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Abstract
In clinical diagnosis, conventional X-ray absorption-contrast computed tomography (XACT) technology cannot effectively 
differentiate diseased tissues from the healthy ones. X-ray phase-contrast CT (XPCT) and dual-energy CT (DECT), emerging 
X-ray imaging technologies with superior diagnostic capabilities, address this issue through different principles. While both 
XPCT and DECT have advantages and disadvantages in medical applications, their systematic comparison is lacking. Using 
GEANT4 and MATLAB, in this study, we established an X-ray phase-contrast imaging (XPCI) model based on single-mask 
and single-shot edge illumination for fast XPCT imaging, comparing it with DECT on soft-tissue phantom. XACT served as a 
reference for comparison. The study introduces an evaluation system using statistical measures including absolute error, mean 
absolute error, structure similarity index measure, peak signal-to-noise ratio, and contrast-to-noise ratio. Results show XPCT 
images are superior to DECT. The XPCI model can be improved on existing medical CT for widespread medical application.
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1  Introduction

X-ray imaging is ubiquitous in clinical diagnosis and has 
common applications in digital radiography (DR) and com-
puted tomography (CT). DR provides two-dimensional 
absorption imaging, whereas CT offers slices and three-
dimensional absorption imaging. Compared with DR, CT 
effectively addresses the issue of overlapping projection 
information. Despite this, current X-ray absorption-contrast 
CT (XACT) performs exceptionally well for imaging highly 
absorbing objects but still faces challenges in the imaging 
of weakly absorbing objects or those with similar absorp-
tion characteristics [1, 2], potentially leading to patients 
missing the optimal treatment period. To overcome the 
limitations of XACT, dual-energy CT (DECT) and X-ray 
phase-contrast CT (XPCT) have been proposed to address 
the issue  [3–5]. The former utilizes two different X-ray 
energy spectra to distinguish materials, whereas the latter 
combines X-ray phase-contrast imaging (XPCI) and CT 
to extract the phase information of materials. The popular 
XPCI methods include crystal interference (CI) [6], propa-
gation-based imaging (PBI) [7–9], speckle imaging [10, 11], 
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analyzer-based imaging (ABI) [12–14], grating interference 
(GI) [15–20], and edge illumination (EI) [21–23]. ABI, GI, 
and EI can measure phase signals using conventional X-ray 
sources. However, ABI and GI face challenges due to low 
usable flux and high system stability requirements. EI offers 
advantages through lower coherence and alignment needs, 
and better stability. Compared to DECT, XPCT extracts 
more significant phase information and remains an emerg-
ing imaging technology. However, XPCT needs additional 
optical components to convert phase information into meas-
urable intensity signals, requiring complex equipment, strin-
gent optical components, and optimized system design. For 
details on XPCI methods’ benefits and challenges, see refer-
ence [1]. Therefore, addressing these challenges is critical 
for the development of XPCT.

However, while DECT has gradually become more popu-
lar and has been applied in clinical diagnosis because of its 
excellent ability to identify components, the application of 
XPCT technology in medicine remains at the research stage 
because of the complexity of the device, which lags behind 
that of DECT in terms of medical implementation. Given 
the widespread use of DECT, the feasibility and necessity 
of XPCT in the medical field must be reconsidered. Both 
XPCT and DECT have advantages and disadvantages in 
medical applications. However, a systematic comparison 
of these two technologies is currently lacking. To compare 
the performance of XPCT in medical imaging with that of 
DECT, Zhang et al. [4] evaluated and compared the two 
techniques using the CHO model and theoretically analyz-
ing the preferred order of application for XPCT and DECT 
in different CT spatial resolution scenarios. They employed 
the GI method in XPCT and noted that the XPCT relies 
on the spatial resolution of images and is more suitable for 
ultrahigh spatial resolution imaging tasks of small objects. 
In their distinguished work, some limitations of GI-based 
XPCT imaging were observed. The size of the grating and 
detector devices limited the size of the imaged object. Fur-
thermore, their work based on a numerical simulation was 
significantly different from the actual results, and the Monte 
Carlo-based simulation we used was closer to reality. Addi-
tionally, the precision of the displacement system is more 
challenging for actual GI scanning and data acquisition, par-
ticularly for imaging methods that use interference [24, 25]. 
This is also a challenge in current medical applications of 
XPCT technology, which utilizes the temporal coherence of 
radiation. In addition to the GI method, the EI method holds 
promise for the widespread application of XPCT technology. 
The EI-based XPCT method is a non-interference imaging 
technique with a simpler mask and detector configuration 
than GI, facilitating easier imaging of large objects [26]. 
Furthermore, the EI-based XPCT method can be simulated 
using GEANT4, a feat challenging to accomplish using 
interferometric methods. The results of the EI-based XPCT 

simulations in this study are different from theirs because 
of differences in the XPCT method and simulation tools. 
In addition, a more comprehensive and specific statistical 
evaluation is required to compare the advantages and disad-
vantages of DECT and EI-based XPCT imaging, which will 
be discussed in detail later.

XPCT is currently undergoing rapid development; how-
ever, matching the device simplicity of XACT or DECT 
remains challenging. Single-mask and single-shot (SMSS) 
EI stands out among XPCTs, adding an optical component 
to existing clinical CT devices to extract phase information 
efficiently.

Classical EI imaging uses two absorption masks—one 
before the object and one before the detector, requiring 
multiple exposures through mask displacement. Although 
displacement requirements are less stringent than GI, the 
double mask makes imaging cumbersome. This paper uses 
SMSS EI model [27], retaining only the object mask and 
using adjacent pixel pairs as detection units for single-expo-
sure imaging. Considering practical applications, sacrific-
ing some resolution for a simpler SMSS method is optimal. 
SMSS EI-based XPCT can be improved on existing medical 
CT equipment.

In this study, we built a complete set of SMSS EI imag-
ing models and algorithms based on GEANT4 and MAT-
LAB for quantitative evaluation using XACT and DECT at 
the same dose. To demonstrate the differences among the 
three techniques more intuitively, we directly used the physi-
cal quantities reconstructed using MATLAB as the recon-
structed image contrast for evaluation. To assess the image 
quality of the three techniques, a statistical evaluation sys-
tem was implemented, including absolute error (AE), mean 
absolute error (MAE), structure similarity index measure 
(SSIM), peak signal-to-noise ratio (PSNR), and contrast-
to-noise ratio (CNR). Through this work, we not only quan-
titatively compared the differences between XACT, DECT, 
and XPCT, confirming the superiority of XPCT, but also 
provided an alternative and fast solution for XPCT medical 
applications.

2 � Methods and materials

2.1 � Imaging technologies

In theory, as X-rays pass through an object, not only do their 
intensity attenuate, but their phase also shifts. This can be 
explained well by the refractive index formula n =1−� + i � , 
where � represents the absorption factor and � represents the 
phase-shift factor. Both XACT and DECT extract the intensity 
attenuation of X-rays, whereas XPCT focuses on extracting the 
phase-shift of the X-rays. Considering that the emission energy 
spectrum of the X-ray is Ω(E) and the spatial position of the 
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object under test is (x, y, z), where the direction of ⃗z is from the 
source to the center of the detector, the absorption projection 
quantity P (s, � ) of the detector in different directions � can be 
expressed as follows:

where Dirac represents the Dirac function, s represents 
the projection distance, l is the propagation distance of the 
X-rays within the object, lfront indicates the position at which 
the X-rays enter the object, and lend represents the position 
at which the X-rays exit the object. Equation 1 is a modi-
fied form of the Lambert–Beer law. By collecting multiple 
projections at different angles and subsequently employing 
filtered back-projection (FBP) reconstruction algorithms, 
the distribution of absorption coefficients within an object 
can be calculated and reconstructed, yielding either slice or 
three-dimensional images.

DECT employs a widely used basis material decomposition 
model leveraging the distinct absorption coefficient � char-
acteristics of objects under varying X-ray energies. Through 
mathematical modeling, the imaging data were decomposed 
on different bases. In this process, the linear attenuation coef-
ficient �(x, y, z) is transformed into �L(x, y, z) + �H(x, y, z), 
where the subscripts L and H represent the conditions of low 
and high X-ray tube voltages, respectively. Correspondingly, 
the projection quantity P that describes DECT-based absorp-
tion projection formula is transformed as follows:

where b1 and b2 represent decomposition coefficients. Given 
the projection data from the dual-energy spectra, b1 and b2 
can be obtained by solving the system in Eq. 2. Using cal-
cium and water as the basis for decomposition, the relative 
electron density �e and effective atomic number Zeff of the 
object can be represented by Eqs. 3 and 4.

where �e,calcium and �e,water are the electron densities of cal-
cium and water, respectively; and Zcalcium and Zwater are the 
effective atomic numbers of calcium and water, respectively. 

(1)
P(s, �) = ∫Ω ∫

lend

lfront

�(x, y, z) ⋅ Dirac(s − x cos �

− y sin �) dldE

(2)

PL/H(s, �) = ln∫ ΩL/H dE − ln∫ΩL/H
∫

lend

lfront

ΩL/H

⋅ exp
[
−b1 ⋅ �L/H(x, y, z) ⋅ Dirac(s − x cos � − y sin �)

−b2 ⋅ �L/H(x, y, z) ⋅ Dirac(s − x cos � − y sin �)
]
dldE

(3)�e =b1 ⋅ �e,calcium + b2 ⋅ �e,water

(4)Zeff =

(
b1 ⋅ �e,calciumZ

n
calcium

+ b2 ⋅ �e,waterZ
n
water

b1 ⋅ �e,calcium + b2 ⋅ �e,water

)1∕n

,

n =4 ∼ 5

Equations 3 and 4 reflect the absorption contrast of the mate-
rial at different energies.

Unlike the first two techniques, XPCT extracts phase-
shift information from X-rays. The double-mask EI method 
requires the illumination curve (IC) to be read by moving 
the two masks laterally relative to each other. IC acquisition 
required at least three exposures. Absorption, refraction, and 
scattering information can be obtained in the presence and 
absence of an object, which means that the imaging process 
requires the positional alignment of the two optics and multi-
ple exposures, and the accuracy and stability requirements of 
the system are challenging for clinical conditions. The SMSS 
EI method utilizes two adjacent pixels to detect the offset of 
beamlets in a single exposure, thereby quantitatively extract-
ing refraction information, as shown in Eq. 5 [28].

where W is the distribution of individual beamlets on the 
detector related to the experimental conditions, Zod is the 
distance from the object to the detector, and I1 and I2 are 
the intensity values of two neighboring pixels. SMSS EI 
achieves concise and efficient single-exposure imaging with 
a certain loss of spatial resolution, which is significantly 
less difficult to implement and reduces the time and dose 
required for imaging. This loss of resolution can be com-
pensated for by two dither steps, which are equivalent to 
a two-exposure imaging method. The quantum projection 
quantity of the differential phase is expressed as

where k represents a constant that enables the reconstruction 
of phase information � . However, the term ��∕�y is a vector 
that cannot be used directly in conventional FBP algorithms. 
This issue was encountered in the earliest attempts at ABI to 
reconstruct phase information. Zhu et al. [29, 30] multiplied 
the term by cos � for each projection, thus transforming the 
��∕�y ⋅ cos � term into an invariant. In addition to the indi-
rect method, the direct integration of ��∕�y to obtain � is 
another reconstruction method. Another direct method uses 
a Hilbert filter to directly resolve the � signal using ��∕�y . A 
more detailed reconstruction algorithm for the phase infor-
mation can be found in Zhang’s paper [31].

2.2 � Simulation model

We used GEANT4 version 11.1.0, with Ubuntu 20.04.02, 
for all the simulations. The GEANT4 simulations were run 
on a desktop machine with an Intel Core i7-13700KF 5.40 
GHz CPU processor. The simulations involve the physi-
cal principles of electromagnetism and X-ray refraction, 

(5)△�y =
W

2Zod

I1 − I2

I1 + I2

(6)△�y = k ∫
lend

lfront

��(x, y, z)

�y
dl,
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adhering to the Beer–Lambert law (considering photon-
matter interactions such as the photoelectric effect and 
Compton effect, but excluding electron pair effects as pho-
ton energies are below 1.02 MeV in our setup) and Snell’s 
law (refracting X-rays when transitioning between media 
based on their refractive indexes). G4ElectromagneticPhys-
ics is used to make X-ray follow the absorption process, and 

G4MaterialPropertiesTable is used to define the RINDEX 
of an object to make X-ray follow the refraction process. 
The emitted particles employ the G4GeneralParticleSource 
module using the command /gps/hist/point to weigh the 
energy of each emitted photon based on the corresponding 
energy spectrum intensity.

The GEANT4 configurations of the three systems are 
presented in Fig. 1. Zso is the distance from the source to the 
object and Zsd is the distance from the source to the detec-
tor, with values of 80 and 100 cm, respectively. The XACT 
system is a basic device consisting of an X-ray source, an 
object, and a detector, where the energy of the X-ray source 
corresponds only to the low-energy option. The DECT sys-
tem adds a high-energy X-ray source to the XACT system. 
The XPCT system utilizes the SMSS EI method by adding 
a coded-aperture module to the XACT system as a mask.

The specific parameters for CT imaging are listed in 
Table 1. Based on Handschuh et al. [32], X-ray tubes with 
40 and 80 kVp voltages were selected for DECT imaging. 
The X-ray energy spectrum, generated by Spekpy simu-
lation [33], is shown in Fig. 2. XACT and XPCT used a 
40 kVp X-ray source, whereas DECT used 40 and 80 kVp 
sources. Glass filter (1.1 mm) and aluminum filter (0.5 mm) 
were placed before the 40 and 80 kVp tubes to reduce beam-
line hardening. Source and detector pixels were 40 and 62 
μm , respectively, with the detector having 200 single-row 
pixels. The system’s magnification factor was 1.25, yielding 
a reconstructed voxel size of 49.6 μm . Projection data were 
acquired at 1-degree intervals, obtaining 360 images per 

Fig. 1   (Color online) Schematics of the three systems. a depicts 
XACT system, b depicts DECT system, and c depicts SMSS EI-
based XPCT system

Table 1   The relevant parameters of the system setups depicted in Fig. 1

X-ray energy (LE) X-ray energy (HE) X-ray focus size Z
sd

M (Magnification) Projections per rota-
tion

Number of photons 
physically emitted per 
projection

40 kVp 80 kVp 40 μm 100 cm 1.25 360 4 × 107

 Projection mask 
aperture

Projection mask 
period

Pixels number Pixel Voxel Mask material Mask thickness

12.4 μm 124 μm 1×200 62 μm 49.6 μm Gold 80 μm

Fig. 2   The emission spectra of 
X-ray sources. a is the emission 
spectrum at a tube voltage of 
40 kVp, and b is the emission 
spectrum at a tube voltage of 
80 kVp (high energy for DECT 
only)
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rotation. XACT emitted 4 × 107 photons per angle, whereas 
DECT emitted 2 × 107 photons due to dual voltage require-
ments. In XPCT, the y-direction resolution was halved per 
Eq. 5; however, linear interpolation achieved 49.6 μm voxel 
size for comparison. The mask’s projected size doubled the 
pixel size, with beamlets hitting the pixel midpoints. The 

mask thickness ensured that the X-rays passed only through 
the apertures, enabling the absorption of almost all 40 kVp 
X-rays elsewhere. XPCT photon count was increased tenfold 
to offset the 90% mask loss (i.e., 4 × 108).

The simulated soft-tissue phantom is shown in Fig. 3, and 
the corresponding tissue material information is presented in 
Table 2. The radius of the phantom was 4 mm, whereas those 
of the other plugs were 0.6 mm. The phantom height was 
2 mm. Tissue material data were obtained from CIRS 062 M 
phantom and International Commission on Radiological 
Protection. The �(E) of the phantom was obtained from the 
database of the National Institute of Standards and Technol-
ogy and � was calculated as � = 4.15 × 10−4�Z∕(AE2) [27].

The system setup in GEANT4 corresponds to that shown 
in Fig. 1. The GEANT4 simulation program for SMSS EI-
based XPCT is optimized by Brombal et al. [34, 35]. The 
energy spectrum is input into the source module, generat-
ing photons with the same distribution as in Fig. 2. In the 
SMSS EI system, photons must pass through the mask and 
hit the center of two pixels precisely, making mask position 
calibration essential. The mask must meet requirements in 
both y and z directions. For y-direction calibration, the nor-
malized intensity position of 0.5 is determined by extracting 
the single-mask IC curve [36], as shown in Fig. 4a, ensuring 
the photon reaches the detection unit’s middle position. For 
z-direction calibration, the mask is moved until achieving a 
uniform image. The refractive angle signal at this z-position, 
shown in Fig. 4b, confirms z-direction requirements are met. 
Table 2 and � containing phantom information are input into 

Table 2   Soft-tissue phantom 
component elements. The unit 
of material density is g/cm3 . 
All values of the elemental 
composition are in %

Position Plug Material Elemental composition

density H C N O Na P S Cl K Ca

Right Lung (inhale) 0.20 8.8 67.5 3.5 18.6 – – – 1.6 – –
Left Lung (exhale) 0.50 9.8 70.2 2.3 15.1 – – – 1.0 – 1.6
Top Adipose 0.96 9.4 72.4 2.3 15.5 – – – 0.2 – 0.3
Bottom Water (liquid) 1.00 66.0 – – 34.0 – – – – – –
Background Soft tissue 1.03 10.5 25.6 2.7 60.2 0.1 0.2 0.3 0.2 0.2 –

Fig. 3   (Color online) Schematic view of the soft-tissue phantom 
model. The soft-tissue phantom consists of nested tubes with soft 
tissue as the base, with four component material plugs positioned at 
four locations. The radius of the disk is 4 mm, while the radius of the 
plugs is 0.6 mm. The height of the phantom is 2 mm

Fig. 4   (Color online) a IC 
curve for single-mask, b is the 
refractive angle signal extracted 
by the XPCT after the mask 
position is well calibrated



	 C. Li et al.91  Page 6 of 11

the object module. The soft-tissue phantom has five solid 
parts. We add an object rotation module to adjust positions 
and rotations during scanning, as the original program lacks 
direct phantom rotation. Using Python scripting, the pro-
gram enables simultaneous multitasking and multithreading 
for efficient simulation.

The data read by the detector are imported into MATLAB 
for processing and imaging, as shown in Fig. 5. Projection 
images are presented by moving the object in the x-direction 

to show the projected image with a larger field of view, with 
CT imaging only imaging a certain height. The simulated pro-
files in Fig. 5b, g, h and q closely match theoretical profiles. 
For XACT imaging, 360-degree projections are acquired, and 
the projection sinogram is obtained using the fanbeam func-
tion, followed by ifanbeam for the sliced image. Hamming 
filters are used in all back-projection (BP) procedures except 
Fig. 5w. The XACT image contrast in Fig. 5d originates from 
linear absorption coefficient � . DECT imaging is based on 

Fig. 5   (Color online) Schematic of imaging data processing for 
XACT, DECT, and XPCT with MATLAB. a, e, f, and p are the raw 
projections obtained by GEANT4. b, g, h, and h show the red pro-
files corresponding to the projections and the theoretically calculated 
curves in orange. c, i, j, r, s, and t are projection sinograms. d, k, l, 
u, v, and w are the sliced images obtained after the ifanbeam opera-
tion. Note that the Hamming window filtering is added to all except 
w which is an only BP operation. m and n are the relative electron 
density �

e
 image and the effective atomic number Zeff image of k and 

l decomposed with calcium and water as the base material, respec-

tively, which can be combined together to obtain the DECT image 
o with �

e
 and Zeff as the contrast. The blue and orange arrows show 

the operation of fanbeam after acquiring multiple projected profiles 
at low and high energies, respectively. The yellow arrows indicate 
the operation of FBP after obtaining the projection sinograms. The 
green arrow indicates a processing operation for dual-energy opera-
tion, which recombines the low-energy and high-energy images after 
material decomposition. The purple arrow indicates the operation of 
BP only after obtaining the projection sinograms
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XACT, with material decomposition performed on low-energy 
(Fig. 5k) and high-energy (Fig. 5l) images. Figure 5k appears 
sharper due to decreased X-ray interaction cross-section at 
higher energies. Using calcium and water as basis materials 
( � values: (calcium) 8.31 and 1.47 cm−1 ; (water) 0.69 and 
0.25 cm−1 at 40 and 80 kVp, respectively), Eqs. 2, 3, and 4 
yield relative electron density Zeff and effective atomic number 
images in Fig. 5m and n. The DECT image contrast in Fig. 5o 
combines normalized Zeff values. XPCT imaging requires 
complex fanbeam transformation due to non-constant △�y . 
Three solutions—cos � multiplication, direct integration, and 
Hilbert transform—yield projection sinograms (Fig. 5r, s and 
t), with resulting slice images (Fig. 5u, v, and w). Figure 5t 
shows center brightness due to direct integration effects. XPCT 
images u, v, and w contrast originates from differential phase 
𝛿̇ , phase �1 , and phase �2 . Detailed algorithms are reported in 
reference [31, 35, 37].

For a better comparison with the simulation results, we 
additionally built theoretical CT images of XACT, DECT, 
and XPCT of the phantom with the same voxel based on 
MATLAB. After modeling in MATLAB, the same process 
was performed, as shown in Fig. 5. The next step involves the 
development of methods to evaluate these results.

2.3 � Evaluation system

In this study, the performance of DECT, XPCT, and XACT 
was assessed through a comprehensive evaluation system 
based on four aspects: error evaluation metrics, image qual-
ity evaluation metrics, contrast and noise evaluation metrics, 
and data distribution and dispersion evaluation metrics. The 
error evaluation metrics include the absolute error (AE) and 
mean absolute error (MAE), which are calculated using Eqs. 7 
and 8, respectively, to assess the difference between the meas-
ured and theoretical values for different tissues. The image 
quality evaluation metrics consist of the structural similarity 
index (SSIM) and peak signal-to-noise ratio (PSNR), where 
the former compares the similarity between two images, and 
the latter measures the noise level and distortion of the image, 
as indicated by Eqs. 9 and 10. The contrast and noise evalua-
tion metrics, represented by the contrast-to-noise ratio (CNR) 
defined in Eq. 11, assess the clarity and noise level of the 
reconstructed images. The data distribution and dispersion 
evaluation metrics were represented by boxplots that visually 
displayed the distribution and dispersion of the data, including 
the minimum, lower, median, upper, and maximum values. 
This method helps visualize the distribution and dispersion of 
the measurement data, aiding in the identification of outliers 
and the shape of the data distribution.

(7)AE =||Omeasured − Otheoretical
||

In Eqs. 7 and 8, O denotes the observed value, where i repre-
sents the voxel point, and n is the total voxel count of differ-
ent tissues. In Eq. 9, Ameasured , Atheoretical , �2

measured
 , �2

theoretical
 , 

and �measured,theoretical are the local mean, variance, and covari-
ance of the measured and theoretical images, respectively, 
and C1 and C2 are stability constants. In Eq. 10, Peakval 
represents the maximum observed value in an image. MSE 
is the mean squared error between the measured and theo-
retical images. In Eq. 10, Osignal and Obackground represent the 
intensities of the signal and background, respectively, and 
�2 is the corresponding variance.

3 � Results and discussion

3.1 � CT images

Following the reconstruction algorithms described in 
Sect. 2.2, we obtained slice images for the three techniques 
as shown in Fig. 6. All the images share identical ROIs, with 
normalized image intensities. To reveal hidden textures, we 
use pseudo-color representation, mapping grayscale values 
to the RGB color range. The colorbar indicates normal-
ized intensity. The lung (inhale) region appears blue, lung 
(exhale) appears green, adipose appears orange, and water 
and soft-tissue regions appear in varying shades of red. The 
similar colors for water and soft tissue reflect their compara-
ble densities. In subsequent analyses, the distinction between 
water and soft tissue serves as a reference for imaging tech-
nology resolution—clearer distinction indicates better dis-
criminatory ability. From the theoretical images in Fig. 6a 
and c, XACT and DECT show similar image contrasts due to 
their shared principle of intensity attenuation. While the per-
formance of XPCT differs from that of absorption imaging 

(8)MAE =
1

n

n∑

i=0

|
|
|
Oi

measured
− Oi

theoretical

|
|
|

(9)

SSIM =
2AmeasuredAtheoretical + C1

A2
measured

+ A2
theoretical

+ C1

⋅
2�measured,theoretical + C2

�2
measured

+ �2
theoretical

+ C2

(10)PSNR =10 × log10

(
Peakval2

MSE

)

(11)CNR =

|||
Osignal − Obackground

|
|
|

√
�2
signal

+ �2
background
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techniques, advantages and disadvantages cannot be deter-
mined through simple observations.

For simulated images, XACT and DECT show similar 
characteristics, both struggling with water detection, with 
DECT showing higher noise due to emitting half the photons 
as XACT in two emissions. In XPCT, we selected Fig. 5w for 
comparison. The XPCT noise differs from Gaussian noise in 
absorption images, showing slight ringing artifacts [38], but 
edges remain clearly visible in all five materials.

For quantitative analysis, we extracted information from 
each image, as shown by white boxes in Fig. 6a, with results 
depicted in Fig. 7. Panels a, b, and c in Fig. 7 show the inten-
sity profiles of XACT, DECT, and XPCT images, respec-
tively, against soft-tissue background. XPCT demonstrates 
the best profile smoothing and shows water’s signal intensity, 
which is not reflected by absorption-contrast imaging. The 
statistical evaluation process is detailed in the next section.

3.2 � Statistical evaluation

The physical quantities reconstructed from the simulated 
images and the AE results are compared with the theoreti-
cal values in Table 3. Among these, DECT exhibited the 
largest deviation, which was due to the halving of the dose 
per emission, leading to relatively poor performance in the 
simulated images. Conversely, XPCT had the smallest AE, 
indicating a closer alignment with the theoretical values.

Furthermore, we compare the SSIM and PSNR values 
of the images shown in Fig. 6, and the results are listed in 
Table 4. These two metrics are calculated using the simu-
lated and theoretical images. Larger SSIM and PSNR val-
ues indicate better-simulated images. Evidently, XPCT is 
the closest to the theoretical image and exhibits the least 
noise effect. XACT and DECT do not perform well on image 
quality assessment metrics because of the effect of Gauss-
ian noise.

Table  5 displays the theoretical and simulated CNR 
results of the images in Fig. 7. The theoretical CNR shows 
XACT and DECT have similar resolving power. XACT 
performs better for tissues with large density differences, 
while DECT excels for tissues with small density differ-
ences. XPCT shows the highest CNR for large density dif-
ferences, with resolving power between DECT and XACT 
for small density differences. In simulated results, DECT 

performs the worst overall, while XACT surpasses XPCT for 
tissues with large density differences, and XPCT excels for 
similar-density tissues. The theoretical CNR values are on 
the order of 1014 , approaching infinity; however, reconstruc-
tion algorithm noise prevents infinite values. Simulated CNR 
values are lower due to noise impact. Comparing both on the 
same scale reveals XACT maintains excellent resolution for 
high density differences, XPCT performs the best for smaller 
differences, while DECT shows weakest performance, pri-
marily due to photon statistical fluctuations proportional to 
the square root of emitted particles. In the DECT simulated 
results, increased statistical fluctuation from halving the 
photon emission affects both low-energy and high-energy 
slice images. Both projections deviate from true values 
due to statistical fluctuations. When performing material 

Table 3   Simulation results and AE results compared with theoretical values

Lung (inhale) Lung (exhale) Adipose Water (liquid) Soft-tissue (background)

XACT​ � (cm−1) 0.12 ± 8.03% 0.35 ± 7.30% 0.49 ± 11.21% 0.71 ± 4.33% 0.69 ± 1.51%
DECT �e ( ×1022 cm−3) 0.65 ± 3.26% 1.58 ± 5.82% 3.29 ± 10.55% 2.97 ± 11.33% 3.27 ± 6.03%

Zeff 7.89 ± 1.33% 10.76 ± 17.49% 7.31 ± 14.55% 11.41 ± 14.09% 10.58 ± 11.58%
XPCT � ( ×10−8) 2.09 ± 1.32% 5.12 ± 0.56% 9.89 ± 0.35% 11.44 ± 0.50% 10.61 ± 0.17%

Fig. 6   (Color online) CT image results. a, c, and e are theoretical 
images of XACT, DECT, and XPCT, respectively. b, d, and f are sim-
ulated images of XACT, DECT, and XPCT, respectively
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decomposition using Eq. 2, this deviation amplifies errors 
in calculating b1 and b2 [39]. Boxplots from Fig. 6 are shown 
in Fig. 8. White lines indicate median position, while white 
dots show mean position. Box height shows data dispersion, 
with bottom and top edges at 25th and 75th percentiles. The 
whiskers extend to the remaining data range. The boxplots 
show that XPCT has better data distribution than do DECT 
and XACT, indicating better phase information reconstruc-
tion and extraction.

In brief, this section provides a quantitative evaluation of 
DECT and XPCT compared to XACT. Results show XPCT 
performs relatively better in several performance metrics.

While the SMSS EI-based XPCT method is easier to 
implement, misalignments in mask position during gan-
try movement can invalidate calibration, requiring more 

precise equipment. Radiation safety is crucial in medi-
cal applications. Though radiation dose is comparable, 
exposure time is significantly longer due to reduced X-ray 
efficiency. Research shows optimizing the mask [40] and 
reducing exposure through low-dose irradiation [31] can 
address this. The method requires specific detector capa-
bilities, as pixel crosstalk affects detection sensitivity, 
making direct-conversion or photon-counting detectors 
more suitable.

In this study, soft-tissue models with low-density and 
similar tissues are used owing to limited data on other tis-
sues, and such tissue differentiation remains challenging 
in clinical diagnosis. XPCT offers a new technique for 
this, though complex situations require further biological 
experiments for resolution.

4 � Conclusion

In this study, we performed a systematic comparative 
evaluation of DECT and SMSS EI-based XPCT for soft-
tissue phantoms using a comprehensive evaluation sys-
tem. Multiple metrics demonstrate that XPCT outper-
formed DECT, due to XPCT’s sensitivity to low-density 
objects and excessive statistical fluctuations in DECT. The 
SMSS EI-based XPCT shows potential for fast, accurate 

Fig. 7   (Color online) Profiles of the CT images in Fig.  6. Panels a, 
b and c represent profiles of the XACT, DECT, and XPCT images, 
respectively. The orange lines are from theoretical images, and the red 
lines are from simulated images

Table 4   SSIM and PSNR 
results for the simulated and 
theoretical images in Fig. 6 and 
MAE results for the images in 
Fig. 7

SSIM PSNR MAE

XACT​ 0.87 21.17 0.083
DECT 0.81 19.68 0.106
XPCT 0.89 21.47 0.061

Table 5   Theoretical and 
simulated CNR results for 
XACT, DECT, and XPCT 
calculated from Fig. 7

Lung (inhale) Lung (exhale) Adipose Water (liquid)

XACT​ Theoretical ( ×1014) 23.10 15.52 7.47 2.36
Simulated 36.60 22.61 10.07 1.05

DECT Theoretical ( ×1014) 22.88 12.33 8.10 3.03
Simulated 17.05 16.34 0.83 0.57

XPCT Theoretical ( ×1014) 30.11 18.78 2.54 2.57
Simulated 14.63 8.68 1.26 3.92

Fig. 8   (Color online) Boxplots calculated from CT simulated results 
in Fig. 6
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imaging through its simple, robust setup. This system pro-
vides a reliable method for evaluating imaging technol-
ogy advancements and comparing algorithms, enabling 
efficient quantitative analysis for non-specialists. These 
findings confirm XPCT’s significance in medical research 
and its sensitivity to low-density objects.

For objects with similar densities, XPCT shows clear 
advantages, whereas XACT excels with small densities and 
large differences, and DECT has optimization potential in 
algorithms and absorbed dose. In XPCT, SMSS EI method 
optimally balances device complexity and phase information 
extraction accuracy. The SMSS EI method’s noise resistance 
and simple setup enable practical low-dose, large field XPCT 
applications. The widespread adoption of XPCI technology 
in medical fields like lung, breast, musculoskeletal, and den-
tal imaging is inevitable [41]. Challenges remain in radia-
tion dose, acquisition time, field restrictions, and stability. 
Due to dose limitations, DECT requires more focus on dose 
restrictions, making radiation dose reduction a key research 
area, with dual-layer or photon-counting detectors showing 
promise [42–45]. XPCI development will advance through 
sources, absorption masks, phase gratings, and detectors, 
with hardware and hybrid upgrades impacting XPCT infor-
mation extraction [46].
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