
SPECIAL SECTION ON MULTI-ENERGY
COMPUTED TOMOGRAPHY AND ITS APPLICATIONS

Received September 7, 2020, accepted September 21, 2020, date of publication October 1, 2020, date of current version October 13, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3028066

Simulation Research of Multi-Pinhole Collimated
L-Shell XFCT Imaging System
YAN LUO , PENG FENG , JING GUO, RUGE ZHAO, PENG HE , AND BIAO WEI
Key Laboratory of Optoelectronics Technology and Systems, Ministry of Education, Chongqing University, Chongqing 400044, China

Corresponding authors: Peng Feng (coe-fp@cqu.edu.cn) and Peng He (penghe@cqu.edu.cn)

This work was supported in part by the National Key Research and Development Program of China under Grant 2019YFC0605203; in part
by the Chongqing Basic Research and Frontier Exploration Project under Grant cstc2020jcyj-msxmX0553, Grant
cstc2020jcyj-msxmX0879, and Grant cstc2020jcyj-msxmX0362; in part by the Fundamental Research Funds for the Central Universities
under Grant 2019CDYGYB019 and Grant 2020CDJ-LHZZ-075; and in part by the Scientific and Technological Research Program of
Chongqing Municipal Educational Commission under Grant KJQN201904007.

ABSTRACT Polychromatic source X-ray fluorescence computed tomography (XFCT) is a novel imaging
method, which is applied for the diagnosis and treatment studies of early stage cancer. In this paper,
we propose a fast multi-pinhole L-shell XFCT imaging system to reduce the scan time and radiation dose,
which has potential in detecting lower concentration of contrast agents (gold nanoparticles, GNPs). Two
kinds of phantoms –the concentration-phantom 1 and the size-phantom 2 are designed to verify imaging
performance for low-concentration and small-size ROI. The scanning processes are simulated by Geant4,
and images are reconstructed by Optimized EM-TV algorithm. It is concluded that this imaging system is
more sensitive in detecting low concentration GNPs than K-shell imaging system. Simulation experiments
show the reconstructed images can achieve the highest CNR both for phantom 1 and phantom 2with iterating
10 times. The detection limit can reach 0.16% when pinhole radius is 0.08mm.

INDEX TERMS L-shell XFCT, multi-pinhole collimator, CNR, low-concentration, small-size ROI.

I. INTRODUCTION
X-ray fluorescence computed tomography(XFCT)is a novel
way to detect early stage cancer, combined X-ray computed
tomography(X-CT) with X-ray fluorescence analysis(XRF)
[1]–[3]. Grodzins L et al. first proposed XFCT [4] in 1983.
Then in 1996, Takeda et al. introduced the principle of XFCT
in detail and measured the distribution of iodine in mice with
a synchrotron radiation source [5]. Therefore, the previous
experiments were all based on synchrotron radiation source.
In recent years, they have turned to conventional X-ray tube
source. For example, Cong et al. successfully reconstructed
the concentration of GNPs from 0.2% to 0.5% by using fan
beam X-ray tube source and parallel single-hole collima-
tion [6]. Deng et al. used conventional X-ray tube source
detected the distribution of GNPs in mouse kidney [7].

However, the bremsstrahlung of X-ray tube source makes
the radiation dose relatively large, and most of the current
studies are based on K-shell XFCT, which has low detection
sensitivity. The imaging sensitivity of the L-shell is 6 times
greater than that of K-shell theoretically [8], [9]. Therefore, it
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is necessary to expand the research on L-shell XFCT to detect
lower concentration and decrease radiation dose.

Due to the high sensitivity of L-shell XFCT, it is possi-
ble to detect lower-concentration elements; and the incident
X-ray energy that excites the L-shell is lower than that of the
K-shell. Therefore, the research on L-shell XFCT is signifi-
cant to low-concentration and low-dose imaging.

This paper proposes a non-rotating multi-pinhole colli-
mated XFCT system that uses fan beam to scan only once,
which greatly reduces the scanning time and radiation dose.
The system performance is verified by Geant4 software,
and it is concluded that this system can effectively detect
different concentrations and size ROIs. Compared with the
K-shell, for lower concentrations, the reconstructed images
quality of the L-shell is better than that of K-shell. At the
same time, changing the radius of the collimated holes to
optimize the system, it is concluded that 0.1mm is better than
0.08mm for high concentrations; and 0.08mm is better for low
concentrations. The minimum concentration of GNPs can be
distinguished is less than 0.1% for this system. In the rest of
this paper, the proposed method is described in Section II.
The experiments and the results are presented in Section III.
We conclude this paper in Section IV.
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FIGURE 1. Geometry of XFCT.

II. METHOD
In this study, we designed two phantoms to verify the sys-
tem’s performance for L-shell fluorescence detection and
XFCT images reconstruction. Phantom 1 is to explore the
relationship between the concentration of GNPs and recon-
structed images quality, especially for low concentration.
Phantom 2 is to explore the relationship between the size
of ROIs and the images quality, especially for the small
radius. We also set three kinds of pinhole collimators with
different size(0.8mm, 1mm, 1.5mm) to illustrate the influence
of pinhole size on contrast to noise ratio (CNR). The scanning
and detecting process are simulated byGeant4 and images are
reconstructed by Optimized EM-TV algorithm [10].

A. XFCT IMAGING THEORY
XFCT can be seen as a stimulated emission tomography,
in which a sample is irradiated with X-rays more energetic
than the K-shell energy of the target elements of interest. This
will produce fluorescence X-rays isotopically emitted from
the sample, and the characteristic X-ray can be externally
detected for the image reconstruction [9].

we established a coordinate system x-y and a rotating
coordinate system s-t (Fig.1). The relationship between s-t
and x-y is as follows:

s = x cosα + y sinα
t = −x sinα + y cosα (1)

The process of incident X-rays with an initial intensity of I0 is
divided into three steps: the attenuation process of incident
X-rays from P to Q; fluorescence is excited at point Q;
fluorescent X-rays reach the detector after attenuation
[2], [5]. Then the total flux rate, I, of the fluorescent X-ray
reaching the detector is:

I =
∫
+∞

−∞

f (α, s, t)g(α, s, t)d(s, t)dt (2)

where the f (α, s, t) and g(α, s, t) are shown as follows:

f (α, s, t) = I0 exp[−
∫ u

−∞

µI (s, t ′)dt ′] (3)

g(α, s, t) = µphω
∫ γM

γm

∫
+∞

0
µF

× (s− b sin γ, s+ b cos γ )dbdγ (4)

Note that the term f (α, s, t) represents the process of incident
X-ray reaching point Q, the term g(α, s, t) represents the
process of fluorescent X-ray radiated from point Q reaching
the detector. α and s variables denote the angle and the
translational offset of the incident X-ray, respectively. µph is
photoelectric linear attenuation coefficient of GNPs. ω is the
angle at point Q viewed by detector. γ is the angle between
fluorescent X-ray and t’ axis, γm means the minimum angle,
γM means the maximum angle.
Therefore, (2) is the function of fluorescent intensity and

contrast agent distribution d(s, t). The reconstruction defined
as an inverse problem in estimating d(s, t) from the known
linear attenuation of incident X-rayµI , and fluorescent X-ray
µF and the detected I .

B. RECONSTRUCTION ALGORITHM
In this study, we used the Optimized EM-TV algorithm,
which considered the influence of Compton scattering and
apply the reweighted total variation (TV) norm as the penalty
function, which obtained images with lower background
noise [10]–[13].

ISCA =
∫∫
D

I0 exp(−
∫ Q

−∞

µI (s, t)ds)d(s, t)µco

× fKN (E, θSCA)
∫
γ

exp(
∫ R

Q
µF (s, t)db)dγ dt (5)

where θSCA is scattering angle; µCO is Compton scattering
cross-section; fKN is the Klein-Nishina formula:

fKN (E, θ) = πr20 sin θ
1+ cos2 θ

[1+ α(1− cos θ )]2

× (1+
α(1− cos θ )2

(1+ cos2 θ)[1+ α(1− cos θ)]
) (6)

where r0 is classical electron radius, α = E /(m0c2)

dk+1j =
dkj∑m

i=1 h
(XRF)
ij

∑m

i=1
h(XRF)ij

×
I (ALL)i∑n

j=1 (h
(XRF)
ij dkj + h

(SCA)
ij Skj )

(7)

where

I (ALL)i = I (XRF)i + I (SCA)i (8)

Sk+1j =
Skj∑m

i=1 h
(SCA)
ij

∑m

i=1
h(SCA)ij

I (SCA)i∑n
j=1 h

(SCA)
ij Skj

(9)

Note that I (XRF),I (SCA) is the fluorescent projection and scat-
tering noise projection respectively; djk , Sjk means estimated
value of concentration and noise of jth pixel after the k th iter-
ation; hij(XRF), hij(SCA) means fluorescent projectio n matrix
and the scattering projection matrix.

In reality, the stability and robustness of the algorithm will
decrease as the iterations is too large [14]. According to prior
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FIGURE 2. (a): Geometry of multi-pinhole collimated L-shell XFCT;
(b) Cross-section of single pinhole.

knowledge, the acceleration factor is introduced to improve
the convergence of the algorithm.

dkj = dkj − αωυ (10)

Where α is the gradient descent relaxation factor, ω is the
gradient descent scale parameter, υ is the gradient descent
direction, which is approximately the partial derivative of the
total variation of the image:
∂ ‖d‖TV
∂di,j

=
(di,j − di−1,j)+ (di,j − di,j−1)√

ε + (di,j − di−1,j)2 + (di,j − di,j−1)2

−
(di,j+1 − di,j)√

ε + (di+1,j − di,j)2 + (di,j+1 − di−1,j+1)2

−
(di+1,j − di,j)√

ε + (di+1,j − di,j)2 + (di+1,j − di+1,j−1)2

(11)

where ε is a positive number for fidelity and preventing
the denominator from being 0. Normally ε is an empirical
parameter, which is set to a very small number. Here we set
ε = 10−8.

C. IMAGE QUALITY EVALUATION
Here we use the contrast to noise ratio (CNR) [15] as an
objective criteria, which is defined as follows:

CNR =
|9A −9B|

σbk
(12)

where 9A represents the average value of pixels in ROIs,
9B represents the average value of background pixels, and
σbk represents the standard deviation of the pixel values of
the background area.

D. MONTE CARLO SIMULATION
In this study, we proposed a novel L-shell XFCT sys-
tem, which includes X-ray source, a phantom, two sets of

FIGURE 3. (a) Phantom 1-1: to explore the relationship between images
quality and GNPs concentrations; (b) Phantom 1-2: reset 1-1 as the
low-concentration phantom to improve experiments; (c) Phantom2,
to explore the relationship between images quality and ROIs size.

multi-pinhole collimators and two sets of detectors, as shown
in Fig.2(a). Two sets of detectors are to obtain projections
under double incident photons, thereby reducing the radiation
dose. The distance between the X-ray source and the center of
the sample is 15cm(AO), the distance between the collimator
and the sample is 5cm(B1O, B2O), and the distance between
the detector and the collimator is also 5cm(B1C1, B2C2).
The detector consists of 55 × 185 detector crystals made
of CdTe, the energy resolution is 0.5keV, the crystal size is
0.3mm×0.3 mm, and the center distance of the detection
crystal is 0.5mm. The multi-pinhole collimator is made of
Pb with a thickness of 5mm. There are three pinholes with
a radius of 1mm for a set of multi-pinhole collimator. The
pinhole is formed by superimposing two cones with a bottom
angle of 55◦, as shown in Fig.2(b). To avoid overlapping
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FIGURE 4. Spectrum of X-ray fluorescence.

FIGURE 5. Reconstruction image of phantom 1-1. (a): 1 iteration;
(b): 5 iterations; (c): 10 iterations.

FIGURE 6. CNR of phantom 1-1 under different iterating times.

projections on the detectors, the vertical distance between the
holes is 1.5cm. The system is placed in the air.

E. PHANTOM
For in vivo imaging, the concentration of the aggregated target
material is limited, and the concentration of the correspond-
ing contrast agent (GNPs) is also very low [16]. Therefore,
it is necessary to explore the relationship between the concen-
tration and images quality, and the size of the ROIs (Regions
of interest) and the images quality. Therefore, this paper
designs phantom 1-1(high-concentration phantom): a small
cylinder filled with GNPs, with a radius of 1.5mm, and the
concentration is 0.2%, 0.4%, 0.6%, 0.8%, 1.0%, 1.2%; when
improving the experiment later, we reset the concentration
as phantom 1-2: 0.1%, 0.12%, 0.14%, 0.16%, 0.18%, 2.0%;
phantom 2: GNPs concentration is 0.4%, the ROI radius is
0.75mm, 1mm, 1.25mm, 1.5mm, 1.75mm, 2mm, 2.25mm.
Radius of Phantom 1 and phantom 2 are 2.5cm. The pictorial
illustration of phantom 1 and phantom 2 are shown in Fig.3.

III. RESULTS
In this experiment, we simulated the energy distribution of
X-ray tube source(tube voltage = 62 keV) in SpekCalc [17],

FIGURE 7. The concentration of GNPs is 0.4%, the radius of ROI from
(a)-(f):1mm, 1.25mm, 1.5mm, 1.75mm, 2mm, 2.25mm.

FIGURE 8. CNR of phantom 2.

and the X-ray fluorescent spectrum is shown in Fig.4.
The L-edge energy of GNPs are 9.711 keV(Lα1) and
9.625 keV(Lα2). Here we used 9.693keV in this experiment
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FIGURE 9. CNR of phantom 1-1.

FIGURE 10. (a): Reconstructed image of low-concentration phantom 1-2;
(b): CNR of low-concentration phantom 1-2.

for the limited energy resolution of detectors. For phantom 1
and phantom 2, the incident X-ray photons are 80 million and
40million respectively, the effective photons can excite GNPs
to produce fluorescence are 72.1 million and 36.05 million
respectively. The effective particle ratio is as high as 0.9013,
which is much higher than K-shell XFCT [18].

The reconstructed images of phantom 1-1 using the Opti-
mized EM-TV algorithm when the incident X-ray particles
are 80 billion are shown in Fig.5: (a)-(c) are the reconstructed

FIGURE 11. Reconstructed images of phantom 1-1 under collimated holes
with different radius. (a): The radius of the collimated hole is 0.08 mm;
(b) The radius of the collimated hole is 0.1mm; (c) The radius of the
collimated hole is 0.15 mm; (d) The CNR of phantom 1 under three kinds
of collimated holes.

images with 1, 5, and 10 iterations, respectively. For 1 itera-
tion image, it is blurred and six ROIs cannot be separated; for
5 iterations image, the ROIs are separated well, uniformity
is better, but the boundary between ROI and background is
not obvious, especially the ROI with concentration of 0.2%;
for 10 iterations image, the boundary is the most obvious and
has the best uniformity. To explore the best iterations, we used
CNR to estimate every image. Fig.6 shows the CNR of phan-
tom 1-1 under different iterations, which shows that CNR is
the largest when iterations equal to 10. Therefore, we recon-
struct XFCT images with Optimized EM-TV algorithm and
set the iteration parameters equal to 10 (Reconstruction time
is 105.043849s, Windows 10, 16GB RAM, AMD Ryzen7
2700X Eight-Core Processor (3.7 GHz), Matlab 2016b).

Fig.7 are the reconstructed images of the phantom 2 when
the incident X-ray particles are 40 billion with iterating
10 times. It indicates that when the radius of ROI is
1mm-1.75mm, the boundary of the ROI area is clear; when
the radius is 2mm and 2.25mm, the internal attenuation is
large and the boundary is blurred. Using CNR for evaluation,
according to Rose criterion: ROIs with CNR≥ 4 can be distin-
guished from the background [13], [19]. As shown in Fig.8,
this system has larger CNR when the ROI is smaller, which
proves that the system is effective in detecting small object.

The above results show that the proposed system can
effectively detect ROI with small size and low concentration.
Compared with K-shell image under the same condition,
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FIGURE 12. (a): The reconstructed image of low-concentration phantom
1-2 (0.1%-0.2%), the collimated pinhole radius is 0.08mm; (b) CNR of
low-concentration phantom 1-2.

Fig.9 shows the CNRof L-shell imaging andK-shell imaging,
respectively. The CNR of the K-shell is higher than L-shell
when the concentration is higher than 0.4%. However, when
the concentration is 0.2%, the L-shell imaging outperforms
K-shell, showing the potential of L-shell XFCT in detect-
ing lower-concentration contrast agents. For K-shell XFCT,
the CNR decreases rapidly as the concentration decreases;
In contrast, for L-shell XFCT, the CNR value decreases rela-
tively slow as the concentration decreases, indicating that the
concentration has less effect on its image quality for L-shell.

To further explore its ability of detecting low-concentration
GNPs, we reset the concentration of phantom 1-1 to
0.1%, 0.12%, 0.14%, 0.16%, 0.18%, 0.2% as phantom 1-2,
shown in Fig.3(b). The reconstructed image is shown
in Fig.10 (a). The result shows the CNR value is greater
than 4 when the GNPs concentration greater than 0.14%,
which can be detected in the experiment. In this experi-
ment, the same concentration 0.2% in phantom 1 (high-
concentration phantom 1-1:0.2%∼1.2%; low-concentration
phantom 1-2 :0.1%∼0.2%) got different results for the differ-
ent relative position of the 0.2% cylinder placed. It indirectly
shows that the fan beam divergence angle affects the scanning
results and image quality.

In order to further optimize this system, the radius of
the collimated hole is changed for comparison experiments.
Fig.11(a)-(c) are the reconstructed images of phantom 1-1
when the pinhole’s radius is 0.08mm, 0.1mm, and 0.15mm:
at 0.15mm, the ROIs are completely indistinguishable, and
the image is extremely blurred; at 0.1mm, the ROIs are sep-
arated well, but the uniformity is poor; at 0.08mm, the ROIs
are completely separated and have the superior uniformity.
Fig.11(d) shows the CNR with 3 kinds of radius. From the
Fig.11(d), it can be seen that the radius 0.08mm achieves the
highest CNR at low concentrations; at high concentrations,
the images quality is best when the radius is 1mm. Fig.12 is
the reconstructed image of low-concentration phantom 1-2
with radius 0.08mm. The detected minimum concentration
can reach 0.1%, and all of CNR values with radius 0.08mm
are higher than those with radius 0.1mm. Therefore, when
detecting low-concentration phantoms, the collimated hole
radius 0.08mm is a good candidate.

IV. CONCLUSION
In this study, we proposed a fast scanning L-shell XFCT
imaging system with 3-pinholes collimator. No translation
and rotation are needed during scanning process can reduce
its time-consumption and radiation dose. Using Geant4 soft-
ware to simulate scanning two phantoms proves the feasibil-
ity of this system for small-size ROI and low-concentration
detection. For phantom 1, the reconstructed image can get
the highest CNR and the best image quality when iteration
is 10. Compared with K-shell imaging, the image quality of
L-shell imaging is better than K-shell in detecting low GNPs
concentrations, and the lowest concentration can be detected
is 0.16%. In order to further optimize this system, we reset
collimating holes’ radius to 0.15mm, 0.1mm and 0.08mm,
respectively. It’s concluded that radius = 0.1mm is a good
choice for high concentration experiment(>0.6%), radius =
0.08mm can get the best image quality and the lowest detec-
tion limit for low concentration experiment(<0.4%).

In summary, this simulation verified the effectiveness of
the proposed XFCT imaging system in detecting small-size
ROI and low-concentration GNPs. Furthermore, scanning
only once will greatly reduce the radiation dose and exposure
time, making this system possible for in vivo imaging.
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