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Abstract
Proton computed tomography (CT) has a distinct practical significance in clinical applications. It eliminates 3–5% errors 
caused by the transformation of Hounsfield unit (HU) to relative stopping power (RSP) values when using X-ray CT for 
positioning and treatment planning systems (TPSs). Following the development of FLASH proton therapy, there are increased 
requirements for accurate and rapid positioning in TPSs. Thus, a new rapid proton CT imaging mode is proposed based on 
sparsely sampled projections. The proton beam was boosted to 350 MeV by a compact proton linear accelerator (LINAC). 
In this study, the comparisons of the proton scattering with the energy of 350 MeV and 230 MeV are conducted based on 
GEANT4 simulations. As the sparsely sampled information associated with beam acquisitions at 12 angles is not enough 
for reconstruction, X-ray CT is used as a prior image. The RSP map generated by converting the X-ray CT was constructed 
based on Monte Carlo simulations. Considering the estimation of the most likely path (MLP), the prior image-constrained 
compressed sensing (PICCS) algorithm is used to reconstruct images from two different phantoms using sparse proton 
projections of 350 MeV parallel proton beam. The results show that it is feasible to realize the proton image reconstruction 
with the rapid proton CT imaging proposed in this paper. It can produce RSP maps with much higher accuracy for TPSs 
and fast positioning to achieve ultra-fast imaging for real-time image-guided radiotherapy (IGRT) in clinical proton therapy 
applications.
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1  Introduction

At present, proton therapy is responsible for approximately 
85% of hadron therapy cases in daily tumor treatments con-
ducted at a very high speed [1]. Owing to its Bragg peak 
characteristics, most of the energy will be released at the 
lesion, thus reducing the loss of healthy human tissues and 
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cells. However, both proton and photon therapies use X-ray 
CT for TPSs. The HU values are then transformed to an 
RSP map. This process has an intrinsic error in the range of 
3–5% [2]. It can lead to serious effects on sensitive organs 
and blood vessels. Proton CT is able to address this error and 
reduce the error associated with organ movement when the 
patient is transferred to the treatment room. FLASH also has 
become a new focus in tumor radiotherapy owing to its ultra-
high dose rate (FLASH > 35 Gy/s) properties [3]. Therefore, 
more stringent requirements for more precise localization of 
tumor lesions and better IGRT have been introduced. The 
first domestic proton therapy device has entered the clinical 
stage at the Ruijin Hospital Proton Therapy Center, Shang-
hai Jiaotong University School of Medicine. The proton CT 
imaging project is expected to be housed in the fifth treat-
ment room for experimental validations and presents a more 
realistic requirement for rapid proton CT imaging of clinical 
significance.

Proton CT has research teams around the world, but it 
is only in the experimental stage at present. It has not been 
used in clinical practice owing to various limitations. For 
example, in experiments, phantoms are rotated to obtain 
projection information from different angles; however, this 
scheme is not applicable to patients clinically [4–8]. While 
in clinical proton therapy, the use of omnidirectional irradia-
tion at 180 angles may not be feasible for proton CT owing 
to the long duration required for rotation. Therefore, the 
identification of ways to achieve rapid proton imaging to 
obtain accurate RSP maps for TPSs in clinical practice has 
become the focus of attention. Moreover, traditional gantry 
types use heavy magnets. If proton CT is integrated into the 
gantry and rotates with it, it will take a long time for proton 
irradiation owing to the time required for rotation. To realize 
accurate RSP reconstruction in a very short time, it is a good 
consideration to combine proton CT with X-ray CT. Thus, 
reducing the number of irradiation angles is the most direct 
and efficient way to achieve rapid proton imaging. Mean-
while, a design of superconducting gantry different from 
conventional therapy gantry has been proposed [9] that is 
also capable of increasing the speed of the proton irradia-
tion process. The energy range of existing proton therapy is 
70–235 MeV, but this is insufficient for proton imaging [10]. 
Compared with proton irradiation at 230 MeV, the scatter-
ing at 350 MeV is less extensive and the proton beam would 
deposit smaller doses in the human body.

In this study, a new proton CT imaging mode is presented 
from sparsely sampled projections based on X-ray CT as the 
prior image for rapid clinical proton CT. The proton beam is 
boosted to 350 MeV by a compact proton LINAC. The high-
energy proton beam keeps the Bragg peak completely out of 
human body, and it has a major dose advantage compared 
with X-ray CT. The feasibility of the enhancement of the 
proton energy from 230 to 350 MeV is also verified [11]. 

Furthermore, a similar structure used to accelerate protons 
is cold-tested and the result shows that the design is feasible 
[12, 13]. To achieve sparse angle proton imaging, the X-ray 
CT image is used as the prior image. The X-ray CT is trans-
formed into the RSP map by HU-RSP transformation curve 
for initial iterations, and then the image reconstruction will 
be conducted by using 12 parallel proton beam irradiation. 
The X-ray CT can be any one the patient had before pro-
ton therapy, while it must be consistent with the proton CT 
so as to provide sufficient accurate prior information. Here 
are the reasons for choosing 12 angles for imaging. A static 
superconducting therapy gantry based on 12 superconduct-
ing coils is proposed for proton therapy [9]. The position 
of the coils is the irradiation direction of the proton beam. 
Proton therapy can be realized rapidly based on ultra-fast 
beam allocation and ultra-fast proton scanning technology 
using an advanced deflector with variable polarization. It is 
known that fast scanning systems take approximately 10 μs 
to scan an energy layer [9], and the acquisition process of 
one angle could be finished within 1 ms. Thus, 12-angle 
proton projections would be finished within 12 ms. The rapid 
completion of proton CT image reconstruction with X-ray 
CT prior image can be achieved through hardware, com-
bined with efficient proton detection technology. The entire 
implementation of proton CT is planned to be completed 
within several hundred milliseconds. After proton imaging, 
the gantry could quickly transform energy to perform proton 
therapy. The static superconducting gantry is programmed 
to perform proton FLASH therapy within 100 ms [9], so the 
proton CT and subsequent proton FLASH therapy would 
take a total of 1 s [11]. By this way, it can not only improve 
the speed of proton CT, but also reduce the errors of TPS 
caused by organ movement. It is of great clinical signifi-
cance to realize IGRT in proton treatments in the future.

2 � Methods

The energy of the proton beam can be enhanced to 350 MeV 
by the S-band high-gradient acceleration structure. The 
information of the proton passing through the object can be 
tracked and recorded so that reconstructed algorithms can 
be used for proton imaging. This section introduces the prin-
ciple and reconstruction algorithm for this imaging mode.

2.1 � Principle of the 350 MeV proton CT imaging 
mode based on X‑ray CT as prior image

In this study, the proton beam was boosted from 230 to 
350 MeV. Because the sparse scanning at 12 angular projec-
tions is not enough for accurate proton image reconstruction, 
an X-ray CT image is used as a prior image. To use an X-ray 
CT image for reconstruction, the transformation relationship 
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between HU and RSP is usually determined experimentally 
using the devices available in the clinic. Different phantoms 
of multiple known materials are irradiated with X-ray and 
protons respectively, and the data are interpolated and fitted 
according to the HU value and RSP to obtain the transforma-
tion relationship [14, 15]. Therefore, the transformed HU to 
RSP (HU–RSP) map can be obtained for rapid proton image 
reconstruction to obtain a more accurate RSP map for TPSs. 
In this paper, GEANT4 simulation was used for verification, 
so X-ray CT and proton CT were simulated respectively. The 
specific process is shown in Fig. 1.

The proton CT system mainly consists of two parts, as 
shown in Fig. 2a. The proton beam enters from the left side. 
The tracking detectors are used to record the transverse 
position in the upstream and downstream directions with 
respect to the patient, and a residual range detector is used 
to determine the proton energy loss in the process. Thus, the 
water-equivalent path length (WEPL) of the proton can be 
calculated as it passes through the patient using a calibration 
procedure [16]. The WEPL value of the proton is defined 
as the integral of the material’s RSP along the proton path 
L through the object. The RSP is defined as the ratio of the 
stopping power (SP) of the specific material of the object 
to the SP of water [17]. It is assumed that the energy of an 
incoming proton is equal to that of a proton ejected from 
the accelerator. The information is collected as the basis to 
reconstruct the RSP map [18].

The energy of proton beam can be increased from 230 
to 350 MeV based on S-band high-gradient accelerating 
technology. The S-band high-gradient acceleration struc-
ture meets the requirements of small and compact facilities 
and can be used in single-treatment rooms and for FLASH 
proton therapy [11]. The proton beam is accelerated and 
can be transmitted directly into the treatment room for 
proton imaging and proton therapy. This method has been 
simulated and proved to have sufficient capture rate [11]. 
To increase the beam’s energy using the LINAC, cold-state 
technology made the linear acceleration section shorter; this 
also requires more complex control technology [19–21]. The 
superiority of the 350 MeV proton beam was verified using 
different proton beams which passed through different phan-
toms. The proton pencil beams at 230 MeV and 350 MeV 
were used. Furthermore, the phantoms used in simulations 
were (a) a cube of water with a length of 15 cm and (b) a 

sphere with a radius of 15 cm which comprised five different 
materials. The sigma values were recorded every 10 mm. 
Sigma is the standard deviation from the Gaussian fit of 
the proton beam. As shown in Fig. 2b, the sigma values of 
the 350 MeV proton beam were smaller than those of the 
230 MeV in both phantoms, that is, the scattering of the 
350 MeV proton beam was less extensive. When 350 MeV 
protons pass through the phantom constructed with multiple 
materials, they scatter more than the cases in which they 
pass through the cube of water. For sensitive human organs, 
proton CT of high energy can play a better protective role. 
Additionally, the equivalent water depth of the 350 MeV 
proton beam is approximately 653 mm to ensure that the 
Bragg peak falls outside of the human body to reduce the 
dose. Finally, the dose of proton CT was approximately 

Fig. 1   Overview of the rapid 
proton CT imaging mode with 
an X-ray CT image used as 
prior image

Fig. 2   (Color online) a Illustration of the proton CT system. b Com-
parison of sigma values between 230 and 350  MeV proton pencil 
beam passing through different phantoms. Phantom 5 represents the 
sphere with a radius of 15 cm. The materials used are water, Teflon, 
air, polyvinyl chloride (PVC), and bone
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30 mGy in simulations, which was lower than that of X-ray 
CT. Thus, the importance of the 350 MeV proton beam for 
proton imaging is evident.

2.2 � Proton image reconstruction algorithms

Similar to X-ray CT, proton image reconstruction algo-
rithms can be divided into two categories: filtered back 
projection (FBP) and iterative. However, FBP requires 
enough sampling angles. To achieve fast proton CT imag-
ing in this study, iterative reconstruction was considered to 
achieve high-quality image. Three iteration methods were 
considered, namely, the algebraic reconstruction technique 
(ART), compressed sensing (CS) image reconstruction, 
and prior image-constrained compressed sensing (PICCS) 
image reconstruction. The basic principle is to select an ini-
tial matrix for iteration until the final criterion is met. The 
criterion can choose a standard value or stop after reaching 
the set number of iterations. The differences pertain to the 
iterative equations of the three methods.

ART is one of the simplest methods used to reconstruct 
images from measured projections. The RSP value is repre-
sented by x. The consistency condition should be satisfied 
[22, 23],

Iterative reconstruction is consistent in the least-squares 
method. In proton CT applications, vector b describes the 
measured WEPL value, and A represents the system matrix. 
The system matrix A is an M × N matrix whose elements 
represent the contribution of the ith projection to the jth 
pixel. Commonly, aij can represent the length of intersection 
between the proton path ith and pixel jth, or the intersection 
probability of each mesh jth and path ith. The calculation of 
projection matrix A directly affects the reconstruction speed 
of the entire algorithm.

The sparse image will be reconstructed iteratively by 
minimizing the ℓ1 norm. The ℓ1 norm is defined as the sum-
mation of the absolute value of all function values. Addition-
ally, the conditions of Eq. (1) should also be satisfied. In 
PICCS, the sparseness of the target image is a prior image 
in the algorithm. That is, the image can be sparsified by 
the subtraction operation, where F − FP. FP  represents the 
prior image. The sparsifying transforms, which include the 
discrete gradient transform and wavelet transforms, would 
be utilized to sparsify the subtracted image after the subtrac-
tion. In this study, the total variation term, TV (F), was used. 
It was defined as the ℓ1 norm of the discrete gradient of the 
image. The parameter α (0 ≤ α ≤ 1) was selected based on 
the degree of similarity between the prior image FP and the 
reconstructed image F. When α was set to zero, the PICCS 
algorithm was reduced to the CS algorithm [24, 25].

(1)�x = �.

To compare the reconstruction results of various algorithms 
mentioned above, the reconstructed image was quantitatively 
compared with the actual phantom image. In this study, the 
normalized mean square distance d and the normalized mean 
absolute distance criterion r were calculated for each algo-
rithm. The definitions of these two parameters are listed below 
[26, 27]. Furthermore, the accuracy of RSP was expressed as 
Diff.

where tu,v and ru,v represent the pixel RSP value of row u 
and column v in the original and reconstructed images of the 
phantom, respectively, and tmean is the average pixel value 
of the object. The image has N × N pixels. The smaller the 
d value is, the better the quality of the image. Additionally, 
RSPreal represents the real RSP value, and RSPrec represents 
the RSP of the reconstructed image.

3 � Results

In this study, proton CT and X-ray CT platforms were con-
structed based on Monte Carlo simulations. The software 
platform for proton CT simulations consisted of GEANT4 
[28] simulations, WEPL calibration, and image reconstruc-
tion. For GEANT4 simulations, specific models and param-
eters needed to be determined in three dimensions, such as 
the detector parameters, the properties of the proton beam, 
phantom, and the physical process. One of the important steps 
in proton CT was the determination of the energy lost when the 
proton traveled a fixed distance within the object [29]. After 
data fitting, the two-dimensional projection data of protons 
can be obtained using the quadratic relationship. Similarly, it 
is necessary to set detector parameters and the X-ray energy 
to reconstruct the X-ray image according to the attenuation of 
the X-ray passing through the object. The proton projection 
data (acquired at 12 angles) and the HU-RSP map were used 
for image reconstruction.

3.1 � Most likely path estimated to identify accurate 
proton position

To reconstruct the proton image, based on an appropriate 
multiple Coulomb scattering theory, a likely proton path 
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within the phantom can be calculated if the entry and exit 
positions are given. The position and angle detector system 
is able to measure the position and direction of each proton 
accurately. Thus, it is possible to estimate the proton paths 
through the object using the information. Proton path esti-
mation can be divided into three types: straight line path 
(SLP), cubic spline path (CSP), and MLP. A SLP is the 
simplest estimation, which is defined by the line between 
the position in and out of the object. Because the positions 
and tangential directions of each proton at the entrance and 
exit are known, the two endpoints can be fitted with smooth 
curves to obtain the estimated CSP; these are mathematically 
simpler than that of the MLP. However, it is considered that 
the MLP is the best statistical estimate of the path curve 
when a proton passes through a homogeneous medium. The 
paths estimated are supposed to be incorporated into an 
iterative reconstruction algorithm.

The internal paths follow a certain probability distribu-
tion. The MLP can be defined as the maximum likelihood 
problem of Bayesian statistics [30, 31]. The position and 
direction of an incoming proton are set to be A (0, 0, 0), 
and the exit position and direction are set to be B (u1, t1, θ1). 
The MLP ymlp in a uniform object can be obtained by the 
following Eq. 5

Every term of the equation listed above has a detailed 
calculation method [31]. To calculate the elements of the 
scattering matrices, the proton speed relative to the velocity 
of light and proton momentum at different depths, 1/β2p2, 
could be derived using GEANT4 simulations. In the sim-
ulations, the 350 MeV protons traversed a uniform cubic 
phantom of water with a length of 200 mm. It was approxi-
mated by a fifth-degree polynomial. The fitted coefficients 
are shown in Table 1. As shown in Fig. 3, the information of 
two protons was randomly recorded from a simulation, and 
the CSP, MLP, and the associated error envelopes were cal-
culated. Note that the proton entered from the right. The fig-
ure shows that the MLP and CSP are closer to the real path 
compared with the SLP. By calculating the root-mean-square 
error (RMSE) in the central region, the SLP, CSP, and MLP 
were 0.764 mm, 0.443 mm, and 0.422 mm, respectively. The 
RMSE of the SLP was approximately two times higher than 
that of the MLP, while the RMSE of the MLP was slightly 
smaller than that of the CSP. It could be proved that MLP is 
more accurate for proton path estimations.

3.2 � Optimization of algorithms to improve 
the performance of reconstruction image

Through the continuous improvement of image reconstruc-
tion, the imaging mode using the HU-RSP map as the prior 
image for proton imaging was preliminarily verified using 
the reconstructed algorithms listed above. A spherical water 
phantom with a diameter of 25 cm was built with two small 
balls of different materials and different sizes inside. Projec-
tion data were collected in GEANT4 by irradiation using a 
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Table 1   GEANT4 simulation 
results of the fitted polynomial 
to the average value of 1/β2p2 
as a function of depth when 
a proton parallel beam passes 
through a water cube (depth of 
200 mm)

Coefficients Values

a0 2.737 × 10–6

a1 4.458 × 10–8

a2 7.738 × 10–10

a3 − 2.126 × 10–12

a4 9.772 × 10–13

a5 − 1.403 × 10–14

Fig. 3   (Color online) Examples of two proton tracks in simulation. The tracks of the straight line path (SLP), cubic spline path (CSP), and the 
most likely path (MLP) with associated 2-sigma and 3-sigma error envelopes are shown. The two histories lie within the error envelopes
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350 MeV parallel proton beam at 12 angles. For verifica-
tion, the whole values of the standard image were uniformly 
increased; this was then used as a prior image to represent 
the image converted to RSP from X-ray CT. Figure 4a, b, and 
c are the image reconstruction results using ART, CS, and 
PICCS, respectively. Visually, there are obvious artifacts in 
the image reconstructed by ART in Fig. 4a. In contrast, the 
image quality of the reconstructed image using PICCS was 
improved considerably without artifacts in the biggest circle 
in Fig. 4c. At the same time, the values of d and r of the three 
algorithms were also calculated. These values are plotted as 
a function of the iteration number, as shown in Fig. 4d. From 
a longitudinal perspective, the values decrease as a function 
of the number of iterations, that is, the reconstruction effect 
improves. However, eventually, it will reach a steady state. 
Horizontally, the values of d and r of PICCS are lower, and 
the image quality improves considerably. After 100 itera-
tions, the corresponding d values of ART, CS and PICCS 
are 0.174, 0.147, and 0.131, and the corresponding r values 
are 0.1, 0.098 and 0.086, respectively. When the picture was 

rotated 45° clockwise, the RSP values of line 262 was used 
for comparison, as shown in Fig. 4e. The yellow solid line 
represents the real RSP values, and the yellow dashed line 
represents the values of prior image. The ART reconstructed 
result has more noise, and the CS reconstructed result is 
poor in the edge of the material. While the PICCS recon-
structed result is in good agreement with the initial value. 
In PICCS algorithm, the choice of α is very important [32, 
33]. It depends on the quality of prior images. Because the 
RSP deviation of each pixel is uniform distributed in this 
prior image and accurate information is also provided at the 
boundary, α is chosen as 0.95 after tuning the parameters. 
When the quality of prior image is poor, α would take a 
smaller value. The RSP distribution image obtained through 
HU-RSP transformation can provide relatively accurate prior 
information at present, thus the introduction of this prior 
information is very necessary, which determines that the 
value of α cannot be too small. However, the specific value 
of α needs to be determined after tuning according to differ-
ent experimental conditions. According to the calculation 

Fig. 4   a Image reconstructed with ART. b Image reconstructed with 
CS. c Image reconstructed with PICCS. d Plots of d and r values as 
a function of iteration. e Comparison of the profiles of the three algo-

rithms. The yellow, blue, green, and red solid lines respectively repre-
sent the real RSP value, ART result, CS result and PICCS result. The 
yellow dashed line represents the RSP value of prior image
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results of d and r, PICCS yields a better outcome when the 
proposed method is used in conjunction with a prior image 
with proton irradiation at 12 angles. Therefore, Monte Carlo 
simulations would be used to obtain X-ray and proton CT 
images of different phantoms to verify the imaging mode 
proposed in this paper.

There are many factors affecting the reconstruction of 
proton CT image, which will affect the accuracy of the final 
reconstruction of RSP. Currently, semiconductor detec-
tors can achieve resolution up to the micron level, which 
is sufficient for proton CT. Thus in this paper, the energy 
resolution of residual energy detector and the angle accu-
racy of proton CT integrated gantry were analyzed. In 
GEANT4, 350 MeV parallel proton beam was used to col-
lect 12 angle projection information of Phantom2. And the 
PICCS algorithm was used for reconstruction. Firstly, the 
allowable error range of the residual energy detector is ana-
lyzed. The deviation between the proton energy used for 
image reconstruction and the real residual energy detected 
was set as 0, ± 0.5, ± 1 and ± 2, respectively. The values of 
d and r of the reconstructed images under different circum-
stances were calculated respectively. The calculated results 
are shown in Table 2. By comparing the d and r results, it 
can be inferred that the accuracy of the reconstructed RSP 
values are close to the real values with the cases of ± 0.5 
and ± 1. In other words, the energy resolution in the range 
of 0.3–0.6% can realize the error tolerance of the image 
reconstruction. Secondly, the range of the allowed error of 
the gantry angle was verified in GEANT4 simulation. The 
deviations between the projection angle in the reconstruction 
algorithm and the actual irradiation angle in the simulation 
were set as 0°, + 0.2°, + 0.5° and + 1°, respectively, so as to 
assume the angle accuracy deviation of the therapy gantry. 
This is because we realized proton projection information 
acquisition from different angles by rotating phantom in the 
simulation. The 0° deviation represents the standard case. 
The quantitative calculation results are shown in Table 3. 
By comparison, it is found that when the deviations are 
0.5° and 1°, the values of d and r are larger than that of the 
standard case. Therefore, when the angle deviation of the 
gantry is within 0.2°, the reconstruction result is within the 
allowable error range. Moreover, the angle accuracy of the 
therapy gantry of the first domestic proton therapy dem-
onstration device is within 0.2°, which provides favorable 

experimental conditions for the subsequent proton CT 
experiments.

3.3 � Rapid proton CT imaging based on X‑ray CT 
image used as the prior image

X-ray CT images produced by Monte Carlo simulations 
were used in this section. In the Monte Carlo simulations 
of X-ray CT, the goal was to generate simulated CT images. 
Projection data with relative errors ≤ 0.75% were collected 
at 180 angles in half a circle using a 60 keV parallel pho-
ton beam and were reconstructed based on the traditional 
FBP algorithm. The detector layer was constructed with 400 
pixels with a 1 mm width. By comparison, PICCS recon-
struction results were better when the same conditions 
were used. Furthermore, two phantoms were selected for 
the simulations. Figure 5a shows the phantom composed 
of four different materials. The largest sphere was made of 
water (radius = 12.5 cm). Inside it, there were three different 
spheres made of different materials (radii = 2, 1.5, 1, and 
0.5 cm). The materials used for each group were Teflon, 
PMMA, and air. Figure 5b shows the other phantom com-
posed of five different materials, and the densities of the 
materials were closer to the soft tissue of the human body. 
The materials inset were POM, PMP, PMMA, and Epoxy 
[14]. All the diameters were equal to 1.5 cm, and the radius 
of the largest sphere was 10 cm. The two phantoms of Fig. 5 
are referred to Phantom2 and Phantom3 in this article.

To verify the feasibility of rapid proton CT imaging mode 
proposed in this paper, the PICCS method was used to verify 
the proton image reconstruction using 180, 120, 60, 30 and 
12 proton projection angles, as well as the FBP method with 

Table 2   The d and r values of reconstructed images with different 
energy resolutions

∆E 0  ± 0.5  ± 1  ± 2

d 0.073 0.072 0.073 0.08
r 0.025 0.025 0.026 0.029

Table 3   The d and r values of reconstructed images with different 
angle accuracy of the therapy gantry

∆theta 1° 0.5° 0.2° 0°

d 0.146 0.086 0.075 0.073
r 0.076 0.027 0.027 0.025

Fig. 5   (Color online) Diagrams of the two phantoms used in 
GEANT4 Monte Carlo simulations
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180 angles. The initial iteration matrix of the reconstruction 
was a zero matrix. The RSP values of the corresponding 
materials in the same area and their errors were also cal-
culated. The specific results are listed in Table 4. It can be 
seen that the value of Diff increases significantly when the 
number of projection angles is 30 and 12. Especially, when 
the projection angle number is 12, the reconstruction error is 
maximum. Though the Diff of Teflon and PMMA do not fol-
low a clear trend, this simulation is aimed to serve as a refer-
ence and comparison for the imaging mode proposed in this 
paper. It is to demonstrate that the proposed imaging mode 
based on prior image with 12 sparse angles can achieve the 
same magnitude of reconstruction results as when the num-
ber of projection angles is larger. Meanwhile, it is considered 
that the results of 180 and 120 are basically in the range of 
standard values. Due to the influence of systematic error of 
the simulated proton CT, the value of reconstructed RSP 
may fluctuate. It is within the error of the system. The multi-
angle proton CT imaging mode can achieve relatively accu-
rate image reconstruction, but the speed was not adequately 
high owing to the larger number of proton scanning angles.

The numbers of angles in PICCS were 180, 120, and 60, 
and the initial iteration matrix was a zero matrix. RSPref 
represents the RSP value for reference, RSPP_180 represents 
the reconstructed RSP value of the PICCS method with 180 
angles. DiffP_180 represents the error of PICCS method with 
180 angles. RSPP_120 and DiffP_120 represent the two indexes 
of the PICCS method of 120 angles. RSPP_60 and DiffP_60 
represent the two indexes of the PICCS method of 60 angles. 
RSPFBP and DiffFBP represent the two indexes of the FBP 
method of 180 angles.

The HU-RSP images of the two phantoms are shown in 
Fig. 6a, c. In the case of Phantom2, the transformed RSP 
values of Teflon, PMMA, and water were 1.467, 1.081, and 
0.972, respectively. The percentage difference between them 
and the standard RSP values were 18.04%, 6.81%, and 2.8%, 
respectively. Comparisons showed that the errors of RSP 
obtained from materials with higher density were larger; 
this outcome is similar to the experimental conclusions 
[34]. Proton reconstruction was performed using 12 angular 

proton projections within 180°. In the reconstruction pro-
cess, it was found that the deviation from the real RSP value 
of materials with different densities were different. Thus, the 
same algorithmic parameters may not make all the materials 
reach the closest RSP values at the end of the iterations. In 
the PICCS algorithm, if the increment factor is too large, the 
correction will be too large, and the correlation between the 
reconstructed image and the projected data would become 
worse. Therefore, different PICCS parameters were set in 
image reconstruction according to the densities of the dif-
ferent materials. For material media such as densified bone 
with large conversion error, the number of TVM setting in 
PICCS is less. In addition, because the RSP distributions 
of prior images are uneven and has obvious noise, α is set 
as 0.2 after tuning the algorithm parameters. The recon-
struction results are shown in Fig. 6b, d. The reconstruction 
results in Tables 5 and 6 are the results of Phantom2 and 
Phantom3, respectively. RSPprior represents the RSP of the 
HU–RSP map. Moreover, RSPPICCS represents the recon-
structed value with the PICCS method. Diffprior represents 
the error percentage between the value of HU–RSP map 
and the true value. DiffPICCS represents the error percentage 
between the reconstructed and the true values.

According to the reconstruction results, the average RSP 
values of all the materials were calculated. Firstly, the recon-
struction results of Phantom2 were analyzed. By setting 
PICCS parameters, the reconstructed RSP values of Teflon, 
PMMA, and water were 1.769, 1.13, and 1.01, respectively. 
Compared with the prior image, the reconstructed RSP 
values of PICCS were more accurate. The errors between 
reconstructed and actual values were 1.17%, 2.59%, and 1%. 
Figure 6b shows a clear image with good quality. This veri-
fies that the imaging mode proposed in this study is feasible, 
and the PICCS algorithm can also yield relatively accurate 
RSP results. As the RSP deviation of Teflon in Phantom2 
was larger than others, the algorithm was applied to Phan-
tom3 to verify the feasibility of the imaging mode. The den-
sities of materials in Phantom3 were all close to that of soft 
tissues in the human body. The constructed RSP values of 
POM, PMP, PMMA, and Epoxy were 1.340, 0.865, 1.13, 

Table 4   Reconstructed results of PICCS and FBP of Phantom2

Material RSPref RSPP_180 DiffP_180 (%) RSPP_120 DiffP_120 (%) RSPP_60 DiffP_60 (%)

Teflon 1.79 1.818 1.56 1.809 1.06 1.81 1.12
PMMA 1.16 1.14 1.72 1.144 1.38 1.139 2.67
Water 1.00 1.01 1.0 0.980 2.0 0.981 1.9

Material RSPref RSPP_30 DiffP_30 (%) RSPP_12 DiffP_12 (%) RSPFBP DiffFBP (%)

Teflon 1.79 1.75 2.23 1.733 3.18 1.80 0.56
PMMA 1.16 1.06 8.6 1.054 9.14 1.126 2.93
Water 1.00 0.98 2.0 0.90 10.0 0.95 5.0
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and 1.127, respectively. In addition, the RSP values of prior 
images of Phantom3 were 1.204, 0.844, 1.088, and 1.089, 
respectively. All the reconstructed RSP values were closer to 
the actual RSP values. The percentage differences between 
them and the standard RSP were decreased. For instance, 
the error of POM decreased from 11.33% to 1.40%, and the 
error of PMP decreased from 4.09% to 1.7%. However, the 
impact of noise generated in X-ray CT was smaller com-
pared with the error in the transformation of HU to RSP. The 
two RSP values of the materials in the simulation, namely 
RSPprior and RSPPICCS, were fitted as shown in Fig. 7. The 

correlation coefficient R2 was 0.98. These findings showed 
that the transformation of HU–RSP yielded different devia-
tions in different materials and indicated that the fractional 
RSP algorithm was effective for proton reconstruction using 
X-ray CT as the prior image. It should be noted that the 
reconstruction error of PMMA using proton imaging at 60 
angles was also approximately equal to 1.14. This error may 
be attributed to the Monte Carlo simulation.

By comparing the results of the 12-projection imaging 
mode using the HU–RSP map as the initial iteration with the 
results of multi-angle proton imaging in this chapter, it was 

Fig. 6   Reconstructed results of 
two phantoms with the PICCS 
method. a HU–RSP map of 
Phantom2. b Reconstructed 
map of Phantom2 using 12 
angular projections. c HU–RSP 
map of Phantom3. d Recon-
structed map of Phantom3 using 
12 angular projections

Table 5   Comparisons of reconstructed RSP values with the value of 
the HU–RSP map of Phantom2

Material RSPref RSPprior Diffprior (%) RSPPICCS DiffPICCS (%)

Teflon 1.79 1.467 18.04 1.769 1.17
PMMA 1.16 1.081 6.81 1.13 2.59
Water 1.00 0.972 2.8 1.01 1.0

Table 6   Comparisons of reconstructed RSP values with the value of 
HU-RSP map of Phantom3

Material RSPref RSPprior Diffprior (%) RSPPICCS DiffPICCS (%)

POM 1.359 1.204 11.33 1.340 1.40
PMMA 1.16 1.088 6.21 1.13 2.58
EPOXY 1.144 1.089 4.72 1.127 1.49
PMP 0.88 0.844 4.09 0.865 1.70

Fig. 7   Fitting regression and scatter plot of RSPprior and RSPPICCS
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found that this mode could achieve the same expectations and 
yield similar results to those obtained by proton imaging. For 
example, for POM, the RSP error of the reconstructed image 
was reduced from 11.33% to 1.4%. For Teflon, the simulation 
error of the imaging mode proposed was 1.17%, and in the 
case that the number of scanning angles was 180, 120, 60 in 
PICCS, the errors were 1.56%, 1.06%, and 1.17%, respectively. 
The reconstruction results from only 12 angles can achieve 
similar results with those from more angles.

In the simulation, the data acquisition speed associated 
with 12 angular projections was higher than that for sixty or 
more angular projections and it took less time to complete 
the 12-angle image reconstruction algorithm; this ensured that 
the speed of the whole proton imaging would be improved, 
including proton scanning and proton image reconstruction. 
Therefore, in this process, the displacement of organs caused 
by breath movement can also be weakened to a certain extent. 
The simulation experiments in this paper verify that this imag-
ing mode proposed can reduce the prior image conversion 
error, and the reconstructed RSP error is about 2%. It could be 
verified that rapid proton CT imaging mode is feasible using 
only 12 angular projections and the X-ray CT image as the 
prior image. However, the prior image in the simulation was 
not processed with artifacts. The value of α in PICCS is set 
to 0.2, also in order to reduce the influence of noise in prior 
images. However, it is inevitable to introduce the noise in the 
prior image. Clinical photon CT has matured; thus, clinical 
X-ray CT proton imaging can yield images with much higher 
image quality. This indicates that the proton CT imaging mode 
proposed would still improve the accuracy of RSP even if the 
prior image quality is poor, let alone if the prior image quality 
is good. At the same time, it also reduces the requirement for 
the error range of RSP distribution images obtained through 
HU-RSP transformation in clinic. In the future, the algorithm 
needs to be improved to improve the RSP accuracy. Therefore, 
the reconstructed RSP error is expected to be much smaller. 
For example, owing to multiple Coulomb scattering, protons 
would be scattered when they pass through the object bounda-
ries of different materials. The accurate reconstruction of the 
edge is of vital importance. Besides, due to the static super-
conducting therapy gantry can deflect the proton beam at dif-
ferent angles through the deflection cavity, proton scanning 
can be achieved quickly. 3D proton CT image reconstruction 
and further conditions for the clinical application of the proton 
CT imaging mode proposed in this paper would be studied.

4 � Conclusion

This paper proposed and implemented a new proton CT 
imaging mode based on the 350 MeV proton beam using 
12 angular projections to achieve rapid proton image recon-
struction. This imaging mode combined proton and X-ray 

CT using the RSP map obtained from the conversion of the 
X-ray CT acquired as the prior image for TPSs. The MLP 
was estimated. Furthermore, the PICCS algorithm yielded 
better results for this imaging mode. X-ray and proton CT 
images were simulated using Monte Carlo simulations. 
Comparisons using the map obtained from the HU-RSP 
transformation showed that the imaging mode can improve 
effectively the range accuracy. A project was approved to 
construct a proton CT prototype to verify the principles and 
the imaging outcomes described herein. It is beneficial to 
realize a leapfrog development pertaining to proton CT from 
the experimental to the clinical stages.
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