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Abstract
Objective.Many SPECT and PET radionuclides, along with radionuclides used in targeted alpha or
beta therapy and their imaging surrogates have multiple gamma and/or positron emissions. Images
of these radionuclides are usually obtained from the photopeak with the most convenient energy
and/or highest intensity or by adding counts from different photopeaks. Smart utilization of mul-
tiple energy peaks may improve reconstructed images, especially in low-count scans. Approach.We
investigate and compare various dual-photopeak joint reconstruction (JR) approaches, namely
(i) Single-Band (SB-JR)—projections from two energy windows are summed and reconstructed
with a system matrix at a single average energy, (ii) mixed Multi-Band (mMB-JR)—like SB-JR but
the system matrix incorporates the element-wise contributions from the photopeak energies, (iii)
Multi-Band (MB-JR)—separate projections for each window and separate system matrices at rel-
evant gamma energies are utilized. We evaluate these methods for a multi-pinhole PET-SPECT
system (VECTor, MILabs, the Netherlands) using Monte Carlo generated Derenzo phantom pro-
jections of 225Ac (218 keV and 440 keV gammas), 226Ac (158 keV and 230 keV gammas) and 89Zr
(511 keV annihilation gammas and 909 keV prompt gammas) at three different activity concen-
trations. A contrast-to-noise ratio (CNR) based quantitative performance analysis was done.Main
results. The MB-JR scheme of JR showed superior visual image quality and highest CNRs in almost
all cases, across all radionuclides and activity concentrations. The CNR improvement over images
acquired from the single best-performing photopeak ranged from 30%–65% for 225Ac, 20%–
54% for 226Ac, and 25%–47% for 89Zr, respectively, for the smallest visible rods in the Derenzo
phantom. CNR improvements/degradations for the other two methods, mMB-JR and SB-JR, were:
for 225Ac,−16%–51% and−21%–51%; for 226Ac, 9%–61% and 0.2%–38%; and for 89Zr, 19%–
52% and−3%–16%, respectively. Significance.We believe the proposed image reconstruction
methods can enhance SPECT, PET, and PET-SPECT imaging of a wide range of radionuclides that
emit gamma’s with multiple energies.

1. Introduction

Many SPECT and PET radionuclides (e.g. 111In, 67Ga, 201Tl, 89Zr, 124I), including radionuclides for tar-
geted alpha therapy (TAT) and targeted beta therapy (TBT) (e.g. TAT: 225Ac, 149Tb, 223Ra, 211At; TBT:
177Lu, 131I, 161Tb) and their imaging surrogates (e.g. TAT surrogates: 226Ac, 155Tb, 131Ba, 209At; TBT sur-
rogates: 111In, 124I, 155Tb) have multiple gamma and/or positron emissions that can be used for imaging
(details provided in table 1). In most clinical and preclinical studies, either a single gamma emission—
typically the one with the most convenient energy and/or highest intensity—is utilized for imaging, or
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Table 1. Examples of radionuclides with multiple photopeaks that are of interest for (bio)medical applications. Half-lives, imageable
emissions with corresponding energies and intensities, and applications are given for SPECT and PET radionuclides including TAT and
TBT radionuclides (with their imaging surrogates), for which joint reconstruction can be used. All positrons yield 511 keV photons for
imaging. Only>5% relative intensity emissions are presented.

Radionuclide Half-life
Imageable emissions with energy in
keV (%intensity) Application

111In# 2.8 d X-rays: 23+ 26 (82%); γ: 171
(91%), 245 (94%)

Pretherapeutic dosimetry (Wong et al
2010), surrogate of 177Lu (Nelson et al
2023)

89Zr† 3.3 d X-rays: 14 (42%); γ: 511 (45%),
909 (99%)

immunoPET (Pandya et al 2019)

124I† 4.2 d X-rays: 27+ 31 (54%); γ: 511
(45%), 603 (63%), 723 (10%), 1691
(11%)

thyroid cancer (Jentzen et al 2008)

223Ra‡ 11.4 d X-rays: 81+ 84 (40%); γ: 154
(6%), 269 (14%)

prostate cancer (Jarvis et al 2021)

225Ac‡ 10.0 d γ: 218∗ (11%), 440∗ (26%) prostate (Bidkar et al 2024), breast cancer
(Cheal et al 2020)

211At‡ 7.2 h X-rays: 73∗ + 75∗ (57%), 77+ 79
(19%), 85∗ (8%); γ: 570∗ (98%),
1063∗ (75%), 1770∗ (7%)

ovarian cancer (Dekempeneer et al 2019)

149Tb‡ 4.1 h X-rays: 43+ 49 (58%), 41∗ + 47∗

(100%); γ: 150∗ (48%), 165 (22%),
299∗ (28%), 346∗ (24%), 352
(25%), 389 (16%), 465 (5%), 511
(12%), 652 (14%), 789∗ (7%), 817
(10%), 853 (13%)

pancreatic cancer (Mapanao et al 2025)

161Tb§ 6.9 d X-rays: 45 (17%); γ: 26 (23%), 49
(17%), 75 (10%)

prostate cancer (Tschan et al 2023),
neuroendocrine tumor (Borgna et al
2022)

177Lu§ 6.6 d γ: 113 (6%), 208 (11%) prostate cancer (Foxton et al 2025),
neuroendocrine tumor (Strosberg et al
2017)

131Ba¶ 11.5 d X-rays: 31+ 35 (96%); γ: 124
(30%), 216 (20%), 373 (14%), 496
(48%)

surrogate of 223Ra (Nelson et al 2023)

226Ac¶ 1.2 d γ: 158 (15%), 230 (22%) surrogate of 225Ac (Nelson et al 2023)
209At¶ 5.4 h X-rays: 77+ 79 (96%), 90+ 92

(19%); γ: 195 (24%), 239 (13%),
545 (91%), 781+ 790 (147%)

surrogate of 211At (Nelson et al 2023)

155Tb¶ 5.3 d X-rays: 43+ 49 (106%); γ: 87
(32%), 105 (25%)

surrogate of 149Tb and 161Tb (Tagawa
et al 2013, Nelson et al 2023)

Symbols: # SPECT radionuclide; † PET radionuclides; ‡ TAT radionuclides; § TBT radionuclides; ¶imaging surrogates; ∗ emission from

daughters with intensity disregarding branching ratio.

peaks are added up and reconstructed with a single system matrix (Dey et al 2014, Rowe et al 2015,
Liu et al 2019, Ravizzini et al 2023). Leveraging all available gamma emissions jointly in an optimal
way for imaging has the potential to further enhance imaging performance, especially in low-uptake
and/or shorter time scans. A better reconstruction method may also enable to scan with a lower dose.
Furthermore, the development of specialized low-count imaging methods is essential to facilitate image-
based dosimetry for TAT radionuclides, given the often low gamma-abundancies and/or limitations
on the maximum injectable activity permissible (Nedrow et al 2017, Cheal et al 2020, Kelly et al 2020,
Qin et al 2020, Meyer et al 2022, Ingham et al 2024) to prevent radiation damage to healthy organs.
Preclinical imaging of TAT radionuclides and their surrogates can be conducted using SPECT (Koniar
et al 2022, 2024), PET (Müller et al 2017), PET-SPECT (Goorden et al 2013, Beekman et al 2021) or a
Compton camera (Das et al 2025) depending on the type of emissions and resolution requirements.

Successful utilization of different emissions jointly has been attempted previously across a diverse
range of imaging modalities: (i) JR of 90Y from the continuous bremsstrahlung spectrum in SPECT
(Chun et al 2020), (ii) projection-domain based dose quantification for 227Th and 223Ra in SPECT (Li
et al 2024), (iii) joint utilization of ‘PET events’ and ‘Compton events’ in Compton-PET (Ghosh and
Das 2023, Takyu et al 2025), and (iv) JR of different channels of information for a multi-layer Compton
camera used in online beam range verification based on prompt gamma imaging (Roser et al 2022).
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In this work, we compare three JR schemes to simultaneously use two photopeaks from radionuc-
lides emitting multiple gammas and/or positrons. We tested these algorithms with simulations repres-
enting the preclinical PET-SPECT VECTor scanner (Goorden et al 2013) (MILabs B.V.). The VECTor
scanner of which the initial version was introduced in 2013, equipped with clustered pinhole technology
(Beekman 2011), experimentally demonstrates sub-millimeter resolutions at 140 keV of 99mTc (Goorden
et al 2013), 364 keV of 131I (van der Have et al 2016), 440 keV of 213Bi (de Swart et al 2016), 511 keV of
18F (Goorden et al 2013), 603 keV of 124I and 909 keV of 89Zr (Beekman et al 2021) and, according to
simulations, can also achieve sub-millimeter resolution for ultra-high energy (>1 MeV) prompt gammas
up till 1.4 MeV (Ghosh et al 2025), making it a suitable modality for imaging all radionuclides listed in
table 1, which emit gammas across a broad energy range. Additionally, the scanner is capable of per-
forming positron range-free PET and multi-tracer PET imaging (Beekman et al 2021).

For this study, we performed Monte Carlo simulations for 225Ac, 226Ac and 89Zr activity distributions
to characterize the proposed methods for a wide energy range of 158 keV to 909 keV. Derenzo resolu-
tion phantom images at different activity concentrations were assessed for each radionuclide and quant-
itatively compared via a contrast-to-noise (CNR) analysis.

2. Materials andmethods

2.1. Scanner description
We simulated the VECTor PET-SPECT scanner (Goorden et al 2013, Beekman et al 2021) with standard
crystal thickness to evaluate our algorithms. The detector component of this scanner consists of three,
triangularly arranged, monolithic NaI(Tl) scintillator detectors (9.5 mm thick) with PMT-based light col-
lection. Each individual planar detector has a surface area of 497 × 411 mm2 (Van Der Have et al 2009).
The collimator employed in this study is designed based on proprietary cluster collimation technology
(Beekman 2011) and consists of 48 clusters, each containing 2 × 2 pinholes, resulting in a total of 162
knife-edge pinholes. The cylindrical collimator has an inner diameter of 48 mm, and a wall thickness of
43 mm. The centers of all pinholes are positioned at a 64 mm diameter. The pinholes are organized into
four adjacent rings in longitudinal direction, with those in the inner two rings having an opening angle
of 18◦, while the pinholes in the outer two rings have an opening angle of 16◦. The collimator is made
of a material mixture consisting of tungsten (97%), nickel (1.5%), and iron (1.5%).

The central field of view (CFOV) is the region sampled collectively by all pinholes. In the CFOV
complete data sampling is thus achieved in accordance with Tuy’s condition without any bed movement
(Tuy 1983). For imaging objects larger than the CFOV, data acquisition is performed using the scanning
focus method (Vastenhouw and Beekman 2007), where the sample-holding bed is incrementally trans-
lated in a finite number of steps, and the data acquired from all bed positions is used simultaneously to
reconstruct the 3D tracer distribution.

2.2. Monte Carlo simulations
2.2.1. Scanner simulation and data acquisition
Monte Carlo (MC) simulations were performed using GATE v9.0 (Jan et al 2004), which is based
on Geant4 v10.05 (Agostinelli et al 2003) and ran on a CentOS 7.0 cluster. The three NaI(Tl)
planar detectors were modeled in the GATE environment as three rectangular boxes of dimensions
497 × 411 × 9.5 mm3. The first detector was positioned perpendicular to the y-axis and translated to
the coordinates (0, −215 mm, 0). The second and third detectors were rotated by ±120◦ around the
z-axis and translated to the positions (−186 mm, −107 mm, 0) and (186 mm, −107 mm, 0), respect-
ively, in order to precisely replicate the triangular configuration of the VECTor scanner (figure 1). The
clustered pinhole collimator was simulated according to the geometric parameters provided by the
manufacturer, and its performance was validated on the VECTor scanner as reported in Goorden et al
(2013). Three radionuclides—225Ac, 226Ac and 89Zr—were used in this study. GATE’s ‘ion source’ util-
ity was used to simulate all types of emissions from these radionuclides. The selection of these radio-
nuclides was motivated by their relevance to current applications and the opportunity to evaluate the
proposed JR methods using gamma emissions across different energy ranges. The lower energy range
includes 158, 218, 230, and 440 keV emissions from 225Ac and 226Ac, while the higher energy range
includes 511 and 909 keV emissions from 89Zr. Additionally, these radionuclides offer varying degrees
of proximity between gamma energies from individual radionuclides. For instance, 226Ac provides closely
spaced gamma emissions at 158 and 230 keV. 225Ac exhibits more widely separated gamma lines at 218
and 440 keV, while 89Zr results in a larger energy spacing with 909 keV gammas and 511 keV annihil-
ation photons. Physics processes were built using the ‘emstandard’ physics list builder (see GATE docu-
mentation). Photomultipliers, light collection and back-end electronics of the scanner were not modeled.
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Figure 1. Transaxial view of the VECTor scanner equipped with a clustered pinhole collimator, illustrating the geometrical
dimensions (detector thickness not to scale).

Table 2. Comparing experimental energy resolution (ER) values with simulated ones.

Source Energy (keV) Experimental ER (%) Simulated ER (%)

125I 35 22.7 (Villena et al 2010) 20.0(a)
99mTc 140 10.0 (Villena et al 2010) 10.0(a)
22Na 511 9.7 (Villena et al 2010) 9.0(b)
124I 603 8.3 (Beekman et al 2021,Nguyen et al 2020) 8.3(b)
89Zr 909 7.2 (Beekman et al 2021,Ghosh et al 2025) 6.8(b)

Abbreviations: ER(a) for model-A and ER(b) for model-B.

Rather, their aggregate effect is replicated by modeling 10% energy resolution (ER) at 140 keV for 225Ac
and 226Ac simulations and 9% ER at 511 keV for 89Zr, as per the manufacturer’s specifications. For both
cases, 1√

E
scaling was considered individually from a 140 keV energy (model-A) for 225Ac and 226Ac

and from a 511 keV energy (model-B) for 89Zr to simulate the ER at different gamma energies such
that it matches well with experimentally determined ERs (table 2). Also, a 3.5 mm FWHM intrinsic
spatial resolution of the detector was assumed, as per manufacturer’s specifications. These resolutions
were implemented by sampling from Gaussian distributions with respective FWHMs. Natural back-
ground (NB), corresponding to the detector counts present in the absence of activity, was also included
to improve realism. A count rate of 1 keV−1 s−1 was assumed for each of the three planar detectors of
the VECTor scanner, in accordance with the manufacturer’s specifications. This count rate was used to
generate Poisson distributed NB across all three detector planes. Finally, gamma detection positions on
the detector surface were discretized in 1.072 × 1.072 mm2 pixels to obtain projection data. All of these
post processing tasks were implemented through MATLAB v2021b scripts.

2.2.2. Digital phantoms
For 225Ac, two different Derenzo resolution phantoms and three different activity concentrations were
utilized in the study. For a concentration of 20 MBq ml−1, a Derenzo phantom with rod diameters of
0.75, 0.7, 0.65, 0.6, 0.55, and 0.5 mm, each with a length of 10 mm, was employed (figure 2). These rods
were positioned within a PMMA cylinder with a diameter of 12 mm and a height of 12 mm. We name
this phantom DP-1. The activity concentration of 20 MBq ml−1 exceeds the values typically encountered
in biological experiments for this radionuclide (appendix A.1). Nevertheless, this concentration was
investigated to characterize the proposed JR methods in the SPECT energy range. For the other two
activity concentrations of 0.5 MBq ml−1 and 0.2 MBq ml−1, a different Derenzo phantom with rod
diameters of 1.6, 1.5, 1.4, 1.1, 1.0, and 0.9 mm and a rod length of 10 mm was used suitable for the
changed reconstructed rod visibility. The hot rods were housed within a PMMA cylinder with a dia-
meter of 20 mm and a height of 12 mm. We name this phantom DP-2.

4
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Figure 2. Ground truth representation of Derenzo resolution phantoms embedded within a PMMA cylinders (in gray) having
diameters of 12 mm, 14 mm, and 20 mm (left to right), with rod diameters indicated in the top row. Respective ROI placements
for CNR calculation are shown in the second row.

For 226Ac, the above described DP-1 phantom was used with activity concentrations kept at
10 MBq ml−1, 2 MBq ml−1, and 1 MBq ml−1.

For 89Zr, a Derenzo resolution phantom with rod diameters of 0.85, 0.8, 0.75, 0.7, 0.65, and 0.6 mm
and a rod length of 10 mm was employed, named DP-3 (figure 2). These rods were enclosed within
a PMMA cylinder with a diameter of 14 mm and a height of 12 mm. Activity concentrations of
200 MBq ml−1, 100 MBq ml−1, and 50 MBq ml−1 were investigated.

For all three radionuclides, the selection of activity concentrations was motivated to show degrada-
tion of resolution as activity concentration decreases, and to investigate benefit of proposed JR at these
different levels of resolution degradation. For all cases, data acquisition was performed using a multi-
planar trajectory (MPT) approach (Vaissier et al 2012) across 9 bed positions, with a total scan duration
of 1 h.

2.2.3. Positron range simulation
The positron annihilation point distribution was calculated for 89Zr using a MC simulation of a point
source placed at the center of a 20 cm water sphere. A total of five million positron annihilation events
were simulated. The three-dimensional coordinates of the annihilation points were recorded on a
31 × 31 × 31 voxel grid, where the central voxel corresponded to the position of the point source. The
voxel size was the same as in the corresponding reconstructed images. The resulting positron range ker-
nel was subsequently normalized.

2.3. JR schemes
In this paper we describe and validate the joint reconstruction schemes for two photopeaks. However,
the extension to more photopeaks is in principle straightforward, though such schemes will have added
computational complexity. Note that for the isotopes considered in this paper, there are only two pho-
topeaks with reasonable intensity.

Consider a radionuclide emitting gamma photons of two energies E1 and E2 of intensities I1%
and I2% respectively. We assume that these two energies are sufficiently separated so that the differ-
ent photopeaks can be resolved by the scanner. We define a ∈ RN as a vector representing the amount
of activity in the N voxels in the object. Let p(1) ∈ RV and p(2) ∈ RV denote the noiseless projections

5
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from the two emissions corresponding to gamma photons of energy E1 and E2 respectively. Here, V is
the total number of pixels of the detectors, multiplied by the number of bed positions utilized in the
scan (see section 2.1). Also, let s(1) ∈ RV and s(2) ∈ RV be estimated noiseless scatter projections (for
scattered gammas detected in the photopeak) which depend on the activity distribution. Furthermore,
M(1) ∈ RV×N and M(2) ∈ RV×N are energy dependent system matrices describing photon transport for
gamma energies E1 and E2 respectively. These matrices exclude scatter but include gamma photon penet-
ration through collimator and in the detector.

In image reconstruction, we use an ordered-subset based maximum likelihood expectation maximiza-
tion algorithm (see section 2.4 for specific implementation details). This algorithm includes forward pro-
jection/ backprojection steps in each sub-iteration which are implemented in different ways for the dif-
ferent separate and JR schemes that we compare. This is detailed below given the earlier defined quantit-
ies for the forward projection step in the algorithm. For the backprojection step, the same equation but
without the scatter component is used.

2.3.1. Separate reconstruction of photopeaks
The conventional method for formulating the problem is to treat projections from different gamma
energies independently which would result in separate images for each photopeak. Accordingly, the rela-
tion between noiseless projection and activity in the forward projection step of iterative image recon-
struction can be written as


p(i)1

p(i)2

..

..

p(i)V


V×1

= τi



m(i)
11

m(i)
21

m(i)
12 .. .. m(i)

1N

m(i)
22 .. .. m(i)

2N

.. .. .. .. ..

..

m(i)
V1

.. .. .. ..

m(i)
V2 .. .. m(i)

VN


V×N


a1

a2

..

..

aN


N×1

+


s(i)1

s(i)2

..

..

s(i)V


V×1

(1)

where τi = factors convert activity into emitted counts for respective energies (here, T1/2: half life of the

radionuclide; t: scan time) and system matrix element [m(i)
vn ] is defined as the probability of a gamma

photon of energy Ei emitted from the nth voxel to get detected in the vth detector pixel.

2.3.2. Post combining images
Activity distribution estimates obtained from separate reconstructions of two gamma energies
(section 2.3.1) can be combined (added) to generate an additional estimate.

2.3.3. Single-band (SB) JR
One approach of combining the two projection equations in equation (1) is as follows


p(1)1 + p(2)1

p(1)2 + p(2)

..

..

p(1)V + p(2)V


V×1

=


mave

11

mave
21

mave
12 .. .. mave

1N

mave
22 .. .. mave

2N

.. .. .. .. ..

..
mave

V1

.. .. .. ..
mave

V2 .. .. mave
VN


V×N


a1
a2
..
..
aN


N×1

+


s(1)1 + s(2)1

s(1)2 + s(2)2

..

..

s(1)V + s(2)V


V×1

(2)

where [mave
ij ] is a system matrix element at weighted average energy

Eave =
I1E1 + I2E2
I1 + I2

. (3)

The photon transport model for two gamma energies, when implemented in this manner in image
reconstruction, is referred to as (SB-JR).
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2.3.4. Mixed multi-band (mMB) modeling JR
Another way to combine photon transport into a joint equation is to include photon transport in the
system matrix by element-wise summation of the matrix elements for the two energies

p(1)1 + p(2)1

p(1)2 + p(2)2

..

..

p(1)V + p(2)V


V×1

=


τ1m

(1)
11 + τ2m

(2)
11 τ1m

(1)
12 + τ2m

(2)
12 .. .. τ1m

(1)
1N + τ2m

(2)
1N

τ1m
(1)
21 + τ2m

(2)
21 τ1m

(1)
22 + τ2m
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. (4)

This approach for incorporating the photon transport model into image reconstruction is termed
(mMB-JR).

2.3.5. Multi-band (MB) modeling JR
In the above formulations we considered the total number of gammas detected in the two photopeak
windows (projections were added). Simply adding projections means that information about the energy
of the detected gamma is lost. We therefore consider a third formulation in which this information is
retained.
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
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(5)

We thus kept the two projections and their system matrices at the cost of doubling the computation
time for reconstruction as the dimension of the equation doubled. Implementing this photon transport
model into image reconstruction is denoted by (MB-JR).

2.4. Image reconstruction
Image reconstructions were performed using the dual-matrix dual-voxel similarity-regulated ordered-
subset expectation maximization (DM-DV) algorithm (Goorden et al 2020), with similarity threshold
value set to 40% (Vaissier et al 2016). Pixel-based ordered subsets (Branderhorst et al 2010) were used
for acceleration of reconstruction. For the DP-1 phantom (high-count 225Ac and 226Ac), a voxel size
of 0.2 mm was used, due to the smallest rod diameter being 0.5 mm. A 3D Gaussian post-filter with
FWHM values of 0.5 mm was applied. For DP-2 phantom (low-count 225Ac), the voxel size was 0.4 mm,
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chosen because the smallest rod diameter is 0.9 mm. 3D Gaussian post-filters of 1.0 mm and 1.4 mm
FWHM were used for the DP-2 phantom at activity concentrations 0.5 MBq ml−1 and 0.2 MBq ml−1,
respectively. For the DP-3 phantom (89Zr), a voxel size of 0.4 mm was used in the reconstruction pro-
cess. A 3D Gaussian filter with a FWHM of 0.5 mm was applied. The filter widths were selected to be
approximately equal to the diameter of the smallest visible sector, except for 89Zr, for which a value of
0.5 mm was chosen to enable comparison with the results reported by Ghosh et al (2025).

For improved visualization, the 20 central slices of the DP-1 phantom and 10 central slices of the
DP-2 and the DP-3 phantom were summed, and the resulting images were resampled to a finer grid of
256 × 256 using MATLAB’s ‘resize’ function.

2.4.1. System matrices
Energy-dependent system matrices (M(1),M(2) of section 2.3) were generated using in-house developed
ray-tracing software (Goorden et al 2011, 2016). This ray-tracer accounts for attenuation through
the collimator and detector, but does not incorporate scatter. Instead, scatter projections (s(1), s(2) of
section 2.3) were estimated from side energy windows using the triple-energy window (TEW) scatter
correction method (Ogawa et al 1991) and were then used as additive term only in forward projection.
Attenuation and scatter within the small animal body were not modeled in the system matrix due to the
relatively small size of mice.

In accordance with the DM method, cutoffs of 1% and 20% were applied to generate the forward
and backprojection matrices, respectively, to accelerate the reconstruction process by using a smaller
backprojection matrix. Here, 1% cutoff implies that gamma rays with less than a 1% chance of penet-
rating the collimator were excluded (Goorden et al 2020). Furthermore, the forward matrix was divided
into central and tail components. The PSF exhibits a rapidly varying central component and a slowly
varying tail component on the detector plane (see figure 2 of Goorden et al (2016)). Since the tail com-
ponent varies slowly, it was defined using coarser voxels; these were twice the size as those used for
the central component. This DV approach effectively reduces both storage requirements for the system
matrix and computational load during reconstruction. Note that both the described matrix generation
method and the reconstruction acceleration correspond to what is used in the experimental system.

For imaging single photopeaks from each radionuclide, system matrices at the respective energies
with 128 subsets were used. For SB-JR, a system matrix at intensity weighted energy value (equation (2))
was used where the total number of subsets was 128. The intensity weighted energy values are 374 keV,
207 keV, and 784 keV for 225Ac, 226Ac, and 89Zr, respectively. In mMB-JR, a total of 128 subsets were
used with matrix elements added (equation (4)). For MB-JR, there are a total of 256 subsets, of which
the first 128 correspond to the lower gamma energy, while the remaining 128 correspond to the higher
gamma energy (equation (5)). A comparison of imaging performance due to different schemes of energy
subsetting is presented in appendix A.2.

Among the three radionuclides under investigation, 225Ac exhibits gamma emissions at 218 keV
(11%) and 440 keV (26%) that do not originate directly from the radionuclide itself; rather, these
emissions are produced by its daughter nuclides, 221Fr and 213Bi, respectively. Nevertheless, the cor-
responding intensities of 11% and 26% are utilized for the [τi calculation (section 2.3.1) without
applying any correction. This is justified because of the shorter half-lives of 221Fr (4.8 min) and 213Bi
(45.6 min) compared to 225Ac (10 d), which allows the decay chain to reach transient equilibrium
(Robertson et al 2017).

2.4.2. Positron range correction
For imaging 511 keV gammas resulting from positron decay of 89Zr, the positron range was included in

the system matrix. Consider M511 ∼=
[
m511

ij

]
∈ RV×N being the system matrix for single gammas with an

energy of 511 keV and KPR ∼=
[
hj
]
∈ RQ being the column matrix representation of the positron range

kernel calculated as explained in section 2.2.3, with Q equals to total number of entries in the column

matrix. Then, the corresponding system matrix M511(PR) ∼=
[
m511(PR)

ij

]
∈ RV×N, including positron

range can be written as

mPR
ij =

Q∑
r=1

2hrmi(j+r− Q+1
2 ), (6)

where the factor 2 is due the consideration that each positron emission results into approximately two
annihilation photons.
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Figure 3. Energy spectra of the three radionuclides under study: 225Ac, 226Ac and 89Zr, including the photopeak and background
energy windows in blue and yellow, respectively.

2.5. Data analysis
A quantitative comparison of resolution phantom images generated from the different JR methods and
from individual photopeaks was conducted using CNR analysis. For the CNR analysis, circular regions-
of-interests (ROIs) were drawn on the filtered and finer sampled images of the Derenzo phantom
(section 2.4), with their placements aligned to the Derenzo rods and the spaces in between (figure 2).
The diameters of these ROIs were set to 0.9 times those of the corresponding rod sectors. These ROIs
were applied to 20 central layers (axial direction) of the DP-1 and 10 central layers (axial direction) of
the DP-2 and DP-3 phantoms. If h̄ is the average activity (over all axial layers) in ROIs corresponding
to rods of diameter d and similarly b̄ is the average background activity for the in-between ROIs, then
contrast for that rod sector is given by

Cd =
h̄− b̄

b̄
. (7)

Noise for that rod sector is then defined as

Nd =

√
σ2
h +σ2

b

h̄+ b̄
(8)

where σh and σb are standard deviations for ROIs corresponding to Derenzo rods and in between ROIs
respectively. CNR for a rod sector is defined as a ratio between contrast and noise.

CNRd =
Cd

Nd
. (9)

For statistical accuracy, CNR was calculated over three noise realizations.

3. Results

3.1. Phantom simulation
The energy spectra for radionuclides 225Ac and 226Ac were generated using the first 5 min of the GATE
simulations of the highest activity concentrations used in this work (20 MBq ml−1 for 225Ac and
10 MBq ml−1 for 226Ac). Similarly, the energy spectrum for 89Zr was produced using the first minute
of the simulated acquisition for the activity concentration of 200 MBq ml−1. These spectra are presen-
ted in figure 3, where the photopeak and background energy windows are indicated in blue and yellow,
respectively. The exact values of these energy windows are provided in table 3.
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Table 3. Photopeak and background windows used for three radionuclides under study.

Radionuclide Peak energy (keV)
Photopeak window
(keV)

Background
window-1 (keV)

Background
window-2 (keV)

225Ac 218 200–240 170–200 240–270
440 415–472 385–415 472–502

226Ac 158 145–174 125–145 195–215
230+ 254 215–270 195–215 270–290

89Zr 511 465–557 430–465 557–592
909 831–986 796–831 986–1021

The photopeak energy windows were selected ‘by hand’ to include nearby gamma emissions where
feasible. For instance, the 230 keV and 254 keV gamma emissions of 226Ac were combined within a
single photopeak window, and the center of the peak was defined as the intensity-weighted mean energy
of 231 keV, which was used for system matrix calculation. The widths of the background energy win-
dows were maximized while excluding nearby low intensity gamma emissions. This approach aimed to
minimize noise propagation from side windows in the TEW scatter correction (Ogawa et al 1991), which
was particularly important when working with low and ultra-low activity levels.

3.2. Derenzo phantom studies
The 30th and 90th iterations of the 225Ac resolution phantom images generated by using individual
gamma emissions, by post-combining these after reconstruction, and by the proposed three JR methods
are presented in figure 4 for all studied activity concentrations.

Images obtained from the 440 keV photopeak exhibit lower quality compared to all other five meth-
ods. At an activity concentration of 20 MBq ml−1, MB-JR produces slightly superior images compared
to the 218 keV photopeak images, and markedly superior images relative to the 440 keV photopeak
images, the post-combined images and the images obtained by the two other methods (mMB-JR and
SB-JR). This improvement is evidenced by the enhanced peak-to-valley ratio observed in the line profiles
(figure S1) and is further confirmed by the CNR-based quantitative analysis presented in section 3.3. In
contrast, no improvement was observed for mMB-JR and SB-JR relative to 218 keV images.

At lower activity concentrations of 0.5 MBq ml−1 and 0.2 MBq ml−1, images reconstructed using
MB-JR are both visually and quantitatively superior to those from individual photopeaks and slightly
outperform images from the other two. For mMB-JR and SB-JR, minor improvements were observed
in the smallest visible sectors, while slight degradations occurred in larger rod sectors compared to
the 218 keV photopeak images (see CNR plot in figure 7 and percentage improvements in figure 10).
Line profiles through rods from the last visible rod sector—0.55 mm for 20 MBq ml−1, 1.0 mm for
0.5 MBq ml−1, and 1.4 mm for 0.2 MBq ml−1—are shown in figure S1.

Notably, the benefit of independently including the two projections and their system matrices as
done in the MB-JR scheme results in improved imaging performance compared to images obtained
using the lower energy gamma, across all activity concentrations (see section 3.3). In contrast, other
methods (SB-JR, mMB-JR) involve adding projection data and using an average gamma energy for the
system matrix to reduce computational load which resulted in both improvements and slight degrada-
tions (only in larger rod sectors) in comparison to images obtained from lower energy gamma emissions.

Furthermore, it is evident that the strategy of adding images generated from two gamma emissions
after individual reconstructions does not yield optimal images for none of the activity concentrations
studied, highlighting the importance of utilizing JR methods.

Figure 5 presents 226Ac images at activity concentrations of 10, 2, and 1 MBq ml−1. Similar to
observations for 225Ac, the imaging performance achieved with the higher energy gamma emissions
(230 + 254 keV) is inferior across all activity concentrations. For all activity concentrations examined,
the JR methods produced images of superior quality compared to those obtained from individual pho-
topeaks, with the exception of the 0.75 mm rod sector in SB-JR for 1 MBq ml−1 case; as confirmed by
line profiles (figure S2), CNR analysis in section 3.3 and percentage improvements shown in figure 10.
In the line profiles, rods from the outer edges of the respective last visible rod sector—0.55 mm for
10 MBq ml−1, 0.6 mm for 2 MBq ml−1, 0.7 mm for 1 MBq ml−1—were shown for all cases (figure S2).

Similar to the 225Ac case, the MB-JR method outperforms both SB-JR and mMB-JR in almost all
cases (see figure 8). However, for 226Ac, the performance differences among the three JR schemes are
relatively small, as confirmed by the CNR analysis. One possible contributing factor to this may be
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Figure 4. Derenzo resolution phantom images of 225Ac after 30th and 90th iterations are shown for individual photopeaks
(218 keV and 440 keV), two photopeak images combined after reconstruction, and three joint reconstruction schemes at three
activity concentrations—20, 0.5 and 0.2 MBq ml−1. Abbreviation: A.U., arbitrary unit.

the smaller separation between the gamma energies jointly reconstructed in this case (158 keV and
230 + 254 keV) compared to the more widely separated photopeaks of 218 keV and 440 keV in the
225Ac case.

Figure 6 shows the 50th and 100th iterations of resolution phantom images—reconstructed using
individual photopeaks, combining images after reconstruction and for three schemes of JRs—for 89Zr
at 200 MBq ml−1, 100 MBq ml−1 and 50 MBq ml−1 activity concentrations. As observed with other
radionuclides, reconstructions based on the higher energy gamma emission (909 keV) exhibit inferior
image quality compared to all other images. Across all activity concentrations, the smallest discernible
rod sectors demonstrate noticeable improvement when reconstructed using the proposed JR methods, as
also confirmed by CNR analysis in section 3.3 and line profiles (figure S3). For larger rod sectors, the JR
methods yield image quality comparable to that obtained from the lower energy gamma (511 keV).
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Figure 5. Derenzo resolution phantom images of 226Ac after 30th and 90th iterations are shown for individual photopeaks
(158 keV and 230 keV), two photopeak images combined after reconstructions, and three joint reconstruction schemes at three
activity concentrations—10, 2 and 1 MBq ml−1. Abbreviation: A.U., arbitrary unit.

Unlike the results observed in the lower energy range (158 keV—440 keV) for the other two
radionuclides—where MB-JR consistently outperformed mMB-JR—in the higher energy range
(511 keV—909 keV) we see comparable or even improved performance with mMB-JR relative to MB-JR.
Notably, at 100 MBq ml−1, the smallest rod sector (0.65 mm) is clearly visible using mMB-JR, whereas
its visibility is compromised in the MB-JR reconstruction. This observation is supported by the CNR
plots shown in figure 9(c) and the line profile (figure S3).

Finally, these results further confirm that post-combining images from two photopeak after recon-
structions is not an effective approach, thereby additionally highlighting the advantages of JR methods
for the higher energy range.

Furthermore, to investigate the runtime differences between the 128-subset and 256-subset recon-
structions (section 2.4.1), we performed 226Ac reconstructions on a computing node with 12 CPU
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Figure 6. Derenzo resolution phantom images of 89Zr after 50th and 100th iterations are shown for individual photopeaks
(511 keV with PRC and 909 keV), two photopeak images combined after reconstructions, and three joint reconstruction schemes
at three activity concentrations—200, 100 and 50 MBq ml−1. Abbreviation: PRC, positron range correction; A.U., arbitrary unit.

Table 4. Runtimes (in hours) for 30 iterations of reconstructions using 128 subsets (158 keV, 230 keV, SB-JR, and mMB-JR) and 256
subsets (MB-JR).

Activity concentration 158 keV 230 keV SB-JR mMB-JR MB-JR

10 MBq ml−1 1.98 2.07 2.05 2.21 4.34
2 MBq ml−1 1.69 1.81 1.84 2.02 3.74
1 MBq ml−1 1.63 1.78 1.74 1.92 3.65

cores and 32 GB of memory of the same linux cluster used in this work (section 2.2.1). The jobs were
executed with SINGLEJOB access policy to ensure exclusive node access and eliminate computational
interference. The corresponding runtimes are presented in table 4.
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Figure 7. CNRs and mean CNRs of last visible sectors and rest of the visible sectors respectively (detailed on the y-axis and in the
titles) are plotted against iteration number for all three different activity concentrations studied for 225Ac. Abbreviation: SB-JR,
Single-Band Joint Reconstruction; mMB-JR,mixedMulti-Band Joint Reconstruction; MB-JR,Multi-Band Joint Reconstruction.

3.3. CNR analysis
In addition to visual assessment of images and inspection of line profiles, a quantitative CNR analysis
was conducted for all radionuclides under investigation, utilizing three noise realizations (figures 7–9).
For each case, CNRs were calculated for the smallest discernible rod sectors (left column), and the mean
CNRs of the remaining visible rod sectors were also provided (right column). It is noteworthy that the
CNR improvements achieved by the MB-JR and mMB-JR schemes, relative to the respective lower-
energy gamma emissions, are more pronounced for the smallest visible rod sectors than for the larger
diameter rods, as reflected in the mean CNR values. Percentage improvement of CNR and mean CNR
at the 60th (225Ac, 226Ac) and 100th (89Zr) iterations for the three JR schemes over the best performing
image for the individual photopeaks are reported in figure 10 with detailed data in tables S1–S3.

4. Discussion

Many SPECT and PET radionuclides have multiple detectable emissions with varying relative intens-
ities and energies, sometimes affected by physical effects like positron range. Excluding certain emis-
sions from the image-based diagnostics and therapies is not optimal especially in low-count scans. In
this work, we proposed three types of JR algorithms which produce higher quality images compared
to using single photopeaks. In general, this improvement is more enhanced as activity concentration is
lowered. This may be attributed to the fact that increasing the signal-to-noise ratio, as JR incorporates
information from both photopeaks, is most beneficial in low-count situations. Also, the enhancement
from JR schemes is more pronounced for the smallest diameter visible sectors over larger rod sectors.
This evidence suggests that in mouse scans, proposed JR methods may significantly enhance visibility
and detectability of small and/or low-uptake lesions. Among the three methods MB-JR outperforms the
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Figure 8. CNRs and mean CNRs of last visible sectors and rest of the visible sectors respectively (detailed on the y-axis and in the
titles) are plotted against iteration number for all three different activity concentrations studied for 226Ac. Abbreviation: SB-JR,
Single-Band Joint Reconstruction; mMB-JR,mixedMulti-Band Joint Reconstruction; MB-JR,Multi-Band Joint Reconstruction.

other two—mMB-JR and SB-JR—in almost all cases at the cost of higher computational load. In mMB-
JR and SB-JR, we added the counts from different photopeaks, as done in earlier studies (Dey et al 2014,
Rowe et al 2015, Liu et al 2019, Ravizzini et al 2023), and, in contrast to previous works, we modeled the
system matrix to include contributions from both gamma energies—element-wise in mMB-JR and using
an average energy matrix in SB-JR.

Proposed methods can become beneficial for image-based dosimetry for TAT or TBT radionuc-
lides considering the limit on total allowed injected activity (Nedrow et al 2017, Cheal et al 2020,
Kelly et al 2020, Qin et al 2020, Meyer et al 2022, Ingham et al 2024). Many therapeutic radionuclides
exhibit complex emission spectra (table 1), which can be imaged jointly using the proposed methods.
As the focus on this work was on introducing the methodology rather than on optimizing imaging for a
specific isotope, there are some limitations to our work. We did not consider the effects of alpha-recoil
migration, meaning that the presented results for 225Ac may overestimate the experimental outcome if
this effect is not mitigated. The chemical detachment of alpha-emitting radionuclides from their car-
rier molecules because of alpha-recoil remains one of the major obstacles to the clinical application of
TAT, as it can lead to unintended radiation dose to healthy tissues (De Kruijff et al 2015, 2019). Recently,
encapsulation of alpha-emitters within nanocarriers has emerged as a promising strategy to mitigate the
recoil problem, as such systems can retain daughter nuclides and thereby reduce off-target toxicity while
preserving therapeutic efficacy (Sukthankar et al 2014, Holzwarth et al 2018, Majkowska-Pilip et al 2020,
Muslimov et al 2021). The choice of 225Ac was specifically motivated by the opportunity to evaluate the
proposed JR approach using photopeaks at two widely separated energies (218 keV and 440 keV).

The lowest activity concentration of 225Ac investigated in this study exceeds the currently available
practical concentration range (estimated at 1–118 kBq ml−1; appendix A.1). To evaluate the applicabil-
ity of the proposed JR methods under lower activity levels, additional studies were conducted at activity
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Figure 9. CNRs and mean CNRs of last visible sectors and rest of the visible sectors respectively (detailed on the y-axis and in the
titles) are plotted against iteration number for all three different activity concentrations studied for 89Zr. Abbreviation: SB-JR,
Single-Band Joint Reconstruction; mMB-JR,mixedMulti-Band Joint Reconstruction; MB-JR,Multi-Band Joint Reconstruction.

concentrations of 100 kBq ml−1 and 50 kBq ml−1 (figure A1). At these lower activity concentrations,
image quality deteriorated, though JR methods still produced visually superior images. The primary
cause of degradation was due to natural background (section 2.2.1), which becomes increasingly dom-
inant at low activities—when excluded from simulations, all rod sectors became visible at both concen-
trations. This occurs because, with the clustered pinhole collimator employed in this study, photopeak
counts from the Derenzo phantom become substantially smaller than the constant natural background
contribution at these activity levels. Hence, we suggest that high sensitivity collimators and/or thicker
detectors would be more suitable for achieving practical activity concentration levels with this isotope.
This work focuses on developing a JR method, and optimizing the scanner hardware for a specific iso-
tope lies outside the scope of this study.

Besides, to apply the proposed dual-photopeak JR methods in case of PET radionuclides with
prompt emissions, we have modeled the positron range effect in the system matrix and applied JR to
89Zr imaging. In the future, we would like to test these methods for other PET radionuclides, such as
124I, 52Mn. The relative intensities of annihilation photons and prompt gammas can vary substantially
for different isotopes and benefits of JR may be dependent on these relative intensities. Note that in the
proposed MB-JR and mMB-JR frameworks, these differences in emission yields were explicitly modeled
through the factor τ i (section 2.3.1), while in the SB-JR approach, yield variations are indirectly accoun-
ted for by incorporating the constituent gamma energies and intensities to compute a weighted average
energy (equation (3)).

The use of more than two photopeaks in JR represents a promising direction for future research, as
the inclusion of additional photopeaks—depending on the isotope—may further enhance image quality.
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Figure 10. Percentage improvement (or degradation) of CNR of smallest visible sector and mean CNR (over rest of the visible
sectors) at 60th (225Ac, 226Ac) and 100th (89Zr) iterations due to three proposed joint reconstruction schemes over images from
the best performing photopeak.

For each isotope, however, it is essential to evaluate which energy peaks are appropriate for incorpora-
tion into the JR. In this study, we provide a general methodology and illustrate its applicability through
several representative examples.

The 89Zr spectrum exhibits a substantial down scatter contribution to the 511 keV photopeak due
to 909 keV prompt gammas (figure 3). In this study, the TEW scatter correction method (Goorden et al
2016) was employed. The TEW approach estimates the scatter component under the photopeak through
linear interpolation between adjacent energy windows, which represents a simplification relative to the
actual scatter distribution. Nonetheless, Beekman et al (2021) successfully applied the TEW method for
experimental 89Zr imaging, achieving high quantitative accuracy.

Our study demonstrated that the proposed methods—particularly the MB-JR approach—achieve
improved imaging performance compared to reconstructions based on individual photopeaks in a multi-
pinhole SPECT system. Although most clinical SPECT scanners employ parallel-hole collimators, we
anticipate that similar benefits may be observed, especially in low-count scans, due to improved stat-
istics. It is worth noting that the incorporation of both the 171 keV (91%) and 245 keV (94%) pho-
topeaks of 111In for imaging has been reported in certain clinical studies (Rowe et al 2015, Ravizzini et al
2023). However, in contrast to preclinical imaging, accurate attenuation correction for both photopeaks
becomes essential in clinical applications.

Finally, we believe one of the major challenges in extracting larger improvements through JR meth-
ods across diverse modalities (Chun et al 2020, Roser et al 2022, Ghosh and Das 2023, Li et al 2024,
Takyu et al 2025) was that, based on the scanner system design, different emissions have varying levels
of quality (retrievable information from individual emission, on average) and sensitivity. Indeed various
subsystems of a scanner are designed synergistically to extract out the best imaging performance from a
specific or narrow band of emissions. A more bottom–up design approach (Lee et al 2020), which bal-
ances the levels of quality and sensitivity extracted from these different emissions, can enhance the per-
formance of these software solutions. For example, in multi-pinhole SPECT, a hybrid collimator design
incorporating pinholes with varying opening angles (Muslimov et al 2021), including some smaller than
those optimal for 511 keV, improves the quality of 909 keV gamma detection through reduced edge pen-
etration, and may enhance JR performance.

5. Conclusion

This study demonstrates that JR methods leveraging two photopeak emissions can enhance image
quality of preclinical systems for both SPECT and PET radionuclides, especially in low-count scans.
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Among the proposed approaches, the MB-JR scheme consistently yielded the best performance in
almost all cases, albeit with increased computational demand. These methods may become promising
for improved small and/or low-uptake lesion detectability in preclinical imaging but maybe also in clin-
ical SPECT. Furthermore, the results indicate that their applicability can enable improved quantitative
accuracy, which e.g. is important for diagnostics and image-based dosimetry protocols for therapeutic
radionuclides.
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Appendix

A.1. 225Ac imaging
The total activity of 225Ac that can be administered to a typical mouse without inducing radiotoxic
effects ranges from 20 to 40 kBq/mouse (Nedrow et al 2017, Kelly et al 2020, Qin et al 2020, Meyer et al
2022, Ingham et al 2024). Recent advances using pre-targeted radioimmunotherapy (PRIT) methods have
increased this limit to 296 kBq/mouse (Cheal et al 2020). Based on these total injected activity values
and typical tumor uptake of 5%–40% (in %IA/ml) for this isotope (Nedrow et al 2017, Cheal et al 2020,
Qin et al 2020, Banerjee et al 2021, Ingham et al 2024), we tried to guess a rough estimate of realistic
activity concentration range to be 1–118 kBq ml−1 in typical mouse scan.

It is noteworthy that the lowest activity concentration reported in section 3.2 for this isotope is 200
kBq/mL, which lies just above the upper limit of the estimated realistic activity concentration range. To
further evaluate the applicability of the proposed JR methods under realistic conditions, we conducted
additional studies using a Derenzo resolution phantom (rod diameters 3.1–1.6 mm) filled with activity
concentrations of 100 and 50 kBq/ml, both within the practical range. The corresponding reconstruc-
ted images, with and without natural background (NB, section 2.2.1) included in the projections, are
provided in figure A1.

In the absence of NB, resolution of the reconstructed phantoms improved markedly. This observa-
tion is consistent with expectations, as for the cluster pinhole collimator employed in this study, the
contribution of photopeak counts from the Derenzo phantom becomes relatively minor compared to
NB at low activity concentrations. Specifically, at 100 kBq ml−1, NB counts in the 218 keV and 440 keV
photopeak windows were approximately 3.8 and 4.0 times higher than the phantom counts, respectively,
while at 50 kBq ml−1 these ratios increased to 7.7 and 8.1.

A.2. Energy subsetting
We investigated the impact of different energy subsetting strategies within the MB-JR framework for all
radionuclides and their respective activity levels (figure A2). In the first approach (MB-JR in figure A2),
a total of 256 subsets were used, with the first 128 subsets corresponding to the lower energy gamma
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Figure A1. Derenzo resolution phantom images of 225Ac after 30th iterations are shown for individual photopeaks (218 keV
and 440 keV), two photopeak images combined after reconstruction, and three joint reconstruction schemes at two activity
concentrations—100 and 50 kBq ml−1. Post-filters FWHM 2.1/1.5 mm for w/ and w/o NB at 100 kBq ml−1, 2.2/1.7 mm at
50 kBq ml−1. Abbreviation: A.U., arbitrary unit; NB, natural background.

emissions and the remaining 128 subsets to the higher energy gamma emissions. In the alternative
approach (MB-JR-mES), a total of 128 subsets were employed, each containing an equal mix from both
the lower and higher energy gamma emissions. Visual inspection revealed that the reconstructed images
produced by MB-JR and MB-JR-mES were largely similar across all radionuclides. Consequently, a CNR
analysis, similar to section 3.3, was performed using three noise realizations. In nearly all cases, MB-JR
demonstrated marginally superior performance compared to MB-JR-mES.
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Figure A2. The 30th iteration resolution phantom images are shown for MB-JR and MB-JR-mES reconstruction for radionuc-
lides—(a) 225Ac, (b) 226Ac, and similarly 100th iteration images for (c) 89Zr—along with similar CNR analysis as in section 3.3.
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