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Introduction

Preclinical Positron Emission Tomography (PET) imaging is a 
nuclear medicine functional imaging modality for studying the 
disease process over time, biological research [1], and the screen-

ing of novel diagnostic/theragnostic PET probes [2]. Methodological 

Original

ABSTRACT
Background: Employing 2D rebinned sinograms in PET scanners has the poten-
tial to accelerate the overall reconstruction speed. Among the available rebinning tech-
niques, Single-Slice Rebinning (SSRB) offers a computationally efficient approach. 
Objective: This study aimed to evaluate the influence of varying span and Maxi-
mum Ring Difference (MRD) parameters in SSRB on the image quality of the Xtrim 
PET scanner.
Material and Methods: This Monte Carlo simulation study used a GATE-sim-
ulated Xtrim-PET scanner. 3D list-mode data were histogrammed into 576 sinograms, 
and SSRB was applied to generate 2D sinograms. Subsequently, Maximum-Likelihood 
Expectation-Maximization (MLEM) reconstruction was performed on the sinograms 
with different MRD and span. Image quality was assessed using image quality, rod, and 
uniform phantoms. Furthermore, axial resolution was evaluated using point sources. 
Results: Analysis of linear profiles in uniform phantom revealed a 2.6 mm inaccu-
racy in axial activity estimation when comparing spans of 21 and 7. Increased span and 
MRD lead to artifactual data in regions of high activity gradients, as observed in both 
uniform and rod phantoms. However, the Recovery Coefficient (RC) and Spilled-Over 
Ratio (SOR) remained unaffected. Concomitantly, increasing the span improved uni-
formity and reduced the coefficient of variation by 1.6% and 5.9%, respectively. Axial 
resolution remained largely unaffected by variations in span and MRD.  
Conclusion: The RC and SOR remain robust to variations in span and MRD. How-
ever, higher levels of axial data compression were associated with the introduction of 
axial artifacts. Additionally, axial resolution was unaffected by increases in span and 
MRD, likely due to the limited field of view of the Xtrim-PET scanner.
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parameters, including image acquisition, sub-
stantially affect PET scanner performance [3].

3D PET data acquisition offers superior data 
acquisition. However, it comes with signifi-
cantly higher computational and storage de-
mands [4]. To accelerate the reconstruction 
process, a hybrid approach was implemented 
[5]. This method (Hybrid approach) involved 
first generating a 3D sinogram from the 3D ac-
quisition data to optimize the Signal-to-Noise 
Ratio (SNR) by reducing noise. To minimize 
computational time, the 3D sinogram is subse-
quently rebinned into a sequence of 2D sino-
grams through techniques, such as Single-Slice 
Rebinning (SSRB) [6], Multi-Slice Rebinning 
(MSRB) [7], and Fourier Rebinning (FORE) 
[8]. Following these rebinning processes, the 
resulting 2D sinogram is reconstructed utiliz-
ing a 2D iterative algorithm, such as Ordered 
Subset Expectation Maximization (OSEM) 
or Maximum-Likelihood Expectation-Maxi-
mization (MLEM) [9]. The reconstructed 2D 
slices were then stacked together to produce 
the final 3D image [8]. 

The further reduction of data volume in re-
binning algorithms is characterized by two key 
parameters: axial compression (span) factor 
and Maximum Ring Difference (MRD) [10]. 
Axial Line Of Response (LOR) combination 
(sum of odd and even planes) is controlled by 
the span parameter [11, 12], and MRD restricts 
the maximum allowable absolute difference in 
coincidence detection [13].

Rebinning algorithms have the potential to 
impact the quality of PET images. For exam-
ple, the research conducted by López-Montes 
et al. [14] focused on evaluating the influence 
of different rebinning algorithms, namely 
SSRB, FORE, and Pseudo-Inverted (PINV), 
in preclinical PET/CT scanners. The meth-
ods yielded comparable uniformity, although 
recovery coefficients did not show significant 
improvement. Hasegawa et al. studied how 
changing the span affected axial resolution 
on the EXCAT HR+ scanner. They found that 
axial resolution remained unchanged at the  

scanner’s center, but worsened as the source 
moved further from the center with wider 
spans [13].

SSRB as a fast, simplest, and computation-
ally efficient rebinning algorithm is used in 
preclinical PET scanners [14-18]. Rebinning 
methods are known to significantly influence 
the quantification of PET images. Therefore, 
this research aims to determine the effects of 
different MRD and span parameters used in 
SSRB on the quantitative accuracy achieved 
with the Xtrim-PET scanner. The Xtrim-PET 
scanner is a commercially available preclini-
cal PET system specifically designed for small 
animal imaging [19, 20]. This study utilizes 
image quality phantom, rod phantom, and uni-
form phantom to evaluate the impact of differ-
ent SSRB configurations on image quality.

Material and Methods

GATE simulation
1. Xtrim-PET scanner geometry
The Monte Carlo simulation study of the 

Xtrim-PET scanner was conducted using the 
GATE (Geant4 Application for Tomographic 
Emission) software (V9.1). GATE is an open-
source Monte Carlo simulation platform used 
extensively in medical imaging research [21]. 
Its user-friendly interface facilitates the simu-
lation of realistic models of PET [22, 23] and 
Single Photon Emission Computed Tomogra-
phy (SPECT) [24], systems.

This study employed an experimentally vali-
dated GATE Monte Carlo simulation model of 
the Xtrim-PET scanner [25]. The Xtrim-PET 
consists of 10 detector blocks, arranged in a 
polygonal full-ring structure with a ring di-
ameter of 162.6 mm. Each block contains a 
24×24 array of Lutetium Yttrium Oxyortho-
silicate (LYSO) crystals (2×2×10 mm³) cou-
pled with SiPMs. In both the axial and trans-
axial directions, the crystal pixel pitch is 2.1 
mm. The trans-axial and axial Field Of View 
(FOV) are 100 mm and 50 mm, respectively. 
The energy window was established at 350 to 
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650 keV, and the coincidence timing window 
was set to 10 ns. Simulations employed a 17% 
energy resolution at 511 keV and incorporated 
a 500 ns dead time at the block level.
2. Phantoms
Rod phantom for count efficiency evalua-

tion: To assess the impact of MRD and span 
on True Count Efficiency (TCE) (Equation 1), 
a 1.2 mm diameter × 70 mm height cylindri-
cal rod phantom, containing 1.5 MBq of 18F 
mixed with water, was centrally positioned 
within the scanner.

( )      & %
 

TrueCounts ineach MRD SpanTCE
Total Counts

=  (1)

Image quality phantom: To evaluate the 
effect of different SSRB algorithm configu-
rations on image quality, NEMA NU-4 2008 
image quality phantom [26] was simulated, 
including three main components: 1) two cold 
chambers (filled with water and air) for calcu-
lating the spillover ratio (SOR), 2) a uniform 
region for uniformity evaluation, and 3) five 
fillable rods (diameters: 1, 2, 3, 4, and 5 mm) 
in a cold background to assess the Recovery 
Coefficient (RC). The phantom was filled with 
3.7 MBq of 18F mixed with water.

Uniform phantom: The uniform phantom, 
with a diameter of 80 mm and height of 25.85 
mm, was filled with 3.7 MBq of 18F mixed with 
water (Figure 1A). The phantom was placed in 
the middle of the axial FOV and used to evalu-
ate axial distortion and uniformity.

Rod phantom: To evaluate the effects of 
larger axial compression in the trans-axial 
plane, one-rod source with a diameter of 1.2 
mm and a height of 20 mm was located at the 

coordinates (0, +40, +12) mm. The rod’s lon-
gitudinal axis is perpendicular to the scanner’s 
central axis (Figure 1B).

Point sources: Radial and axial spatial reso-
lution were quantified for varying spans and 
MRDs using six cylindrical sources (1 mm di-
ameter and 1 mm height) containing 1 MBq of 
18F aqueous solution. These sources were posi-
tioned at 0, 10, and 25 mm radial offsets within 
the trans-axial FOV, and at a single axial offset 
representing one-quarter of the axial FOV.

Sinogram rebinning and reconstruc-
tion

The list-mode data from the GATE simu-
lation (ASCII output) were stored and sub-
sequently data were histogrammed into 576 
sinograms in 3D mode. The implementation 
of SSRB on a PET scanner equipped with Z 
detector rings involves mapping a coincidence 
event occurring between rings Z1 and Z2 to 
the rebinned sinogram plane at the coordinate 
(Z1+Z2)/2 (Figure 2). Therefore, the SSRB al-
gorithm, which assigns oblique LORs to the 
middle axial slice (4), was applied to create 
2D sinograms with 240 radial bins and 310 
angular bins.

These 2D SSRB sinograms were generat-
ed with different combinations of MRD and 
span. The selection of the span and MRD for 
each combination is made to ensure that only 
a single segment is present in the rebinned si-
nogram. The SSRB-rebinned sinograms (us-
ing true and scatter coincidences) were then 
reconstructed using the attenuation-weighted 
MLEM (AW-MLEM) algorithm (20 iterations 

Figure 1: Trans-axial and axial view of A) Uniform Phantom, and B) rod source within the  
Xtrim- Positron Emission Tomography (PET) scanner geometry.
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and voxel size of 0.5×0.5×1.05 mm3) without 
scatter correction, utilizing an in-house soft-
ware. Attenuation correction was performed 
using Chang’s method [27], a non-transmis-
sion attenuation correction approach, applied 
to the uniform regions in PET and SPECT  
imaging systems.

Assessment strategy
Image analysis was conducted using Amide 

software (Version 1.0.4) [28]. Image unifor-
mity was evaluated using the Coefficient of 
Variation (COV) and Integral Uniformity (IU) 
[29], as described in Equations 2 and 3. The 
SNR was calculated by taking the ratio of the 
mean value to the standard deviation of the 
uniform phantom. The parameters were de-
termined by utilizing a cylindrical Volume Of  
Interest (VOI) that encompasses 75% of the 
active diameter, positioned at the center of 

both the uniform phantom and the uniform re-
gion of the image quality phantom.

Standard Deviation in ROI
Mean Pixel value in ROI

COV =                      (2)

Maximum value in ROI minimum value in ROIIU
maximum value in ROI minimum valu in ROI

−
=

+
 (3)

The RC and SOR in the image quality phan-
tom were calculated based on Equations 4 and 
5 with the recommendations provided by the 
NEMA NU4. 

h

b

CRC
C

=                       (4)

c

b

CSOR
C

=                     (5)

Where Ch, Cc, and Cb represent the mean 
counts in the hot, cold, and background (uni-
form) areas, respectively.

Results
Count efficiency: Analysis of TCE and 

random count data (Figure 3) across varying 
MRD and span configurations reveals a posi-
tive correlation between TCE and both param-
eters. A similar trend was observed for random 
and scattered events, indicating a potential in-
fluence on the quality of the reconstructed im-
ages.

Uniform phantom: Figure 4 illustrates the 
positive correlation between image quality 
metrics and both span and MRD in a uniform 
phantom. Specifically, higher span and MRD 
values led to improved IU, a reduced COV, 
and an enhanced SNR, as expected.

Figure 5A shows the sagittal view of the 
uniform phantom reconstructed with different 
MRD and span. As observed, increasing the 
span and MRD causes the edge of the phan-
tom, located at the center of the axial FOV, to 
exhibit curvature. To facilitate better analysis, 
a linear profile is also presented in Figure 5B 
to facilitate better analysis. As the span and 
MRD increase, the data assigned to the ad-
jacent slice also increases, evident from the  
decreasing slope of the line.

The spatial difference between the 80% and 

Figure 2: Schematic representation of  
Single-Slice Rebinning (SSRB) algorithm for a 
scanner with Z detector ring.
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30% peak profile for various MRD and span 
configurations are as follows: 2.1 mm for 
MRD=3 and span=7, 3.57 mm for MRD=5 and 
span=11, 3.15 mm for MRD=7 and span=15, 
and 4.7 mm for MRD=10 and span=21. These 
results indicate that increasing the span and 
MRD can cause distortion in the axial direc-
tion, which can also affect the quality of the 
reconstructed image.

Rod phantom: Figure 6 presents recon-
structed images of a rod phantom acquired 
with different MRD and span. Increased 
MRD and span demonstrably introduce dis-
tortion, manifesting as curvature in the rod. 
This distortion arises from the incorporation 
of increasingly oblique sinogram data. The re-
sulting image artifacts can compromise the ac-
curacy of activity quantification, particularly 
within the FOV periphery.

Image quality phantom: The impact of 
increased span and MRD on image quality, 
assessed using an image quality phantom, is 
summarized in Table 1. Analysis of the uni-
form region showed that increasing the span 
and MRD parameters to 11 and 5, respec-
tively, resulted in a 5% enhancement in IU.  
However, subsequent increments to these pa-
rameters produced negligible improvement 

Figure 3: A) True Count Efficiency (TCE) and 
B) random count for each Maximum Ring  
Difference (MRD) and span

Figure 4: The Integral Uniformity (IU), Coefficient of Variation (COV), and Signal-to-Noise Ratio 
(SNR) in the uniform phantom for different spans and Maximum Ring Difference (MRD).
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Figure 5: A) The sagittal view of the uniform phantom with different Maximum Ring Differences 
(MRD) and spans and B) corresponding intensity line profile.

Figure 6: The transverse view of the rod phantom with different Maximum Ring Differences 
(MRD) and spans.
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in uniformity (<1.5%). Also, SOR remained 
largely unaffected across the water and air cold 
chambers. Additionally, Figure 7 illustrates 
that changes in span and MRD had little ef-
fect on the RC across different rod diameters. 
A slight, non-significant reduction in RC was 
observed only in the 2, 3, and 5 mm diameter 
rods.

Spatial resolution: The analysis of spatial 
resolution is illustrated in Table 2. As expect-
ed, increasing radial offset resulted in a deg-
radation in both radial and axial resolution, 
both center and axial off-center. Importantly, 
neither radial nor axial resolution showed a 
correlation with changes in span or MRD.

Discussion
This study investigated the effects of varying 

span and MRD parameters on SSRB algorithm 
in image quality and quantitative accuracy in 
the Xtrim-PET scanner. The findings provide 
valuable insights into the trade-offs between 
improving SNR and image uniformity, while 
addressing the challenges posed by axial dis-
tortion and activity misassignment at higher 
span and MRD values.

In all configurations, the ratios of randoms-
to-true and scatter-to-true exhibited remark-
able consistency, averaging approximately 
0.019 and 0.035, respectively. Also, by shorter 
MRD and span factor, the probability of re-
cording true events decreased. This finding 
aligns with the previously observed reported 
by Adam et al., [30]. Utilizing low MRD and 
span values restricts the amount of data avail-
able for reconstruction, leading to a reduction 

Figure 7: The effect of Maximum Ring Difference (MRD) and Span on Recovery Coefficient (RC) 
in the image quality phantom.

Uniform Region Water Chamber Air Chamber
IU (%) COV (%) SOR (%) SOR (%)

      MRD3, Span7 16.0 4.0 26.3 23.0
      MRD5, Span11 11.0 3.2 26.0 23.8
      MRD7, Span15 9.6 2.7 26.2 24.1
      MRD10, Span21 9.1 2.4 25.7 23.9

MRD: Maximum Ring Difference, IU: Integral Uniformity, COV: Coefficient of Variation, SOR: Spilled Over Ratio

Table 1: The effect of Maximum Ring Difference (MRD) and span on uniformity and Spilled Over 
Ratio (SOR) in the image quality phantom. Integral Uniformity (IU) and Coefficient of Variation 
(COV).
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in the SNR. To mitigate this reduction, the im-
aging duration and consequently the anesthe-
sia time must be extended. Conversely, higher 
MRD and span values improve the SNR but 
can increase noise contributions from random 
events, which may ultimately compromise the 
quality of the reconstructed images.

High MRD and span values in image recon-
struction, while improving SNR, introduce 
significant axial distortion and inter-slice ac-
tivity misassignment, as demonstrated by 
uniform phantom study (Figures 4 & 5). This 
misassignment leads to activity overestima-
tion, especially in regions of high activity gra-
dients. The severity of this artifact increases 
with higher MRD and span and is exacer-
bated on scanners with larger axial fields of 
view, suggesting a relationship with system 
spatial encoding. Similar axial distortion and 
inter-slice activity misassignment, attributed 
to SSRB, were also observed in Defrise disk 
phantom studies in a clinical PET/CT scanner 
[14], a mini-Defrise phantom in small animal 
PET (A-PET) [31], and a grid of point sources 
[7].

Hasegawa et al. reported a span- and MRD-
dependent degradation of axial resolution in 
their study, observing no effect of increased 
span at the scanner’s center but significant  

deterioration at radial distances of 10 and 20 
cm [13]. Brix et al. similarly observed a reduc-
tion in axial resolution as the span increased 
[4]. Conversely, our analysis revealed no 
significant impact of span or MRD on axial 
spatial resolution. This discrepancy may be 
attributable to the Xtrim-PET scanner’s lim-
ited axial FOV, which inherently restricts the 
extent of axial data compression.

The RC and SOR remained largely unaffect-
ed by variations in span and MRD, suggesting 
that quantitative accuracy is robust to SSRB 
parameter changes. However, the introduc-
tion of artifacts in non-uniform regions under-
scores the need for advanced rebinning algo-
rithms, such as multi-slice rebinning (MSRB) 
[7] or Fourier rebinning (FORE) [8], which 
may mitigate these distortions by leveraging 
more sophisticated data handling techniques.

In conclusion, our findings demonstrate that 
while higher span and MRD values improve 
SNR and image uniformity, they also intro-
duce axial distortions and activity misassign-
ment, particularly in regions with steep activity 
gradients. These trade-offs should be carefully 
considered when optimizing rebinning param-
eters for specific imaging applications. Future 
research should focus on integrating advanced 
rebinning algorithms and 3D reconstruction 

Center of AFOV Off Center in AFOV
Radial distance (mm) Radial distance (mm)
0 10 25 0 10 25

Radial Resolution

   MRD3, Span7 1.76 1.90 2.11 1.72 1.89 2.24
   MRD5, Span11 1.75 1.91 2.21 1.73 1.91 2.12
   MRD7, Span15 1.75 1.93 2.30 1.74 1.94 2.10
   MRD10, Span21 1.74 1.97 2.38 1.74 1.97 2.12

Axial Resolution

   MRD3, Span7 2.99 3.43 5.67 2.98 3.49 5.60
   MRD5, Span11 3.05 3.50 5.66 3.04 3.48 5.63
   MRD7, Span15 3.10 3.55 5.75 3.09 3.53 5.62
   MRD10, Span21 3.14 3.58 5.93 3.08 3.57 5.82

MRD: Maximum Ring Difference, AFOV: Axial Field of View

Table 2: The radial and axial spatial resolution in the center and off-center of Axial Field of View 
(AFOV) for different Maximum Ring Difference (MRD) and Span configurations.
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techniques to address these challenges and 
further enhance the performance of preclinical 
PET imaging systems.

Conclusion
This work investigated the influence of MRD 

and span within the SSRB algorithm on both 
the image quality and accuracy of quantitative 
measurements of the preclinical Xtrim-PET 
scanner. While higher MRD and span values 
improve SNR and image uniformity, they in-
troduce axial distortion and activity misassign-
ment, particularly in regions with steep activ-
ity gradients, leading to an overestimation of 
activity concentration. However, increased 
span and MRD did not affect axial resolution, 
given the scanner’s limited axial FOV. The 
observed axial distortion highlights the limita-
tions of SSRB at high MRD and span.
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