from inner layer to outer layer. The image shows there
are more image artifacts further away from the mid-plan for
FDK method (Fig. 4). The attenuation coefficient in energy
bin 20-33keV was used to simulate the projection and algo-
rithm validation. For a full cycle of triple-source projection,
half of the plane in the middle can be constructed four times,
and two times for other panels. The temporal resolution was
three times as circular single curve FDK reconstruction algo-
rithm. In order to quantify the quality of reconstruction
images, the root mean square error (RMSE) can be used:

n n n 2
\/Z,-: - Z 1 \Uijk — Tijk
RMSE — 122j=122k 1( J J )

n2

(30)

where n is the pixel number of the image and u and r are the
reconstructed and real image. To further evaluate the image
quality in the view of human visual perception, structural
similarity index (SSIM) was also calculated to quantify the
visibility differences between reconstrued images and real
images based on known characteristic of the human visual
system (HVS) [31].

(znuu:ur + 8) (26W + g)
(412197 + 07 +9)

SSIM (u,r) = (31)
where p, and p, are mean value of reconstructed images and
real images, and o,,, 0, and o, are covariance and standard
deviations of reconstructed images and real images.
e =10"% in the equation. Comparing with FDK images,

the RMSE for triple-source image was improved by 27%,
21%, 14%, 8% and 6% for reconstrued image of 20-33,
3347, 47-58, 5869, 69—80 keV energy bin. The SSIM
was improved by 1.031%,0.665%,0.396%,0.235%,0.174%
for corresponding energy bin. The contrast information
was more contained in the low-energy image. Therefore,
an exact reconstruction image improved the image quality
more significantly in low-energy bin. The result shows exact
reconstruction of spectral information can help improve the
contrast of the image, so that an improved diagnostic perfor-
mance can be achieved.

To show the performance of the reconstruction method in
more imaging tasks, a mouse phantom was used to show the
accuracy of the reconstruction algorithm. The image of 58—
69 keV energy bin was shown in Fig. 5. The reconstruction
algorithm of this work shows greater accuracy compared
with FDK reconstruction method considering a mouse phan-
tom. Details in the mouse phantom were lost in the images
reconstructed using FDK method. Such loss is less signifi-
cant in the reconstruction image of this work.

3.2 Photon counts correction

In CdTe/CZT and Si detectors, spectral distortion caused
by charge sharing and K-fluorescence [10], which is mea-
sured by Monte Carlo simulation in this work, can be par-
tially corrected by pseudo inverse of PCD response matrix.
Compared with the image without correction, the reconstruc-
tion image with correction shows improved RMSE and
SSIM (Table 1). The correction was not fully accurate espe-
cially for material with high attenuation coefficient, such as
skeleton tissue, which can further cause error in decomposi-
tion (Fig. 6). The distortion PCD response relatively caused
the largest error in energy bin 20-33 keV. For energy bins
over 33 keV, the distortion is almost neglectable for image
reconstruction. The higher the energy widows, the smaller
the error is. The image also shows artifacts close to the cen-
ter of skeletal tissue. Fig. 7 shows that skeleton has relatively
more significant drop in attenuation coefficient from 20—
33 keV energy bin to the rest, which leads to larger differ-
ences in photon numbers reaching the detector panel in dif-
ferent bins. With fewer photons in 20-33 keV energy bin,
the artifacts caused by the distortion of spectrum are more
significant. In the middle of phantom, thicker material of
bone was passed through by X-ray, leading to a more signif-
icant underestimation in attenuation coefficient.

3.3 Decomposition

A phantom consisting of six concentric spheres of lodine-
water resolution of different concentrations was used to val-
idate the decomposition method. Water, iodine, skeleton and
air were chosen as basic materials to perform decomposition.
The decomposition image based on corrected images shows
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Figure 4. The original phantom (upper left), the reconstruction image in this work (using the first 1/3 of projections) (upper middle),
reconstruction image using FDK method (upper right) and its profile along the central line.

improved RMSE and SSIM, each by 33.861% and 0.345%.
SSIM of corrected decomposition image of I reaches
99.415% of the original image. A higher concentration of
iodine volume mass fraction, which leads to higher attenua-
tion coefficient, shows less relative error in the decomposi-
tion image (Fig. 8). When the concentration was relatively
high, the correction improved the quality of the recon-
structed attenuation image and decomposition image more
significantly, especially when the volume mass fraction
was above 0.015 mg/cc.

Virtual non-calcium images can improve diagnostic per-
formance in coronary artery lumen. Decomposition for
water, iodine, and calcium-containing tissue are of great
clinical use. The distortion of spectral response of PCD
could underestimate the attenuation coefficient of skeleton
in the lower energy windows. This error could further intro-

duce an artifact in the decomposition of iodine and skeleton
(Fig. 9), which is similar to the previous study [32]. How-
ever, usually calcified tissue contains little iodine when con-
sidering human tissue. It is easy to eliminate the artifact by
simply subtracting the image of calcified tissue in order to
obtain non-calcium images. For tissue with rather low differ-
ences in attenuation coefficient in different energy windows,
such as water, the artifact was not significant as calcified
tissue.

4 Discussion and conclusion

A new Triple-source saddle-curve cone-beam photon
counting CT image reconstruction method was developed
in this work. Exact reconstruction of triple-source saddle-
curve CT improved both the image quality and temporal res-
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Figure 5. The original mouse phantom (upper left), the reconstruction image in this work (using the first 1/3 of projections) (upper middle),
reconstruction image using FDK method (upper right) and its profile along the central line.

Table 1

Relative image quality index comparing with reconstructed image without scatter and distortion respond of PCD.

Energy bin (keV) Relative RMSE uncorrected

Relative RMSE corrected

Relative SSIM uncorrected  Relative SSIM corrected

20-33 2.5229 1.0787
33-47 1.0268 1.0126
47-58 1.0046 1.0036
58-69 0.9881 0.9879
69-80 0.9857 0.9857

0.9500 0.9972
0.9992 0.9996
0.9998 0.9999
1.0003 1.0003
1.0003 1.0003

olution, comparing with image reconstructed with FDK
method. The PCD response correction was applied to give
an improved reconstruction performance in attenuation coef-
ficient, therefore in the decomposition image.

Compared with the traditional saddle-curve triple-source
system, PCCT can further exploit the high temporal resolution
of the multiple-source system. Unlike helical multiple source
system [17], the multiple source saddle curve system has a tem-
poral resolution proportional to 24, which reaches maximum
value when N = 3 [19]. Iterative algorithm has been developed
for reconstruction problem in cone-beam CT [33]. However,
the computational cost was still high compared with back pro-
jection methods. The detector area in this work had to suffi-

ciently cover the rearranged projection lines, which also set
limitations on the axial length of field of interest (FOV). To
apply this system on clinical practice, a much larger and more
complicated detector panel had to be redesigned.

The system in this simulation work only applied small
FOV in order to accommodate the need for micro-CT system
construction in future work. Therefore, the scatter simulation
can be significantly underestimated for a much larger system
with a wider detector panel.

In a dual-energy CT system, the intensity for cross scatter
was equivalent or larger comparing to forward scatter
depending on the size of the phantom [34]. Our results con-
firmed their findings because of the small phantom size. The
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reconstruction image in this work (using the first 1/3 of projections)
and reconstruction image using FDK method.

mean intensity for cross scatter of triple-source was 1.139
times of forward scatter. However, to accelerate the simulat-
ing of the scatter signal, the total scatter signal was consid-
ered as proportional to forward scatter, which is not precisely
accurate. Further studies should be done to investigate the
effect of cross scatter signals.

Compared with previous PCCT projection simulation
work, the beam hardening effect was considered in a differ-
ent method by calculating the attenuated X-ray passing the
material at every energy level. In this way, the beam-
hardening effect is more accurately estimated.

This work does not discuss the effect of scattered signal.
Further work will be done to investigate the effect of scat-
tered image.
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Research showed that the appropriate spectrum can help
reduce the distortion in PCD response [6]. The distortion
in PCD was the most significant in the lower energy win-
dow, especially in 20-33 keV in this work. In dual-energy
CT, an additional attenuation is measured at a second energy
bin based on K-edge energy subtraction technique, allowing
the differentiation of the calcified tissue and iodine [1]. 20—
33 keV Energy bin was set to optimize the extracted K-edge
signal for multi-energy imaging. To suppress the distortion,
a correction method has been proposed by this work. It
helped to accurately quantify the mass volume fraction of
1odine. However, the method shows defects as it is shown
in the last section. The photon flux rate was considered
low enough, so the pile-up pulse was not considered in this
work. More research should be done to investigate the
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Figure 9. lodine (left), water (middle), and skeleton (right) mass volume fraction after decomposition (corrected images), with true images

in the first row and simulation images on the second row.

potential of further suppressing the artifact and investigate
the effect of pulse pile-up. One of the most important means
was to apply appropriate tube voltage and filter for an
adjusted spectrum. To improve the quality of the K-edge
decomposition imaging, optimizing the energy bins is
another choice. Several energy window selection methods
have been proposed in previous studies [35]. Further studies
will be done to investigate the energy bin choices for triple-
source CT.
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