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Abstract
Carbon ions, commonly referred to as particle therapy, have become increasingly popular in the last decade. Accurately 
predicting the range of ions in tissues is important for the precise delivery of doses in heavy-ion radiotherapy. Range 
uncertainty is currently the largest contributor to dose uncertainty in normal tissues, leading to the use of safety margins 
in treatment planning. One potential method is the direct relative stopping measurement (RSP) with ions. Heavy-ion CT 
(Hi′CT), a compact segmented full digital tomography detector using monolithic active pixel sensors, was designed and 
evaluated using a 430 MeV/u high-energy carbon ion pencil beam in Geant4. The precise position of the individual carbon 
ion track can be recorded and reconstructed using a 30 μm × 30 μm small pixel pitch size. Two types of customized image 
reconstruction algorithms were developed, and their performances were evaluated using three different modules of CAT-
PHAN 600-series phantoms. The RSP measurement accuracy of the tracking algorithm for different types of materials in 
the CTP404 module was less than 1%. In terms of spatial resolution, the tracking algorithm could achieve a 20% modulation 
transfer function normalization value of CTP528 imaging results at 5 lp/cm, which is significantly better than that of the 
fast imaging algorithm (3 lp/cm). The density resolution obtained using the tracking algorithm of the customized CTP515 
was approximately 10.5%. In conclusion, a compact digital Hi'CT system was designed, and its nominal performance was 
evaluated in a simulation. The RSP resolution and image quality provide potential feasibility for scanning most parts of an 
adult body or pediatric patient, particularly for head and neck tumor treatment.

Keywords Heavy-ion imaging · Computed tomography · Silicon pixel detectors · Monte Carlo · Phantoms · Radiotherapy · 
Image-guided · Tracking

1 Introduction

Heavy-ion and proton therapies are considered the most 
advanced particle therapy technologies. As research and 
clinical applications progress, they have become reliable, 
safe, and promising treatment options. Wilhelm Conrad 
Röntgen first discovered X-rays in 1895 [1], and Robert R. 
Wilson proposed accelerating charged particles, specifically 
protons, for cancer treatment in 1946 [2]. In 1954, the first 

patient was treated with proton therapy at the University of 
California, Berkley  [3]. In 1990, the first hospital-based pro-
ton therapy center was opened at Loma Linda University [4]. 
At the Lawrence Berkeley Laboratory (LBL), Cornelius A. 
Tobias proposed that the use of heavy ions improves relative 
biological effectiveness (RBE). In 1975-1992, LBL explored 
the possibility of using various types of charged particles, 
including He, N, O, C, Ne, Si, and Ar, for treatment, and 
carbon ions were discovered to be the best option [5–7]. By 
the end of 2021, more than 300,000 patients have received 
particle therapy, with the equipment for the said therapy also 
improving rapidly [8–10].

China has been investigating heavy-ion therapy for the 
past two decades. Since then, the development of particle 
therapy devices has accelerated in China. The Institute of 
Modern Physics (IMP) of the Chinese Academy of Sciences, 
which plays a leadership role in this area, established the 
first Heavy Ion Research Facility in Lanzhou (HIRFL) in 
1989. The carbon-ion beams provided by HIRFL were used 

This work was supported by the National Natural Science 
Foundation of China (Nos. 11975292, 12205374, U2032209, 
and 12222512), Beijing Hope Run Special Fund of Cancer 
Foundation of China (No. LC2021B23), the CAS “Light 
of West China” Program, the CAS Pioneer Hundred Talent 
Program, the Guangdong Major Project of Basic and Applied 
Basic Research (No. 2020B0301030008), and the National 
Key Research and Development Program of China (No. 
2021YFA1601300 and 2020YFE0202002).

Extended author information available on the last page of the article

https://orcid.org/0000-0001-9493-8558
https://orcid.org/0000-0003-3727-4817
https://orcid.org/0000-0002-3843-9268
https://orcid.org/0000-0002-6388-9420
http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-023-01251-x&domain=pdf


 Y.-L. Chen et al.

1 3

  111  Page 2 of 11

in cell and animal experiments in 1993, and the possibil-
ity of clinical application was explored in 1995. In 2006, a 
superficial tumor terminal for heavy-ion therapy was suc-
cessfully developed in collaboration with hospitals for the 
clinical application of human superficial malignancies. In 
2008, the IMP completed the cooling storage synchrotron 
(CSR) at the Lanzhou Heavy Ion Accelerator, and a deep 
tumor treatment terminal was subsequently developed and 
used in clinical trials. Between 2006 and 2013, more than 
200 patients underwent carbon-ion radiotherapy (CIRT) at 
the HIRFL. Since then, China has become the fourth coun-
try, after Japan, Germany, and the USA, to initiate research 
on heavy-ion therapy. Based on the results, IMP built the 
heavy-ion medical machine (HIMM) in Wuwei and Lan-
zhou City, Gansu Province in 2012. The device was success-
fully launched in Wuwei in 2015, and clinical trials with 47 
patients were completed in 2019. It was officially adopted for 
clinical application in March 2020. Three-hundred patients 
have been treated in HIMM, and good therapeutic effects 
and tolerability were observed until 2021. Since then, parti-
cle therapy devices in China have developed rapidly [11, 12].

When creating a treatment plan, the range of heavy ions in 
the tissues plays an important role in successfully delivering 
an accurate dose to the target volume. During this process, 
the X-ray CT images, which must be converted into relative 
stopping power (RSP) of heavy ions, are normally used in 
heavy-ion treatment planning. The conversion process leads 
to uncertainties of approximately 2% in the further range 
prediction of heavy ions, which corresponds to an absolute 
range uncertainty of 2 mm at a depth of 10 cm in the target 
volume [13, 14].

These range uncertainties are clinically handled by irradi-
ating a "safety margin," which is an extended margin around 
the tumor, to ensure full coverage of the target volume. The 
margin introduces a higher probability of excessive doses to 
normal tissues. This risk can be reduced by avoiding beam 
control points where normal tissues can be irradiated; nev-
ertheless, fewer degrees of freedom of the beams can result 
in a potential full prescription dose [15], which can lead to 
severe radiation side effects.

Several techniques have been suggested to reduce range 
uncertainties [16]. They can generally be classified into one 
of two categories: in vivo dose measurement, such as prompt 
gamma emissions, and direct stopping power measurement, 
which is the focus of this study. Instead of converting X-ray 
CT to heavy-ion RSP, direct measurement of heavy-ion 
range or energy loss provides a potential feasibility of pre-
cisely predicting the heavy-ion range in the human body. 
Heavier ions have fewer multiple scattering effects owing 
to their larger momentum, making the straight-line approxi-
mation easier to implement. This allows the use of standard 
tomography reconstruction methods from X-ray CT.

With the progress of modern detector technologies that 
are mostly developed for particle physics, several types of 
compact detection systems based on scintillation fibers [17], 
GEM [18], SiPMs [19], and CMOS APS sensors [20, 21] 
have been investigated by tracking each particle and measur-
ing its remaining energy or range [22, 23].

Ion CT requires an accelerator and a gantry to deliver the 
beam for tomography imaging. Because these are extremely 
expensive, even in the context of medical scanners, the only 
feasible approach is to develop a compact system that can be 
used in existing clinical particle therapy facilities. Clinical 
heavy-ion accelerators for therapy typically exhibit a maxi-
mum energy of approximately 430 MeV/u, corresponding to 
a range of approximately 31 cm in water. This would be suf-
ficient for scanning most parts of an adult body or pediatric 
patient, particularly the head and neck; however, it cannot 
be scanned from all angles at this energy.

In this study, a compact digital heavy-ion CT (Hi'CT) sys-
tem was designed, and its performance was evaluated using 
a Geant4-based simulation. The digital detector consists of 
a tracker and a range-measurement sampling calorimeter, 
which are fully based on monolithic active pixel sensors. 
Using a stack of range detectors with micron-level position-
resolution pixel sensors, accurate carbon ion tracks can be 
recorded and reconstructed by the system. The detector per-
formance and several standard phantoms contained in CAT-
PHAN 600 series, which are typically used for X-ray CT, 
were tested to verify its RSP accuracy and imaging qualities.

2  Method

2.1  Detector conceptual design

The detector modeled in the simulation consists of two key 
components: a multilayer tracker used for reconstructing the 
angle and a sampling calorimeter for recording the residual 
range of carbon ions after penetrating the imaging object. Four 
tracking layers, which are divided into two groups, are located 
before and after the imaging object. A 10-mm-thick tungsten 
block, which has a large stopping power, is placed between the 
tracker and calorimeter to decrease the energy of ions. Twenty 
sampling layers are placed in the calorimeter immediately after 
the tracker, each of which is composed of absorbers, silicon 
sensors, printed circuit boards (PCB), and air gaps. Mono-
lithic active pixel sensor (MAPS), a unique technology for 
high-granularity detectors in particle physics, is used for the 
sensitive component of the detector, which contains 640 × 640 
pixels with a squared pixel size of 30 μ m. In each layer, 40 
MAPS sensors are mounted next to each other in two rows, 
resulting in a 0.01-mm narrow gap between the sensors along 
the x and y directions (Fig. 1).
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Detector performance and budget are the main considera-
tions in the conceptual design. The sampling calorimeter aims 
to cover the clinical ion energy that passes through a certain 
thickness (e.g., 10–25 cm water-equivalent thickness (WET) 
for the head and neck) of the human body. Therefore, optimi-
zation of the number of sampling layers and the thickness of 
the absorbers in the calorimeter is required. The parameters 
of the entire system should match the following expressions:

where

In the above expressions, Tin is the total WET of the incident 
carbon beam, and Xup and Xdown are the upper and lower 
WET limits of the object to be measured, respectively.  Tab 
represents the WET of the single-layer absorber, whereas 
Tdet is the WET of the single-layer detector. W, D and n are 
the WET of the tungsten block, the WET of sampling layers, 
and the number of sampling layers, respectively.

Parameters for clinical applications must meet specific 
physical conditions. The Hi'CT system is based on the logic 
that ions can penetrate the patient’s body, and the Bragg peak 
can eventually be stopped in the calorimeter layers after the 
tungsten block. The number of layers n must satisfy the condi-
tion of Eq. 3.

W and Tab should satisfy Eqns. 4 and  5.

(1)Xup +W < Tin < Xdown +W + D,

(2)D = n(Tdet + Tab).

(3)n >
Xup − Xdown

Tdet + Tab

(4)Tin − n(Tdet + Tab) − Xdown < W < Tin − Xup

(5)Tab >

Xup − Xdown

n
− Tdet

When Tin is known from the incident carbon ions, the Xup 
and Xdown are calculated according to the typical WET of 
the object to be imaged. Tdet can be obtained based on the 
pixel sensor parameters, for example, the thickness of the 
epitaxial layer and materials. After finding reasonable thick-
ness tungsten block (W ) via simulation, the possible opti-
mization values for n and Tab of the detector can be easily 
determined. These theoretical equations were used to reduce 
the time required for exhaustive exploration. It is also helpful 
in estimating the cost of the final prototype design.

In the current design, factors such as detection accuracy, 
cost, and production process were comprehensively consid-
ered. The system parameters obtained based on the selection 
formula are listed in Table 1.

2.2  Monte‑Carlo simulation

The detector was implemented using the Monte-Carlo soft-
ware toolkit Geant4 [24] with the FTFP_BERT physics list. 
The simulation and reconstructed analysis software were 
customized and run on a computer platform with an Intel 
Xeon Gold 6248R CPU and 128 GB RAM. The energy 
deposit in each sensor plane was discretized into a list of 
fired pixels analogous to real fire pixels. An energy threshold 
of 10 MeV was used to simulate sensor sensitivity controlled 
by the reference voltages.

The beam characteristics in the simulation were based on 
the parameters of the Wuwei Carbon Ion Therapy System. 
An initial 430-MeV/u carbon pencil beam was simulated. 
The position spread assumed a Gaussian distribution with 
a full width at half maximum (FWHM) of 3 mm. Figure 2 
shows the geometric information of the detector setup 
in Geant4. The beam, which is shot perpendicular to the 
upstream detector, was in the scan mode along the hori-
zontal plane with a step length of 0.1 mm. Owing to lim-
ited data processing power, 100 carbon ions were generated 
in every step, which corresponded to a central fluence of 

Fig. 1  (Color online) Conceptual design of the detector, with a phan-
tom located in the image space

Table 1  Hi'CT system parameters

Index Parameter

Detection range (mm) 100–250
Block thickness (mm) 10
Block material W
Absorber thickness (mm) 0.5
Absorber material W
Detector thickness (mm) 1
Detector material Si
Number of layers, n 20
Air gap length (mm) 3
Bound gap length (mm) 0.005
Whole length (mm) 108.1
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approximately 153 carbon ions/mm2 . In this study, all simu-
lated scans were obtained with 360 projections (1-degree 
intervals).

2.3  Water equivalent path length calibration

To verify the direct relationship between RSP from the 
Hi'CT system and the water-equivalent path length (WEPL), 
the WET values of the detector were calibrated in the sim-
ulation. The calculations were performed using the same 
carbon-ion beam parameters described in Sect. 2.2. By cal-
culating the ratio in Eq. 6 [25] between the thickness of 
the water phantom and the equivalent stop depth of a given 
material in which 1000 carbon ions are fully stopped, the 
reference RSP of a given material can eventually be defined.

where Tw and Tm are the thicknesses of the water phantom 
and a given material, respectively. Table 2 lists the RSP ref-
erence values of the materials of the CTP404 module.

2.4  Tracking and image reconstruction algorithm

In this study, several algorithms were developed to trans-
fer pixel response hits into the carbon tracks used for the 
final image reconstruction. The main goal of the tracking 
algorithm was to provide sufficient precision for the car-
bon tracks before and after penetrating the phantom with 
the recorded matter. The energy deposition of Geant4 steps 
within a pixel was summed up, and this is called a "hit". A 
10-MeV energy cut of secondary particles was applied to 
simulate the sensitivity of pixel sensors, which is controlled 
by the reference voltage in practice.

Two different reconstruction algorithms-tracking and 
nontracking-were developed to verify the reconstructed 
image qualities for further clinical applications. The 

(6)RSPref =

Tw

Tm

results were compared with pure carbon tracks selected in 
Geant4, which was treated as an ideal case.

The tracking algorithm provides more precise carbon 
track accuracy. However, the time consumption and rela-
tively low efficiency are the main limitations of the current 
stage. Therefore, an algorithm called the "fast" imaging 
algorithm is developed for prescanning the imaging object 
without tracking the intermediate step applied.

From these events, selected tracks were reconstructed 
according to the following procedure:

• For every single carbon event, all the hits it produced 
in the detector with energy above 10 MeV are selected 
as candidates.

• The initial "seed" position of the carbon event is deter-
mined in this step according to the (T , �) of the beam, 
where T and � are the offset and rotation angle of the 
phantom, respectively.

• Use the pixel whose Euclidean distance r is the least as 
the seed for the next layer.

• For a given layer, assign all the hits within r = 1 mm into 
the tracklist until no hit is found in the next two consecu-
tive layers.

Fig. 2  Side view of the geo-
metric detector layout in the 
simulation

Table 2  Reference RSP of the 
materials used in the phantom 
and detector

Material RSPref

Water 1.00
Epoxy 1.08
Teflon 1.86
Delrin 1.38
Acrylic 1.18
Polystyrene 1.05
LDPE 0.99
PMP 0.89
Al 2.11
W 10.10
Si 1.87



Hi'CT: a pixel sensor-based device for ion tomography  

1 3

Page 5 of 11   111 

Several conditions must be clarified during the tracking pro-
cess. If the beam does not pass through the tungsten block, 
the endpoint is defined as layer 0. If there is only one layer 
without a candidate pixel hit between consecutive layers 
with candidates, the tracking process continues until reach-
ing the next layer. In some cases, ions reach the maximum 
depth of the detector, which frequently occurs around the 
edge of the imaging object; the range of the track is marked 
by the maximum number of layers of the detector.

Statistical effects must also be considered when obtain-
ing the WEPL values at each coordinate. By plotting the 
histogram distribution, the range of all particles at a single 
coordinate can be determined. There will be a peak position 
near the end of the beam. It provides an excellent idea of 
where the Bragg peak position is (i.e., the number of layers 
in the corresponding sampling layer). By setting a threshold 
for the histogram distribution, information about the peak 
position can be obtained, which can be either the response of 
one or two sampling layers. If there is only one response, the 
WEPL is calculated in the middle of the silicon sensor cor-
responding to the sampled layer. If there are two responses, 
the average of the WEPL calculated at the middle of the 
silicon sensors corresponding to the two sampled layers is 
chosen as the WEPL at that coordinate.

In contrast to the tracking algorithm, the fast mode aims 
to reconstruct the image by directly using information from 
events, which significantly increases data processing effi-
ciency and can be used for fast diagnostic purposes. It recon-
structs the sinogram according to the following procedure:

• For every single carbon event, all the hits produced in 
the detector with energy above 10 MeV are selected as 
candidates.

• The initial "seed" position of the carbon event is deter-
mined according to the (T , �) of the beam.

• The histogram distribution of the number of hits in each 
layer at each coordinate is obtained.

• The layer where the peak point of the histogram is 
located is used as the endpoint of the carbon beam range 
at this coordinate.

The preprocessing of the data between the Monte-Carlo 
simulation and the reconstruction was performed using the 
Python Pandas library. Parallel computing enables the recon-
struction process to be executed within a reasonable amount 
of time. In this study, the mapping from detector space to 
sinogram space was performed in a way that yields the best 
image quality. Because the sinogram space is a grayscale 
image, each coordinate in the sinogram space must be filled 
with 1-dimensional data using the beam range informa-
tion, that is, WEPL. To transform the detector space into 
sinogram space, the data at the event and coordinate levels 
must be processed separately. All images under these three 

scenarios were reconstructed using the filtered back pro-
jection (FBP) algorithm with the Ramachandran-Lakshmi-
narayan (Ram-Lak) filter.

2.5  Phantom imaging

The performance of the simulated Hi'CT scanner was vali-
dated using CTP404 and CTP528 from the CATPHAN 600 
phantom (The Phantom Laboratory, Salem, NY, USA). All 
these phantoms were modeled in SolidWorks and trans-
ferred with CADMesh version 2.0.3, a CAD interface, to 
Geant4 [26]. The CTP404 module ( Φ = 15 cm, Height = 2.5 
cm) consists of eight cylindrical cavities with a diameter 
of 1.3 cm. The cavities are filled with different materials 
such as Teflon, Delrin, acrylic, polystyrene (PS), polymeth-
ylpentene (PMP), low-density polyethylene (LDPE), air, and 
water (Fig. 3 (top left)). The base material of the CTP404 
module is epoxy. The RSP evaluation of the reconstructed 
images was conducted using ImageJ version 1.46r, a Java-
based open-source image-analysis software [27]. The insert 
materials of the CTP515 module ( Φ = 15  cm, Height = 4   
cm) are muscle, eye lens, and bone, and the base material is 
adipose. The insert materials of the CTP515 module were 
modified to explore head and neck imaging possibilities. The 
insert material of the CTP528 module ( Φ = 15 cm, Height = 
4 cm) is aluminum, and the base material is epoxy.

The CTP528 line pair module provides 1 through 21 alu-
minum line pairs per centimeter, such that all patterns share 
the same distance from the center of the phantom. This mod-
ule was used to evaluate the spatial resolution measured in 
the phantom images reconstructed from the simulated data. 
For a quantitative comparison of the spatial resolutions, 
the modulation transfer function (MTF) was calculated for 
both cases using a custom script written in Python. For each 
of the line pair patterns with lp = 1–5, the average recon-
structed RSP of the aluminum peaks and the average RSP 
of the base material troughs were calculated. The MTF for 
each analyzed line-pair group was calculated using the fol-
lowing equation [28]:

where 
⟨
rp
⟩
 and ⟨rt⟩ are the mean RSP values of the alu-

minum and base within the region of a given line pair, 
respectively, and ⟨rAl⟩ and ⟨rb⟩ are the RSP values of the 
aluminum and epoxy base measured by the water phantom in 
the simulation, respectively. It is worth mentioning that for 
the given region of a line pair, a rectangular area of approxi-
mately 80% of the size of a line pair was selected within the 
boundaries of each insert, and the mean RSP and standard 
deviation were calculated using the standard ImageJ tool.

(7)MTF(lp) =

�
rp
�
− ⟨rt⟩

⟨rAl⟩ − ⟨rb⟩
,
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The CTP515 module consists of a series of cylindri-
cal rods of various diameters and three contrast levels 
to measure low-contrast performance. The 40-mm-long 
rods provide consistent contrast values at all z-axis posi-
tions, thereby avoiding volume-averaging errors. Because 
the original contrast of the rods (0.3, 0.5, and 1.0%) was 
significantly small to be visualized in the Hi'CT system, 
the materials in the rods were replaced by three different 
types of materials similar to the human body, resulting in 
density contrasts of 10.5, 12.6, and 94.7%, respectively.

3  Results

3.1  Tracking accuracy

Imaging reconstruction speed and quality are sensitive 
to the accuracy and stability of the tracking process. The 
imaging dataset of CTP404 at 0 ◦ was chosen as the can-
didate dataset to verify the tracking accuracy. Figure 4 
shows the difference in the number of stopping layers 
between the tracking and ideal cases. The good agreement 
of the calculation resulting in the accuracy of the tracking 
is more than 94%.

3.2  Image quality

Figure 5 shows the sinogram and the reconstructed image 
of the CTP404 module, which were used to evaluate the 
profile of the module. As shown in the image, eight cyl-
inders on the outer lane side and four rods are visible for 
the three different scenarios, whereas acrylic spheres with 
various diameters close to the center are indistinguishable. 
For image quality, particularly the edge sharpness of the 
cylinders, the image with the tracking algorithm is slightly 

Fig. 3  (Color online) Scheme of the CATPHAN 404 (top left), 528 (top right), and 515 (bottom) modules used in the image evaluation process. 
Note that the materials of inserts in the 515 module are customized
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Fig. 4  Histogram of the range difference between the ideal and track-
ing cases
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less than the ideal pure carbon track reconstruction but better 
than that of the fast-imaging algorithm. In all three cases, 
evident annular and strip-shaped artifacts can be observed, 
which are mainly because of using the center of the layer as 
the range position during the range calculation. These arti-
facts can also be observed in other modules (e.g., CTP528 
and CTP515).

3.3  RSP resolution

Although spatial resolution may have the greatest impact on 
how the image appearance, RSP resolution and accuracy in 
an Hi'CT system are more important for predicting the ion 
range for treatment planning. To calculate the RSP values 
of various materials, the diameter of the region of interest 
(ROI) in the reconstructed image was constrained to 64 pix-
els (corresponding to 11.38 mm on the image scale), which 
accounted for approximately 8% of the phantom diameter 

(150 mm). Table 3 lists the values of RSP measurements of 
the cylinders and rods in the CATPHAN 404 module.

Figure 5 shows three reconstructed images of the CTP404 
module using the ideal, tracking, and fast imaging algo-
rithms (no-tracking). From the image, it can be concluded 
that eight peripheral and four internal pillars can be clearly 
reconstructed; however, the internal low-density globules 
cannot be imaged. From the perspective of the structural 
integrity of the interpolator, the image quality of the track-
ing algorithm is significantly improved compared with the 
fast-imaging method and is close to the ideal situation. How-
ever, regarding the uniformity of the interpolated image, the 
fast algorithm is worse than the tracking algorithm on some 
high-density interpolated objects, such as Teflon.

The RSP resolution of the eight interpolations was 
evaluated by defining a circular ROI that covers a diam-
eter of approximately 8% of the image size. The results 
are shown in Table 3. The RSP resolution of the tracking 
algorithm can be lower than 1%. Although the effect of 

Fig. 5  Sinogram (upper row) 
and reconstructed image 
(bottom row) of the CTP404 
module under three scenarios: 
fast, tracking, and ideal cases 
(from left to right)

Table 3  RSP accuracy of the 
interpolatory materials in the 
CTP404 module

Material RSPref Ideal Tracking Fast

RSP Diff (%) RSP Diff (%) RSP Diff (%)

Air 0.00 0.075 – 0.083 – 0.063 –
PMP 0.89 0.884 −0.63 0.884 −0.72 0.912 2.43
LDPE 0.99 0.981 −0.86 0.983 −0.75 0.999 0.89
PS 1.05 1.040 −0.98 1.040 −0.94 1.068 1.74
Water 1.00 1.000 0.00 1.000 0.00 1.000 0.00
Acrylic 1.18 1.178 −0.19 1.179 −0.11 1.198 1.52
Delrin 1.38 1.391 0.83 1.388 0.55 1.407 1.97
Teflon 1.86 1.877 0.93 1.874 0.76 1.868 0.43
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the fast algorithm is slightly worse than that of the track-
ing algorithm, it benefits from the improvement of range 
measurement accuracy owing to the thin-layer design of 
the silicon pixel detector, which makes the RSP resolution 
of interpolators less than 2%, except for PMP.

Figure 5 shows the reconstructed images of the CTP404 
module using the simulated data. Table 3 lists the recon-
structed RSP values for the insertions into the module. 
The relative difference between the ideal and tracking RSP 
is below 1% for all materials, whereas the Fast RSP is 
below 2% for all materials except PMP. The difference 
between RSPref and Fast RSP for PMP is 2.43%, and the 
reconstructed RSP is in relatively good agreement with 
the expected value.

3.4  Spatial resolution

The spatial resolution of the system was evaluated using the 
CTP528 module. Figure 6 shows the carbon-ion tomogra-
phy image results of the CTP528 module under three condi-
tions: ideal, tracking, and fast imaging algorithms. It can be 
observed that the line-pair structure in the module can be 
completely reconstructed in all three cases. Figure 7 shows 
the MTF curve calculated for the first five groups of line 
pairs; the results of which agree well with the ideal situation, 
and both reach 20% at 5 lp/cm. The fast-imaging algorithm 
reaches approximately 10.5% points only at 3 lp/cm, owing 
to the range uncertainties caused by the interference of sec-
ondary particles.

The customized CTP515 phantom was used to evaluate 
density resolution. To simulate the main tissue materials of 

Fig. 6  Reconstructed image 
of the CTP528 module under 
three scenarios: fast, tracking, 
and ideal algorithms (from left 
to right)

Fig. 7  (Color online) MTF curves of the CTP528 module calculated using ideal, tracking, and fast algorithms
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the human head and neck, the base material of CTP515 is 
made of adipose tissue, and the three materials with differ-
ent densities are muscle, lens, and bone. Figure 8 shows the 
carbon-ion tomography image results of the CTP515 module 
under three conditions: ideal, tracking algorithm, and fast 
imaging. From a visual point of view, these three methods 
can better distinguish high-contrast tissues, such as bone and 
soft tissue. As the number of cases decreases, the tracking 
method exhibits more serious artifacts than the ideal case. 
The tracking algorithm can distinguish between muscles, 
adipose, and lens with similar densities to a certain extent. 
However, the fast algorithm cannot effectively reconstruct 
the geometric structure and image contrast.

4  Discussion

According to the results, both the tracking and fast algo-
rithms can perform complete imaging of the internal struc-
tures of the CTP404 and CTP528 modules. As an accurate 
algorithm, the tracking algorithm yields better imaging 
results than the fast algorithm. For RSP resolution, the 
RSP measurement accuracy of the tracking algorithm for 
different types of materials in the CTP404 phantom is 
less than 1%, which meets the clinical requirements for 
distance-to-agreement (DTA)<1% in proton heavy-ion 
imaging [29]. In terms of spatial resolution, because the 
secondary particles in the fast-imaging algorithm increase 
the uncertainty of the algorithm, the tracking algorithm 
was used to achieve a 20% normalization MTF value of 
CTP528 imaging results at 5 lp/cm, which is significantly 
better than the spatial resolution of the fast-imaging algo-
rithm (10.5% at 3 lp/cm). To verify the imaging effect of 
the detection system on the main materials of human tis-
sues, the CTP515 custom phantom composed of the main 
tissue components of the head and neck was used to evalu-
ate the density resolution, which is approximately 10.5% 
for the tracking algorithm. On the one hand, owing to the 
influence of artifacts and noise, the edge sharpness of the 
inserts in the module decreases. On the other hand, owing 
to the low number of effective cases after case selection, 

the detection ability of low contrast is reduced. However, 
it is worth mentioning that this study used only the most 
basic FBP algorithm with GPU acceleration to evaluate 
the intrinsic performance of the images. The impact of 
different types of algorithms on the image reconstruction 
quality will be discussed in future work.

Fast mode bypassed the tracking process and used the 
peak position of the raw-fired pixel hit count distribution to 
approximately locate the peak position of the Bragg peak. 
As a result, This algorithm led to a significant reduction in 
the reconstruction speed by a factor of 10, whereas the error 
remained within acceptable limits. The fast mode is impor-
tant for clinical applications and can be used to prescan 
patients. Because the fast mode is based on a different idea 
than the tracking algorithm, the optimization of the algo-
rithm is also different from that of the tracking algorithm, 
which will be discussed in future work.

From the reconstruction perspective, the current recon-
struction process may still be two orders of magnitude 
slower than X-ray reconstructions because of the low effi-
ciency of the data preselection and tracking process, which 
is still far from the clinical requirement of 5 min. However, 
this problem can be solved by optimizing the tracking and 
reconstruction algorithms, and increasing the computing 
power in parallel. Moreover, introducing an iterative recon-
struction algorithm can further reduce the required number 
of scanning angles, reduce artifacts, and potentially decrease 
the dose to the patient. Overall, the results presented in this 
study require experimental validation, and further improve-
ments are likely to be made based on these experimental 
results.

The quality of the reconstructed image is affected by strip 
and ring artifacts. Annular artifacts are mainly caused by 
multiple strip artifacts, whereas strip artifacts may be mainly 
because of the paragraph type detection structure causing 
the discreting of range definition. Although artifacts do not 
have a significant impact on the differentiation of the main 
structures in the phantom, they lead to a decrease in the 
RSP evenness and edge sharpness for different structures in 
the phantom. Reducing the influence of artifacts on imaging 
quality will be discussed in future research.

Fig. 8  Reconstructed image of 
the customized CTP515 module 
under three scenarios: fast, 
tracking, and ideal algorithms 
(from left to right)
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5  Conclusion

In this study, a compact digital heavy-ion tomography sys-
tem Hi'CT based on multilayer MAPS pixel sensors was pro-
posed and evaluated under a 430-MeV/u clinical carbon-ion 
pencil beam in Geant4. Consistent with past literature, this 
study demonstrated that the Hi'CT system can be designed 
with high stopping power accuracy. Benefitting from the 30 
μ m × 30 μ m small pixel pitch size, the detector can accu-
rately reconstruct the carbon-ion tracks before and after pen-
etrating the object to be imaged, which is used to solve the 
range uncertainty problem caused by the use of traditional 
X-ray CT in heavy-ion planning. In the simulation, carbon-
ion tracking and fast algorithm were established. Two stand-
ard modules (CTP404 and CTP528) from the CATPHAN 
600 series and a customized CTP515 module using human 
tissue-like materials were used for tomography based on the 
FBP method and compared with the ideal situation of elimi-
nating secondary particle interference.
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