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A B S T R A C T

Traditional single-photon emission computed tomography (SPECT) systems exhibit a tradeoff between spatial 
resolution and sensitivity because of the use of mechanical collimators. To address this issue, this paper proposes 
a collimator-free SPECT detector design based on a staggered multilayer grid scintillator array, to enable image 
reconstruction without requiring conventional mechanical collimation. Based on the experimental and simula
tion results, the system parameters were evaluated and a practical configuration incorporating 25 mm-long 
elongated scintillators, 6 mm-thick grid layers, and 40 mm layer spacing was established. To preliminarily assess 
the clinical-scale system performance, a clinical-scale system featuring a 15-detector annular array with a 300 
mm rotation radius was simulated to emulate realistic cardiac SPECT imaging conditions. The results demon
strated that the system had a 0.76% detection efficiency on a clinical scale (compared to 0.1% for conventional 
SPECT), successfully resolving point sources spaced 2 mm apart. The cylinder model imaging results demon
strated that the mean activity recovery coefficient (ARC) of the reconstructed images for each cylinder was 
between 0.5 and 0.6. This preliminary result validates the feasibility of a collimator-free SPECT system and lays 
the foundation for further improvements in reconstruction accuracy. The proposed approach offers a potentially 
viable solution for concurrently enhancing spatial resolution and detection sensitivity in SPECT systems, with 
promising applications in myocardial perfusion imaging.

1. Introduction

Coronary artery disease (CAD) is one of the leading causes of mor
tality worldwide, accounting for approximately 17.8 million deaths 
annually (Brown et al., 2023). Ischemic heart disease (IHD), the pre
dominant pathological manifestation of CAD, poses a significant threat 
to human health. Myocardial perfusion imaging (MPI) has emerged as a 
vital diagnostic modality for CAD evaluation because of its noninvasive 
nature and functional assessment capabilities. As a principal MPI tech
nique, single-photon emission computed tomography (SPECT) myocar
dial perfusion imaging has become the gold standard for CAD diagnosis 
in developed nations owing to its distinctive diagnostic merits. SPECT 
MPI demonstrates an average sensitivity of 86% and a specificity of 74% 

in detecting coronary artery stenosis with greater than 50% probability 
(Gheisari et al., 2025), providing critical evidence for risk stratification 
and therapeutic decision-making in CAD patients. According to the 2024 
National Nuclear Medicine Status Survey results, cardiovascular imag
ing accounted for 4.6% of SPECT imaging in China in 2023 (Wang et al., 
2025). Although this percentage is low, cardiovascular imaging still 
plays an irreplaceable role in clinical practice because of its unique value 
in diagnosing and assessing the prognosis of coronary heart disease.

Traditional dual-probe SPECT systems typically employ thallium- 
doped sodium iodide (NaI(Tl)) scintillator crystal detectors coupled 
with parallel-hole collimators. However, these systems can only achieve 
a spatial resolution of 10-15 mm and a detection efficiency of 0.01- 
0.02% due to the physical limitations of parallel-hole collimators (Chua 
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et al., 2006). This limits their use in myocardial perfusion imaging ap
plications. To overcome these technical constraints, next-generation 
dedicated cardiac SPECT systems utilize multi-pinhole collimators and 
cadmium zinc telluride (CZT) semiconductor detector technology 
(Bocher et al., 2010; Dorbala et al., 2018; Erlandsson et al., 2009; Hutton 
et al., 2018), substantially improving system performance and 
enhancing the spatial resolution to 5 - 8 mm. Representative products 
include Spectrum Dynamics D-SPECT and GE Discovery NM 530c sys
tems (Ma et al., 2023). Although CZT detectors dramatically improve the 
imaging quality, their high manufacturing costs hinder their widespread 
adoption.

Additionally, conventional SPECT systems rely on mechanical colli
mators for spatial resolution, which have inherent design limitations. 
Collimators create an irreconcilable tradeoff between system sensitivity 
and spatial resolution, such that improving spatial resolution requires 
reducing the collimator aperture size, which substantially diminishes 
system sensitivity; conversely, increasing the aperture size enhances 
sensitivity at the expense of degraded spatial resolution. Current data 
indicate that the majority of contemporary cardiac SPECT systems have 
detection efficiencies ranging from 0.01 to 0.1% with spatial resolution 
exceeding 5 mm (Patton et al., 2007; Slomka et al., 2014). To address 
this issue, Ma et al. (2021) proposed the self-collimation concept. This 
concept replaces part of the physical collimator with spatially distrib
uted sensitive detectors, thereby improving the sensitivity and spatial 
resolution of the system.

Inspired by the self-collimation principle, this manuscript proposes a 
collimator-free SPECT detector. A feasibility study was conducted to 
assess its potential in clinical applications. The investigation focused 
primarily on validating its capability for three-dimensional imaging 
while also examining the influence of key structural parameters on 
detection efficiency and spatial resolution.

2. Materials and methods

2.1. System architecture

The proposed system incorporates a multilayer grid architecture 
comprising orthogonally oriented elongated scintillators. Successive 
layers are laterally offset, producing layer-specific variations in the 
photon detection profiles, thereby enabling collimator-free imaging. 
Pronounced layer-specific variations in photon detection profiles re
quires ensuring that the grid layers have an appropriate thickness while 
incorporating a densely arranged scintillator array with an adequate 
thickness behind the final grid layer. The thickness of this array should 
exceed that of the preceding grid layers to ensure that the system 
maintains sufficient detection efficiency. Notably, an excessive thickness 
of the anterior grid modules results in significant photon absorption, 
substantially diminishing the detectable photon flux in subsequent 
modules and degrading the layer-specific variations in photon detection 
profiles.

For a proof-of-concept evaluation, a six-module detector assembly 
was designed (Fig. 1a and b). For the first five modules, a grid config
uration (Fig. 1c) was adopted, whereby adjacent scintillator layers were 
displaced laterally by 1 mm. Each grid module consists of two parts: the 
first part features three sets of scintillators arranged horizontally at 
equal intervals, with 5 mm spacing between adjacent sets; the second 
part comprises three sets of scintillators arranged vertically at the same 
intervals, thereby forming an orthogonal grid structure with air gaps. 
The sixth module consists of a densely packed array of 25 scintillators 
per layer, arranged side by side without any gaps, and the total number 
of layers is determined based on the scintillator thickness optimization 
results described in Section 3.1. Additionally, the modules maintain a 
specific vertical spacing, and the cross-sectional dimensions of single 
scintillator are 1 mm × 1 mm.

Notably, an excessive thickness of the anterior grid modules results 

Fig. 1. (a) Three-dimensional schematic of the collimator-free SPECT detector architecture. (b) Front view of the collimator-free SPECT detector architecture with 
the optimized parameters annotated. (c) Schematic diagram of grid structure. (d) Schematic diagram of photon detection, with two grid modules shown for illus
trative purposes.

X. Yang et al.                                                                                                                                                                                                                                    Radiation Measurements 193 (2026) 107631 

2 



in significant photon absorption, substantially diminishing the detect
able photon flux in subsequent modules and degrading the layer-specific 
variations in photon detection profiles.

Unlike conventional SPECT systems, this configuration eliminates 
the need for mechanical collimators, allowing photon counts from all 
detector positions to contribute to the reconstruction (Fig. 1d). Spatially 
resolved photon counts within a single detection plane exhibit charac
teristic variations because of the transverse misalignment of the grid 
layers, particularly in Modules 1 and 2.

Based on the aforementioned principles, the system architecture 
constructed within the GEANT4 Monte Carlo toolkit (version 11.0.2) 
(Agostinelli et al., 2003; Allison et al., 2006, 2016) is illustrated in 
Fig. S1 (Supplementary material). A circular structure comprising fifteen 
detectors was established to record events with deposited energies 
ranging from 137 to 140 keV. During subsequent data processing, a 
Gaussian broadening was applied to the deposited energy values. The 
physics list employed in the simulations was QGSP_BERT, with all 
electromagnetic production cuts and transport thresholds kept at the 
default values provided by Geant4. This study did not activate optical 
processes, focusing primarily on key physical interactions such as pho
toelectric effects and Compton scattering of gamma rays within the 
detectors. Given that the study emphasizes the detector configuration, 
external factors such as the walls, floor, bed, and human models in the 
actual clinical environment, were not incorporated into the simulation.

2.2. Imaging principle

Images were formed by constructing a system response matrix that 
accurately modeled these spatial variations, followed by an iterative 
reconstruction using the maximum-likelihood expect
ation–maximization (MLEM) algorithm. The MLEM algorithm formula 
(Lange and Carson, 1984) is provided in Eq (1): 

f
(k+1)
j =

f
k
j

∑n
i=1aij

∑n

i=1

gi
∑m

j́ =1aij; fj́
(k)aij (1) 

where aij denotes the probability that a photon emitted from pixel j is 

detected by pixel i, and gi denotes detection t pixel i, where f (0) can be 
either a homogeneous value or a value obtained by a simple back- 
projection (SBP) algorithm. In this study, an analytical modeling 
method (Yu et al., 2016) was used to calculate aij (Fig. S2 (Supple
mentary material)), and the formula is given by Eq (2) as follows: 

aij =
Ωij

4π*e−
∫ Le

Ls
μ(l)dl (2) 

where, j denotes a pixel in the imaging space, and i denotes a pixel in the 
detector space. Ls represents the center position of a pixel in the imaging 
space, while Le represents the center position of a pixel in the detector 
space. μ is the linear attenuation coefficient of the material for photons 
at a given energy. aij indicates the probability that pixel j in the imaging 
space is detected by pixel i in the detector space. Ωij denotes the solid 
angle subtended by imaging space pixel j relative to detector space pixel 
i.

The MLEM iterative algorithm used in this study requires at least 350 
iterations. To further demonstrate that this number of iterations is 
necessary for convergence, the sum of absolute differences between the 
reconstruction results of the current iteration and the previous iteration 
across all pixels, ΔVj in Eq (3), is computed(Goulet et al., 2013). 

ΔVj =
∑

i

⃒
⃒
⃒Vj

i − Vj− 1
i

⃒
⃒
⃒ (3) 

where i the pixel number in the reconstructed image, j is the iteration 
number. The stopping criterion employed in this work was either (1) ΔV 
reaches a plateau (i.e., it does not decrease with further iterations), or 

(2) ΔV reaches a value below 0.05. Fig. S3 (Supplementary material) 
also presents the variation of ΔV with the number of iterations in this 
study. also presents the variation of ΔV with the number of iterations in 
this study.

2.3. Geometrical optimization of the detector system

According to Section 2.1, the geometric parameters that must be 
determined for the detector architecture designed in this study are the 
thickness of each module, length of the scintillator, and spacing between 
neighboring grid layers. Among these, the thickness of the grid layers 
and the spacing between adjacent grid layers are determined through 
computational simulation, while the scintillator length is established 
based on experimental measurements.

The thickness of each module was determined by analyzing the 
photon attenuation characteristics of lutetium yttrium oxyorthosilicate 
(LYSO), for γ-ray energies of 140, 364, and 511 keV, using data from the 
National Institute of Standards and Technology (NIST). LYSO scintilla
tors offer notable advantages, including high density, high light output, 
and non-hygroscopicity (Nakanishi et al., 2017). Furthermore, based on 
the attenuation characteristics, the thickness of the entire detector can 
be determined, which in turn can be used to determine the thickness of 
each module.

The superior detection performance of LYSO supports reliable mea
surements using a single elongated scintillator. Therefore, the elongated 
scintillator length was determined by comparing the energy resolution 
across different lengths of LYSO (Epic Crystal Company) in the experi
mental measurements. As shown in Fig. 2a, the scintillators had lengths 
of 20, 25, 40 mm, and end surfaces of 1 × 1 mm2. All scintillators were 
wrapped with 0.2 – 0.5 mm BaSO4 reflective layers and featured opti
cally polished end surfaces.

The experimental setup, illustrated in Fig. 2b, utilized a dual-ended 
readout configuration. NDL EQR15-11-3030D-S Silicon Photo
multipliers (SiPMs; Novel Device Laboratory, Beijing, China), featuring 
an active area of 3.0 × 3.0 mm2, were optically coupled to the polished 
ends of single scintillator bar. The resulting analog signals were digitized 
using a four-channel data acquisition module (TOFTEK DAQBOX-4- 
125M). Energy resolution was characterized using a99mTc source (20 – 
24 μCi) placed at various positions along the scintillator (Fig. 2c). Data 
were acquired for 15 s at each position, yielding count rates between 
approximately 1.0 × 104 and 1.5 × 104 counts per second (cps). Each 
trigger event recorded a timestamp and two integrated energy values; 
these data were subsequently used to reconstruct the energy spectra and 
calculate energy resolution.

To determine the spacing between neighboring grid layers in the 
detector, different grid-layer spacings (30, 40, 50, and 60 mm) were 
configured to evaluate the imaging performance of various structures. 
Two types of point source distributions were simulated: (1) A dual-point 
source model, consisting of two point sources spaced 2 mm and 3 mm 
apart, was used to assess the system's resolution capability for closely 
positioned sources. (2) A three-point source model was employed to 
simulate complex multisource distributions, and the three point sources 
were distributed at right angles, with 3 mm of spacing between neigh
boring sources. For both configurations, a total of 8 × 109 particles were 
simulated, with identical activity assigned to each source.

2.4. Data processing and performance evaluation

In this study, contrast-to-noise ratio (CNR) was used to evaluate the 
performance of the point source reconstruction results, and the ARC was 
used to evaluate the effectiveness of the system on the cylinder-model 
reconstruction results. The Figure of Merit (FOM) is used to evaluate 
the spatial resolution and reconstruction accuracy of the system.

The CNR is defined as the ratio of the signal intensity difference to 
noise level in an image (Hendrick and Hendee, 2008; Rodriguez-Molares 
et al., 2020) and is calculated as follows: 
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CNR=
|μi − μbk|

σ (4) 

where μi denotes the mean value of the pixels in the region of interest 
(ROI); μbk denotes the mean value of the pixels in the background region; 
and σ denotes the standard deviation of the background region. The ROI 
did not include pixels at the edge positions near the radioactive source, 
whereas the background region included edge pixels and pixels in other 
nonradioactive regions.

The ARC is defined as the ratio of the reconstructed to the true ac
tivity value (Leube et al., 2024; Vergnaud et al., 2023), calculated as 
follows: 

ARC=
Areconstruction

Atrue
(5) 

where Areconstruction represents the total reconstructed activity within the 
region of interest (ROI), and Atrue represents the true activity. In this 
study, the reconstructed activity was obtained by multiplying the image 
pixel values by a calibration factor derived from point source re
constructions performed under identical geometric and acquisition 
conditions as the cylinder models. For each point source, the calibration 
factor was calculated as the ratio of its preset true activity to the sum of 
pixel values in its ROI. The final calibration factor used in this study, 
derived from averaging the calibration factors calculated from multiple 
point source reconstruction results, is 0.74. Based on this calibration 
relationship, the reconstructed activity estimate was calculated by 
summing pixel values within the ROI in the reconstructed image. This 
value was then compared with the true activity set in the simulation to 
determine the ARC for the reconstructed image.

The FOM is defined as the ratio of the center-to-center distance be

tween the two reconstructed sources to the sum of their full widths at 
half maximum (FWHMs) (Zhai and Li, 2019), expressed by the formula: 

FOM=
dcc

FWHM1 + FWHM2
(6) 

where, dcc is the center-to-center distance between the two recon
structed sources, while FWHM1 and FWHM2 denote the full width at half 
maximum of source 1 and source 2, respectively.

Furthermore, the energy resolution (ER) is often expressed as a 
percentage and evaluated using the following formula (Gunaratna 
Mudiyanselage et al., 2024), which is also adopted in this study for 
calculating the energy resolution. 

ER=
FWHM
Epeak

(7) 

where Epeak is the energy of the photopeak.

3. Results

3.1. Impact of the thickness of each module

As shown in Fig. 3a, the LYSO scintillations exhibited significant 
attenuation characteristics for gamma rays at 140, 364, and 511 keV. 
Due to its high density, the attenuation efficiency for γ-rays at these 
energies exceeds 90% when the thickness reaches 40 mm. Further 
thickness increases did not result in a significant improvement in γ-ray 
attenuation; therefore, the overall thickness of the system structure was 
set to 40 mm. As discussed in Section 2.1, a grid module with consistent 
thickness enhances the layer-specific photon detection profiles; 

Fig. 2. (a) LYSO scintillators with lengths of 20, 25, and 40 mm and (b) Experimental equipment used in the experiment. (c) Experimental set-up for energy res
olution measurements.
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however, the thickness must remain moderate to avoid compromising 
the overall performance. The total thickness of the system architecture 
was 40 mm and comprised five grid-layer modules and one dense 
scintillator array module. Accordingly, each grid-layer module was 
assigned a thickness of 6 mm, and the thickness of the sixth module was 
set to 10 mm.

3.2. Impact of scintillator length

Fig. 3b presents the measured energy resolution of the LYSO scin
tillator, utilizing a99mTc source, across various irradiation positions. 
Systematic measurements were limited to the 20 mm and 25 mm scin
tillators. For the 40 mm length, measurable photopeak were absent in 
the acquired spectra (Fig. S4 (Supplementary material)), which is 

Fig. 3. (a) Attenuation characteristics of the LYSO scintillator at different energies. (b) Energy resolution results of 99mTc source irradiation at different position of 
LYSO scintillators.

Fig. 4. Reconstructed images of point sources under a layer spacing of 60 mm. (a) two point sources 2 mm separation; (b) two point sources 3 mm separation; (c) 
three point sources, with the distance between each adjacent pair of points being 3 mm.
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attributed to severe optical attenuation over the longer path leading to 
critically low effective photoelectron counts at the SiPMs. The mea
surement results indicate that the difference in energy resolution be
tween the two scintillator lengths is relatively small, with the average 
energy resolution for the 20 mm scintillator being 25.69% and that for 
the 25 mm scintillator being 23.31%. These results are generally 
consistent with the performance levels reported in existing studies 
(Nakanishi et al., 2017; Wei et al., 2020). Based on the energy resolution 
results and considering the effective detection area requirements in the 
current detector design, adopting a 25 mm long scintillator allows for a 
larger detection area while maintaining comparable energy resolution 
performance. Therefore, after comprehensive evaluation, a scintillator 
length of 25 mm was ultimately selected for this study.

3.3. Impact of grid layer spacing

The reconstruction results (Fig. S5–S7 (Supplementary material)) 
indicate that increasing the inter-layer spacing of the grid contributes to 
improved imaging quality. Fig. 4 shows the reconstruction results of 
three configurations of point sources under a layer spacing of 60 mm. In 
the three-point-source model, despite identical activity settings for all 
sources, the reconstructed activity estimate for the centrally located 
source 1 appeared significantly higher, a phenomenon primarily 
attributable to reconstruction artifacts. In contrast, the weaker recovery 
observed for source 2 and source 3, positioned at the edge of the imaging 
field, resulted from degraded geometric sensitivity and incomplete 
projection data, exacerbated for source 3 by its spatial offset from the 
axis of rotation. Source 2, aligned with the rotation axis, maintained 
relatively superior data integrity, leading to better reconstruction per
formance compared to source 3.

Quantitative analysis further substantiates the aforementioned 
trend. For the dual-point source with a 3 mm separation (Fig. 5b), as the 
layer spacing increases from 30 mm to 60 mm, the CNR of source 1 and 
source 2 improves from 3.92 and 4.23 to 6.42 and 6.54, respectively. 
Concurrently, the average FWHM decreased from 1.78 (±0.05) mm to 
0.90 (±0.04) mm, and the average FOM increased from 0.86 (±0.01) to 
1.66 (±0.08) (Table 1).

In the more demanding case of 2 mm-spaced point sources, enlarging 
the layer spacing similarly led to pronounced enhancements in imaging 
performance: the CNR values of two sources rose from 4.41 and 4.63 to 
6.83 and 7.03 (Fig. 5a), the average FWHM was reduced from 1.77 
(±0.05)mm to 0.78(±0.05)mm, and the average FOM improved sub
stantially from 0.57(±0.01) to 1.33(±0.08) (Table 2). Consistent with 
these results, the three-point-source model exhibited the same tendency, 
with the CNR of all sources showing progressive improvement as the 
spacing was widened (Fig. 5c).

Overall, increasing the detector spacing improved the significance of 
the counting difference and optimized the spatial resolution. For 140 
keV gamma rays, a spacing of at least 40 mm is required to achieve a 
higher spatial resolution.

3.4. Preliminary evaluation in coronary artery disease imaging

A 15-detector circular array with a 300-mm rotation radius was 
constructed to evaluate the applicability of the system in clinical cardiac 
SPECT scenarios (Fig. 6). The grid-layer spacing in the detectors was set 
to 40 mm.

In the simulations, only the geometric setup is simulated, and a 
human model is not included in the simulation. The simulation objects 
consist of two categories: point sources and cylinder models. For point 
source simulations, two spatial distributions were configured: one with 
dual point sources spaced 2 mm apart, and another with dual point 
sources spaced 3 mm apart. For cylinder model simulations, two geo
metric configurations were established: the first is a dual-cylinder model 
with a center-to-center distance of 10 mm between the two cylinders; 
the second is a four-cylinder model, in which the vertical center spacing 
between adjacent cylinders is 10 mm and the horizontal center spacing 
is 14 mm. All cylinders share identical dimensions, with a length of 10 
mm along the x-axis and a radius of 2 mm. The total number of emitted 
particles in all the above simulations was set to 8 × 109.

At the clinical geometric scale, the system can clearly distinguish 
point sources separated by 2 mm and 5 mm, demonstrating favorable 
spatial resolution. (Fig. 7a and b). The corresponding CNR are shown in 
Fig. 7c. All CNR values exceed 5, which is typically considered accept
able for routine image quality. Collectively, these results validate that 
the proposed collimator-free SPECT architecture can achieve effective 
radioisotope source imaging at clinically relevant dimensions.

The imaging results of the cylindrical models are shown in Fig. 8
(two cylinders) and Fig. 9 (four cylinders). Combined with the 3D 
reconstruction results (Fig. 8a and 9a), the shape of the cylinders can be 
preliminarily identified, though certain discrepancies remain compared 

Fig. 5. CNR variations with error bars (representing standard error) for different source configurations: (a) dual-point sources with 2 mm separation, (b) dual-point 
sources with 3 mm separation, and (c) three-point sources.

Table 1 
FWHM and FOM for dual-point sources with 3 mm separation.

Spacing Source 1 
(FWHM/ 

mm)

Standard 
Error

Source 2 
(FWHM/ 

mm)

Standard 
Error

FOM Standard 
Error

30 mm 1.78 0.05 1.73 0.05 0.86 0.01
40 mm 1.35 0.03 1.38 0.05 1.10 0.03
50 mm 1.15 0.07 1.17 0.05 1.29 0.04
60 mm 0.90 0.04 0.93 0.05 1.66 0.08

Table 2 
FWHM and FOM for dual-point sources with 2 mm separation.

Spacing Source 1 
(FWHM/ 

mm)

Standard 
Error

Source 2 
(FWHM/ 

mm)

Standard 
Error

FOM Standard 
Error

30 mm 1.77 0.05 1.75 0.06 0.57 0.01
40 mm 1.40 0.04 1.32 0.05 0.73 0.01
50 mm 1.15 0.05 1.17 0.05 0.86 0.02
60 mm 0.78 0.05 0.75 0.05 1.33 0.08

X. Yang et al.                                                                                                                                                                                                                                    Radiation Measurements 193 (2026) 107631 

6 



to their actual geometry. To further evaluate the reconstruction performance, cross-sectional visualizations along the three main axes 

Fig. 6. Schematic of SPECT under clinical geometric conditions.

Fig. 7. Reconstruction results of dual-point source models with spacings of (a) 2 mm and (b) 5 mm. (c) CNR with error bars (representing standard error) for dual- 
point source models with 2 mm and 5 mm separation.
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were performed for both models, as presented in Figs. 8 and 9, where (b) 
denotes the x-section, (c) denotes the y-section, and (d) denotes the z- 
section. For the cylinder with a height of 10 mm along the x-axis, the 
center position in the x-section aligns closely with the actual location. 
For the cylinder with a height of 10 mm along the x-axis, the center 
position in the x-section largely matches the actual location. Further
more, the ARC values of the cylinders shown in Fig. 10, ranging between 
0.5 and 0.6, serve as preliminary evidence that validates the feasibility 
of reconstructing volumetric sources using the proposed collimator-free 
structure. Nevertheless, the reconstruction quality still requires further 
improvement.

Furthermore, on a clinical scale, this system demonstrates a detec
tion efficiency of 0.76% (Table 3), representing an approximately 7.6- 
fold improvement over those of conventional SPECT systems (≤0.1%).

4. Discussion

The study proposes a collimator-free SPECT structure with staggered 
multi-layer grid detector arrays. With this design, significant differences 
in the photon counts were detected by different grid detectors, which 

enabled the distribution of the radioactive source to be determined. 
Imaging results from the point source and cylinder models demonstrated 
that the proposed system can resolve point sources with 2-mm separa
tion while achieving 0.76% sensitivity. These results verify the feasi
bility of the proposed collimator-free structure and demonstrate 
performance improvements to a certain extent compared to traditional 
SPECT. Compared with the self-collimating SPECT prototype developed 
by Tsinghua University (Ma et al., 2021), the present simulation results 
still show a gap in spatial resolution. The prototype system from 
Tsinghua University achieves a spatial resolution of 0.3 mm, which is 
attributed primarily to its implementation of combined translational and 
rotational motion of the imaging object. This methodology has been 
employed in several PET and SPECT studies. (Yan et al., 2013; Zeraatkar 
et al., 2020).

While the current system is capable of imaging three-dimensional 
structures, analysis across different cross-sections indicates that sub
stantial room for improvement remains in reconstruction quality. In this 
study, all detectors rotate around a fixed axis—a design that exhibits 
certain limitations compared to existing dedicated cardiac SPECT sys
tems such as the GE NM 530c and the Spectrum Dynamics D-SPECT 

Fig. 8. Reconstruction results of the two-cylinder model: (a) three-dimensional reconstruction, (b) x-section, (c) y-section, (d) z-section.

Fig. 9. Reconstruction results of the four-cylinder model: (a) three-dimensional reconstruction, (b) x-section, (c) y-section, (d) z-section.
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(Nakano, 2016). In those systems, each detector can perform fan-beam 
scanning around its own axis, thereby acquiring multi-view data 
simultaneously from a single angular position. This configuration 
markedly improves imaging sensitivity and reconstruction accuracy, 
suggesting that significant potential still exists for optimizing 
multi-angle data acquisition and reconstruction algorithms in the pre
sent system. Subsequent research will focus on further optimizing the 
detector sampling strategy, such as translating the object being 
measured or shifting the rotation axis of the detector, to acquire more 
sampling information.

The calibration method used in this study for calculating the ARC 
provides a practical benchmark for the preliminary quantitative 
assessment of the reconstructed image quality. Future work will focus on 
enhancing the system's intrinsic quantitative accuracy by optimizing the 
reconstruction algorithm, such as developing more accurate system 
matrix models, accounting for photon scattering, and incorporating 
attenuation corrections. The ultimate goal is to reduce reliance on 
calibration factors.

Additionally, the simulations in this study were conducted under 
relatively idealized assumptions with a primary focus on the energy 
deposited in the scintillator and the assumption that the light output is 
proportional to the deposited energy. However, previous studies have 
experimentally and numerically investigated the impact of scintillation 
non-proportionality on detector performance (Breitenmoser et al., 2023; 
Cano-Ott et al., 1999; collaboration et al., 2024; Valentine and Rooney, 
1994), and have reported that gadolinium aluminum gallium garnet 
(GAGG) scintillator exhibits good proportional response in the energy 
range from 260 keV to 435 keV (Kaewkhao et al., 2016). Given that this 
study focuses on the 140 keV energy, future research can build upon 
existing findings to further analyze the scintillation non-proportionality 
characteristics of LYSO scintillators in similar energy ranges and make 
appropriate corrections to simulation results.

In addition to the intrinsic response characteristics of the scintillator, 
simplifying the optical transmission and detection processes is another 

idealized assumption in this simulation. This consideration stems partly 
from computational cost concerns. As Nishikido et al. (2005) noted in 
their study, incorporating the generation, transmission, and detection of 
optical photons into the simulation would consume enormous compu
tational resources. This simplification may somewhat overestimate 
certain system properties, such as detection efficiency, while neglecting 
the actual effects of optical interfaces. Future work will progressively 
incorporate optical transmission models during modular verification to 
more accurately assess system performance. On the other hand, the 
overarching objective of this study is to conduct a preliminary feasibility 
study. This simulation approach, which focuses on core detector com
ponents while simplifying the external environment, has precedents in 
SPECT-related simulation research (Chen et al., 2017; Dong et al., 2018; 
Feng et al., 2025; Van Audenhaege et al., 2013). For instance, numerous 
studies primarily evaluate collimator and detector performance without 
considering other complex factors. In practice, photon scattering and 
attenuation from surrounding environment do influence detector 
counting rates. Further investigation into these effects will be under
taken in subsequent research.

For the LYSO scintillator, its inherent background radiation does 
indeed exert a certain influence on the detection of 140 keV radiation. 
However, several existing studies on gamma camera simulation and 
development for SPECT applications have indicated that image contrast 
degradation due to LYSO's background counts is not critical for gamma 
cameras used in SPECT (Aguiar et al., 2012; Deprez et al., 2013; Liang 
et al., 2009; Lois et al., 2010). Consequently, the influence of back
ground radiation will be systematically investigated and evaluated in 
subsequent prototype-stage experiments.

As outlined in Section 2.1 of this paper, the current findings are 
based on relatively idealized conditions, with the complete optical 
transport and electronics processes not being simulated. This approach 
was taken because the primary focus of the present work lies in the 
optimized design of the detector itself and in validating the feasibility of 
the proposed imaging concept. It should be noted that the performance 
evaluation in this study is based on idealized simulation conditions. In 
practical applications, errors introduced by low count rates and complex 
physical effects (such as scattering, attenuation, and statistical noise) 
will result in a decrease in system performance (e.g., ARC, CNR, spatial 
resolution) compared to the theoretical estimates reported here. In 
future prototype experiments, factors such as electronic noise, energy 
thresholds, signal pile-up, and dead-time effects will be incorporated to 
enable a more comprehensive evaluation of system performance.

For prototype validation, subsequent efforts will prioritize the 
following research directions: dual-ended SiPM readout and front-end 
electronics design; signal processing and calibration workflows (e.g., 
energy-spectrum normalization, peak-shift compensation, scatter 
correction); development of dedicated control and data-management 
software; and depth-of-interaction correction along with image-quality 
enhancement. These engineering and calibration-oriented studies will 
form the core of the next phase, aimed at advancing the imaging concept 
from proof-of-principle toward a realizable prototype system.

The collimator-free SPECT structure proposed in this study elimi
nates the need for a traditional mechanical collimator while retaining 
essential components such as the detector, photomultiplier tubes 
(PMTs), and back-end electronic systems (Celler and Spectrometry, 
2010). Although this design removes the collimator section, the detector 
structure itself becomes more complex, which may lead to a certain 
increase in system cost. Nevertheless, this approach offers a feasible 
technical pathway for simultaneously improving system sensitivity and 
spatial imaging resolution. Compared to Compton cameras, which 
similarly require no mechanical collimator, the two designs differ in 
imaging mechanisms and applicable energy ranges. Compton cameras, 
based on electronic collimation principles, are typically suited for 
medium-to-high energy gamma-ray imaging (Roser et al., 2021). In 
contrast, the proposed structure is optimized primarily for low-energy 
gamma photons (e.g., 140 keV), demonstrating relatively better 

Fig. 10. ARC values with error bars (representing standard error) for the two- 
cylinder and four-cylinder models on a clinical scale.

Table 3 
Detection efficiency of the system on a clinical scale.

Two-cylinder model Four-cylinder model

Number of particles emitted 8 × 109 8 × 109

Number of particles detected 61,045,070 61386028
Detection efficiency 0.76% 0.77%
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imaging performance within this energy range. Furthermore, image 
reconstruction for Compton cameras is notably challenging due to the 
complexity of the algorithms involved (Kishimoto et al., 2017; Rigaud 
and Hahn, 2021). In comparison, the reconstruction method adopted in 
this study maintains reasonable imaging quality with reduced 
complexity, though further investigation is still needed to enhance al
gorithm robustness and computational efficiency. Certainly, both the 
collimator-free SPECT and the Compton camera are promising imaging 
technologies, which remain under active research and continuous 
optimization.

5. Conclusion

In this study, a mechanical collimator-free SPECT detector design is 
proposed. The implementation of a staggered multi-layer grid detector 
array configuration allowed the system to achieve a 2 mm spatial res
olution and 0.76% detection efficiency at 140 keV photon energy, rep
resenting significant improvements over conventional SPECT systems. 
Through experiments and an optimized design, the use of a 25 mm-long 
inorganic scintillator and 40 mm layer spacing can substantially 
improve photon detection efficiency while ensuring good energy reso
lution. The activity distribution of the cylindrical mode was recon
structed in simulations. Compared to conventional SPECT, this design 
provides a solution that simultaneously improves spatial resolution and 
sensitivity and is expected to play an important role in the early diag
nosis of coronary heart disease and efficacy assessments in the future.
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