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Abstract

Objective. We present the system design and optimization of the ProVision prostate-dedicated
time-of-flight, depth-of-interaction, dual-panel positron emission tomography (PET) scanner.
Dual-panel PET geometries offer compact and open configuration suitable for prostate-dedicated
imaging; yet, they intrinsically suffer from limited-angle sampling. We evaluated two practical
strategies providing the same overall scanning time, to improve transaxial angular coverage: (i)
large, static panels (3 x 8 detector blocks) optimized through inter-block gap patterns (8 candidate
geometries), and (ii) smaller movable panels (3 x 4 blocks) optimized via multi-step motion pro-
tocols (4 candidate protocols). Approach. Candidate designs were screened using two complement-
ary frameworks. First, a fast, reconstruction-independent approach proposed to quantify voxelwise
sampling characteristics, capturing both the magnitude and isotropy of angular coverage through-
out the imaging volume. Second, conventional Monte Carlo simulations followed by image recon-
struction and standardized image quality analysis (using a scaled National Electrical Manufacturers
Association NU2 image-quality phantom) to assess the resulting imaging performance. The per-
formance was evaluated using contrast recovery (CR), background variability (noise), contrast-
to-noise ratio, plus quantification of image elongation through the full-width at half-maximum
(FWHM) of line profiles passing through the smallest (4.5 mm diameter) spherical insert. Main
results. For static designs, non-uniform gap configuration (smaller at centre, and progressively
larger gaps toward the panel edges) were consistently favoured. The top-performing geometry
achieved the best overall balance, with +4.3% CR, —2.4% noise, and reduced elongation (7.2 mm
vs 8.0 mm FWHM) relative to the minimum-gap reference geometry. For dynamic designs, more
complex motion protocols led to improved performance; the best protocol achieved modest gains
(+1.6% CR, —3.6% noise) and the smallest elongation among protocols (FWHM 6.3 mm vs

7.4 mm for the reference protocol). Comparing the best of static and dynamic configurations, the
moving-panel design improved CR (55.9% vs 53.4%) and elongation (6.3 mm vs 7.2 mm) at the
cost of substantially increased noise (8.2% vs 5.7%; +44%), highlighting a clear performance-
noise-complexity trade-off. Rankings derived from the proposed reconstruction-independent
framework showed overall consistency with those obtained from Monte Carlo simulations, leading
to the same winning candidates. Significance. The two evaluation frameworks should be viewed as
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complementary rather than directly comparable, each offering distinct and valuable insights at dif-
ferent stages of system design and optimization. This study provides a structured basis for examin-
ing performance trade-offs, practical design constraints, and methodological implications associ-
ated with static and dynamic dual-panel PET configurations for prostate imaging.

1. Introduction

Positron emission tomography (PET) instrumentation is an active research field, with a continuous
emergence of novel detector technologies, system architectures, and novel clinical applications (Schwenck
et al 2023, El Ouaridi et al 2024). Driven by these technological advancements, there is a growing interest
in dedicated PET systems tailored to specific clinical tasks (Zaidi et al 2024). Organ-dedicated PET
scanners, designed to image a confined anatomical region rather than the whole-body, have emerged

as a promising approach to address unmet clinical needs by offering improved imaging performance,
enhanced patient accessibility, and greater flexibility in system design compared to conventional whole-
body PET systems (Gonzalez et al 2018, Sanaat et al 2024).

One of the first and most influential steps in PET system development is the design and optimization
of the scanner geometry (El Ouaridi et al 2024). While geometry is a key consideration in all PET sys-
tems, it plays a particularly significant role in the development of organ-dedicated scanners, where stand-
ardized cylindrical designs are often replaced by application-driven configurations (Sanaat et al 2024).

In such systems, the geometry is a defining characteristic that fundamentally shapes system’s perform-
ance and its applications. System design in dedicated PET scanners often constitutes a multidimensional
optimization problem, in which several competing objectives must be considered simultaneously. From

a performance perspective, the scanner geometry directly determines angular sampling, sensitivity dis-
tribution, and coverage of the target anatomical region. In parallel, the design must address clinical and
ergonomic requirements, such as the need for open gantry configurations to enable real-time interven-
tional or therapeutic procedures (Arabi et al 2024). Finally, engineering and economic considerations,
including system footprint, mechanical complexity, manufacturing feasibility, and overall cost, represent
additional key dimensions of the system design (Sanaat et al 2024). Balancing these aspects highlights the
inherent importance and complexity of geometry optimization in dedicated PET systems.

ProVision is a prostate-dedicated PET scanner based on a dual-panel detector geometry configuration
(Phuc Vo et al 2025, Amini et al 2026, Saberi Manesh et al 2026). The characteristics and general prop-
erties of Open Detector Configuration PET systems, specifically dual-panel designs, have been extens-
ively discussed in (Gonzalez-Montoro et al 2024). For prostate imaging, a dual-panel design represents
a particularly suitable solution, as it allows the detector panels to be positioned in close proximity to
the patient’s body, thereby enabling high detection sensitivity with fewer detectors. This advantage is
especially relevant in the pelvic region, where patients’ anatomy is inherently asymmetric, with the lat-
eral body width substantially larger than the anterior—posterior thickness (Caiizares et al 2020). In con-
ventional cylindrical PET systems, the scanner diameter must be sized to accommodate the maximum
body width, which limits how closely detectors can be placed to the target region. In contrast, a panel-
based configuration allows detectors to be positioned above and below the patient, resulting in a more
compact system footprint, improved adaptability to different patient sizes, and enhanced portability and
accessibility.

In addition to these geometric advantages, dual-panel PET systems provide an inherently open gantry
design, enabling improved patient access and facilitating clinical applications that require physical access
to the imaging region (Yamaya et al 2008). Such applications include PET-guided medical interven-
tions (Dzaye et al 2023), such as proton therapy (Shao et al 2014, Ferrero et al 2018) and image-guided
biopsy procedures (Canizares et al 2020). Despite these benefits, dual-panel geometries inherently suf-
fer from limited angular coverage, which can degrade sampling completeness and image quality (IQ)
(Gonzalez-Montoro et al 2024). Mitigating the effects of limited-angle coverage remains a central chal-
lenge in dual-panel PET scanners and can be approached at multiple levels across the imaging chain.

At the detector level, the incorporation of time-of-flight (TOF) information has been demonstrated
to reduce limited-angle artefacts and improve the IQ (Surti and Karp 2008, Xie et al 2013, Moliner et al
2019a). In addition, depth-of-interaction (DOI) encoding can significantly reduce parallax errors (Braem
et al 2004, Moses 2011), which are particularly pronounced in planar geometries due to the high fraction
of oblique lines of response (LOR) (Razdevsek et al 2025). The ProVision system builds upon a DOI-
TOF detector, featuring <200 ps TOF resolution and a DOI segmentation of 4.4 mm (Amini et al 2026).



10P Publishing

Phys. Med. Biol. 71 (2026) 075022 M Amini et al

At the image reconstruction level, a variety of techniques have been explored to mitigate limited-
angle and elongation artefacts in dual-panel PET systems. These approaches include resolution recov-
ery through point spread function modelling embedded in iterative reconstruction algorithms (Matej
etal 2016, Gravel et al 2019), improved TOF kernel and system-response modelling (Gravel et al 2020),
and penalized-likelihood reconstruction methods incorporating prior information or constraints to sup-
press missing-angle distortions (Zhang et al 2020). More recently, deep-learning-based strategies have
also been investigated, either as post-reconstruction artefact correction or through guided learning recon-
struction frameworks aimed at recovering spatially-varying deformations (Reader and Pan 2023, Raj et al
2024). Several of these image-level compensation methods have been applied within the context of the
ProVision project (Manesh et al 2025, Phuc Vo et al 2025, Saberi Manesh et al 2026).

At the system design level, increasing angular coverage through the use of larger detector panels can
mitigate limited-angle artefacts in dual-panel PET systems. While this can, in principle, be achieved by
employing larger panels with a higher number of detector blocks, manufacturing cost and system com-
plexity represent significant practical considerations, particularly for dedicated scanners (Sanaat et al
2024). In this study, two alternative strategies are investigated to balance imaging performance against
cost and feasibility. The first approach improves the distribution of angular coverage by adjusting the
inter-detector gaps within static panels, whereas the second employs smaller detector panels mounted on
motorized stages to achieve enhanced coverage through controlled transaxial panel motion.

Conventionally, the evaluation of PET systems relies on physics-based Monte Carlo simulations
combined with standardized performance assessments, such as the National Electrical Manufacturers
Association (NEMA) protocols (National Electrical Manufacturers Association 2018, Moliner et al 2019b,
Canizares et al 2020, Spencer et al 2021, Zaidi et al 2025). These approaches enable accurate modelling
of photon transport, detector response, and system-level effects, and are widely regarded as the refer-
ence standard for quantitative performance evaluation (Sarrut ef al 2021). However, despite their accur-
acy, Monte Carlo-based assessments are computationally demanding and time-consuming, particularly
when exploring large design spaces involving multiple parameters to optimize. Moreover, this evalu-
ation pipeline typically relies on image reconstruction, whereas early stages of scanner development often
lack a standardized or fully optimized reconstruction framework. These challenges are further amplified
for non-cylindrical scanners with irregular designs, for which validated simulation setups, reconstruc-
tion pipelines, and standardized evaluation protocols are less readily available. As a result, the use of full
Monte Carlo simulation and image reconstruction at very early stages of system design can limit rapid
exploration and systematic comparison of alternative geometrical configurations.

These considerations motivate the development of simple, parametric, and reconstruction-
independent evaluation methods that can provide fast and intuitive insight into the geometrical proper-
ties of PET system designs. By focusing on system sampling and angular coverage properties rather than
reconstructed IQ, such approaches can facilitate rapid screening and comparison of candidate geomet-
ries at early stages of development. Importantly, these methods are not intended to replace physics-based
simulations, but rather to complement them by enabling efficient exploration of large design spaces and
informing subsequent, more computationally intensive evaluations.

The alternative design strategies investigated in this study to mitigate limited-angle coverage in
dual-panel PET geometries are evaluated using two complementary frameworks. First, a proposed
reconstruction-independent framework which characterizes voxelwise system sampling properties based
solely on the scanner geometry, enabling fast and systematic comparison of candidate designs. Second,
conventional Monte Carlo simulations followed by image reconstruction and standardized 1Q analysis
are used to assess the resulting imaging performance. This study provides a structured basis for examin-
ing performance trade-offs, practical design constraints, and the methodological implications associated
with static and dynamic dual-panel PET configurations.

2. Materials and methods

2.1. ProVision dual-panel PET scanner

Figure 1 illustrates the ProVision prostate-dedicated PET scanner, which adopts a dual-panel design with
one detector panel located above the patient in the gantry head and a second panel positioned below
the bed. The upper gantry is vertically adjustable to accommodate patient thickness, thereby enabling
optimization of system sensitivity. In addition, both detector panels can be mounted on motorized stages
allowing controlled transaxial motion.
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Figure 1. Overview of the ProVision dual-panel prostate dedicated PET scanner. Top left: rendering of the full scanner showing
the dual-panel configuration with an adjustable upper gantry. Top right: schematic view of a detector panel composed of mul-
tiple detector blocks and readout electronic cards. Botfom: schematic of a single detector block illustrating the multilayer crystal
geometry, and dual-readout configuration.

Each detector panel comprises a rectangular array of DOI-TOF detector blocks (figure 1, top right).
Each block measures 18 x 18 x 30 mm?® and consists of four layers of lutetium fine silicate (LFS) crys-
tals. The blocks are read out from two opposite sides using arrays of strip-shaped silicon photomulti-
pliers (SiPMs), enabling DOI encoding across layers and axial event positioning through dual-ended
readout (figure 1, bottom panel). Detailed detector design, calibration procedures, and experimental per-
formance characterization were reported in our previous work (Amini et al 2026). In the present study,
this validated detector technology serves as the hardware basis for system-level design optimization.

2.2. Study design and optimization scenarios

Two alternative system configurations were considered, each representing a distinct design strategy for
dual-panel PET systems. The first configuration considers large, static detector panels, where the scan-
ner geometry is defined by the physical arrangement of fixed detector blocks. The second configuration
considers smaller detector panels combined with controlled panel motion, where the scanner geometry
is defined jointly by the panel size and a predefined panel movement protocol. The static-panel config-
uration focuses on geometry optimization, while the dynamic-panel configuration focuses on acquisition
protocol (AP) optimization.

For each configuration, system performance was evaluated using two approaches. First, the proposed
fast, reconstruction-independent geometry evaluation framework. Second, full Monte Carlo simulations
were performed to assess image-level performance under realistic acquisition conditions, serving as a
standard of reference for evaluating the proposed method.
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Figure 2. Histogram of pelvic thicknesses in a patient cohort comprising 120 prostate cancer patients undergoing PET/CT
imaging.

2.2.1. Fixed design parameters

The design space is inherently high-dimensional, involving numerous geometric, and acquisition-related
parameters. To make the optimization problem tractable, several design variables were fixed a priori,
allowing the optimization to focus on a controlled subset of parameters.

The panel-to-panel separation was fixed based on an analysis of a patient cohort comprising 120
prostate cancer patients undergoing PET/CT imaging (97 with ®Ga-PSMA and 23 with ®F-PSMA). The
study was approved by the local ethics committee and patient consent was waived owing to the retro-
spective nature of the study. Patients’ thickness was measured in the pelvic region using the body con-
tour extracted from CT images. Figure 2 shows the resulting distribution of pelvic thickness across the
cohort. Based on this analysis, three fixed panel separations were defined to accommodate patients with
maximum pelvic thicknesses of 22 cm, 24 cm, and 26 cm. In the present study, all analyses were per-
formed using the intermediate separation of 24 cm. It is noted that this separation refers to the gantry
space which would lead to detector-to-detector surface distance of 27.4 cm.

The axial configuration of detectors was kept identical across all evaluated designs. Each panel was
axially configured with three detector rows, arranged with the minimum achievable gap of 7.1 mm, res-
ulting in an axial detector coverage of 104 mm for a single bed position. Along the transaxial direction,
the gantry provides a total space of 306 mm for detector placement. The number of detector blocks per
panel was fixed for each optimization scenario. Respectively for the static and movable panel configura-
tions, 24 and 12 detector blocks per panel were used, arranged in 3 x 8 and 3 x 4 axial-by-transaxial
arrays, respectively. For the dynamic configurations, only step-and-shoot acquisition approach was
evaluated.

The field of view (FOV) under evaluation was fixed to a volume of 108 x 112.5 x 90 mm?, selec-
ted to fully encompass the prostate region. A fixed voxel size of 0.45 x 0.45 x 0.6 mm?® was used for
all analyses. In addition, the total acquisition time was fixed to 20 min (for one bed position) across all
evaluated designs. By fixing these parameters, the study isolates the impact of transaxial detector gaps or
transaxial panel movement strategy on system performance, while maintaining a realistic and consistent
scanner configuration across all evaluated scenarios.

2.2.2. Geometry optimization with static detector panels

This configuration represents scanner architectures that prioritize mechanical simplicity and robust-
ness, in which detector panels remain stationary during acquisition. In this scenario, geometry optim-
ization was performed by varying the transaxial inter-detector block gaps within each panel. These gaps
directly determine the transaxial detector coverage and therefore influence angular sampling and sens-
itivity distribution across the FOV. Increasing the inter-block gaps enhances angular coverage, at the
expense of reduced sensitivity and potentially increased non-uniformity in the sensitivity distribution
across FOV. To systematically explore this trade-off, eight static-panel geometries (Geo 1-8) with dif-
ferent transaxial gap configurations were investigated. Each geometry is defined by a set of seven inter-
block gaps between the eight transaxial detector blocks within a panel. The evaluated gap configurations
and their corresponding total transaxial panel lengths are summarized in table 1.

5
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Table 1. Transaxial inter-detector gap configurations evaluated for static-panel geometries.

Gap set (mm)

Total transaxial length (mm) Comment

Geol [9,9,9,9,9,9,9] 207 Uniform gaps (reference geo)
Geo2 [12,12,12,12,12,12,12] 228 Uniform gaps
Geo 3 [15,15,15,15,15,15,15] 249 Uniform gaps
Geo4 [18,18,18,18,18,18,18] 270 Uniform gaps
Geo5 [19.4,15.2,9,9,9,15.2,19.4] 240.2 Small central gaps of 9 mm then increasing toward edges
Geo 6 [23.6,18.9,12,12,12,18.9, 23.6] 265 Small central gaps of 12 mm then increasing toward edges
Geo7 [19.8,155,11.7,9,11.7,15.5,19.8] 247 Gradually increasing gaps starting from 9 mm
Geo 8 [24.1,19.3,15.1,12,15.1,19.3, 24.1] 273 Gradually increasing gaps starting from 12 mm
(@ 306 mm (©) 306 mm
[ i I &0 O ER FIN- N EH (N
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Figure 3. Schematic illustration of transaxial detector configurations investigated for geometry and protocol optimization. Top
row: static-panel geometries with different inter-block gap configurations. Shaded regions between detector blocks indicate gaps,
with identical colours representing equal gap sizes. Panel (a) shows configurations with uniform gaps, while panels (b) and (c)
show 2 different types of non-uniform gap configurations with increasing gap sizes toward the panel edges. Bottom row: rep-
resentative acquisition steps for movable detector panels. The shaded region indicates the portion of the FOV covered in each
acquisition step. Panels (d) and (e) show steps positioned relative to the FOV centre, where (d) provides maximum sensitivity and
(e) enhances angular coverage. Panel (f) represents an example of additional steps introduced in protocols 3 and 4, positioned
relative to off-centre FOV locations to improve coverage uniformity across the FOV.

The reference geometry (Geo 1) employs a uniform inter-block gap of 9 mm (minimum possible
gap). This is followed by Geo 2—-Geo 4, which use uniform gap sizes of 12 mm, 15 mm, and 18 mm,
respectively. These uniform-gap configurations are schematically illustrated in figure 3(a). Geometries
5 and 6, shown in figure 3(b). Employ non-uniform gap distributions with small gaps between the
four central detector blocks located above the target FOV, followed by progressively increasing gaps
toward the outer detector blocks. Geometries 7 and 8, illustrated in figure 3(c). Also use non-uniform
gap distributions but start with a single small central gap, while increasing symmetrically toward the
panel extremities. Geo 1 and Geo 8 provide the smallest and largest transaxial coverage, with total panel
lengths of 207 mm and 273 mm, respectively. The detailed rationale underlying the selection of these
gap values and configurations is provided in the supplementary material, section A.

2.2.3. Protocol optimization with movable detector panels
This approach reflects scanner designs that trade mechanical simplicity for acquisition flexibility,
enabling gap filling and improved angular coverage through motion rather than increased detector area.
In this case, optimization is performed over panel movement trajectories, consisting of discrete transaxial
panel positions sampled sequentially during data acquisition. Assuming a fixed total acquisition time, AP
design balances improved FOV coverage (more acquisition steps) with statistical quality (shorter frame

duration per step).

Four APs comprising 3, 6, 11, and 17 steps were designed and evaluated. The transaxial positions
of the top and bottom detector panels for each protocol are summarized in table 2. Protocol 1, used

6
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Table 2. Transaxial positions of the top and bottom detector panels for the four evaluated acquisition protocols. Each row corresponds
to an acquisition step, and all values are in mm.

Protocol 1 Protocol 2 Protocol 3 Protocol 4
Step Top Bottom Top Bottom Top Bottom Top Bottom
1 0 0 —8.45 —8.45 0 0 0 0
2 104 —104 8.45 8.45 104 —104 104 —104
3 —104 104 104 —104 —104 104 —104 104
4 —104 104 94 —94 94 —94
5 94.1 —94.1 —94 94 —94 94
6 —94.1 94.1 —32.4 —324 22.4 224
7 32.4 32.4 —224 —22.4
8 104 —32.8 —54.8 104
9 —104 32.8 54.8 —104
10 32.8 —104 104 —54.8
11 —32.8 104 —104 54.8
12 —44.8 —44.8
13 44.8 44.8
14 104 —5.6
15 —104 5.6
16 5.6 —104
17 —5.6 104

as the reference protocol, consists of three acquisition steps: one with the detector panels aligned face-
to-face and centered on the FOV centre (figure 3(d)), and two steps with the panels positioned at their
maximum opposite transaxial extensions to enhance angular coverage (figure 3(e)). Protocol 2 extends
this design by adding panel positions to fill inter-detector gaps. While protocols 1 and 2 provide the
highest angular coverage at the FOV centre, their coverage progressively decreases toward the FOV edges.
Protocols 3 and 4 further improve coverage uniformity by incorporating additional acquisition steps
centered on transaxial off-centre locations, such as the step shown in figure 3(f). The detailed rationale
underlying the design of the evaluated APs is provided in the supplementary material, section B.

2.3. Proposed geometry evaluation framework

The proposed geometry evaluation framework is based on a voxelwise characterization of system
sampling, designed to assess how effectively different scanner geometries or APs interrogate the ima-
ging volume. For a given voxel, the quality of geometric sampling can be characterized by two primary
factors. The first is the number of geometrically admissible LORs intersecting the voxel, which reflects
the local sampling capacity of the system geometry for reconstructing activity at that location. A higher
number of such intersecting LORs corresponds to increased geometric support for reconstruction. The
second factor is the angular distribution of these geometrically admissible LORs. Even with a large num-
ber of intersecting LORs, poor angular diversity can lead to anisotropic sampling, resulting in directional
bias and degraded spatial resolution. Conversely, a more isotropic angular distribution improves the con-
ditioning of the reconstruction problem by providing more uniform directional sensitivity.

Accordingly, the proposed framework quantifies voxel-level sampling using both the magnitude of
the geometric LOR set intersecting the voxel (denoted as sensitivity (Sen)) and the isotropy of its angu-
lar distribution (denoted as isotropy (Iso)). These complementary measures enable a reconstruction-
independent assessment of geometric performance, allowing different scanner configurations and APs
to be compared on a common, voxelwise basis.

The following sections introduce the geometric LOR set and its associated physics-based weight-
ing, followed by the voxelwise computation of sensitivity and isotropy. All geometric projections and
ray—voxel interactions in this work were implemented using parallel proj (Schramm and Thielemans
2024), a GPU-accelerated ray-driven list-mode projector based on the Joseph interpolation algorithm
(Joseph 2007).

2.3.1. LOR set

The proposed framework operates on the set of geometrically admissible LORs defined by the scanner
geometry. A geometrically admissible LOR is defined as a straight line connecting two detector crystals
located on opposing detector panels. Accordingly, the LOR set consists of all crystal-to-crystal connec-
tions between the two panels and is fully determined by the detector layout and panel positions. This set
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is independent of activity distribution, and acquisition time. The set of geometrically admissible LORs is
indexed as:

L={t}h, (1)

where N denotes the total number of crystal pairs for a given scanner geometry or acquisition step.

To account for the finite physical volume of detector crystals and to avoid discretization artefacts
associated with single-ray approximations, LOR supersampling was employed. For each geometric LOR
Uk, multiple rays were generated by uniformly sampling interaction points within the volumes of the two
corresponding crystals. In this work, M = 1024 supersampled rays were generated per geometric LOR,
yielding a volumetric representation of each crystal-to-crystal connection while preserving the underlying
detector geometry.

Each supersampled LOR was assigned a weight incorporating basic geometric and detector-related
effects. First, geometric divergence was modelled by weighing each ray by the inverse square of its total
length,

weeom l (2)

r2

where r denotes the distance between the sampled interaction points at the two detector crystals. Second,
attenuation within detector material was modelled by applying an exponential attenuation factor based
on the total path length of the ray within the detector crystals,

WAt — exp (_MLdet) (3)

where L%t is the combined path length traversed by the ray within the top and bottom detector crystals,
and p is the linear attenuation coefficient of the detector material.

The final weight assigned to each LOR ¢, was then obtained by normalizing the number of super-
sampled rays and the number of acquisition steps,

py8eom Watt
W= —————— (4)
MXxN

where M is the number of supersampled rays per crystal pair and N is the number of acquisition steps
(N =1 for static-geometry optimization).

The resulting set of weighted LORs defines the geometry-driven sampling capacity of the system and
forms the basis for subsequent voxelwise quantification of sensitivity and isotropy.

2.3.2. Voxelwise sensitivity

The voxelwise sensitivity quantifies how strongly each voxel is interrogated by the weighted set of LORs
supported by the system. The contribution of LOR ¢, to voxel v is described by a non-negative coeffi-
cient ay,,, defined by the ray-voxel intersection model of the projector (Joseph 2007). This coefficient
accounts for the geometric intersection between the ray and the voxel grid. The voxelwise sensitivity map
is then defined as:

Slv)= Zwk“lkv (5)

bEeL

where £ is as defined in equation (1) and wy is the final weight assigned to LOR ¢, incorporating
supersampling, geometric divergence, detector attenuation, and acquisition-step normalization as
described in section 2.3.1.

In practice, the sensitivity map is computed efficiently by applying the adjoint of the ray-driven list-
mode projector to the vector of LOR weights, yielding a three-dimensional voxel map that characterizes
the spatial distribution of geometric sampling across the FOV. Higher values of S(v) indicate voxels that
are intersected by a larger number of weighted LORs and therefore possess greater geometric sampling
capacity.
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2.3.3. Voxelwise isotropy
To characterize the angular quality of voxel sampling, the proposed framework evaluates the isotropy of
the angular distribution of LORs intersecting each voxel.

For each LOR /4, a unit direction vector &k € R is defined as:

~ € — Sk
i T——
Il ex — s |l

(6)

where s and e; denote the endpoints of LOR /. For a given voxel v, the angular sampling provided
by the system is described by the weighted distribution of direction vectors corresponding to the LORs
intersecting that voxel.

This distribution is summarized by the second-order angular moment tensor:

~ AT
M(V) = Zwkaikvdkdk (7)
LeL

which accumulates the outer products of direction vectors weighted by both voxel intersection and LOR
weight. To remove dependence on the overall sampling magnitude, the tensor is normalized by the
voxelwise sensitivity,

C(v)= . (8)

The normalized tensor C(v) encodes the directional dispersion of sampling at voxel v. Its eigenval-
ues reflect the relative contribution of different spatial directions, with isotropic angular sampling cor-
responding to equal eigenvalues and anisotropic sampling resulting in one or more dominant eigen-
directions.

The voxelwise isotropy is quantified using a scalar measure derived from the eigenvalues of C(v). Let
AL (v), A2 (v), As (v) denote the eigenvalues of the normalized angular moment tensor C(v), and let,

AW) = i+ X0+ () 9)

[SSHI

denote their mean. The fractional anisotropy (FA) at voxel v is defined as:

2

FA (v) = \F \/(/\1 (v)— ;\(V))Z + (M) - 5\(1/))2 + (A () =)
’ \/)\1 () + X () + Xs(v)°

(10)

The isotropy index is then defined as:
Iso(v) =1—FA(v) (11)

such that Iso (v) = 1 indicates perfectly isotropic angular sampling and lower values indicate increasing
directional bias.

By construction, isotropy is independent of the absolute magnitude of sampling and reflects only the
angular uniformity of the LOR distribution at each voxel. Together with sensitivity, it provides a comple-
mentary characterization of voxelwise geometric sampling quality.

2.3.4. Composite voxel score and score map characterization

To jointly capture both the magnitude and angular quality of the voxelwise geometric sampling, a com-
posite score is defined by combining sensitivity and isotropy at each voxel. Specifically, the composite
score is defined as:

Score (v) = S(v) - Iso (v) (12)

where S(v) denotes the voxelwise sensitivity and Iso (v) denotes the corresponding isotropy as defined in
sections 2.3.2 and 2.3.3, respectively.

For each scanner configuration or AP, the score is evaluated over the full three-dimensional imaging
volume, yielding a score map that characterizes the spatial distribution of geometric performance across
the FOV. To enable quantitative comparison between different geometries and APs, summary statistics
are extracted from the score maps. These statistics characterize both the magnitude and the stability of
the score distribution across the FOV.
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Figure 4. Simulated scaled image quality (IQ) phantom used for Monte Carlo simulations. To mitigate positional bias arising
from the dual-panel scanner geometry, each acquisition was repeated with three global phantom rotations, illustrated in panels
(a) to (c). Furthermore, panel (a) shows the diameters of the six spherical inserts. Panel (b) illustrates an example of the circular
regions of interest (ROIs) drawn on the spheres and the surrounding background ROIs used for quantitative analysis. Panel (c)
shows an example of a line profile extracted through the smallest spherical insert, used for spatial resolution assessment along the
Y direction.

2.4. Monte Carlo simulation framework

Monte Carlo simulations were performed to evaluate image-level performance of the investigated scanner
geometries and APs under realistic acquisition conditions. These simulations were used both to assess
reconstructed IQ and to provide a reference for validating the proposed geometry evaluation framework.

2.4.1. Simulations

All simulations were performed using the Geant4 Application for Tomographic Emission toolkit. The
standard NEMA NU2-2018 IQ phantom is widely used for PET system evaluation (National Electrical
Manufacturers Association 2018); however, its dimensions are not well suited to the small anatomical
structures encountered in prostate imaging. To better reflect clinically relevant prostate lesion sizes, a
scaled-down version of the NEMA IQ phantom was simulated, inspired by Fedrigo et al (2024). The res-
ulting phantom consisted of six spherical inserts with diameters of 4.5, 5.5, 7.0, 9.0, 11.5, and 14.5 mm
embedded in a cylindrical background of 108 mm diameter. The sphere-to-background activity con-
centration ratio was set to 8:1, with a background activity concentration of 5 kBq ml~!. All simulations
were performed with a total acquisition time of 20 min per scan, consistent with the fixed scan duration
assumed throughout geometry and protocol optimization.

In cylindrical PET geometries, all spheres in the NEMA IQ phantom are located at the same radial
offset and therefore experience equivalent sampling conditions. In contrast, for dual-panel configur-
ations, geometric sampling varies substantially with transverse position. Hence, as shown in figure 4,
for each geometry/protocol three acquisitions were simulated with different global rotations applied.
Rotating the phantom ensures that each sphere is evaluated under multiple spatial conditions within the
FOV, thereby reducing positional bias.

2.4.2. Image reconstruction

Images were reconstructed using list-mode maximum likelihood expectation maximization (MLEM)
algorithm with multi-ray projection (Saberi Manesh et al 2026). Each LOR was modelled using 16

rays, a configuration selected after systematic evaluation as it provided a good compromise between IQ
improvement and computational cost, with minimal additional benefit observed for higher ray counts
(Saberi Manesh et al 2026). To account for uncertainty in photon interaction location within the detector
crystals, interaction points were randomly sampled within the crystal volume in X and Y directions,
with a Gaussian spread of 3.0 mm applied along the axial (Z) direction to reflect the effective localiza-
tion uncertainty of the detector (Amini et al 2026). Reconstruction normalization was performed using a
normalization map derived from Monte Carlo simulations of a uniform flat phantom, generated separ-
ately for each AP.

2.4.3. IQ evaluation

IQ was evaluated using a dedicated analysis script following the NEMA NU?2 guidelines, adapted to the
scaled phantom geometry described in section 4.1. Quantitative metrics were extracted from reconstruc-
ted images to assess contrast recovery (CR), noise characteristics, and spatial resolution for each scanner
geometry and AP.

10
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For each spherical insert, a circular region of interest (ROI) was defined on the central transaxial
slice of the spheres. Background variability was assessed using 50 background ROIs distributed across
five transaxial slices: the central slice and four axially offset slices, with 10 ROIs placed on each slice
(figure 4(b)). Using these ROIs, CR, background variability (Noise), and contrast-to-noise ratio (CNR)
were computed according to the standard NEMA NU2 definitions, where CR quantifies the recovered
sphere-to-background contrast, Noise is defined as the coefficient of variation of background ROIs,
and CNR reflects the ratio between contrast and background variability. For each scanner configura-
tion, CNR was evaluated across a range of MLEM iteration numbers from 1 to 30, using a step size of
three iterations. The iteration number yielding plateauing CNR was selected for subsequent comparative
analyses.

In addition to ROI-based metrics, spatial resolution was evaluated using line profile analysis. Line
profiles passing through the centre of the smallest spherical insert were extracted along the X, Y, and
Z axes, and the corresponding full-width at half-maximum (FWHM) values computed (figure 4(c)).
This analysis was performed to compare spatial resolution across different geometries, with particular
emphasis on resolution elongation along the Y axis (panel-to-panel direction), which is susceptible to
limited-angle artefacts in dual-panel PET configurations.

3. Results

3.1. Proposed framework

The second-order directional tensor derived from the distribution of LORs within each voxel can be
conveniently interpreted through its geometric representation as a three-dimensional ellipsoid. In this
representation, the ellipsoid axes are aligned with the tensor eigenvectors, while their lengths are pro-
portional to the corresponding eigenvalues, thereby encoding both the degree of directional anisotropy
and its dominant orientation. Figure 5 illustrates three representative voxels within the FOV, selected to
exemplify different local sampling conditions. More spherical ellipsoids indicate more uniform angular
sampling (with Iso = 1 indicating a perfect sphere), whereas flattened or elongated shapes reveal pro-
nounced directional bias, typically aligned with the limited-angle geometry of the dual-panel configura-
tion. This visualization provides an intuitive, voxelwise interpretation of how acquisition geometry influ-
ences local angular coverage, forming the basis for the isotropy metric used throughout the proposed
framework.

3.1.1. Geometry optimization

Figure 6 shows the central transaxial slice of the Sen, Iso, and score maps for the evaluated static geo-
metries (gap configurations). A clear distinction is observed between the pattern in the maps of first
four geometries, which employ uniform inter-detector gaps, and the remaining configurations with vari-
able gaps. Furthermore, geometries with smaller gaps (Geo 1, and 5) exhibit a pronounced concentration
of Sen, Iso, and score values in the central region of the FOV, followed by a rapid decline toward the
periphery. In contrast, configurations with larger gaps (Geo 4, and 8) produce a more spatially uniform
distribution across the FOV, however with more pronounced periodic patterns that extend throughout
the image and reflect the underlying detector layout.

Table 3 summarizes statistical measures extracted from the Sen, Iso, and score maps. The Iso val-
ues are consistently small, which is expected given the inherently limited angular coverage of dual-panel
PET systems. For reference, a study on the sensitivity limits of PET scanners reported that even an ideal-
ized cylindrical system with a 1 m axial FOV subtends only approximately 75% of the full 47 solid angle
(Eriksson et al 2007). Voxelwise distributions of these maps are additionally visualized in figure 7 using
violin plots, where each violin represents the distribution of values across the entire FOV. For the first
four configurations with uniform gaps, increasing the gap size leads to a decrease in the median Sen and
an increase in the median Iso. At the same time, their dispersions evolve in opposite directions, with
reduced variability in Sen and increased variability in Iso as the gaps increase. Notably, compared with
Sen, the Iso metric exhibits more pronounced variation across the evaluated geometries.

The remaining four geometries employing non-uniform gap configurations show improved median
Iso values comparable to those of Geo 3 and Geo 4, while exhibiting reduced variability across the FOV.
Because differences in Iso distributions are more pronounced than those observed for Sen, the resulting
score maps follow the Iso trends, indicating that Iso is the dominant contributing factor to the score.
However, the contrast between geometries in the score distributions is attenuated compared with Iso
alone.
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Figure 5. Ellipsoidal representation of local LOR angular distributions for representative voxels.Top left: locations of three repres-
entative voxels (A-C) selected on the central axial slice of the FOV. Top right and bottom: corresponding ellipsoids derived from

second-order direction tensor with principal axes aligned to the eigenvectors and scaled by the eigenvalues (Ai—s). The isotropy
index (Iso) quantifies the degree of angular uniformity, with 1 indicating perfect isotropy and lower values indicating stronger
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Figure 6. The central transaxial slice of the Sen, Iso, and score maps for the evaluated static panel geometries.

Figure 8 presents an alternative summary of geometry performance by jointly visualizing the median
score and its interquartile range (IQR) for each configuration. Here, the median score serves as a robust
indicator of overall system performance, while the IQR quantifies spatial variability across the FOV and
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Table 3. Statistical measures extracted from the Sen, Iso, and score maps of the evaluated static geometries.
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Sensitivity Isotropy Score
Geo Mean std Median IQR P10 P90 Mean std Median IQR P10 P90 Mean std Median IQR P10 P90
1 2.66 1.02 2.59 1.62 1.33 397 0.06 0.01 0.06 0.02 0.04 0.08 0.16 0.10 0.14 0.13 0.05 0.29
2 244 094 2.40 1.49 1.22 3.60 0.07 0.02 0.07 0.02 0.05 0.09 0.18 0.10 0.16 0.13 0.07 0.31
3 2.25 0.86 2.21 1.36 1.14 3.27 0.08 0.02 0.08 0.02 0.06 0.10 0.19 0.10 0.17 0.14 0.07 0.32
4 2.07 0.81 2.02 1.25 1.03 3.00 0.09 0.02 0.09 0.02 0.07 0.12 0.20 0.11 0.18 0.14 0.08 0.34
5 2.39  0.92 2.35 1.45 1.20 3.56 0.07 0.01 0.07 0.02 0.05 0.08 0.17 0.09 0.16 0.13 0.07 0.28
6 2.19 0.85 2.14 1.33 1.10 3.27 0.08 0.01 0.08 0.02 0.06 0.10 0.18 0.09 0.17 0.13 0.07 0.30
7 2.33  0.89 2.29 1.41 1.17 345 0.07 0.01 0.07 0.02 0.06 0.09 0.18 0.09 0.16 0.13 0.07 0.29
8 2.12  0.82 2.07 1.27 1.06 3.13 0.08 0.02 0.08 0.02 0.07 0.11 0.19 0.10 0.17 0.13 0.08 0.31
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Figure 7. Violin plots, illustrating the voxelwise distributions of Sen, Iso, and score maps across the 8 static geometries. For visu-
alization purposes, the Sen and score distributions were truncated at an upper threshold to improve readability of the plots.
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Figure 8. Scatter plot of the score median versus score interquartile range (IQR) for the static geometries. Each point represents
one geometry, with labels indicating geometry indices. The primary axes show absolute median and IQR values, while the sec-
ondary axes report the corresponding percentage change relative to the reference configuration (Geometry 1).

thus reflects the stability of performance. Median and IQR are preferred over mean and standard devi-
ation, as the voxelwise score distributions are non-Gaussian and can exhibit skewness and extended
tails.

The scatter plot highlights a clear separation between uniform-gap geometries (Geol-Geo4) and
variable-gap configurations (Geo5-Geo8). In general, variable-gap designs achieve higher median Scores
at reduced IQR values, indicating improved performance without increased spatial variability. This trend
is further emphasized by the secondary axes, which report the relative percentage change in median
score and IQR with respect to the reference configuration (Geol). Among all evaluated configurations,
Geo7 emerges as a particularly favourable compromise, achieving a clear increase in median score, while
maintaining a lower IQR compared to that of Geol.

3.1.2. Protocol optimization

Figure 9 presents the central transaxial slice of the Sen, Iso, and score maps for the evaluated APs
employing movable detector panels. Protocols 1 and 2 show a strong central concentration of Sen, Iso,
and score values with a rapid fall-off toward the edges. In contrast, Protocols 3 and 4 yield a more spa-
tially uniform distribution of Sen, Iso, and score across the FOV. This increased uniformity is accom-
panied by lower peak values of all three metrics compared with Protocols 1 and 2, reflecting a trade-off
between central performance enhancement and global spatial homogeneity.

Table 4 summarizes statistical measures extracted from the Sen, Iso, and score maps for the evalu-
ated APs. Voxelwise distributions of these maps are additionally visualized in figure 10 using violin plots.
Across all protocols, the median Sen remain comparable, while its dispersion decreases from Protocols 1
and 2 to Protocols 3 and 4, indicating improved spatial uniformity with increasing protocol complexity.
The Iso metric shows a clear increase in median values for Protocols 3 and 4 compared with Protocols 1
and 2, accompanied by a concurrent reduction in variability across the FOV. Similar to the case of static
geometries, variations in Iso are more pronounced than those observed for Sen, and the resulting score
distributions largely follow the Iso trends. This indicates that Iso remains the dominant contributing
factor to the score, although differences between protocols in the score distributions are less pronounced
than in Iso alone.

Figure 11 shows the scatter plot of the median score versus its IQR for the evaluated APs. The plot
reveals a clear separation between Protocols 1-2 and Protocols 3—4. Protocols 3 and 4 achieve higher
median Scores while simultaneously exhibiting reduced IQR values, indicating improved performance
with enhanced spatial stability. Between protocols 3 and 4, protocol 3 achieves a higher median score,
but at the expense of less pronounced increase in IQR.
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Figure 9. The central transaxial slice of the Sen, Iso, and score maps for the evaluated acquisition protocols (movable detector
panels).

Table 4. Statistical measures extracted from the Sen, Iso, and score maps of the evaluated movable geometries (Protocols).

Sensitivity Isotropy Score

Protocol Mean std Median IQR P10 P90 Mean std Median IQR P10 P90 Mean std Median IQR P10 P90

266 1.02 259 1.62 0.24 142 006 0.01 0.06 0.02 0.02 015 0.16 0.10 0.14 0.13 0.01 0.19
244 094 240 149 026 1.44 0.07 0.02 007 0.02 004 0.14 0.18 0.10 0.16 0.13 0.01 0.18
225 0.86 221 136 0.34 1.13 0.08 0.02 0.08 0.02 008 013 0.19 0.10 0.17 0.14 0.03 0.15
207 0.81 202 125 034 1.01 0.09 0.02 009 0.02 008 012 020 0.11 0.18 0.14 0.03 0.12
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Figure 10. Violin plots, illustrating the voxelwise distributions of Sen, Iso, and score maps across the 4 acquisition protocols. For
visualization purposes, the Sen and score distributions were truncated at an upper threshold to improve the plots’ readability.

3.2. Simulation results

3.2.1. Geometry optimization

For all evaluated geometries, CR, Noise, and CNR were computed over reconstruction iterations and
averaged across the three rotational positions of the IQ phantom. The evolution of CNR as a function of
iteration number for all geometries is shown in supplementary figure 3. For consistency and fair com-
parison, a fixed number of 15 iterations was selected for all geometries, as all configurations reached a
plateau in CNR by this iteration number.
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Figure 11. Scatter plot of the score median versus score interquartile range (IQR) for the acquisition protocols (movable panel
configurations). The primary axes show absolute median and IQR values, while the secondary axes report the corresponding
percentage change relative to the reference protocol (protocol 1).
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Figure 12. Monte Carlo image quality results for all evaluated geometries. Panels (a)—(c) show contrast recovery (CR), back-
ground variability (Noise), and contrast-to-noise ratio (CNR) as a function of sphere diameter. Panel (d) presents CR versus
Noise for individual sphere sizes, where geometries are distinguished by colour and sphere diameters by marker size. Panel (e)
shows the corresponding CR—Noise relationship averaged across all sphere diameters, with second axes showing percentage
change relative to reference geometry 1.

Figure 12 summarizes Monte Carlo IQ results across the evaluated geometries. Panels (a—c) report
CR, Noise, and CNR as a function of sphere diameter for each geometry. Panel (d) shows the relation-
ship between CR and Noise for individual sphere sizes across all geometries, while panel (e) presents
the corresponding CR—Noise scatter averaged across all sphere diameters, with secondary axes indicat-
ing the percentage change relative to the reference geometry (Geol). As shown, differences in Noise are
generally more pronounced than differences in CR, with the largest variations observed for the smaller
spheres, whereas larger spheres yield more comparable performance across geometries. The correspond-
ing numerical values of CR and Noise are summarized in table 5.
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Table 5. Contrast recovery and noise extracted from the various sphere inserts across the evaluated geometries. The last two columns
show the average value and the percentage change of the average value related to reference geometry 1.

CR (%)
Geo 14.5 mm 11.5 mm 9 mm 7 mm 5.5 mm 4.5 mm Avg % Change relative To Geol
1 67.5 60.3 54.2 49.0 41.0 34.9 51.2 —
2 68.7 61.6 56.6 49.0 41.9 35.7 52.2 2.1
3 70.0 63.6 57.7 50.3 43.7 36.2 53.6 4.8
4 71.0 65.2 57.3 52.0 43.1 38.5 54.5 6.6
5 69.3 63.8 57.6 50.1 42.6 36.4 53.3 4.2
6 70.8 64.7 57.8 51.1 45.5 36.8 54.4 6.4
7 69.5 64.0 58.1 50.3 42.5 35.8 53.4 4.3
8 70.3 64.2 57.5 51.1 45.2 38.0 54.4 6.3
Noise (%)

1 3.9 4.6 5.3 6.2 6.9 7.9 5.8 —
2 3.8 4.4 5.0 5.7 6.4 7.2 5.4 —6.3
3 3.9 4.7 5.5 6.4 7.7 8.6 6.1 5.8
4 3.9 5.0 6.1 7.3 8.3 9.4 6.7 14.9
5 3.9 4.6 5.3 6.1 7.1 7.9 5.8 —0.1
6 4.2 5.2 6.0 6.8 7.6 8.7 6.4 10.3
7 3.8 4.5 5.1 5.9 6.9 7.8 5.7 —2.4
8 4.1 4.9 5.7 6.8 7.7 8.2 6.2 7.4

Table 6. FWHM of the line profiles crossing the smallest
sphere (4.5 mm diameter) along the X, Y, and Z axes across
evaluated static geometries.

FWHM (mm)
Geo X Y Z
1 33 8.0 34
2 3.3 7.5 3.4
3 3.1 7.1 3.4
4 3.2 6.1 34
5 33 8.2 3.7
6 33 7.4 3.7
7 3.2 7.2 3.3
8 3.3 6.1 3.4

Opverall, increasing the inter-detector gap results in improved CR at the cost of increased Noise. A
clear distinction is observed between uniform-gap geometries (Geol-Geo4) and non-uniform gap con-
figurations, with the latter achieving higher CR while maintaining lower Noise levels. Among all evalu-
ated geometries, Geo7 emerges as a favourable compromise, providing a 4.3% increase in CR together
with a 2.4% reduction in Noise compared with the reference geometry employing the minimum uniform
gap.

Table 6 reports the FWHM of line profiles crossing the smallest sphere (4.5 mm diameter) along the
X, Y, and Z axes. Owing to the dual-panel geometry, the FWHM along the Y axis (corresponding to the
direction between the two detector panels) is substantially larger than along the X and Z axes, reflecting
image elongation toward the panels caused by the limited-angle acquisition. This elongation progressively
decreases with increased angular coverage achieved by larger inter-detector gaps. Among the evaluated
geometries, Geo4 and Geo8, representing the largest panels exhibit the smallest Y-axis elongation, with a
FWHM of 6.1 mm.

3.2.2. Protocol optimization
The evolution of the CNR as a function of reconstruction iteration number for all evaluated protocols is
shown in supplementary figure 4. As in the geometry comparison, a fixed number of 15 iterations was
selected for all protocols to ensure a fair comparison.

Figure 13 summarizes the Monte Carlo IQ results across all protocols. As in the geometry analysis,
variations in Noise are generally more prominent than variations in CR; however, for protocol optimiz-
ation, these differences are more evident for larger spheres. The corresponding numerical values of CR
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Figure 13. Monte Carlo image quality results for all evaluated protocols. Panels (a)—(c) show contrast recovery (CR), background
variability (Noise), and contrast-to-noise ratio (CNR) as a function of sphere diameter. Panel (d) presents CR versus Noise for
individual sphere sizes, where the protocols are distinguished by colour and sphere diameters by marker size. Panel (e) shows the
corresponding CR—Noise relationship averaged across all sphere diameters, with second axes showing percentage change relative
to reference protocol 1.

Table 7. Contrast recovery and noise extracted from the various sphere inserts across the evaluated protocols. The last two columns
show the average value and the percentage change of the average value related to reference protocol 1.

CR
Protocol 14.5 mm 11.5 mm 9 mm 7 mm 5.5 mm 4.5 mm Avg % Change relative to protocol 1
1 71.2 64.0 59.1 52.9 45.8 37.3 55.1 0.0
2 71.5 65.2 58.7 51.9 45.6 36.6 54.9 —0.2
3 71.5 65.7 58.8 52.6 46.8 40.2 55.9 1.6
4 71.8 66.5 59.1 51.3 44.7 39.5 55.5 0.8
Noise
1 5.1 6.3 7.8 9.1 10.6 12.2 8.5 0.0
2 5.4 7.0 7.9 8.9 10.4 11.5 8.5 0.0
3 4.6 5.8 7.2 8.8 10.6 12.2 8.2 —3.6
4 4.8 6.1 7.4 8.9 10.7 12.2 8.3 —1.9

and Noise are reported in table 7. Differences between the performance of the protocols are very small.
However, protocols 1 and 2 exhibit inferior performance, characterized by lower CR and higher Noise.
Between the other two, protocol 3 achieves the better performance providing a 1.6% increase in CR and
a 3.6% reduction in Noise relative to the reference protocol 1.

Table 8 reports the FWHM of line profiles crossing the 4.5 mm diameter sphere along the X, Y, and
Z axes. Similar to the geometry comparison, the FWHM along the Y axis is significantly larger than
along the X and Z axes due to image elongation arising from limited angular coverage. Among the eval-
uated protocols, protocol 3 exhibits the smallest Y-axis elongation, with a FWHM of 6.3 mm.

4. Discussion

This study investigated how geometric design choices in a dual-panel PET system dedicated to prostate
imaging influence sampling characteristics and, ultimately, imaging performance within a target FOV
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Table 8. The FWHM of the line profiles crossing the smallest sphere
(4.5 mm diameter) along the X, Y, and Z axes across evaluated
acquisition protocols.

FWHM (mm)
protocol X Y V4
1 3.4 7.4 3.5
2 3.3 6.7 3.2
3 3.3 6.3 3.2
4 3.3 7.3 3.6

(Phuc Vo et al 2025, Amini et al 2026, Saberi Manesh et al 2026). By examining both static configur-
ations based on enlarged detector panels and dynamic configurations employing multi-step detector
motion, the results illustrated how different strategies address the inherent sampling limitations of dual-
panel PET geometries. These design options were evaluated using complementary approaches, combining
a reconstruction-independent, voxelwise analysis of system sampling with conventional Monte Carlo-
based IQ assessment. In the following sections, we provide a system-level discussion of the relative merits
of static and dynamic designs, encompassing imaging performance as well as practical considerations,
such as cost, calibration requirements, mechanical complexity, and long-term maintenance. The discus-
sion concludes with a methodological comparison of the proposed voxelwise coverage scoring framework
and Monte Carlo-based evaluation, highlighting their respective roles, assumptions, and limitations in
the early stages of PET system design.

Static panel design

For the static panel design, detector panels were configured as 3 (axial) x 8 (transaxial) block arrays,
with optimization focused on the transaxial inter-detector gaps. The central question was how much,
and in what manner, these gaps could be increased to improve angular coverage without systematically
degrading sampling uniformity across the target FOV. Eight gap configurations were evaluated, including
uniform-gap designs and non-uniform configurations in which smaller gaps are maintained above the
target region and progressively increased toward the panel edges.

Monte Carlo simulation results showed that variations in gap configuration affected noise levels
more strongly than CR, with noise changes ranging from a 6.3% decrease to a 14.9% increase relative
to the reference geometry, while CR increased only by 6.3% (table 5). Despite the comparatively modest
changes in CR, gap configuration had a pronounced impact on image elongation, as quantified by the
Y-axis FWHM of line profiles through the smallest sphere, which varied between 6.1 and 8.0 mm across
the evaluated geometries (table 6). Based on these trends, the favoured configuration was defined as one
achieving improved CR and reduced image elongation without a significant noise penalty.

Both Monte Carlo and voxelwise coverage scoring analyses consistently favoured non-uniform
gap configurations. Among the evaluated designs, Geometry 7, with a total transaxial panel length
of 247 mm (compared with 207 mm for the reference minimum-gap configuration), provided the
most balanced performance (figures 8 and 12). It achieved improved CR (+4.3%), reduced Y-axis
FWHM (7.2 mm vs 8 mm), with even a modest reduction in noise (—2.4%) relative to reference Geo
1. Consistently, the voxelwise scoring framework favoured Geometry 7, showing a significant increase in
median score accompanied by a slight decrease in score IQR compared to Geometry 1.

To assess robustness of our evaluation under reduced counting statistics, all simulations were
repeated using a 10 min acquisition instead of the default 20 min. The results of the geometry optim-
ization under this reduced scan time are presented in supplementary figure 5. While the range of CR
showed no change across geometries, noise levels increased for all as expected. Geometry 7 maintained
its overall favourable balance between CR and noise relative to the other geometries, although its noise
level became slightly higher than that of the reference Geometry 1.

It should be noted, however, that non-uniform gap designs may be more sensitive to patient mispos-
itioning than uniform-gap configurations. In such scenarios, Geo 2, employing a uniform 12 mm gap,
still represents a robust Pareto improvement over the reference geometry, offering increased CR, reduced
image elongation, and lower noise levels (figure 12 and table 6).

Dynamic panel design

For the dynamic design, detector panels comprising a 3 X 4 block array with the minimum achievable
inter-block gap were mounted on motorized stages enabling controlled transaxial motion. The optim-
ization problem involved a trade-off between improved angular coverage achieved through an increased
number of acquisition steps and noise performance driven by reduced per-step statistics.

19



10P Publishing

Phys. Med. Biol. 71 (2026) 075022 M Amini et al

Monte Carlo simulations showed small inter-protocol differences in CR and noise. Nevertheless, both
the voxelwise evaluation and Monte Carlo simulations consistently favoured the more complex APs 3
and 4 (figures 11 and 13). Among these, protocol 3 achieved Pareto-optimal performance, yielding a
modest increase in CR (41.6%), reduced resolution elongation along the panel-separation axis (Y-axis
FWHM of 6.3 mm versus 7.4 mm), and a reduction in noise (—3.6%) relative to the reference protocol
1. In the voxelwise analysis, protocol 3 showed increase in median score (top rank) accompanied by
reduction in score IQR (second rank) compared with the reference protocol.

The superior performance of Protocols 3 and 4 is, however, more vulnerable to the available count-
ing statistics due to their lower time per acquisition step. Results from the repeated evaluation using
a 10 min acquisition, presented in supplementary figure 6, show elevated noise levels for both proto-
cols under reduced scan duration. In this shorter scan-time regime, protocol 2 emerges as the preferred
option, as it exhibits the lowest noise while differences in CR among protocols is negligible.

Static vs dynamic designs

Comparing the best-performing configurations from the two design strategies, the dynamic protocol 3
achieved a higher average CR across all sphere sizes (55.9%) than the static geometry 7 (53.4%), corres-
ponding to a 4.6% increase. This improvement is expected, as the moving-panel design spans the full
306 mm transaxial extent of the gantry through multiple acquisition steps, providing broader angular
coverage than the fixed 247 mm transaxial length of geometry 7. The enhanced angular sampling also
reduces image elongation, with protocol 3 achieving a smaller Y-axis FWHM than geometry 7 (6.3 mm
versus 7.2 mm).

This gain in contrast and resolution, however, comes at the expense of a significant increase in noise.
Background variability rises from 5.7% for geometry 7%-8.2% for protocol 3, corresponding to a 44%
increase, reflecting the reduced effective counting statistics associated with the smaller detector area of
the moving-panel design. This effect becomes even more pronounced under 10 min acquisition, where
background variability increases to 6.8% for geometry 7 and 10.5% for protocol 3, corresponding to
54% difference. Figure 14 shows representative central transaxial slices of the IQ phantom acquired using
geometry 7 and protocol 3 for both 20 min and 10 min scans. The elevated noise level associated with
protocol 3 is clearly visible, particularly under the reduced scan duration, where noise dominates the
image appearance.

It should be noted that the performance of both configurations in this study was evaluated using
conventional image reconstruction algorithms. Advanced artificial intelligence—based approaches offer
additional opportunities to enhance IQ for both designs and may alter the relative performance ranking
observed here. For example, low-dose—to—high-dose transformation models could preferentially bene-
fit the smaller, dynamic detector configuration by mitigating noise under reduced counting statistics,
while elongation-mitigation models may further enhance images obtained with larger static geometries.
As such, the optimal design choice identified in this work is specific to conventional reconstruction and
noise-limited conditions. The integration of advanced learning-based reconstruction or post-processing
methods lies beyond the scope of the present study and warrants systematic investigation in future work.

From a manufacturing cost perspective, the static-panel design employs twice the number of detector
blocks, which substantially increases crystal and electronics costs. In contrast, dynamic design reduces
the number of detector blocks but introduces additional expenses associated with high-precision,
medical-grade motorized stages. The overall cost balance between the two approaches therefore depends
on the final cost of individual detector modules (plus their electronics) as well as the number of detector
blocks adopted in each configuration. With respect to mechanical complexity, dynamic design introduces
additional challenges, including cable management and ensuring mechanical stability under repeated
motion over time. It also requires additional calibration procedures, relating to the performance of the
motors. Finally, dynamic APs may increase the effective scan duration due to the time required for panel
motion between acquisition steps, with the magnitude depending on motor speed and the number of
steps employed. For protocol 3, assuming a motor speed of 1 cm s~!, the optimized ordering of steps
results in a total panel displacement of 532 mm, corresponding to approximately 52 s of additional
motion time. For a 10 min scan, this represents an overhead of ~9%.

Proposed framework and Monte Carlo-based evaluation

In addition to conventional Monte Carlo-based IQ evaluation, this study introduces a reconstruction-
independent, voxelwise coverage scoring framework focusing exclusively on the geometric probing of the
target FOV. In this approach, a score is assigned to each voxel based on both the number of intersecting
LORs and the angular isotropy of their distribution. Scanner configurations are then compared using
robust summary statistics of the resulting score distributions, specifically the median as a measure of
central tendency and the IQR as an indicator of spatial variability across the FOV.
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(a) (b)

(c) (d)

Figure 14. Representative central transaxial slices of the image quality phantom acquired using geometry 7 (a) and (c) and pro-
tocol 3 (b) and (d) for both 20 min (a) and (b) and 10 min (c) and (d) scans.

Despite their fundamentally different nature, the score median—IQR representation exhibits trends
that are qualitatively close to those observed in Monte Carlo-based CR and noise analyses, across both
static and dynamic designs. For the static geometries, both methods consistently favoured non-uniform
gap configurations, with geometry 7 emerging as a balanced solution in terms of performance and sta-
bility (figures 8 and 12(e)). Similarly, for the dynamic designs, both approaches identified the more
complex APs as superior, with protocol 3 representing the optimal trade-off between performance and
robustness (figures 11 and 13(e)). A direct quantitative correlation between the two evaluation frame-
works was intentionally avoided for two reasons. First, the metrics derived from the two approaches cap-
ture different aspects of system performance: Monte Carlo-based measures reflect reconstruction- and
count-statistics—dependent image properties, whereas the proposed voxelwise score characterizes purely
geometric sampling behaviour. The limited number of evaluated geometries and protocols precludes
statistically meaningful correlation analysis.

In the proposed framework, several physical properties of the geometrically admissible LOR set were
explicitly modelled. Individual LORs were weighted according to their total length and their path length
within the detector crystals to account for geometric divergence and attenuation effects. In addition,
LOR supersampling was employed to represent the finite physical volume of detector crystals and to
avoid discretization artefacts associated with single-ray approximations. Scattering of LORs within the
detector crystals, however, was not modelled, a deliberate choice made to preserve the computational
efficiency and speed of the framework.

To assess the impact of using a fully physics-based LOR set on the voxelwise scoring results, the ana-
lysis was repeated using LOR sets derived from simulated flood acquisitions, which were used for nor-
malization in the Monte Carlo study. The resulting median-versus-IQR score distributions for both geo-
metry and protocol evaluations are shown in supplementary figure 7. In both cases, the overall trends
and the resulting design-selection conclusions were preserved when replacing the parametric LOR model
with a fully physics-based LOR set derived from Monte Carlo simulations. This consistency indicates that
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the simplified geometric modelling adopted in the proposed framework captures the dominant factors
governing sampling behaviour, while maintaining computational efficiency.

A limitation of the proposed framework is that it does not explicitly model acquisition time or count
statistics and, as such, compares designs under the assumption that sufficient acquisition time is available
to fully sample the set of geometrically admissible LORs. In principle, this effect could be incorporated
by introducing stochastic LOR subsampling, i.e. assigning different numbers of supersampled rays to
individual crystal pairs to emulate reduced counting statistics. Such an approach would enable controlled
reduction of effective counts and evaluation of its impact on the voxelwise scores. However, this exten-
sion was not explored in the present study and is left for future work.

With respect to the Monte Carlo-based evaluation framework, an inherent limitation is that com-
monly used standardized tests are primarily designed for cylindrical PET geometries. For instance, in
the NEMA IQ phantom, all spheres are positioned at the same radial offset from the scanner centre
and therefore experience similar sampling conditions, an assumption that does not hold for non-
cylindrical designs. Such as dual-panel systems. This highlights the need for adapted standardized tests
and phantoms tailored to emerging non-cylindrical PET geometries, which are attracting increasing
interest. In the present study, this limitation was partially mitigated by repeating the simulated acquis-
itions with different phantom rotations, allowing each sphere to be evaluated under multiple spatial
sampling conditions across the FOV.

Another practical limitation of Monte Carlo-based IQ evaluation is its inherently discrete sampling,
as both lesion (hot spheres) and background measurements are restricted to a finite number of sizes and
locations. In contrast, a voxelwise analysis provides continuous spatial coverage across the FOV and can
offer complementary insight into spatial variations in system performance. Importantly, this does not
diminish the role of Monte Carlo simulation, which remains essential for realistic image-level assessment.

The two frameworks are best viewed as complementary rather than directly comparable, each provid-
ing distinct and valuable insight at different stages of system design and optimization. In particular, the
proposed scoring method enables fast, reconstruction-independent screening of a large number of can-
didate designs, allowing a reduced subset of promising configurations to be identified for subsequent,
computationally intensive Monte Carlo evaluation. Together, they form a coherent and efficient frame-
work for the systematic optimization of non-cylindrical PET system designs.

5. Conclusion

In this study, we investigated the system design optimization for a prostate-dedicated dual-panel PET
scanner with particular emphasis on mitigating the limited-angle sampling inherent to dual-panel config-
urations. Two practical and implementable approaches were evaluated: optimizing inter-detector spacing
in large, static panels and introducing controlled motion in smaller detector panels. Different designs
were assessed using both a proposed reconstruction-independent voxelwise scoring framework and con-
ventional Monte Carlo-based IQ analysis. The proposed framework demonstrated consistency with the
Monte Carlo-based IQ evaluation in ranking candidate designs and identifying optimal configurations.
While the two approaches probe different aspects of system performance, their agreement supports the
use of fast, sampling-based metrics as an efficient screening tool during early design stages, reserving
computationally intensive simulations for final validation. Overall, this study provides a structured meth-
odology for analysing performance trade-offs in dual-panel PET systems and offers practical design guid-
ance for prostate-dedicated imaging. The results showed that both static and dynamic solutions can
improve angular coverage, but their suitability depends on the intended balance between imaging per-
formance, mechanical complexity, and manufacturing costs.
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