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Summary

Imaging the biodistribution of radioisotopes in living organisms enables non-invasive
visualization, characterization, and quantification of biological processes at the molecular
and cellular levels. This capability plays a critical role in both clinical and preclinical
settings. In clinical practice, radioisotope imaging is applied across various fields such as
cardiology, neurology, and oncology. It supports early disease detection, diagnosis, staging,
and treatment monitoring, while also guiding personalized, disease-specific therapies.
In preclinical research, it is widely used in small-animal studies (e.g., mice and rats) to
investigate disease mechanisms and assess therapeutic interventions. This facilitates drug
discovery and validation, ultimately accelerating the development of new diagnostic and
therapeutic strategies. The imaging techniques that visualize these radiolabeled tracer
distributions are single photon emission computed tomography (SPECT) and positron
emission tomography (PET). This thesis focuses on their instrumentation in preclinical
imaging applications.

SPECT and PET differ in the types of radioactively labeled molecules (radiotracers or radio-
pharmaceuticals) they image, resulting in distinct design and operational characteristics
for each modality’s scanner. SPECT systems image single-gamma emitting isotopes using
mechanical collimators that selectively transmit photons based on their direction. These
transmitted gamma photons are then detected by a gamma camera, typically consisting
of a large continuous scintillation crystal coupled to an array of photomultiplier tubes
(PMTs). The crystal converts each gamma photon into thousands of visible light photons,
which are subsequently detected by the PMTs to estimate the position of the original
gamma interaction. PET systems, on the other hand, image positron-emitting isotopes.
The emitted positron quickly annihilates with an electron, producing a pair of 511 keV
photons emitted in nearly opposite directions. PET scanners commonly use block detect-
ors (arrays of segmented scintillation crystals arranged in rings) to enable coincidence
detection of these photon pairs, a process known as electronic collimation. Although
electronic collimation is the standard in PET, some systems have adopted mechanical
collimation similar to SPECT, and are referred to as mechanically collimated PET systems.
This configuration has facilitated the development of systems that combine mechanic-
ally collimated PET and SPECT into a single platform, allowing for truly simultaneous
dual-modality imaging. One such system is VECTor (MILabs B.V), the imaging platform
employed in this study.

Thanks to its advanced collimation strategy, VECTor enables sub-mm resolution imaging
across an extended energy range (30 keV to 1 MeV), significantly broader than that of
conventional SPECT systems (30 keV to 350 keV). This expanded range enables the
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X Summary

imaging of several radionuclides that emit high-energy gamma photons (> 350 keV) and
are increasingly being investigated for therapeutic and theranostic applications. These
radionuclides were previously overlooked due to the difficulty of producing high-quality
images of their distributions, caused by factors such as excessive photon penetration and
reduced detection sensitivity, both of which degrade spatial resolution and quantitative
accuracy. The current VECTor configuration can overcome such limitations and already
delivers strong performance in this domain, yet further improvements remain both
feasible and desirable.

Enhancing performance in such systems, however, presents significant challenges due to
the complex interplay of physical effects and technical limitations. These can be addressed
through both software and hardware advancements, for instance, by exploring alternative
image reconstruction techniques or by optimizing key components such as the detector
or collimator. In this context, the present thesis offers a simulation-based investigation
of the preclinical PET/SPECT system VECTor, focusing on strategies to improve image
quality in high-energy imaging scenarios.

First, we assessed the system’s capability to handle radionuclides that emit prompt gam-
mas across a broad energy range (603 keV to 2.2 MeV), for which achieving high resolution
with conventional PET systems is challenging. This evaluation included the radionuc-
lides ®2Mn, % Tc, 897r, #4Sc, 8y, "2As, 1241, 38K, and %5Ga. The results demonstrate that
sub-millimeter resolution is achievable for most isotopes up to 1.4 MeV with the current
collimator configuration. These findings highlight the robustness of clustered pinhole
(CP) collimation and may open new avenues for tracer development and therapeutic
applications using these PET isotopes.

To improve image quality, particularly under low-activity conditions, we proposed and
evaluated alternative reconstruction methods based on multi-photopeak joint recon-
struction for isotopes that emit gammas at different energies (captured in different pho-
topeaks), as opposed to relying on a single photopeak. Three reconstruction strategies
were compared, each differing in how information from multiple gamma peaks was com-
bined and retained. These methods were tested in simulations using resolution phantoms
containing rods of various diameters filled with either 22°Ac, 22 Ac, or 8Zr. The joint recon-
struction approach consistently outperformed the single-photopeak method, particularly
by enhancing the contrast-to-noise ratio in the smallest distinguishable rods. These res-
ults demonstrate the potential of joint multi-photopeak reconstruction to enhance both
image quality and quantitative accuracy in SPECT, PET, and PET/SPECT, particularly in
low-count scans.

After evaluating reconstruction methods, we turned our attention to hardware-based
strategies for enhancing system performance, starting with the gamma detector. Conven-
tional SPECT gamma detectors typically use 9.5 mm thick Nal(T]) scintillation crystals,
which offer excellent sensitivity at standard SPECT energies (e.g., about 90% photopeak
efficiency for "™ Tc at 140 keV) but perform poorly with higher-energy gamma photons
(e.g., roughly 12% photopeak efficiency for '®F at 511 keV). This reduced sensitivity at
higher energies limits overall system performance and degrades image quality when



imaging radionuclides emitting high-energy gamma rays. To overcome this, we analyzed
gamma camera configurations optimized for high-energy imaging by varying scintillation
crystal and light guide thicknesses, as well as PMT shapes and arrangements. Perform-
ance was evaluated at both conventional (140 keV) and high (511 keV) gamma energies.
The results demonstrated that thicker crystals can substantially improve sensitivity, with
only modest spatial resolution loss when paired with cost-effective PMTs, whereas using
smaller, more expensive PMTs offers spatial performance improvements.

Following the evaluation of the gamma camera, we next directed our efforts toward the
collimator design. Building on the characteristics of the currently used advanced clustered
pinhole (CP) collimation geometry, a new Twisted Clustered Pinhole (TCP) collimator was
proposed to improve performance in high-energy gamma imaging. The TCP collimator
features a novel pinhole arrangement wherein individual pinholes are twisted around
their cluster central axis. This allows to preserve the same field of view (FOV) as with CP
while enabling the use of narrower pinhole opening angles to further reduce the degrading
effects of pinhole edge penetration by high-energy gammas. A comparative study between
the two collimators was conducted to assess sensitivity at matched system resolution
and system resolution at matched sensitivity, using both low and high activity levels for
18F and 897r. The results show that the TCP collimator provides improved sensitivity and
enhanced system resolution compared to the CP collimator. This study suggests that TCP
collimation has potential to improve high-energy gamma imaging.

A limitation of both CP and TCP collimators is that the close proximity of pinholes within
each cluster restricts simple geometric modifications, such as increasing the pinhole
diameter, since this could lead to overlap between adjacent pinholes. To address this
constraint, an alternative Super-Cluster (SC) collimator design was explored. The SC
design features a more uniform pinhole distribution across the collimator surface, allow-
ing straightforward adjustment of pinhole diameter to modulate the resolution-sensitivity
trade-off. This level of flexibility, not available in CP or TCP collimation, is achieved while
preserving the FOV size and the narrow opening angles required for high-energy applica-
tions. The performance of the SC collimator was evaluated using '®F and 89Zr at different
activity concentrations. Compared to CP, SC increased sensitivity approximately threefold
for '8F and twofold for 8Zr without introducing visible artifacts, confirming adequate
angular sampling. This sensitivity gain proved to be particularly beneficial at low activity
concentrations of '8F and 89Zr, resulting in improved image quality and greater quantit-
ative accuracy. These results demonstrate that the added flexibility of the SC design can
lead to significant improvements in both image quality and quantitative performance,
particularly at low activity levels, highlighting its strong potential for sensitivity-limited
applications.

The studies presented in this thesis provide deeper insight into the performance of the
VECTor preclinical scanner and introduce several software and hardware approaches to
enhance image quality, particularly for high-energy imaging. These findings are especially
relevant given the growing interest in high-energy SPECT for imaging radionuclides with
complex spectra and high-energy gamma emissions, which remain challenging for other
modalities.






Samenvatting

Het in beeld brengen van de biodistributie van radio-isotopen in levende organismen
maakt niet-invasieve visualisatie, karakterisering en kwantificering van biologische pro-
cessen op moleculair en cellulair niveau mogelijk. Deze mogelijkheid speelt een cruci-
ale rol in zowel klinische als preklinische toepassingen. In de klinische praktijk wordt
radio-isotopenbeeldvorming toegepast in uiteenlopende vakgebieden zoals cardiologie,
neurologie en oncologie. Het ondersteunt vroege ziektedetectie, diagnose, stadiéring en
behandelingsmonitoring, en draagt tevens bij aan gepersonaliseerde, ziekte-specifieke
therapieén. In preklinisch onderzoek wordt deze techniek veelvuldig toegepast in kleine-
dierenstudies (bijvoorbeeld muizen en ratten) om ziekte-mechanismen te onderzoeken
en therapeutische interventies te evalueren. Dit versnelt het proces van geneesmiddel-
ontwikkeling en validatie, en bevordert de ontwikkeling van nieuwe diagnostische en
therapeutische strategieén. De beeldvormingstechnieken die de verdeling van deze radio-
actief gelabelde tracers zichtbaar maken, zijn single photon emission computed tomo-
graphy (SPECT) en positron emission tomography (PET). Dit proefschrift richt zich op de
instrumentatie van deze technieken binnen preklinische beeldvorming.

SPECT en PET verschillen in de soorten radioactief gelabelde moleculen (radiotracers of
radiopharmaca) die zij in beeld brengen, wat resulteert in uiteenlopende ontwerp- en
gebruikskenmerken van de scanners. SPECT-systemen beelden isotopen af die enkelvou-
dige gammastraling uitzenden, waarbij mechanische collimatoren worden gebruikt die
fotonen selectief doorlaten afhankelijk van hun richting. Deze doorgelaten gammaphoto-
nen worden vervolgens gedetecteerd door een gammacamera, doorgaans bestaande uit
een groot continu scintillatiekristal gekoppeld aan een array van fotomultiplierbuizen
(PMT’s). Het kristal zet elk gammaphoton om in duizenden zichtbare lichtfotonen, die
vervolgens door de PMT’s worden gedetecteerd om de positie van de oorspronkelijke
gamma-interactie te schatten. PET-systemen daarentegen beelden positron-emitterende
isotopen af. Het uitgezonden positron annihileert vrijwel direct met een elektron, waarbij
een paar fotonen van 511 keV in bijna tegengestelde richtingen worden uitgezonden.
PET-scanners gebruiken doorgaans blokdetectoren (arrays van gesegmenteerde scintilla-
tiekristallen die in ringen zijn geplaatst) om gelijktijdige detectie van deze fotonenparen
mogelijk te maken, een proces dat elektronische collimatie wordt genoemd. Hoewel
elektronische collimatie de standaard is in PET, zijn er systemen die mechanische col-
limatie toepassen, vergelijkbaar met SPECT. Deze worden mechanisch gecollimeerde
PET-systemen genoemd. Deze configuratie heeft geleid tot de ontwikkeling van systemen
die mechanisch gecollimeerde PET en SPECT combineren in één platform, waardoor
werkelijk simultane dual-modality beeldvorming mogelijk is. Een dergelijk systeem is
VECTor (MILabs B.V)), het beeldvormingsplatform dat in dit onderzoek wordt gebruikt.
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xiv Samenvatting

Dankzij zijn geavanceerde collimatiestrategie maakt VECTor beeldvorming met submil-
limeterresolutie mogelijk over een uitgebreid energiebereik (30 keV tot 1 MeV), aan-
zienlijk breder dan dat van conventionele SPECT-systemen (30 keV tot 350 keV). Dit
vergrote bereik maakt de beeldvorming van verschillende radionucliden mogelijk die
hoog-energetische gammaphotonen (> 350 keV) uitzenden en die steeds vaker worden
onderzocht voor therapeutische en theranostische toepassingen. Deze radionucliden
werden voorheen vaak genegeerd vanwege de moeilijkheid om beelden van hoge kwaliteit
te verkrijgen van hun verdelingen, veroorzaakt door factoren zoals excessieve fotonpene-
tratie en verminderde detectiegevoeligheid, die beide leiden tot een lagere ruimtelijke
resolutie en kwantitatieve nauwkeurigheid. De huidige VECTor-configuratie kan derge-
lijke beperkingen grotendeels overwinnen en levert al sterke prestaties op dit gebied,
hoewel verdere verbeteringen zowel mogelijk als wenselijk blijven.

Het verbeteren van de prestaties van dergelijke systemen brengt aanzienlijke uitdagingen
met zich mee, vanwege de complexe wisselwerking tussen fysieke effecten en techni-
sche beperkingen. Deze uitdagingen kunnen worden aangepakt door middel van zowel
software- als hardwareontwikkelingen, bijvoorbeeld door het verkennen van alterna-
tieve beeldreconstructietechnieken of door het optimaliseren van cruciale componenten
zoals de detector of de collimator. In dit kader presenteert dit proefschrift een simulatie-
gebaseerd onderzoek naar het preklinische PET/SPECT-systeem VECTor, met als doel
strategieén te ontwikkelen ter verbetering van de beeldkwaliteit bij hoog-energetische
beeldvorming.

Ten eerste hebben wij het vermogen van het systeem beoordeeld om radionucliden af
te beelden die prompt gammas uitstralen over een breed energiebereik (603 keV tot 2.2
MeV), waarvoor het bereiken van hoge resolutie met conventionele PET-systemen een
uitdaging vormt. Deze evaluatie omvatte de radionucliden 52Mn, 94T, 897r, #4Sc, 86Y, 72As,
1241 38K op 66Ga. De resultaten tonen aan dat submillimeterresolutie haalbaar is voor de
meeste isotopen tot 1,4 MeV met de huidige collimatorconfiguratie. Deze bevindingen
onderstrepen de robuustheid van clustered pinhole (CP) collimatie en kunnen nieuwe
mogelijkheden openen voor tracerontwikkeling en therapeutische toepassingen met deze
PET-isotopen.

Om de beeldkwaliteit te verbeteren, met name bij lage activiteit, hebben wij alterna-
tieve reconstructiemethoden voorgesteld en geévalueerd op basis van multi-photopeak
joint reconstruction voor isotopen die gammas uitzenden op verschillende energieén
(gedetecteerd in verschillende photopeaks), in plaats van te vertrouwen op één enkele
photopeak. Drie reconstructiestrategieén zijn vergeleken, die elk verschilden in de manier
waarop informatie van meerdere gammapieken werd gecombineerd en behouden. Deze
methoden zijn getest in simulaties met resolutiefantomen die staafjes van verschillende
diameters bevatten, gevuld met *°Ac, ??5Ac of #9Zr. De gezamenlijke reconstructiebe-
nadering presteerde consequent beter dan de single-photopeak methode, met name
door de contrast-ruisverhouding in de kleinste onderscheidbare staafjes te verbeteren.
Deze resultaten tonen het potentieel van gezamenlijke multi-photopeak reconstructie
om zowel de beeldkwaliteit als de kwantitatieve nauwkeurigheid te verbeteren in SPECT,
PET en PET/SPECT, vooral bij low-count scans.



Na de reconstructiemethoden te hebben geévalueerd, richtten we ons op hardwarematige
strategieén ter verbetering van de systeemprestaties, te beginnen met de gammadetec-
tor. Conventionele SPECT-gammacamera’s gebruiken doorgaans 9,5 mm dikke NaI(Tl)-
scintillatiekristallen, die een uitstekende gevoeligheid bieden bij standaard SPECT-energieén
(bijv. ongeveer 90% photopeak-efficiéntie voor ¥™Tc bij 140 keV), maar slecht presteren
bij hoogenergetische gammaphotonen (bijv. ongeveer 12% photopeak-efficiéntie voor
18F bij 511 keV). Deze verminderde gevoeligheid bij hogere energieén beperkt de sys-
teemprestaties en verslechtert de beeldkwaliteit bij het afbeelden van radionucliden die
hoog-energetische gammas uitzenden. Om dit te verhelpen hebben we gammacamera-
configuraties geanalyseerd die geoptimaliseerd zijn voor hoog-energetische beeldvor-
ming, door variaties in scintillatiekristaldiktes en lichtgeleiders, evenals PMT-vormen en
-opstellingen. De prestaties zijn geévalueerd bij zowel conventionele (140 keV) als hoge
(511 keV) gamma-energieén. De resultaten toonden aan dat dikkere kristallen de gevoe-
ligheid aanzienlijk kunnen verbeteren, met slechts een bescheiden verlies in ruimtelijke
resolutie wanneer ze worden gecombineerd met kosteneffectieve PMT’s, terwijl kleinere,
duurdere PMT’s verbeteringen in ruimtelijke prestaties bieden.

Na de analyse van de gammacamera hebben we ons vervolgens gericht op het ontwerp
van de collimator. Op basis van de kenmerken van de huidige geavanceerde clustered
pinhole (CP) collimatiegeometrie werd een nieuwe Twisted Clustered Pinhole (TCP) col-
limator voorgesteld om de prestaties bij hoog-energetische gamma-beeldvorming te
verbeteren. De TCP-collimator introduceert een nieuw ontwerp waarin individuele pinho-
les rond hun cluster-centrale as worden gedraaid. Dit maakt het mogelijk hetzelfde field
of view (FOV) te behouden als bij CP, terwijl nauwere pinhole-hoeken gebruikt kunnen
worden om de verstorende effecten van pinhole-randpenetratie door hoogenergetische
gammas verder te verminderen. Een vergelijkende studie tussen beide collimatoren werd
uitgevoerd om de gevoeligheid bij gelijke systeemresolutie en de systeemresolutie bij
gelijke gevoeligheid te beoordelen, met gebruik van zowel lage als hoge activiteitsniveaus
voor '8F en 89Zr. De resultaten laten zien dat de TCP-collimator verbeterde gevoeligheid
en hogere systeemresolutie biedt vergeleken met de CP-collimator. Deze studie suggereert
dat TCP-collimatie potentieel heeft om de beeldvorming van hoogenergetische gammas
te verbeteren.

Een beperking van zowel CP- als TCP-collimatoren is dat de nauwe nabijheid van pin-
holes binnen een cluster eenvoudige geometrische aanpassingen belemmert, zoals het
vergroten van de pinhole-diameter, aangezien dit zou kunnen leiden tot overlapping
tussen aangrenzende pinholes. Om dit probleem te omzeilen is een alternatief Super-
Cluster (SC) collimatorontwerp onderzocht. Het SC-ontwerp kenmerkt zich door een
meer uniforme pinhole-verdeling over het collimatoroppervlak, waardoor het eenvoudig
wordt om de pinhole-diameter aan te passen en zo de resolutie-gevoeligheidsafweging
te moduleren. Dit niveau van flexibiliteit, niet aanwezig in CP- of TCP-collimatie, wordt
bereikt met behoud van FOV-grootte en de nauwe openingshoeken die vereist zijn voor
hoog-energetische toepassingen. De prestaties van de SC-collimator zijn geévalueerd
met '8F en 89Zr bij verschillende activiteitconcentraties. Vergeleken met CP verhoogde
SC de gevoeligheid ongeveer driemaal voor 8F en tweemaal voor 89Zr, zonder zichtbare
artefacten te introduceren, wat een adequate hoekbemonstering bevestigt. Deze gevoe-
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ligheidswinst bleek bijzonder waardevol bij lage activiteitconcentraties van '8F en 89Zr,
wat resulteerde in verbeterde beeldkwaliteit en grotere kwantitatieve nauwkeurigheid.
Deze resultaten tonen aan dat de extra flexibiliteit van het SC-ontwerp kan leiden tot
aanzienlijke verbeteringen in zowel beeldkwaliteit als kwantitatieve prestaties, vooral
bij lage activiteitsniveaus, en benadrukken het sterke potentieel voor toepassingen die
beperkt worden door gevoeligheid.

De studies die in dit proefschrift worden gepresenteerd bieden diepere inzichten in de
prestaties van de VECTor-preklinische scanner en introduceren verschillende software-
en hardwarebenaderingen om de beeldkwaliteit te verbeteren, met name voor hoog-
energetische beeldvorming. Deze bevindingen zijn bijzonder relevant gezien de groeiende
belangstelling voor hoog-energetische SPECT bij de beeldvorming van radionucliden met
complexe spectra en hoog-energetische gamma-emissies, die voor andere modaliteiten
een blijvende uitdaging vormen.



Introduction

1.1. Nuclear medicine and the role of molecular imaging

Nuclear medicine stands at the forefront of biomedical innovation, driving advances in
diagnostic tools and therapeutic strategies across preclinical, translational, and clinical
research. These developments play a central role in molecular medicine, a field that
emerged from the integration of biology and medicine. In this context, molecular imaging
with radioisotopes has provided unprecedented insights into biological processes [1].

Molecular imaging encompasses nuclear imaging methods such as positron emission
tomography (PET) [2, 3], single-photon emission computed tomography (SPECT) [4,
5], and planar gamma camera imaging, which use radioactively labeled molecules
(radiotracers or radiopharmaceuticals). It also includes optical imaging modalities (OI or
OPT), such as bioluminescence and fluorescence imaging, which rely on light-based
signals. These techniques distinguish themselves from other imaging modalities by
enabling the visualization, characterization, and quantification of a wide range of cellular
and subcellular types of activity in living subjects [6, 7]. This capability allows for the
detection of disease-related molecular and cellular mechanisms in vivo, providing
functional information that complements the anatomical detail offered by imaging
techniques such as X-ray radiography, computed tomography (CT), magnetic resonance
imaging (MRI), and ultrasound.

This functional perspective has greatly advanced our understanding of disease
pathophysiology, e.g., by clarifying how molecular alterations drive disease onset and
progression. Such insights, along with the direct applications of nuclear imaging,
support key clinical objectives including early disease detection, refinement of targeted
therapies, monitoring of therapeutic response, and identification of disease recurrence.
Clinical applications of molecular imaging now span across a broad spectrum of
conditions, including cancer [8], bone and cardiovascular diseases [9, 10], neurological
and psychiatric disorders [11, 12], as well as infections and inflammatory conditions [13,
14], thereby contributing to improved patient care worldwide.
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Nowadays, molecular imaging also plays an essential role in preclinical research (Fig.
1.1) [15, 16], which often relies on small animal models such as mice and rats. These
animals are widely used due to their genetic and physiological similarities to humans,
ease of handling, and short reproductive cycles. Such models facilitate the investigation
of disease mechanisms and enhance drug discovery and validation efforts, thereby
accelerating the development of effective diagnostics and therapeutics [17].

FEIry..,

Figure 1.1: Complementary imaging information obtained in a single multi-modal scan of a
mouse. Image courtesy of MILabs (Utrecht, The Netherlands). Reproduced with permission.
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These advantages establish the significance of preclinical imaging in research, and this
thesis addresses this by focusing on preclinical PET and SPECT instrumentation. The
following sections describe the fundamental principles of both modalities, as well as the
characteristics of their respective instrumentation.

1.2. PET and SPECT: mechanisms, strengths, and limitations

PET and SPECT both utilize radiotracers, which are most commonly administered by
injection into the subject, enter the bloodstream, circulate, and gradually accumulate
in specific target regions. These radiotracers continuously undergo radioactive decay,
emitting radiation from wherever they are present. This radiation is detected externally
by one or multiple arrays of detectors that may be stationary or rotate around the subject,
producing images known as projections. By acquiring projection data from multiple
angles, three-dimensional (3D) images can be computed, providing an estimate of the 3D
radiotracer distribution within the subject, a process called image reconstruction. The
resulting images can reveal, for example, tracer accumulation in tumors (known as "hot
spots’), as well as tracer uptake in the heart, which may indicate blood flow, innervation,
or tissue viability, and in the brain, which may suggest neurodegenerative diseases or
tumors.
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Although PET and SPECT share a similar imaging workflow, they differ in the
radionuclides employed and the range of available tracers (Fig. 1.2).

Detector
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! Tracer

a) SPECT and Mechanically b) Coincidence PET
Collimated PET

Figure 1.2: Working principle of a) SPECT or PET using mechanical collimation and b) traditional
PET based on coincidence detection. The figure is adapted from [18], reproduced with permission.

PET uses radiotracers labeled with positron-emitting radionuclides. The emitted
positrons typically annihilate with electrons within one or a few millimeters from their
point of emission, producing pairs of high-energy (511 keV) annihilation photons that
travel in nearly opposite directions. Clinical PET systems detect these photons in near
coincidence, that is when the two photons are detected almost simultaneously by
opposing detectors. This allows the system to localize the line where the annihilation
occurred, known as the line of response (LOR), which connects the two detectors that
registered the photon pair. This technique, called coincidence detection, forms the basis
of clinical PET as well as a large fraction of preclinical PET scanners. While this is the
dominant approach, some preclinical PET systems, such as those investigated in this
thesis, take a different route by incorporating mechanical collimators [19], and are
referred to as mechanically collimated PET systems.

By comparison, SPECT employs radiotracers labeled with gamma-emitting radionuclides.
SPECT systems typically use a mechanical collimator, which permits only photons
traveling along specific directions to reach the detector while blocking those on other
paths. This selective filtering enables the collimator to acquire a two-dimensional (2D)
projection image of the radiotracer distribution, which is effectively a large set of LORs.

The fundamental differences in detection mechanisms lead to distinct strengths and
limitations. For large subjects (e.g. clinical applications), PET offers significantly higher
sensitivity, by two to three orders of magnitude, thanks to coincidence detection, which
eliminates the need for physical collimators. Clinical PET scanners also provide better
spatial resolution, typically ~3 mm [20-22], whereas general-purpose clinical SPECT
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systems generally achieve resolutions of 8-10 mm [23-26]. For preclinical PET scanners,
however, spatial resolution typically ranges from 0.6 to 4 mm [27] and is ultimately
constrained by intrinsic physical factors. These include positron range, which is the
distance a positron travels before annihilating with an electron; photon non-collinearity;
random coincidences; and detector-related effects such as intrinsic resolution and
variations in depth of interaction (DOI). Preclinical SPECT, in contrast, by detecting
single photons directly, avoids or significantly reduces many of these limitations. It is
not affected by positron range, photon non-collinearity, or random coincidences. This
reduction in degrading effects, combined with carefully optimized system design choices
that will be discussed later, can result in substantially higher spatial resolution, down to
0.25 mm in vivo [28], which further improves to 120 um ex vivo [29].

One of SPECT’s key advantages over PET is its capacity to easily perform simultaneous
multi-tracer imaging. In PET, this capability is highly limited as all positron-emitting
isotopes produce gamma-photons of the same energy (511 keV), preventing energy-based
discrimination. In contrast, different SPECT isotopes often emit gamma-photons at
distinct energies, allowing for energy discrimination between tracers. These emissions
may originate directly from the primary decay process, from prompt gamma emissions
that occur immediately as the daughter nucleus transitions from an excited to a stable
state, or from delayed gamma emissions produced by subsequent decay products.
Each emission type usually generates photons at characteristic energies, giving rise
to photopeaks, which are distinct peaks visible in the energy spectrum (Fig. 1.3).
By selecting tracers with non-overlapping energy spectra, it becomes possible to
differentiate and quantify multiple physiological or pathological processes within a
single scan, as projection images corresponding to different tracers can be acquired
and stored separately. However, this approach introduces technical challenges. A critical
factor to consider is downscatter: high-energy photons can undergo Compton scattering
before reaching the detector, losing energy and deviating from their original path. These
scattered photons may then fall within the energy acceptance windows of tracers with
lower-energy emissions and be unintentionally registered, resulting in image haziness
and quantification errors. Addressing these effects requires careful energy window
selection and correction algorithms to preserve the integrity of multi-tracer imaging.
Beyond its technical advantages, SPECT also offers important practical benefits, being
generally more accessible and cost-effective than PET.

Despite their differences in detection mechanisms and imaging capabilities, both PET
and SPECT systems fundamentally rely on gamma detectors to convert incoming photon
interactions into measurable signals. These detectors are central to image formation
and play a critical role in determining system performance, including spatial resolution,
sensitivity, and energy discrimination. Therefore, a deep understanding of gamma
detector design and limitations is essential for guiding the technological improvements
that drive progress in PET and SPECT imaging.
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Figure 1.3: Energy spectrum for 1241 where the main emissions are shown. Collimator and detector
downscatter spectra are also shown. The figure is adapted from [30], licensed under CC BY 4.0.

1.3. Basic principles of gamma detectors

Gamma detectors are systems designed to detect gamma photons and convert their
deposited energy into electrical signals, which can then be processed to generate images
or perform quantitative analysis. Gamma photons can interact with matter through
several physical mechanisms, each with distinct consequences for energy deposition.
The most relevant interactions include the photoelectric effect, Compton scattering, and,
at higher energies, pair production. In the photoelectric effect, the photon is entirely
absorbed and its energy is transferred to an electron. In Compton scattering, the photon
is deflected and part of its energy is transferred to an electron, while the scattered photon
continues with reduced energy. At high energies (> 1 MeV), pair production can occur,
where the photon disappears and its energy is used to create an electron-positron pair.

The effectiveness of a gamma detector in capturing these interactions depends on its
characteristics. The majority of gamma detectors are composed of a scintillation crystal,
such as sodium iodide doped with thallium (NaI(TD)), lutetium-yttrium oxyorthosilicate
(LYSO), or bismuth germanate (BGO), which converts the deposited gamma energy into
visible light. This light is then detected by photodetectors, such as photomultiplier tubes
(PMTs) or silicon photomultipliers (SiPMs), which convert the light into an electrical
signal proportional to the original deposited energy. Finally, dedicated electronics
process these signals to extract essential information such as energy, spatial gamma
interaction location, and timing, enabling accurate detection and image reconstruction.

Although the basic structure of gamma detectors remains consistent, their configuration
is tailored to meet the needs of different imaging modalities. In PET, this often results
in block detectors composed of segmented scintillation crystals coupled to arrays of
photodetectors. In SPECT, the most widely adopted configuration is the Anger camera,
which typically employs a large continuous scintillation crystal read out by an array of
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photodetectors.

The Anger camera, or gamma camera, was first introduced by Hal Anger in 1953 and
has since undergone significant refinement [31, 32]. While other nuclear imaging
technologies have emerged over the years, the gamma camera remains unparalleled in
its balance of image quality, detection efficiency, and practical utility. Traditionally, it
comprises a collimator, a large-area scintillation crystal, a light guide, and an array of
photomultiplier tubes (PMTs), though certain designs have since been developed that
exclude the collimator altogether. In preclinical applications, the scintillation crystal
is often made of Nal(T]) and typically has a thickness of 9.5 mm, though thicker (e.g.
~14 or ~20 mm) crystals are also available. The thinner crystals are well suited for
detecting gamma photons within the energy range typically encountered in SPECT
imaging (30—350keV), offering an effective compromise between sensitivity and spatial
resolution. The thicker crystals are generally employed in theranostic or PET/SPECT
applications, where photon energies are significantly higher (e.g. 511 keV for annihilation
photons, or even higher in certain scenarios) than in conventional SPECT and require
greater detection capability to maintain high image quality.

Beyond the individual physical components, understanding how they interact during
the imaging process is essential to appreciate the functionality of the gamma camera
as a whole. The fundamental principles of image formation with a gamma camera are
illustrated in Figure 1.4.
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Figure 1.4: Basic principles and components of a gamma camera. Image adapted from [33],
© 2012 Elsevier.
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The imaging process begins with the emission of gamma photons from a radiotracer
distributed within the subject. These photons travel towards the collimator, which
selectively allows those traveling in specific directions to reach the scintillation crystal,
providing 2D spatial information that reflects the 3D distribution of the tracer. Upon
interaction with the crystal, the radiation produces scintillation photons that are
transmitted through the light guide to the PMTs. The resulting signals are amplified,
digitized, and processed by the acquisition system to determine the energy and spatial
coordinates of each detected event.

While this process forms the backbone of gamma imaging, translating it into high-quality
images is not without challenges. Image quality is not determined by a single factor, but
rather by the interplay of multiple parameters, including spatial resolution and sensitivity.
In SPECT, these are shaped by the detector’s intrinsic characteristics and, even more
critically, by the collimator, which plays a central role in defining the overall system’s
performance [34].

1.4. Collimators in preclinical SPECT

The collimator controls how gamma photons from the radiotracer distribution are
directionally filtered and projected onto the detector. It is typically constructed from
dense, highly attenuating materials such as lead, tungsten, or specialized alloys. It may
contain one or multiple holes, whose shape and arrangement determine the collimator
type, such as pinhole, parallel hole, diverging, or converging (Fig. 1.5).
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Figure 1.5: Schematic representation of different collimator types. ‘O’ denotes the object being
imaged, and ‘T’ indicates its projected image on the detector. Image adapted from [33], © 2012
Elsevier.
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In preclinical applications, where objects are typically small and fine spatial detail is
essential, pinhole collimators have become the most widely used design [34].
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Figure 1.6: Projections using a parallel-hole collimator and a pinhole collimator. With parallel-hole
collimation (left), intrinsic camera blurring significantly degrades resolution. Pinhole imaging
(right) reduces this blurring effect by magnifying the object onto the projection. The figure is
adapted from [35], © Springer Nature 2007, reproduced with permission.

This preference stems from their ability to mitigate image degradation associated
with the detector’s intrinsic limitations. These limitations arise from several physical
characteristics, including the spread of scintillation light within the crystal, the limited
number of photons generated per gamma interaction (which introduces positional
uncertainty), and the finite spatial resolution of position-sensitive photodetectors.
Together, these factors define the detector’s intrinsic spatial resolution, typically around
3.5 mm in most clinical and preclinical Nal detectors, which significantly constrains
the overall achievable image resolution. Pinhole collimators overcome this limitation
by magnifying the object’s projection onto the detector. The degree of magnification
depends on the system geometry, in particular the relative distances between the object,
the pinhole, and the detector surface, and directly influences how effectively the intrinsic
resolution is compensated. Specifically, since the image is first magnified and then scaled
back to its original size, the final blurring applied is not determined by the intrinsic
resolution itself, but rather by that value divided by the magnification factor (e.g., with a
magnification of 14 times, a resolution of 0.25 mm can be reached), resulting in sharper
images.

To further enhance pinhole collimators’ performance, modern designs often incorporate
multiple pinholes [36]. This multi-pinhole approach improves both axial and angular
sampling by capturing multiple projections simultaneously, allowing the use of stationary
detectors [37-39]. The combination of improved sampling and increased system
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sensitivity, resulting from the greater number of pinholes being used, contributes to
superior overall image quality, reduced acquisition times, and lower radiotracer doses.

Due to the significant impact collimators have on imaging performance, preclinical
systems incorporate specialized designs tailored to the unique demands of small-animal
imaging. One such system is the Versatile Emission Computed Tomography (VECTor)
platform [40], developed by MILabs B.V. (Utrecht, The Netherlands), which was modeled
and simulated in this thesis.

1.5. VECTor: a preclinical PET and SPECT system

VECTor is a unique integrated PET/SPECT system that uses pinhole imaging for both
modalities, enabling simultaneous SPECT and PET acquisitions that produce perfectly
aligned images in space and time. This allows for direct correlation of different tissue
functions, leveraging the complementary strengths of SPECT and PET to provide
more comprehensive insights into biological processes, especially when appropriate
radiolabeled tracers are employed. Integrated systems like VECTor also offer practical
advantages, including reduced operating costs, shorter imaging and training times,
minimized floor space requirements, and the ability to conduct dual-modality imaging
under a single dose of anesthesia.

Collimator

Nal(TI) Scintillator

Figure 1.7: Schematic representation of the VECTor system’s triangular detector setup alongside a
realistic see-through rendering of the complete system. Image courtesy of MILabs (Utrecht, The
Netherlands). Reproduced with permission.

The system features three PMT-based, large-area monolithic Nal(Tl) scintillation
detectors, each measuring 590x470 mm and available in thicknesses of 9.5 mm or
19 mm, arranged in a stationary triangular configuration (Fig. 1.7). Combined with
advanced collimation strategies, this detector configuration enables sub-mm resolution



10 1. Introduction

imaging over a broad energy range, from 30 keV to 1 MeV [41-45]. As a result, VECTor
supports a wide variety of advanced imaging applications, including simultaneous SPECT
and PET, multi-isotope PET, therapeutic radionuclide imaging, and positron-range-free
PET. The system’s performance has been extensively validated in these applications.
For example, VECTor has demonstrated excellent results in simultaneous imaging of
99mTe (140 keV) and '8F (511 keV), already achieving spatial resolutions of 0.50 mm and
0.80 mm, respectively, with its prototype [40], and currently reaching 0.40 mm SPECT
resolution and 0.60 mm PET resolution with the same collimator. It has also proven
capable of imaging therapeutically relevant radionuclides that are challenging due to
their high-energy emissions. Notably, gamma rays from radionuclides such as '3'I (364
keV) and 2!3Bi (440 keV) were successfully imaged, yielding resolutions down to 0.55 mm
and 0.70 mm, respectively [46, 47]. Furthermore, the system supports prompt gamma
imaging, which avoids degradation from positron range and enables positron-range-free
and energy-discriminated multi-isotope PET. Prompt gamma imaging with 9Zr (909 keV)
and '?*I (603 keV) achieved resolutions of 0.75 mm [45], while simultaneous PET imaging
with '8F and %41 was likewise performed at the same resolution [45].

These imaging capabilities are made possible by the system’s advanced high-energy
collimation technology. The design of advanced collimators involves careful optimization
of numerous interdependent parameters. These include the number of pinholes, their
diameter, their opening angle, their spatial arrangement, the material of the collimator,
distances from the pinholes to both the object and the detector, and the extent of overlap
between pinhole projections onto the detector. These parameters create a complex
design space with many inherent trade-offs, particularly between spatial resolution and
sensitivity, as improving one often comes at the expense of the other. For this reason,
collimator design often starts by fixing one parameter (e.g., desired resolution) and
optimizing the others accordingly.

Given the complexity of collimator design, the next section delves into how these
principles were applied to develop VECTor’s high-performance collimation system.

1.6. Clustered pinhole technology

At the core of VECTor capabilities is the clustered pinhole (CP) collimator [48, 49] (Fig.
1.8). The CP collimator is constructed from a tungsten alloy and is characterized by a
cylindrical shape with significant wall thickness, allowing for efficient collimation of
high-energy photons. It features pinholes with small diameters of 0.70 mm and narrow
opening angles of 18° or 16°, arranged in 2x2 clusters. This clustered design enables the
use of smaller opening angles than those typically used in traditional multi-pinhole
configurations, while maintaining the same field-of-view (FOV). The use of these reduced
angles helps mitigate the likelihood of pinhole edge penetration, a phenomenon where
gamma photons pass through the edges of the pinholes instead of being properly
collimated. This effect is a major limitation of conventional designs, particularly at high
energies, as it reduces image quality. By narrowing the pinhole opening angles, the CP
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collimator increases the material thickness that photons must traverse near the pinhole
edges, improving the rejection of off-angle photons and thus enhancing image quality.
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Figure 1.8: Images of the clustered pinhole collimator and schematic representation of its
geometry. The figures are adapted from [45, 48]; [45] licensed under CC BY 4.0, [48] © 2010 IOP
Publishing, reproduced with permission.

Despite the strong performance of the current system with CP collimators, further
improvements in image quality remain both desirable and feasible as shown in this
thesis.

1.7. Improving image quality

Improving the image quality of an imaging system is inherently complex, as various
physical effects and technical limitations can degrade performance. Notably, effects such
as photon downscatter and positron range blurring, introduced earlier, are important
contributors to image degradation. In the context of high-energy imaging, additional
challenges emerge. One major limitation is the reduced sensitivity of conventional
gamma cameras, typically equipped with 9.5 mm thick crystals, for detecting high-energy
photons (> 511 keV). These photons are more likely to penetrate through the crystal
and escape detection (~70% for 511 keV), resulting in lower counting efficiency and
reduced quantitative accuracy. To compensate, thicker scintillation crystals are often
used. However, this increases the uncertainty in determining the DOI, negligible in 9.5
mm thick crystals, because gamma photons can interact over a wider range of depths
within the crystal. DOI uncertainty refers to the discrepancy between the apparent and
true interaction positions, caused by the detector’s limited ability to accurately determine
the depth at which the interaction occurred. This lack of DOI information leads to
parallax errors that ultimately degrade spatial resolution.

These effects often interact in non-trivial ways, making it clear that addressing them
in isolation is insufficient. Instead, improving performance requires a system-level
approach, where key factors such as spatial resolution and sensitivity must be carefully
balanced. To be effective, such solutions must also consider technical feasibility and
practical constraints, ensuring performance gains without adding excessive complexity
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or sacrificing usability and adaptability.

Strategies to achieve this can be implemented at both the software and hardware
levels [50]. In software, advances in image reconstruction methods have been shown
to significantly improve performance [51-54]. For example, accurately modeling
high-energy annihilation photon transport and accounting for variable DOI within the
detector contributed to such improvements [55]. Similarly, in hardware, various strategies
can be applied depending on the targeted component [56-60]. For instance, increasing
sensitivity by enlarging pinhole apertures has been shown to enhance image quality for
standard SPECT and PET isotopes such as %™Tc and '®F, particularly under low-activity
conditions. When combined with a 19 mm thick scintillation crystal, this approach
resulted in peak sensitivities of 12.4% and 17.0%, respectively [61].

These findings motivate further investigation into how software and hardware strategies
can be applied to specific imaging systems to address practical challenges and enhance
performance.

1.8. Research aims and thesis outline

This thesis aims to enhance the effective detection sensitivity and imaging performance
of the preclinical PET/SPECT scanner VECTor, with a particular focus on high-energy
imaging. This is achieved through optimized image reconstruction techniques and
targeted modifications to the detector and collimator design. The study is based on
simulation-driven investigations evaluating both software and hardware adaptations
tailored to this context.

Chapter 2 explores the performance of the current VECTor system across an extended
energy range from 600 keV to 2.2 MeV, evaluating how the system handles increasingly
higher gamma energies and whether sub-mm resolution can be maintained at these
elevated energies. To this end, a selection of PET isotopes was investigated, each
with promising applications but also challenging imaging characteristics, such as long
positron ranges, low positron emission probabilities, and significant downscatter. For
each isotope, both annihilation photons and prompt gammas were used for image
reconstruction, enabling a comparison of image resolution and uniformity to determine
which emission type yielded superior image quality. Chapter 3 presents the results of
implementing advanced reconstruction techniques, specifically joint reconstruction
methods, within the current image reconstruction workflow of the system. This approach
provides a software-based solution to the challenge of low count data, which is often
encountered when imaging theranostic isotopes. By simultaneously utilizing multiple
gamma emissions from the same isotope, these methods leverage additional information
to enhance image quality. A selection of isotopes was tested, and the performance
of different joint reconstruction methods was evaluated using both visual inspection
and quantitative analysis of resolution phantom images. Chapter 4 analyzes a Nal(T])
gamma camera by assessing how changes in crystal thickness, photomultiplier tube
geometry, and light guide thickness influence the system’s imaging performance. The
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study quantifies the resolution-sensitivity trade-off to evaluate whether sensitivity can be
enhanced without substantially compromising resolution. This analysis was conducted
using photon energies typical of SPECT and PET imaging applications. Chapter 5
introduces a novel collimator geometry designed to further enhance the performance of
clustered pinhole (CP) technology by employing even narrower pinhole opening angles
(POAs). This work highlights the geometric challenges of integrating such narrow POAs
into a cluster configuration and presents a solution involving the rotation of pinholes
around the cluster’s central axis. The resulting design, referred to as twisted clustered
pinholes (TCP), is proposed and characterized in this study, with its performance
compared against that of conventional CP designs through full system simulations using
specifically designed phantoms. Chapter 6 presents an alternative collimator concept
to that of Chapter 5, called the Super-Cluster (SC), aimed at simplifying the CP and
TCP designs while still delivering excellent performance for high-energy imaging. The
proposed geometry adopts a layout in which the pinholes within each ring are arranged
in a fan-like pattern, forming what is known as a supercluster. This configuration
yields a more uniform pinhole distribution across the collimator surface compared to
the CP approach, while also enhancing design flexibility by allowing straightforward
modulation of the resolution-sensitivity trade-off using pinhole diameters not feasible
in CP or TCP configurations. Furthermore, it maintains the narrow POAs required for
high-energy applications, while also preserving the FOV size. The performance of this
novel design was assessed in comparison to the CP approach through comprehensive
system simulations with dedicated phantoms. Chapter 7 presents a synthesis of the
main outcomes of this work, expands on the interpretation of the results, and outlines
directions for future investigations in the field.
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Utilizing prompt gammas in preclinical pinhole-collimated positron emission
tomography (PET) avoids image degradation due to positron range blurring and
photon down scatter, enables multi-isotope PET and can improve counting statistics for
low-abundance positron emitters. This was earlier reported for 121, 8 Zr and simultaneous
1247 _ 18F PET using the VECTor scanner (MILabs, The Netherlands), demonstrating
sub-mm resolution despite long positron ranges. The aim of the present study is to
investigate if such sub-mm PET imaging is also feasible for a large variety of other isotopes
including those with extremely high energy prompt gammas (>1 MeV) or with complex
emission spectra of prompt gammas.

We use Monte Carlo simulations to assess achievable image resolutions and uniformity
across a broad range of spectrum types and emitted prompt gamma energies (603 keV-2.2
MeV), using *2Mn, **Tc, 8°Zr, #4Sc, 86Y, 2 As, 1241, 38K, and %°Ga.

Our results indicate that sub-mm resolution imaging may be feasible for almost all
isotopes investigated, with the currently used cluster pinhole collimators. At prompt
gamma energies of 603 keV of 1>’ I, an image resolution of ~0.65 mm was achieved, while
for emissions at 703, 744, 834, and 909 keV of **Tc, %’Mn, 7?As, and % Zr, respectively,
~0.70 mm resolution was obtained. Finally, at ultra-high energies of 1.2 (*'Sc) and 1.4
MeV (%> Mn) resolutions of ~0.75 mm and ~0.80 mm could still be achieved although ring
artifacts were observed at the highest energies (1.4 MeV). For 38K (2.2 MeV), an image
resolution of 1.2 mm was achieved utilizing its 2.2 MeV prompt emission.

This work shows that current cluster pinhole collimators are suitable for sub-mm
resolution prompt PET up till at least 1.4 MeV. This may open up new avenues to
developing new tracer applications and therapies utilizing these PET isotopes.

2.1. Introduction

Among the numerous modalities employed in small animal imaging, dedicated Positron
Emission Tomography (PET) and Single Photon Emission Computed Tomography
(SPECT) scanners are widely utilized. Many different radioisotopes have been employed
and investigated with these scanners, facilitating the studies of various diseases, tracer
molecules and therapies [62]. Most often PET imaging operates by detecting pairs of
annihilation photons (coincidence PET), whereas SPECT and some recently developed
preclinical PET devices rely on the detection of single gammas, including prompts.

The image quality of coincidence PET is isotope-dependent and relies on factors such
as positron range and the emission spectrum. The range over which a positron travels
before the generation of 511 keV annihilation photons occurs (positron ranges: table 2.1)
imposes a fundamental limit on the achievable image resolution [63]. This is particularly
problematic in preclinical PET, where resolution requirements are stringent due to the
small size of anatomical structures in mice and images get easily compromised, both
quantitatively and visually. While using information on the positron range kernel and
accurate tissue boundaries during image reconstruction can partially mitigate image
degradation, it remains a challenge in many instances e.g., due to the long tail of the
positron range kernel (table 2.1). Another image degrading effect may occur for PET
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isotopes that co-emit one or more high energy prompt gammas of sufficient intensities,
the probability of which can exceed the positron emission probability by more than an
order of magnitude (table 2.1). These prompt gammas can contaminate the 511 keV
photopeak through down scatter, complicating the use of 511 keV gammas for imaging
[64-66]. Although various scatter correction methods have been proposed, such as
uniform background subtraction [67], sinogram tail fitting [68], and scaled randoms
sinogram subtraction, further efforts are necessary to resolve the issue fully [69].

Preclinical SPECT systems primarily employ pinhole collimation to benefit from high
magnification effects that can be obtained in small animals. Significant advancements
have been made to adapt pinhole collimation for high energy imaging (49, 70] which
made these systems also suitable for PET and simultaneous PET/SPECT imaging.
This was demonstrated for the VECTor (Versatile Emission Computed Tomography)
PET/SPECT scanner equipped with proprietary high energy cluster pinhole collimation
technology [40] in which pinholes are organized into clusters of pinholes with small
opening angles to reduce blurring due to edge penetration. In a recent experimental
study [45], VECTor demonstrated imaging of >*I and #9Zr in phantoms and mice
by utilizing their prompt gammas of 603 keV and 909 keV, respectively, resulting in
positron-range free images without down scatter contamination. The scanner achieved a
conservative estimate of image resolution of 0.75 mm for both 89Zr and 1241. Additionally,
simultaneous '?*I-18F PET with excellent separation of isotopes and high quantitative
accuracy was demonstrated.

One of the aims of this simulation-based work is to investigate if this concept can
be extended to a much wider range of PET isotopes by investigating a series of PET
isotopes that have interesting applications but that face challenges when imaging their
distributions because they suffer from long positron ranges, low probability of positron
range emissions and/or down scatter (table 2.1). For all isotopes, we utilized both
annihilation and prompt gammas for imaging to determine which emission provided
the optimal image resolution and uniformity for each isotope. Furthermore we assess
the deterioration in image quality associated with increasing gamma energy (>1 MeV).
The following PET isotopes 52Mn, %Tc, 897r, #4Sc, 80y, 72As, 1241, 38K, and %6Ga were
selected for this study to address the aforementioned objectives, with '®F included for
comparison. Both image resolution and uniformity were studied for relevant gamma
emissions of the isotopes.
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Isotope Ty, Mean Positron ~ Max Positron  Positron emi. Prompt gamma Application
[h] range [mm] range [mm] probability energy [keV]
18 1.83 0.64 2.27 96.73% n.a. FDG-PET [71]
Mn  134.16 0.58 1.99 29.4% 744 (90%), immunoPET [72],
936 (94.5%), bone scanning (73]
1434 (100%)
9T 4.88 0.85 3.15 10.5% 703 (99.6%),
850+871 (195.6%)
897y 78.41 0.96 3.61 22.74% 909 (99.04%) immunoPET [74]
#sc 3.97 1.68 6.64 94.28% 1157 (99.89%) prostate cancer [75]
86y 14.74 1.73 6.86 31.9% 1077+1153 (113%)  theranostic pair of °°Y [76]
2As 26.00 3.24 12.8 87.8% 834 (81%) immunoPET (77)
1241 100.32 3.28 12.9 22.7% 603 (62.9%) thyroid cancer [78]
38K 0.13 3.39 13.4 99.53% 2167 (99.85%) myocardial perfusion [79]
66Ga 9.49 5.16 19.8 57% 1039 (37%) prostate cancer [80]

Table 2.1: Half-lives, positron ranges, positron emission probabilities, prompt gamma energies
(with emission probabilities), and medical applications of studied PET isotopes.

2.2. Materials and methods

2.2.1. Scanner description

The VECTor scanner simulated in the present study is equipped with a triangular set up of
PMT-based monolithic NaI(Tl) scintillator detectors, each with an area of 590 x470 mm?
and standardly a crystal thickness of 9.5 mm. The tungsten collimator comprises 162
pinholes, each with a diameter of 0.7 mm. The original design of the cluster collimator for
the VECTor scanner included 192 pinholes; however, only 162 pinholes were utilized
for image reconstruction. This is due to some of the pinholes not projecting onto the
detector, owing to gaps between the three triangular detectors. The pinholes are arranged
in 2x2 clusters [49]. These clusters are grouped into four side-by-side rings in the
cylindrical collimator [40]. The full opening angle for the pinholes in the inner two rings
populated with clusters is 18°, while for the outer two rings, it is 16°, ensuring uniform
coverage of pinhole projections on the detector surfaces. The collimator has an inner
diameter of 48 mm, a length of 190 mm, and a wall thickness of 43 mm. The centers of all
pinholes are defined at a diameter of 64 mm. A specific portion of the field-of-view (FOV),
referred to as the central field of view (CFOV), is sampled collectively by all pinhole
clusters. It has an approximate diameter of 12 mm and a longitudinal length of 9 mm.
The CFOV experiences complete data sampling (satisfies Tuy’s conditions [81]) in a single
bed position and this area is readily increased up to the entire body when the bed is



2.2. Materials and methods 19

translated through the collimator. Data is then acquired from all bed positions (Scanning
Focus Method [82]) after which all data is utilized jointly in image reconstruction (as
detailed in “Image Reconstruction” section of [82]).

2.2.2. Monte Carlo simulations

Monte Carlo (MC) simulations were conducted using GATE v9.0 [83-85], which is
based on Geant4 v10.05 [86]. The simulations were executed on a CentOS 7.0 cluster
utilizing 216 processors concurrently. All relevant physics processes were included in
the simulation using the ‘emstandard’ physics list builder, as described in the GATE
documentation. The events in which gamma photons lose energy due to multiple
interactions within the detector were processed using GATE’s ‘adder’ digitizer module.
In this module, the energies from different interactions are summed, and the position
is determined as the energy-weighted centroid of the interaction points. The light
guides and PMTs of the detector were not directly simulated; instead, their effects
were implicitly simulated as a post-processing step. This was done by assuming an
energy resolution of 9% at 511 keV and an intrinsic spatial resolution of 3.5 mm, in
accordance with the specifications provided by the manufacturer. The energy resolution
at other energies was scaled using a \/LE proportionality relation, which approximates the
experimentally determined energy resolution values at various gamma energies (table 2.2,
[87]). These resolutions were implemented by sampling from Gaussian distributions. All
post-processing tasks were performed using in-house MATLAB scripts. The detector
electronics of the current VECTor scanner are optimized for gamma acquisition up to 1.2
MeV. For this simulation-based study, we assumed that the scanner can be accurately
calibrated to a maximum energy of 2.3 MeV (2.2 MeV being the highest energy in our
study). MC simulations were both done for a single pinhole and for a full VECTor scanner
as detailed below.

Source Energy|keV] Exp. Eres (%) Sim. Eres (%)

22Na 511 9.7% 9.0%
1241 603 8.1% 8.3%
897y 909 7.2% 6.8%

Table 2.2: Experimental (Exp.) and simulated (Sim.) energy resolution for different radionuclide
sources.

Single pinhole simulation

To assess the extent of edge penetration for different energies, we conducted MC
simulations to obtain the Point Spread Function (PSF) of a single pinhole. PSFs were
generated for a point source placed both on the pinhole axis and 5 mm off-axis
(figure 2.1). The geometrical parameters of the simulation were chosen to be conform
to those of the VECTor scanner: the distance between the point source and the inner
wall of the collimator was 24 mm, while the pinhole-to-detector distance was 178 mm.
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The pinhole, with a diameter of 0.7 mm, was positioned at the center of a tungsten
rectangular slab with a thickness of 43 mm. Depending on photon travel paths, photon
interaction positions in the detector plane can be classified into three regions: the
direct beam, edge penetration, and wall penetration, depicted in green, blue, and red,
respectively, in figure 2.1. Direct beam photons are considered to be those that pass
through the hole, while edge penetration photons traverse the pinhole edges. In instances
of wall penetration, photons pass through the full thickness of the collimator wall. In
practice, the boundaries between these regions are not completely distinct due to the
intrinsic spatial resolution of the detector and Compton scattering from pinhole edges.
Additionally, in the actual VECTor scanner, the relative positions and orientations of
pinholes and the detector are different for different pinholes. Despite this complexity, we
believe that our simplified simulated experiment captures the major variations of the
PSFs.

For computational efficiency, a gamma pencil beam with an angular width of 40° was
directed towards the line connecting source position and pinhole center. Various gamma
energies were tested: 140 keV, 511 keV, 603 keV, 744 keV, 834 keV, 909 keV, 1.0 MeV, 1.2 MeV,
1.4 MeV, 2.2 MeV. These energies correspond to those of the annihilation and prompt
gamma energies emitted by the isotopes considered in this work except for 140 keV,
which is the standard energy for SPECT imaging and therefore chosen for comparison.
The photopeak energy windows used for these gamma energies are the same as those

used in the phantom simulations (table 2.3). In each simulation, a total of 10'° emitted
gammas was simulated.
source
143 mm
scintillator 9.5 mm scintillator
(a) ! (b)  ==direct beam

= cdge penetration
==wall penetration

Figure 2.1: Geometry of the single pinhole simulation for a point source placed (a) on the pinhole
axis and (b) 5 mm from the pinhole axis. Gamma photon paths are classified into three categories:
the direct beam (photons passing through the hole), edge penetration (photons penetrating the
pinhole edges), and wall penetration (photons traversing the full thickness of the collimator wall).
Diagram not to scale.
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Scanner simulation and data acquisition

Additional to single pinhole simulations, a MC simulation of the full VECTor scanner was
conducted. Among the three detectors, the first detector was oriented perpendicular to
the y-axis and translated to coordinates (0, -215 mm, 0). The second and third detectors
were rotated by +120° around the z-axis and translated to (-186 mm, -107 mm, 0) and
(186 mm, -107 mm, 0), respectively, to accurately represent the triangular geometry of the
VECTor scanner. The multi-pinhole cluster collimator was defined in the simulation
based on the geometry parameters provided by the manufacturer. The materials used in
the collimator were tungsten (97%), iron (1.5%), and nickel (1.5%). The pinholes were
modeled as two conical cylinders facing each other.

A total of nine PET isotopes, >>Mn, %Tc, 89zr, #Sc, 80y, 72As, 1241, 38K, 66Ga, were
considered (see table 2.1). The selection of isotopes was based on factors such as possible
biomedical applications, prompt gamma emission energies (up to 2.2 MeV for scanner
characterization), and their relevance to studying down scatter issues unique to certain
isotopes, e.g., ®Ga, 89Zr. The standard PET isotope '8F was included for comparison. The
isotopes were defined as ‘ion sources’ to simulate all possible emissions with their correct
intensities. Three-dimensional photon interaction locations in the NaI(Tl) crystal were
then used to generate detector projections, which were sampled on a 1.072x1.072 mm?
pixel grid, matching the pixel size of the detector used in the VECTor scanner. Projections
from both annihilation gamma and available prompt gamma emission(s) of sufficient
intensity were acquired for each isotope based on the photopeak windows provided in
table 2.3.

Digital phantoms

A Derenzo resolution phantom containing rods with diameters of 0.60 mm, 0.65 mm, 0.70
mm, 0.75 mm, 0.80 mm, and 0.85 mm, each with a height of 10 mm, was employed in this
study. The phantom was assumed to be made of PMMA cylinder of diameter 20 mm and
height 12 mm. The activity concentration was set to 250 MBq/ml for all isotopes, and the
scan duration was set to one hour. All possible types of emissions from the isotopes were
simulated. Due to the phantom’s dimensions exceeding the CFOV of the scanner, data
acquisition was performed using a multiplanar trajectory (MPT) [88] over 9 bed positions.
The MPT scheme was selected to guarantee sufficient sampling of the object, achieved by
employing a conservatively high number of bed positions per plane. For 3K, in addition
to the first Derenzo resolution phantom, a second phantom with rod diameters of 0.90
mm, 1.0 mm, 1.1 mm, 1.2 mm, 1.3 mm, and 1.4 mm was employed to assess resolution.
This was necessary because no rod sectors were resolved in the first Derenzo phantom for
this isotope.

For uniformity studies, a cylindrical water phantom with a diameter of 20 mm and a
height of 15 mm, containing a uniform activity concentration of 5 MBq/ml, was used.
The scan duration was kept at the same value as for the Derenzo phantom (one hour).
The scan was conducted using a spiral trajectory [88] over 17 bed positions. The use
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of a spiral trajectory reduces scan time compared to a multiplanar trajectory, without
compromising image quality [88].

Uniformity phantom analysis

Uniformity was calculated using six circular ROIs with a radius of 1.5 mm, measured
across five axial slices with a slice thickness of two voxels each, where voxel size was 0.4
mm. Percentage uniformity was defined as the ratio of the standard deviation (oy) to the
mean (U), averaged over all six ROIs and the five axial slices.

Uniformity [%] = 100 x U—l;’ @1

Positron range simulations

Positron annihilation point distributions for the PET isotopes under study were generated
through MC simulations; a point source was placed at the center of a 20 cm water sphere
and five million annihilation point coordinates were recorded for each isotope. The
probability of annihilation within each voxel of a 31x31x31 voxel grid was stored, with
the center of the central voxel in the grid corresponding to the point source position. The
voxel size was set to 0.4 mm, matching the reconstructed image voxel size.

The use of an effectively infinite water medium to generate positron range kernels is an
approximation. A more accurate model would involve using the actual three-dimensional
distribution of the different materials present in the phantom.

2.2.3. Image reconstruction

Image reconstruction was conducted utilizing the dual-matrix dual-voxel similarity
regulated ordered-subset expectation maximization (DM-DV-SROSEM) algorithm [89]
which was also used in experimental studies. SROSEM [90] resembles OSEM but
dynamically adapts the number of subsets used based on the similarity of update terms
across different subsets. In our implementation, a maximum of 128 pixel-based subsets
[91] was employed, with a similarity threshold set at 40%. A cutoff of 1% was applied to
the forward projectors, meaning that gammas traveling paths with a probability of less
than 1% of penetrating the collimator were not included [55]. Following the dual-matrix
framework, unmatched backprojectors were employed with a higher cutoff value of 20%,
facilitating faster convergence without compromising image quality. To further accelerate
reconstruction, the dual-voxel approach was adopted [92]. In this approach, forward
matrices were divided into a central part with fine voxel binning and a slowly varying tail
part with rougher binning (twice the voxel size). Positron range correction (PRC) was
implemented by iteratively convolving the activity distribution with the positron range
kernel during the forward projection step of the reconstruction process. Comparisons
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were made between the 511 keV reconstructions with and without PRC. Notably, image
reconstruction from prompt emissions does not require PRC, as prompt gammas are
emitted directly from the isotope.

Energy-dependent system matrices were computed for all necessary energies using a
ray-tracing software [55, 93]. This ray-tracing code accounts for attenuation through the
collimator and detector but does not include scatter. However, the scatter component of
the projection, captured using the triple energy window technique [94], was incorporated
in image reconstruction to compensate for the absence of a scatter contribution in the
matrices. In the 1.4 and 2.2 MeV reconstructions, instead of 1%, 3% and 5% cutoff forward
matrices were used, respectively, to reduce ring artifacts (more in sections 2.2.4 and
2.3.6). Additionally, multi-photopeak imaging of closely spaced prompt gamma pairs,
850+871 keV for %4Tc and 1077+1153 keV for 0Y, was performed using system matrices at
intensity-weighted gamma energies. For % Tc, the intensity-weighted gamma energy of
the 850+871 keV photopeak is 861 keV, whereas for 8%Y, the corresponding energy of the
1077+1153 keV photopeak is 1096 keV.

The original reconstructed images have dimensions of 76 x76x26, with a voxel size of
0.4 mm. For improved visualization, ten central layers along the transaxial dimension
were summed, and the obtained 76 x76 images were redefined on a finer 256 x256 grid
using MATLAB’s ‘resize’ function which applies bicubic interpolation. All images were
subsequently smoothed using a 0.5 mm FWHM Gaussian kernel. For comparison, all
isotope images were scaled to activity concentration units (MBq/ml). Both positron
range-corrected and uncorrected 511 keV images from each isotope were obtained for
comparative analysis. All prompt gamma emissions with adequate intensities were
utilized individually for image reconstruction. The maximum achievable resolution for
each isotope was determined through a visual comparison of all Derenzo resolution
phantom images.

2.2.4. Effect of different tail cut off in ultra-high energy imaging

In [55] it was demonstrated that using the same tail cutoff for the forward projections
(20%), as employed in 140 keV reconstructions for the same system, does not yield
high-quality images for 511 keV. This is attributed to the fact that gamma photon paths
with a probability of less than 20% of penetrating the collimator edges, which belong to
the tail part of the PSE constitute a significant portion of the photon flux at gamma
energies of 511 keV ([55]). Hence, simulating this tail in system matrix calculation is
essential for high energy imaging. It was found that a cutoff of 1% provided a good
trade-off between image quality and reconstruction time [55]. Given that we are imaging
ultra-high energy gamma emissions (>1 MeV) for the first time, it is crucial to investigate
the effect of cutoff on imaging performance. To this end, we generated system matrices
with cutoffs ranging from 1% to 7% for ultra-high energies of 1.4 and 2.2 MeV. The
reconstructed resolution images using these different matrices were then analyzed. To
minimize computation time, only the 1% and 3% matrices were utilized for the analysis
of uniformity phantom images.
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2.3. Results

2.3.1. PSFs for a single pinhole

The line profiles of PSFs for the single pinhole are presented in figure 2.2. The plot is
segmented into three distinct regions: a segment consisting of direct photons, a segment
with photons that penetrated through the pinhole edges, and a part containing photons
that penetrated through the collimator wall, as defined in section 2.2.2. As anticipated,
the amount of pinhole edge penetration increases with higher gamma energies. Notably,
at ultra-high energies (>1 MeV), significant penetration through the entire 43 mm
thickness of the collimator (wall penetration) was observed at considerable distances
from the pinhole axis. Both edge and wall penetrations are more pronounced for the
off-axis source position (figure 2.2b). It is suggested that wall penetration from adjacent
pinholes can accumulate and significantly contribute to system matrices. These effects
undoubtedly broaden PSFs at ultra-high energies, thereby probably making the image
reconstruction problem more underdetermined. The percentage of photons passing
through the 43 mm collimator wall without any interaction was calculated using the
Beer-Lambert law [95] for the gamma energies of interest (table A.3).

1 =

+—* direct beam ol

=+ edge penetration ;‘]; :et

a— i s
wall penetration —T44 keV

e ~ — B3 eV

Probability

0.001

v AR sl

fna VPV y
0.0001 b V\AWM"" ! g o M A

-60 -40 o 20 40 60

X [mm]
(a)
1

<« direct beam 140 keV
511 ke

s pdge penetration
s wall penetration

Probability

00001 L— n AN Y, N
&0 -40 -20 L] 20 40 60

X [mm]

(b)

Figure 2.2: Single pinhole response to a point source, placed on the pinhole axis (a) and 5 mm
away from the pinhole axis (b), for gamma energies relevant to this study. The x-axis is divided into
three regions: direct beam, edge penetration, and wall penetration (see top of figures).
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2.3.2. Phantom simulation

The energy spectra of all ten PET isotopes under study, derived from the first 1 minute
of acquisition data from resolution phantom simulations, are presented in figure 2.3.
Collimator and detector scatter contributions are also included. Here, the detector
scatter contribution refers to events involving at least one Compton scatter event within
the detector, while none occurs in the collimator. For some isotopes, higher energy
gamma emissions may be detected into the photopeak windows of lower energy gamma
emissions due to Compton scattering within the phantom, collimator edges, or detector
crystal, a phenomenon denoted by down scatter.
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Figure 2.3: Energy spectra of PET isotopes used in this study: 18E %2Mn, 94Tc, 897r, 44sc, 86y, 72As,
1241 38K and 86Ga, including the photopeak and background energy windows in blue and yellow,
respectively. The collimator and detector down scatter spectra are also presented.
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Isotope Pealk Photopeak Background Background
energy [keV] window [keV] window-1 [keV] window-2 [keV]
18 511 465-557 430-465 n.a.
52Mn 511 455-575 420-455 575-610
744 660 - 805 625-660 805 -840
936 865—1005 830-865 1005-1040
1434 1340-1525 1305-1340 n.a.
9Tc 511 465-557 430-465 557 -592
703 657766 622657 766801
850+871 791-933 756-791 933-968
87r 511 465-557 430-465 n.a.
909 831-986 796-831 9861021
4sc 511 445-573 410-445 573-608
1157 1074-1242 1039-1074 n.a.
86y 511 467-550 369-404 550-585
1077+1153 1000-1225 965-1000 1225-1260
2As 511 445-570 410-445 907-942
834 757-907 722757 907-942
1241 511 463-551 428-463 790-825
603 554667 790-825 n.a.
38K 511 433-575 398-433 575-610
2167 2064 -2284 2029 -2064 n.a.
56Ga 511 445-566 410-445 566—601
1039 960-1107 925-960 1107-1142

Table 2.3: Photopeak and background energy windows used.

Our simulations revealed a negligible contribution from phantom scatter. As an example,
for 7?As, approximately 1.42% of counts within the photopeak window (table 2.3) for 511
keV and approximately 0.26% within the photopeak window for 834 keV originate from
phantom scatter. Scattering of higher energy gamma rays from the collimator pinhole
edges can also significantly contribute to the signal in the photopeak of lower energy
gamma rays as is clear from figure 2.3. For example, down scatter from 2190 keV and 2752
keV gamma rays can contribute to the photopeak of the 1039 keV gamma ray of ®Ga
(figure 2.3). Depending on the relative distance between the higher energy gamma and
photopeak of interest, this may result in severely misplaced counts on the detector plane
due to the selective contribution from higher angle scatter. Consequently, this effect may
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degrade image quality (more in section 2.3.4).

For all isotopes, photopeak and background windows were selected through visual
inspection of spectra (figure 2.3 and reported in table 2.3). Many of the isotopes studied
in our paper exhibit small to medium intensity gamma emissions near 511 keV, such as
443 keV (17%) for 80Y, 603 keV (63%) for 1241, and 630 keV (8%) for "?As. To avoid including
counts from these additional gamma emissions and to maximize the counts within the
511 keV photopeak window, the selected 511 keV photopeak windows for some isotopes
are slightly different. For isotopes such as %Tc and %Y, adjacent unresolved gamma
emissions were reconstructed using a single photopeak window.

2.3.3. Positronrange

Line profiles of the generated positron range kernels for all isotopes are presented in the
appendix (figure A.3). The positron range for various PET isotopes has been extensively
studied, both experimentally [96, 97] and through simulations [98-101]. However, most
reported results are two-dimensional projections of the original three-dimensional
distribution of annihilation points, making them unsuitable for direct use in our study. To
validate our simulation, we compared our results with values reported in the literature
(see appendix).

2.3.4. Resolution studies

Resolution phantom images obtained from both the 511 keV and all prompt gamma
emissions of sufficient intensity for all isotopes under study are shown in figures 2.4 and
2.5. Images were presented at three different iteration numbers: the 50th, 100th, and
180th iteration. Based on visual assessment, a resolution of ~0.65 mm is achievable
for imaging 241 utilizing its 603 keV prompt gamma emission. Similarly, resolutions of
~0.70 mm are attainable for %Tc, ®>Mn, "?As, and 89Zr using their respective prompt
gamma emissions at 703 keV, 744 keV, 834 keV, and 909 keV. Furthermore, prompt gamma
emissions at ultra-high energies of 1.2 MeV and 1.4 MeV from **Sc and 3*Mn isotopes
yield resolutions of ~0.75 mm and ~0.80 mm, respectively. As expected, image resolution
generally degrades with increasing gamma energy. On the contrary, the resolution
achieved for **Sc using the 1.2 MeV prompt emission is superior to that obtained with
the 1.0 MeV gamma emission from %6Ga. This is likely due to significant collimator and
detector down scatter from higher energy gammas of 2.2 MeV and 2.8 MeV emitted by
%6Ga (figure 2.3) contributing to the photopeak of low intensity (37% in table 2.1). PRC
enhanced the image quality of 511 keV reconstructed images across all isotopes.
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Figure 2.4: Derenzo resolution images after the 50th, 100th, and 180th iterations are shown for 8E
52Mn, 94Tc, and 89Zr. With prompt gamma images, positron range-corrected and uncorrected 511
keV images are also presented. Abbreviation: PRC, Positron Range Correction; R, positron mean
range.
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Figure 2.5: Derenzo resolution phantom images after 50th, 100th, and 180th iterations are shown
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Isotope Gamma energy [keV] Resolution [mm]

52Mn 744 0.70
94T 703 0.70
87y 909 0.70
45 511 0.70
86y 1077+1153 0.75
2As 834 0.70
1241 603 0.65
38K 2167 1.20
56Ga 1039 0.80

Table 2.4: Highest achievable resolutions for nine isotopes under study.

Note that the PRC applied in this study was conducted under ideal conditions as
positron range in an infinite water medium was used which corresponds well to that in
the phantom simulations, given the similar attenuation characteristics of water and
PMMA, the two materials used in the digital phantom definition. In contrast, PRC in
small animal scans is a nontrivial task due to the presence of different types of tissues
within a relatively complex three-dimensional distribution [102]. Nonetheless, for all
isotopes, prompt emissions, which don't suffer from positron range, produced images of
better resolutions than the 511 keV with PRC, except for 44G¢. The maximum achievable
resolutions for the examined isotopes are listed in table 2.4. For 2.2 MeV prompt gamma
emission of 38K, PSFs were too broad to resolve the largest diameter rods (0.85 mm).
Images obtained from a second Derenzo resolution phantom containing larger rod
diameters demonstrate a supra-mm resolution of 1.2 mm when using 2.2 MeV gamma
radiation from this isotope (see figure A.1 in Appendix).

2.3.5. Uniformity studies

Uniformity phantom images reconstructed using both 511 keV and the available prompt
gamma emissions for all isotopes under study are presented in figures 2.6 and 2.7. The
images correspond to the 50th iteration and include both positron range-uncorrected
and corrected 511 keV images. Additional uniformity phantom images at the 100th
iteration are provided in the supplementary material (figure A.4, A.5). The percentage
uniformity (equation 2.1) is plotted against the iteration number for each isotope in
figure 2.8.
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Figure 2.6: Uniformity phantom images at the 50th iteration are presented for isotopes 18E *2Mn,
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Figure 2.7: Uniformity phantom images at the 50th iteration are presented for isotopes “2As, 38K,
1241, and %6Ga. Both transaxial and coronal views are displayed. Abbreviation: PRC, positron range
correction; R, positron mean range.
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Figure 2.8: Percentage uniformity plotted against iteration number for all isotopes under study.
Abbreviation: PRC, positron range correction.
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The granular-like texture visible in the uniformity images arises from statistical noise
inherent in the projection data combined with the used post-filter (1 mm). This is
illustrated in figure A.7, where we show that as the FWHM of the Gaussian filter increases,
the noise spikes progressively transform into a granular texture. Besides, the transaxial
views of the 511 keV images of %>Mn, %*Tc, and #Y reveal a pattern consisting of
three lines of dots intersecting at equal angles, slightly offset from the center of the
cylindrical phantom while the coronal views of the same three isotopes exhibit a parallel,
tubular-like arrangement of dots along the axis of the phantom, rather than a uniform
distribution. We used GATE'’s ‘comptonPhantom’ and ‘comptonCrystal’ flags to reject
collimator and detector down scatter from projection data respectively and we found
that the artifact in the transaxial view is due to the detector down scatter contribution
from high and ultra-high energy prompt gammas (figure A.8). The artifact in the coronal
view, however, could not be attributed specifically to detector or collimator down scatter
(figure A.8); it appeared when both types of down scatter were present in the projection
data.

2.3.6. Ultra-high energy imaging

The 1.4 MeV prompt gamma emissions of %>Mn are reconstructed using forward matrices
with 1%, 3%, 5%, and 7% cutoffs and images are displayed in figure 2.9. Images with
1% cutoff exhibit ring artifacts [103], characterized by a visible dip at the center of
phantoms due to enhanced edges. Such ring artifacts have been observed in PSF-based
PET reconstruction also, when PSFs are broad [104, 105]. In fact, in the 1.2 MeV image
of #Sc (figure 2.5), a slight ring artifact is also noticeable, but it becomes distinctively
recognizable at 1.4 MeV. Conversely, at 2.2 MeV, no rods were visible (figure 2.5), and
therefore, we did not perform a similar analysis.

These ring artifacts cannot be eliminated even with a large number of iterations (1000 it.
in figure 2.9) for a 1% cutoff. It can however be mitigated by using higher cutoffs in matrix
generation (e.g., 3%, 5%, 7%), as using higher cutoffs effectively sharpens the PSFs by
truncating the tails. Also, resolution phantom images reconstructed using the 1% cutoff
matrix exhibit rounding at the outer edges, resulting in a reduction in the size of the
phantom compared to its original dimension.

Line profiles through six hot rods further support this observation (figure 2.10). A similar
artifact of size reduction was observed in the uniformity phantom images at ultra-high
energies (see Appendix). This effect may be attributed to the inability of broad PSFs to
reconstruct high-frequency information at the periphery. The use of higher cutoffs allows
for a more realistic reconstruction of the phantom’s outer edges.
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Figure 2.9: The 1.4 MeV prompt gamma emissions from 52Mn are reconstructed using matrices
with different tail cut offs (1%, 3%, 5%, 7%). Images at 100th, 300th, 600th and 1000th iteration are
shown.
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Figure 2.10: Line profiles through 0.85 mm and 0.75 mm rods of Derenzo resolution phantom at
100th, 300th, 600th and 1000th iterations are shown. For each iteration, profiles obtained from
images reconstructed with different tail cut offs are shown. Rectangular bars denote the original
positron of Derenzo rods. Abbreviation: A.C. - activity concentration.

2.4. Discussion

In this study, we assessed the resolutions that can be obtained for challenging
PET isotopes when imaged with a high energy multi-pinhole scanner. Achieving a
high resolution for these isotopes using conventional coincidence preclinical PET is
challenging due to their long positron ranges or the down scatter of the prompt gammas
into the 511 keV photopeak [106]. To circumvent these issues, VECTor utilizes prompt
gamma emissions to image these isotopes instead of the 511 keV annihilation photons
[45]. The resolutions obtained for the tested isotopes were in the sub-mm range (table
2.4), except for 38K, for which 1.2 mm resolution can be realized by using the 2.2 MeV
prompt emission (figure A.1). To the best of our knowledge, this capability is unique to
PET with cluster pinhole collimation.

In this simulation, we modelled the VECTor system with a thin scintillator crystal (9.5
mm). This choice was motivated by the imaging study in [45], where 1241 and 89Zr were
imaged using a VECTor scanner with a 9.5 mm crystal, providing us with experimental
data to see how well they match our simulations. A thicker crystal, such as the 19 mm XT
crystal offered by MILabs, may prove advantageous for imaging low-intensity ultra-high
energy gamma emissions, such as the 1039 keV (37%) gamma of %Ga. The 19 mm crystal
demonstrates a sensitivity approximately 2.8 times greater than the 9.5 mm crystal at this
energy. However, an effective depth-of-interaction (DOI) correction algorithm will be
required to optimize performance [107]. Notably, the resolutions achieved in this work for
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1241 and 897r were 0.65 mm and 0.70 mm, respectively. In the previous experimental study
[45], 0.75 mm rods of '?*I could be distinguished in the resolution phantom. However,
since the phantom used did not contain smaller 0.65 mm or 0.70 mm rods, a direct
comparison of image resolution is not possible. For 89Zr the experiments indicated a
0.75 mm image resolution which is close to the 0.70 mm resolution reported in this
work. The small difference may be explained by the higher activity concentration used in
the simulation, the limited ability to include all image degrading effects of the detector
in the simulation and perfect modelling of the system matrix that is not possible in
an experimental situation. Overall, this work specifically demonstrates that the cluster
collimation technology [49] used in the VECTor scanner can achieve sub-mm resolution
even at ultra-high energies, as high as 1.4 MeV. Based on our results, we attribute the
degradation of images at very high energies primarily to the following factors: (i) pinhole
edge and collimator wall penetration, and (ii) down scatter from higher energy emissions
within the photopeak, which is isotope-dependent.

In this simulation study, we modelled the detector response by assuming a simple
Gaussian model for the energy-dependent energy resolution instead of detailed
simulations of the scintillator light transport or electronics. This is certainly an
over-simplification for ultra-high energies. Currently, the VECTor scanner detector
electronics is optimized for energies up to 1.2 MeV and it would need to be upgraded to a
wider energy range to perform imaging studies at higher energies. Upgrading the detector
for a wide energy range, e.g., from 20 keV to 2.3 MeV, presents several technical challenges
[108]. Non-linearity in PMT response and electronics can affect energy calibration, while
maintaining uniformity across the field of view becomes increasingly difficult due to
varying detection efficiencies at different energies. Additionally, count rate performance
may degrade at higher energies due to pulse pile-up and extended dead time in the
electronics. Thus, while we validated the current collimator for the investigated isotopes,
the suitability of the detector in real experiments was not yet verified for energies >1.2
MeV.

Ring artifacts were observed in ultra-high energy images (figure 2.9). We found that using
a higher cutoff forward matrix could mitigate these ring artifacts. This might seem
contradictory to previous findings [55], where a lower cutoff of 1% (as opposed to 20%
used in 140 keV imaging) improved image resolution and uniformity at 511 keV. This
contradiction can be explained by considering that, in the VECTor system, at ultra-high
energies, PSFs become broad due to enhanced edge penetration and significant wall
penetration (figure 2.2), rendering the reconstruction problem underdetermined and
leading to ring artifacts. Wall penetration can be mitigated by using a thicker collimator
or an additional independent outer casing on top of the collimator. However, edge
penetration cannot be reduced in this manner, which is the primary reason for the
gradual degradation of image resolution with increasing energy (figures 2.4 and 2.5). This
effect can be reduced by reducing the opening angle of the pinholes, but that requires
sophisticated cluster geometries to maintain FOV (e.g. twisted cluster pinholes [109] or
superclusters [70, 110]. Furthermore, additional artifacts were present in the 511 keV
uniformity images of isotopes exhibiting pronounced down scatter (**Mn, %Tc and 2°Y)
due to higher energy prompts. Our analysis revealed that these artifacts arise either due
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to detector down scatter (transaxial view) or a combination of detector and collimator
scatter (coronal view). Hence, implementing a scatter correction scheme which goes
beyond the used triple energy window method similar to [111] may improve imaging
performance for these challenging isotopes.

Many of the isotopes studied have more than one prompt gamma with sufficient intensity,
such as ?Mn, %*Tc, and #0Y. In subsequent studies, we will perform a feasibility study
of the joint reconstruction of multiple prompt gamma energies simultaneously. This
approach may enable achieving comparable image quality with reduced activity levels
and/or shorter acquisition times, which is particularly relevant for dose quantification
in alpha-particle radiotherapies. Additionally, for isotopes like 89Zr, 5>Mn, and %*Tc,
which have relatively short positron ranges, it may be worthwhile to investigate joint
reconstruction with the 511 keV annihilation photons. Lastly, the current design of
the cluster multi-pinhole collimator is prone to ring artifacts at ultra-high energies
specifically from 1.2 MeV. Therefore, developing a mitigation technique to eliminate
these artifacts will be a priority in the future.

2.5. Conclusion

Our research indicates that cluster pinhole collimators are suitable for sub-mm resolution
for 9 out of the 10 PET isotopes studied in this paper, including those with long positron
ranges by utilizing prompt emissions of high intensity at one or multiple energies. For
example impressive ~0.80 mm imaging resolutions at gamma energies as high as 1.4 MeV
where attained. The unique capability of cluster pinhole collimation to enable sub-mm
resolution for such a diverse set of challenging isotopes can enable a wide range of
applications in development of new tracers and therapies.
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Appendix

Positron range

We conducted a comparative analysis of positron range distributions obtained from
GATEv9.0 against another software called PeneloPET [98], a track structure code
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developed by [98-101] and semi-empirical formula. Most of the literature studied a
particular one dimensional distribution:

aPSFsmzf dzf aPSF(x,y,z)dy (A.1)

where aPSF (annihilation point spread function) is three dimensional distribution of
annihilation points. Derenzo [112] showed that aPSF;;, can be modelled by double
exponential function:

P(x) = Ce k1% 4 (1 - C)e k¥ (A.2)

We compared the fitting parameters (C, ki, k) obtained from GATE data with those
reported in [98] and [99-101], (table A.1), maintaining a consistent bin size of
10 micrometers. Additionally, we compared the mean positron range obtained
from GATE with [98-101] (table A.2). The mean ranges reported in [98] and
[99-101] were derived from two-dimensional projection distributions of the original
three-dimensional distribution of annihilation points. Accordingly, we projected the
original three-dimensional annihilation distribution obtained from GATE onto a
two-dimensional plane to calculate the mean ranges. In literature, the mean range is
estimated using a semi-empirical expression.

1.14
0.108 [Eglax [MeV]]

Rpean [cm] = (A.3)

p [gem™3]

Positron range values reported in the literature exhibit considerable variation. Upon
reaching thermal velocity, a positron will either annihilate directly with an electron or
form a hydrogen like positronium atom. Due to its neutral charge, positronium does not
interact electromagnetically, allowing it to drift depending on its residual momentum
and half life. The formation probability of positronium is influenced by the energy of the
beta particle and the medium.

Most Monte Carlo codes, such as GATE, PeneloPET, and EGSnrc, utilize cross-sections
from [113], which do not account for positronium formation. To the best of our
knowledge, studies in [99-101] have incorporated positronium formation in their
track structure code. This may explain why the positron ranges reported by them
are systematically larger compared to those from GATE, PeneloPET [98], and the
semi-empirical formula A.3 (table A.1). However, it is noteworthy that the positronium
yield in water reported in [114] (83%) significantly deviates from the values reported in
other sources, such as [115], and [116], which are approximately 30%.
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Isotope C Iy [mm!] ky (mm1]

GATE (v9.0) Loirecetal. GATE (v9.0) Loirecetal. GATE (v9.0) PeneloPET Loirecetal.

18 0.68 - 76.48 - 4.81 3.27 -
e 0.66 0.61 58.95 30.91 2.46 1.79 1.49
BN 0.65 0.58 53.45 22.12 1.75 1.30 1.07
150 0.63 0.56 41.37 16.84 0.98 0.77 0.60
68Ga 0.71 0.34 50.54 13.81 0.94 0.67 0.49
82Rb 0.65 - 36.59 - 0.41 0.31 -
52Mn 0.73 0.39 97.69 19.92 6.13 6.13 2.79
897r 0.75 0.29 79.84 17.68 3.22 - 1.42
445c 0.69 0.33 53.76 10.74 1.34 - 0.71
86y 0.77 0.40 64.41 7.89 1.70 - 0.76
2As 0.70 0.50 41.47 14.82 0.60 - 0.35
1241 0.77 0.39 57.27 8.38 1.18 - 0.54
38K 0.39 0.38 10.27 11.70 0.48 - 0.30
66Ga 0.83 0.79 41.48 7.46 0.35 - 0.20

Table A.1: Comparison of fitted parameters C, k1, and k» between GATE v9.0, Loirec et al. [99-101],
and PeneloPET [98].

Isotope  Ryean [mm] Ryiean [mmj Ryean [mmj Ryean [mm]
GATE (v9.0) PeneloPET Loirec et al. Semi-Empirical

18p 0.38 0.57 0.66 0.64
Yo 0.77 1.02 1.27 1.03
13N 1.08 1.40 1.73 1.33
150 1.88 2.34 2.97 2.02
68Ga 2.03 2.69 3.56 2.23
82Rb 4.37 5.33 7.49 4.18
52Mn 0.67 - 0.63 0.58
897y 0.63 - 1.27 0.96
44gc 1.44 - 2.46 1.68
86y 2.52 - 2.51 1.73
72ps 3.31 - 5.19 3.24
1241 2.22 - 3.37 3.28
38K 4.48 - 5.67 3.39
66Ga 7.49 - 8.69 5.16

Table A.2: Positron mean range compared between GATE (v9.0), PeneloPET [98], Monte Carlo track
structure code by [99-101] and semi-empirical formula A.3 for PET isotopes under study and other.
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Determining resolution for **K

Figure A.1 presents the 38K reconstructed images for the second Derenzo resolution
phantom with larger diameter rods. Following the convention outlined in section 2.2.3, a
5% cutoff matrix was employed to reconstruct the 2167 keV gamma to avoid the ring
artifact. Both the 511 keV gamma, with PRC, and the 2167 keV gamma are capable of
resolving the 1.2 mm rods, with the 2167 keV reconstruction exhibiting lower noise
compared to the 511 keV.
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Figure A.1: Derenzo resolution phantom images after 50th, 100th and 180th iterations are shown
for 38K. Abbreviation: PRC, Positron Range Correction; R, positron mean range.
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Ring artifact in uniformity phantom

At the ultra-high energy of 1.4 MeV for %2Mn, a size reduction artifact appears in the
transaxial view of the reconstructed uniformity phantom images when a 1% cutoff matrix
is used (figure A.2). Similar to the resolution phantom case, a slightly larger cutoff matrix
was employed to mitigate this artifact. Line profiles shown in figure A.6 confirm that
using a higher cutoff matrix can effectively reduce the artifact.

0 5 MBg/ml
[T
50 it. 50 it. 100 it. PSF tail
Transaxial Coronal Transaxial cut off

Figure A.2: Uniformity phantom reconstructed for 1.4 MeV of >Mn using matrices with tail
cutoffs of 1% and 3%. Images at 50th and 100th iteration are shown. The significant size reduction
observed in the transaxial view is attributed to the presence of a ring artifact.
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Collimator penetration data

Gamma Escape
energy [keV] probability

140 ~0.0%
511 0.003%
603 0.019%
703 0.071%
744 0.106%
834 0.214%
861 0.255%
909 0.336%
935 0.385%
1039 0.618%
1096 0.764%
1157 0.929%
1434 1.700%
2167 3.200%

Table A.3: Percentage of photons passing through 43 mm collimator wall without any interaction.

Line profiles of positron range kernels
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Figure A.3: Line profiles of positron range kernels of PET isotopes under study. One voxel equals to
0.4 mm.
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Uniformity and resolution phantom
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Figure A.4: Uniformity phantom images at the 100th iteration are presented for isotopes 'E 52Mn,
94T, 8971, 44Sc, and 80Y. Both transaxial and coronal views are displayed. Abbreviation: PRC,
positron range correction; R, positron mean range.
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Figure A.5: Uniformity phantom images at the 100th iteration are presented for isotopes ?As, 38K,
1241 and %8Ga. Both transaxial and coronal views are displayed. Abbreviation: PRC, positron range

correction; R, positron mean range.
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Figure A.6: Line profiles through the transaxial and coronal views of the uniformity phantom at
the 50th and 100th iterations are presented. For each iteration, profiles obtained from images
reconstructed with tail cut-offs of 1% and 3% are displayed. Rectangular areas denote the original
position of the uniformity phantom. Abbreviation: A.C. — Activity Concentration.

0 5 MBg/ml
[ |
Original image 0.5 mm 0.6 mm 0.7 mm 0.8 mm 1.0 mm

wj/o filter filter filter filter filter filter

50 it.

100 it.

Figure A.7: Transaxial views of a uniformity phantom for 511 keV gamma emissions (with PRC)
of 18F isotope are shown at the 50th and 100th iterations. The images range from the original
unfiltered image to post-processing with different widths of Gaussian filter.
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Figure A.8: Transaxial and coronal views of the 50th iteration of 511 keV reconstruction with
positron range correction for > Mn isotope. Images are shown for projection data with and without
collimator and detector down scatter contributions. All images were post-filtered using a 1 mm
FWHM Gaussian filter.
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Figure A.9: Derenzo resolution phantom reconstructed from 511 keV emission of >Mn after
rejecting down scatter from projection data. Rods are of diameters 0.85, 0.80, 0.75, 0.70, 0.65 and
0.60 mm. A Gaussian post-filter of 0.50 mm FWHM was applied on images. Abbreviation: PRC —
Positron Range Correction.
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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 multiple energy peaks may improve reconstructed images,
especially in low-count scans.

We investigate and compare various multi-photopeak joint reconstruction approaches,
namely (i) Single-Band Joint Reconstruction (SB-JR) — projections from multiple energy
windows are summed and reconstructed with a system matrix at a single average energy,
(ii) mixed Multi-Band Joint Reconstruction (mMB-JR) - like SB-JR but the system matrix
incorporates the element-wise contributions from all photopeak energies, (iii) Multi-Band
Joint Reconstruction (MB-JR) — separate projections for each window and separate system
matrices at relevant 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 projections of °?>Ac (218 keV and 440 keV gammas), > Ac
(158 keV and 230 keV gammas) and 9 Zr (511 keV annihilation gammas and 909 keV
prompt gammas) at three different activity concentrations. A contrast-to-noise ratio (CNR)
based quantitative performance analysis was done.

The MB-JR scheme of joint reconstruction showed superior visual image quality and
highest CNRs in almost all cases, across all radionuclides and activity concentrations.
The CNR improvement for the smallest visible rods in the Derenzo phantom ranged from
30% to 65% for %> Ac, 20% to 54% for *?°Ac, and 25% to 47% for 89 Zr, respectively. CNR
improvements/degradations for the other two joint reconstruction methods, mMB-JR and
SB-JR, were as follows: for 225A¢, —16% to 51% and —21% to 51 %; for 226 Ac, 9% t0 61% and
0.2% to 38%; and for 8971, 19% to 52% and —3% to 16%, respectively.

We believe the proposed image reconstruction methods can enhance SPECT, PET,
PET/SPECT imaging of a wide range of radionuclides that emit gammas with multiple
energies.

3.1. Introduction

Many SPECT and PET radionuclides (e.g., 1y, 87Gq, 201T) 897, 1247y including
radionuclides for targeted alpha therapy (TAT) and targeted beta therapy (TBT) (e.g., TAT:
2257c, 149D, 223Ra, 21 At; TBT: 177 Lu, 31, 161Tb) and their imaging surrogates (e.g., TAT
surrogates: 2*Ac, 15°Tb, 131Ba, 209At; TBT surrogates: ''In, 1241, 1°Tb) have multiple
gamma and/or positron emissions that can be used for imaging (details provided in
table 3.1). 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 peaks are added up and reconstructed with a single system matrix [117-120].
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
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gamma-abundancies and/or limitations on the maximum injectable activity permissible
[121-126] to prevent radiation damage to healthy organs. Preclinical imaging of TAT
radionuclides and their surrogates can be conducted using SPECT [127, 128], PET [129],
PET/SPECT [40, 45] or a Compton camera [130] 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) joint reconstruction of *°Y from the
continuous bremsstrahlung spectrum in SPECT [131], (ii) projection-domain based dose
quantification for 22’ Th and ??*Ra in SPECT [132], (iii) joint utilization of ‘PET events’ and
‘Compton events’ in Compton-PET [133, 134], and (iv) joint reconstruction of different
channels of information for a multi-layer Compton camera used in online beam range
verification based on prompt gamma imaging [135].

In this work, we compare three joint reconstruction schemes to simultaneously use
multiple photopeaks from radionuclides emitting multiple gammas and/or positrons.
We tested these algorithms with simulations representing the preclinical PET/SPECT
VECTor scanner [40] (MILabs B.V.). The VECTor scanner of which the initial version was
introduced in 2013, equipped with clustered pinhole technology [49], experimentally
demonstrates sub-mm resolutions at 140 keV of %™ Tc [40], 364 keV of '3'1 [46], 440 keV
of 213Bi [47], 511 keV of 18F [40], 603 keV of 124] and 909 keV of 89Zr [45] and, according to
simulations, can also achieve sub-mm resolution for ultra-high energy (>1 MeV) prompt
gammas up till 1.4 MeV [30], making it a suitable modality for imaging all radionuclides
listed in table 3.1, which emit gammas across a broad energy range. Additionally, the
scanner is capable of performing positron range-free PET and multi-tracer PET imaging
(45].

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 and, for simplicity, only two photopeaks were jointly reconstructed for each
radionuclide. Derenzo resolution phantom images at different activity concentrations
were assessed for each radionuclide and quantitatively compared via a contrast-to-noise
(CNR) analysis.
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Radionuclide Half-life Imageable Emissions [keV] Application
(% Int.)
1ln (SPECT) 2.8 days X-rays: 23+26 (82%) pretherapeutic dosimetry,
y: 171 (91%), 245 (94%) surrogate of 7" Lu [136]
897r (PET) 3.3 days X-rays: 14 (42%) immunoPET [74]
v: 511 (45%), 909 (99%)
1241 (PET) 4.2 days X-rays: 27+31 (54%) thyroid cancer [78]
v:511 (45%), 603 (63%),
723 (10%), 1691 (11%)
223Ra (TAT)  11.4 days X-rays: 81+84 (40%) prostate cancer [137]
v: 154 (6%), 269 (14%)
131B4 11.5 days X-rays: 31+35 (96%) surrogate of ?°Ra
v: 124 (30%), 216 (20%),
373 (14%), 496 (48%)
225A¢ (TAT)  10.0 days ¥: 218* (11%), 440* (26%) prostate [138],
breast cancer [126]
226 ¢ 1.2 days ¥: 158 (15%), 230 (22%) surrogate of 22°Ac
211 At (TAT) 7.2 hours X-rays: 73*+75* (57%), ovarian cancer [139]
77+79 (19%), 85* (8%)
v:570* (98%), 1063* (75%), 1770* (7%)
209p¢ 5.4 hours X-rays: 77+79 (96%), 90+92 (19%) surrogate of 2! At
v: 195 (24%), 239 (13%), 545 (91%),
781+790 (147%)
149Th (TAT)  4.1hours  X-rays: 43+49 (58%), 41%+47* (100%) pancreatic cancer [140]
v: 150* (48%), 165 (22%), 299* (28%),
346* (24%), 352 (25%), 389 (16%),
465 (5%), 511 (12%), 652 (14%),
789* (7%), 817 (10%), 853 (13%)
161Th (TBT) 6.9 days X-rays: 45 (17%) prostate cancer [141]
v: 26 (23%), 49 (17%), 75 (10%)
155 5.3 days X-rays: 43+49 (106%) surrogate of 9Tb and %' Tb
v: 87 (32%), 105 (25%)
1774 (TBT) 6.6 days v: 113 (6%), 208 (11%) prostate cancer [142]

Table 3.1: 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; * indicates emission
from daughters with intensity disregarding branching ratio.
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3.2. Materials and methods

3.2.1. Scanner description

We simulated the VECTor PET/SPECT scanner [40] with standard crystal thickness to
evaluate our algorithms. The detector component of this scanner consists of three,
triangularly arranged, monolithic Nal(Tl) scintillator detectors (9.5 mm thick) with
PMT-based light collection. Each individual planar detector has a surface area of 590x470
mm? [39]. The collimator employed in this study is designed based on proprietary cluster
collimation technology [49] and consists of 48 clusters, each containing 2x2 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 [81]. For imaging objects larger than the CFOV,
data acquisition is performed using the scanning focus method [82], where the
sample-holding bed is incrementally translated in a finite number of steps, and the data
acquired from all bed positions is used simultaneously to reconstruct the 3D tracer
distribution.

3.3. Monte Carlo simulations

3.3.1. Scanner simulation and data acquisition

Monte Carlo (MC) simulations were performed using GATE v9.0 [83-85], which is based
on Geant4 v10.05 [86] and ran on a CentOS 7.0 cluster. The three Nal(Tl) planar detectors
were modelled in the GATE environment as three rectangular boxes. 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),
respectively, in order to precisely replicate the triangular configuration of the VECTor
scanner. 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 [40].

Three radionuclides, ??°Ac, ?*°Ac and 89Zr, were used in this study. GATE’s “ion source”
utility was used to simulate all types of emissions from these radionuclides. The selection
of these radionuclides was motivated by their relevance to current applications and
the opportunity to evaluate the proposed joint reconstruction methods using gamma
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emissions across different energy ranges. The lower energy range includes 158 keV, 218
keV, 234 keV, and 440 keV emissions from ??°Ac and ??6Ac, while the higher energy range
includes 511 keV and 909 keV emissions from 89Zr. Additionally, these radionuclides offer
varying degrees of proximity between gamma energies from individual radionuclides.
For instance, 2?6Ac provides closely spaced gamma emissions at 158 keV and 234 keV.
225 ¢ exhibits more widely separated gamma lines at 218 keV and 440 keV, while 9 Zr
results in a larger energy spacing with 909 keV gammas and 511 keV annihilation photons.
Physics processes were built using the “emstandard” physics list builder (see GATE
documentation [143]). Photomultipliers, light collection and back-end electronics of the
scanner were not modelled. Rather, their aggregate effect is replicated by modelling
10% energy resolution (E,s) at 140 keV for ?2°Ac and ??6Ac simulations and 9% E;; at
511 keV for 8Zr, as per the manufacturer’s specifications. For both cases, LE scaling

was considered individually from a 140 keV energy (model-A) for ?2Ac and ??°Ac and
from a 511 keV energy (model-B) for 897r to simulate the E,., at different gamma
energies such that it matches well with experimentally determined E,.; (table 3.2).
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 background (NB), corresponding
to the detector counts present in the absence of activity, was also included to improve
realism. A count rate of 1 keV-1sec-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 1.072x1.072 mm?
pixels to obtain projection data. All of these post processing tasks were implemented
through MATLAB v2021b scripts.

Source Energy [keV] Exp. Eyes Sim. E, ¢

1251 35 22.7% [108] 20.0%@
99me 140 10.0% [108] 10.0% @
22Na 511 9.7% [108] 9.0%®

1241 603 8.3% [45,144]  8.3%"
897y 909 7.2% (30,45]  6.8%D

Table 3.2: Comparing experimental energy resolution (Eres) values with simulated ones.
Abbreviations: Eyegs(a) for model-A and Eyqs(b) for model-B.
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3.3.2. Digital phantoms

For 2?°Ac, two different Derenzo resolution phantoms and three different activity
concentrations were utilized in the study. For a concentration of 20 MBq/ml, a Derenzo
phantom with rod diameters of 0.75 mm, 0.70 mm, 0.65 mm, 0.60 mm, 0.55 mm, and 0.50
mm, each with a length of 10 mm, was employed (figure 3.1). 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 exceeds the values typically
encountered in biological experiments for this radionuclide (appendix 3.9). Nevertheless,
this concentration was investigated to characterize the proposed joint reconstruction
methods in the SPECT energy range. For the other two activity concentrations of 0.5
MBq/ml and 0.2 MBq/ml, a different Derenzo phantom with rod diameters of 1.6 mm, 1.5
mm, 1.4 mm, 1.1 mm, 1.0 mm, and 0.90 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 diameter of 20 mm and a height of 12 mm. We name this phantom DP-2.

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

For 89Zr, a Derenzo resolution phantom with rod diameters of 0.85 mm, 0.80 mm, 0.75
mm, 0.70 mm, 0.65 mm, and 0.60 mm and a rod length of 10 mm was employed, named
DP-3 (figure 3.1). 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, 100 MBq/ml, and 50
MBq/ml were investigated.

For all three radionuclides, the selection of activity concentrations was motivated to show
degradation of resolution as activity concentration decreases, and to investigate benefit
of proposed joint reconstruction at these different levels of resolution degradation. For all
cases, data acquisition was performed using a multiplanar trajectory (MPT) approach
[88] across nine bed positions, with a total scan duration of one hour.

3.3.3. Positron range simulation

The positron annihilation point distribution was calculated for 39Zr using a MC
simulation of a point source placed at the center of a 20 cm water sphere. This simulation
used the same electromagnetic physics list (emstandard) as that employed for the other
radionuclides studied, in order to ensure consistency across all MC simulations. A total
of five million positron annihilation events were simulated. The three-dimensional
coordinates of the annihilation points were recorded on a 31x31x31 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 kernel
was subsequently normalized.
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3.4. Jointreconstruction schemes

Here we describe the proposed reconstruction schemes assuming that two photopeaks
are being used as this simplifies the expressions. However, the extension to more
photopeaks is in principle straightforward, though such schemes will have added
computational complexity. Note that for the radionuclides considered in this paper, there
are only two photopeaks with reasonable intensity.

Consider a radionuclide emitting gamma photons of two energies E; and E» of intensities
I % and I, % respectively. We assume that these two energies are sufficiently separated so
that the different photopeaks can be resolved by the scanner. We define a € RV as a
vector representing the amount of activity in the N voxels in the object. Let p®¥ e RY
and p® € RV denote the noiseless projections from the two emissions corresponding to
gamma photons of energy E; and E, 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
3.2.1). Also, let sV e RV and s® € RV be estimated noiseless scatter projections (for
scattered gammas detected in the photopeak) which depend on the activity distribution.
Furthermore, M € RV*N and M® € RV*N are energy dependent system matrices
describing photon transport for gamma energies E; and E, respectively. These matrices
exclude scatter but include gamma photon penetration through collimator and in the
detector.

In image reconstruction, we use an ordered-subset based maximum likelihood
expectation maximization algorithm (see subsection 3.5 for specific implementation
details). This algorithm includes forward projection/backprojection steps in each
sub-iteration which are implemented in different ways for the different separate and joint
reconstruction schemes that we compare. This is detailed below given the earlier defined
quantities for the forward projection step in the algorithm. For the backprojection step,
the same equation but without the scatter component is used.

3.4.1. 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 relation between noiseless projection and activity in the
forward projection step of iterative image reconstruction can be written as:
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Where 7; = (I; T1/2)/(1001In2) (1 - e~!12/T112)) factors convert activity into emitted counts

for respective energies (here, T1,2: half life of the radionuclide; #: scan time) and system
matrix element [m&,’),] is defined as the probability of a gamma photon of energy E;

emitted from the n'” voxel to get detected in the v detector pixel.

3.4.2. Post combining images

Activity distribution estimates obtained from separate reconstructions of two gamma
energies (section 3.4.1) can be combined (added) to generate an additional estimate.

3.4.3. Single-band joint reconstruction

One approach of combining the two projection equations in equation 3.1 is as follows:
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where [m] 7 ] is a system matrix element at weighted average energy:

LE, +DLE,
Eyye = ——m 3.3
ave L+l (3.3)

The photon transport model for two gamma energies, when implemented in this manner
in image reconstruction, is referred to as Single Band Joint Reconstruction (SB-JR).
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3.4.4. Mixed multi-band modelling joint reconstruction

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:

1 2 1 2 1 2 1 2
p§)+p§) T1m§1)+'[2m§1) T1m52)+'[2m§2) Tlmgli,+rgm§13, ay
1 2 1 2 1 2 1 2
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+
1 ()
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(3.4)

This approach for incorporating the photon transport model into image reconstruction is
termed mixed Multi-Band Joint Reconstruction (mMB-JR).

3.4.5. Multi-band modelling joint reconstruction

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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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
Multi-Band Joint Reconstruction (MB-]JR).

3.5. Imagereconstruction

Image reconstructions were performed using the dual-matrix dual-voxel similarity-
regulated ordered-subset expectation maximization (DM-DV-SROSEM) algorithm [92],
with similarity threshold value set to 40%. Pixel-based ordered subsets were used for
acceleration of reconstruction. For the DP-1 phantom (high-count ?2°Ac and ??°Ac), 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, 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 and 0.2 MBq/ml, respectively. For the
DP-3 phantom (89Zr), a voxel size of 0.4 mm was used in the reconstruction process. 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 in
(30].

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 x256 using MATLAB’s "resize" function.
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3.5.1. System matrices

Energy-dependent system matrices (M, M@ of section 3.4) were generated using
in-house developed ray-tracing software [55, 93]. This ray-tracer accounts for attenuation
through the collimator and detector, but does not incorporate scatter. Instead, scatter
projections (s'V, s® of section 3.4) were estimated from side energy windows using the
triple-energy window (TEW) scatter correction method [94] 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 dual-matrix (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 penetrating the collimator were excluded
[55]. 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. Since the tail component varies slowly, it was defined using coarser
voxels; these were twice the size as those used for the central component. This dual
voxel (DV) approach effectively reduces both storage requirements for the system matrix
and computational load during reconstruction. Note that both the described matrix
generation method as 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 3.2) was used where the total number of subsets was 128. The
intensity weighted energy values are 374 keV, 207 keV, and 784 keV for 22°Ac, 2?6Ac, and
8971, respectively. In mMB-JR, a total of 128 subsets were used with matrix elements
added (equation 3.4). For MB-JR, there are a total of 256 subsets, of which first 128
correspond to the lower gamma energy, while the remaining 128 correspond to the higher
gamma energy (equation 3.5). A comparison of imaging performance due to different
schemes of energy subsetting is presented in appendix 3.9.

Among the three radionuclides under investigation, ??Ac 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, ??!Fr and ?'3Bi,
respectively. Nevertheless, the corresponding intensities of 11% and 26% are utilized
for the [7;] calculation (section 3.4.1) without applying any correction. This is justified
because of the shorter half-lives of 221 Fr (4.8 minutes) and 213Bi (45.6 minutes) compared
to 225A¢ (10 days), which allows the decay chain to reach transient equilibrium [145].

3.5.2. Positron range correction

For imaging 511 keV gammas resulting from positron decay of 89Zr, the positron range

was included in the system matrix. Consider M°!! := [m?}l] € RV*N being the system
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matrix for single gammas with an energy of 511 keV and K% := [h il € R? being the
column matrix representation of the positron range kernel calculated as explained in
section 3.3.3. Then, the corresponding system matrix, MPOUEPR) . [m?}l(PR)] e RV*N
including positron range can be written as:

’

Q
PR _
m;; = rzﬂzh, M (-2 (3.6)

Where the factor 2 is due the consideration that each positron emission results into
approximately two annihilation photons.

3.6. Dataanalysis

A quantitative comparison of resolution phantom images generated from the different
joint reconstruction 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 3.5), with their
placements aligned to the Derenzo rods and the spaces in between (figure 3.1). 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  is the average activity (over
all axial layers) in ROIs corresponding to rods of diameter d and similarly ¢ is the average
activity for the in-between ROIs, then contrast for that rod sector is given by:

h-¢
Cyj=—— (3.7
c
Noise for that rod sector is then defined as:
o7 +07%
Ng=~+—— (3.8)
+C

where 0, and o are standard deviation for ROIs corresponding to Derenzo rods and in
between ROIs respectively. CNR for a rod sector is defined as ratio between contrast and
noise.

Ca
da

For statistical accuracy, CNR was calculated over three noise realisations.
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Figure 3.1: 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.

3.7. Results

3.7.1. Phantom simulation

The energy spectra for radionuclides ?2°Ac and ?6Ac were generated using the first 5
minutes of the GATE simulations of the highest activity concentrations used in this work
(20 MBq/ml for ??°Ac and 10 MBq/ml for ?26Ac). Similarly, the energy spectrum for
897r was produced using the first minute of the simulated acquisition for the activity
concentration of 200 MBq/ml. These spectra are presented in figure 3.2, 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 3.3.

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
226 pAc 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 windows were maximized while
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excluding nearby low intensity gamma emissions. This approach aimed to minimize
noise propagation from side windows in the TEW scatter correction [146], which was
particularly important when working with low and ultra-low activity levels.

30000 =Ac-225 spactium ___—218 kV i =AC-226 spoctrum J,t.’an ko 230 oV
15000
E 20000
3
8 254 ko
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Figure 3.2: Energy spectra of the three radionuclides under study: 22°Ac, 226Ac and 897r, including
the photopeak and background energy windows in blue and yellow, respectively.

Radionuclide Peak Photopeak Background Background
energy [keV] window [keV] window-1 [keV] window-2 [keV]

2257¢ 218 200-240 170-200 240-270
440 415-472 385-415 472-502

226p¢ 158 145-174 125-145 195-215
230+254 215-270 195-215 270-290

897r 511 465-557 430-465 557 -592

909 831-986 796-831 986-1021

Table 3.3: Photopeak and background windows used for three radionuclides under study.

3.7.2. Derenzo phantom studies

The 30th and 90th iterations of the 22°Ac resolution phantom images generated by using
individual gamma emissions, by post-combining these after reconstruction, and by the
proposed three joint reconstruction methods are presented in figure 3.3 for all studied
activity concentrations.
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Figure 3.3: Derenzo resolution phantom images of 22°Ac 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
MBq/ml, 0.5 MBq/ml and 0.2 MBq/ml. Abbreviation: A.U., arbitrary unit.

Images obtained from the 440 keV photopeak exhibit lower quality compared to all
other five methods. At an activity concentration of 20 MBq/ml, MB-JR produces slightly
superior images compared to the 218 keV photopeak images, and markedly superior
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images relative to the 440 keV photopeak images, the post-combined images and the
images obtained by the two other joint reconstruction methods (mMB-JR and SB-JR).
This improvement is evidenced by the enhanced peak-to-valley ratio observed in the line
profiles (figure A.3) and is further confirmed by the CNR-based quantitative analysis
presented in section 3.7.3. 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 and 0.2
MBq/ml, images reconstructed using MB-JR are both visually and quantitatively superior
to those from individual photopeaks and slightly outperform images from the other
two joint reconstructions. 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 3.6 and percentage
improvements in figure 3.9). Line profiles through rods from the last visible rod sector,
0.55 mm for 20 MBq/ml, 1.0 mm for 0.5 MBq/ml, and 1.4 mm for 0.2 MBq/ml, are shown
in figure A.3.

Notably, the benefit of independently including the two projections and their system
matrices as done in the MB-JR scheme results into improved imaging performance
compared to images obtained using lower energy gammas, across all activity
concentrations (see section 3.7.3). In contrast, other joint reconstruction 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 degradations (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 joint
reconstruction methods.

Figure 3.4 presents ?Ac images at activity concentrations of 10 MBq/ml, 2 MBq/ml,
and 1 MBq/ml. Similar to observations for ?>>Ac, 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 joint reconstruction
methods produced images of superior quality compared to those obtained from the
lower energy gamma emission, with the exception of 0.75 mm rod sector in SB-JR for 1
MBq/ml case; as confirmed by line profiles (figure A.4), CNR analysis in section 3.7.3 and
percentage improvements shown in figure 3.9. In the line profiles, rods from the outer
edges of the respective last visible rod sector, 0.55 mm for 10 MBq/ml, 0.60 mm for 2
MBq/ml, 0.70 mm for 1 MBq/ml, were shown for all cases (figure A.3).

Similar to the ??°Ac case, the MB-JR method outperforms SB-JR and mMB-JR in almost
all cases (see figure 3.7). However, for 226 ¢, the performance differences among the three
joint reconstruction schemes are relatively small, as confirmed by the CNR analysis. One
possible contributing factor to this may be 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 ??°Ac case.
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Figure 3.4: 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
MBq/ml, 2 MBq/ml and 1 MBq/ml. Abbreviation: A.U., arbitrary unit.

Figure 3.5 shows the 50th and 100th iterations of resolution phantom images,
reconstructed using individual photopeaks, combining images after reconstruction and
for three schemes of joint reconstructions for 89Zr at 200 MBq/ml, 100 MBq/ml and 50
MBq/ml activity concentrations.
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Figure 3.5: 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 MBq/ml, 100 MBq/ml and 50 MBq/ml. Abbreviation: PRC, positron range correction; A.U.,
arbitrary unit.

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
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improvement when reconstructed using the proposed joint reconstruction methods, as
also confirmed by CNR analysis in section 3.7.3 and line profiles (figure A.5). For larger
rod sectors, the joint reconstruction methods yield image quality comparable to that
obtained from the lower energy gamma (511 keV).

Unlike the results observed in the lower energy range (158 keV-440 keV) for 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, 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 3.8c and
the line profile (figure A.5).

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

Furthermore, to investigate the runtime differences between the 128-subset and
256-subset reconstructions (section 3.5.1), we performed 226 Ac reconstructions on a
computing node with 12 CPU cores and 32 GB of memory of the same linux cluster
used in this work (section 3.3.1). The jobs were executed with SINGLEJOB access
policy to ensure exclusive node access and eliminate computational interference. The
corresponding runtimes are presented in table 3.4.

Act. Conc. [MBg/ml] 158keV 230keV SB-JR mMB-JR MB-JR

10 7134 7438 7379 7955 15612
2 6086 6533 6606 7266 13463
1 5880 6397 6263 6928 13126

Table 3.4: Runtimes (in seconds) for 30 iterations of reconstructions using 128 subsets (158 keV,
230 keV, SB-JR, and mMB-JR) and 256 subsets (MB-JR).
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3.7.3. 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 3.6, 3.7, and 3.8). 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.
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Figure 3.6: CNRs and mean CNRs of last visible sectors and rest of the visible sectors
respectively (detailed in y-axis) are plotted against iteration number for all three different activity
concentrations studied for 22°Ac. Abbreviation: SB-JR, Single-Band Joint Reconstruction; mMB-JR,
mixed Multi-Band Joint Reconstruction; MB-JR, Multi-Band Joint Reconstruction.
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Figure 3.8: CNRs and mean CNRs of last visible sectors and rest of the visible sectors
respectively (detailed in y-axis) are plotted against iteration number for all three different activity
concentrations studied for 89Zr. Abbreviation: SB-JR, Single-Band Joint Reconstruction; mMB-JR,
mixed Multi-Band Joint Reconstruction; MB-JR, Multi-Band Joint Reconstruction.
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Percentage improvement of CNR and mean CNR at the 60th (?2°Ac, 226Ac) and 100th
(897r) iterations for the three joint reconstruction schemes over the best performing
image for the individual photopeaks are reported in figure 3.9 with detailed data in tables
A.1,A.2 and A.3.
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Figure 3.9: Percentage improvement (or degradation) of CNR of smallest visible sector and mean
CNR (over rest of the visible sectors) at 60th (2°Ac, 226Ac) and 100th (39Zr) iterations due to three
proposed joint reconstruction schemes over images from the best performing photopeak.

3.8. Discussion

Many SPECT and PET radionuclides have multiple detectable emissions with varying
relative intensities and energies, sometimes affected by physical effects like positron
range. Excluding certain emissions from the image-based diagnostics and therapies is
not optimal especially in low-count scans. In this work, we proposed three types of
joint reconstruction methods producing better image quality 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
joint reconstruction incorporates information from both photopeaks, is most beneficial
in low-count situations. Also, the enhancement from joint reconstruction schemes is
more pronounced for the smallest diameter visible sectors over larger rod sectors. This
evidence suggests that in mouse scans, proposed joint reconstruction methods may
significantly enhance visibility and detectability of small and/or low-uptake lesions.
Among the three joint reconstruction methods MB-JR outperforms the 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
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studies [117-120], 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
radionuclides considering the limit on total allowed injected activity [121-126]. Many
therapeutic radionuclides exhibit complex emission spectra (table 3.1), 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 22Ac may overestimate the experimental outcome
if this effect is not mitigated. The chemical detachment of alpha-emitting radionuclides
from their carrier 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 [147]. 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 [148-150]. The choice of ??°Ac was specifically motivated by the opportunity to
evaluate the proposed joint reconstruction approach using photopeaks at two widely
separated energies (218 keV and 440 keV).

The lowest activity concentration of ?25Ac investigated in this study exceeds the currently
available practical concentration range (estimated at 1-118 kBq/ml; see appendix). To
evaluate the applicability of the proposed joint reconstruction methods under lower
activity levels, additional studies were conducted at activity concentrations of 100
kBq/ml and 50 kBq/ml (figure A.1). At these lower activity concentrations, image quality
deteriorated, though joint reconstruction methods still produced visually superior
images. The primary cause of degradation was due to natural background, which
becomes increasingly dominant at low activities, when excluded from simulations, all rod
sectors became visible at both concentrations. 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 joint reconstruction method, and
optimizing the scanner hardware for a specific isotope lies outside the scope of this study.

Besides, to apply the proposed multi-photopeak joint reconstruction methods in case of
PET radionuclides with prompt emissions, we have modelled the positron range effect in
the system matrix and applied joint reconstruction to 89Zr imaging. In the future, we
would like to test these methods for similar PET radionuclides, such as 2%, °2Mn. The
relative intensities of annihilation photons and prompt gammas can vary substantially
for different isotopes and benefits of joint reconstruction may be dependent on these
relative intensities. Note that in the proposed MB-JR and mMB-JR joint reconstruction
frameworks, these differences in emission yields were explicitly modeled through the
factor 7; (section 3.4.1), while in the SB-JR approach, yield variations are indirectly
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accounted for by incorporating the constituent gamma energies and intensities to
compute a weighted average energy (equation 3.3).

The use of more than two photopeaks in joint reconstruction represents a promising
direction for future research, as the inclusion of additional photopeaks, depending
on the isotope, may further enhance image quality. For each isotope, however, it is
essential to evaluate which energy peaks are appropriate for incorporation into the
joint reconstruction. 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 3.2). In this study, the TEW scatter
correction method 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,
the TEW method was successfully applied for experimental 89Zr imaging [45], achieving
high quantitative accuracy.

Our study demonstrated that the proposed joint reconstruction 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 statistics. It is worth noting
that the incorporation of both the 171 keV (91%) and 245 keV (94%) photopeaks of !'!'In
for imaging has been reported in certain clinical studies [117, 118]. 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 joint reconstruction methods across diverse modalities [131-135] was that,
based on the scanner system design, different emissions have varying levels of purity
(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, which balances the levels of purity and sensitivity extracted from
these different emissions, can enhance the performance of these software solutions. For
example, in multi-pinhole SPECT, we suggest a hybrid collimator design incorporating
pinholes with varying opening angles, including some smaller than those optimal for
511 keV, to improve the purity of 909 keV gamma detection through reduced edge
penetration, may enhance joint reconstruction performance.

3.9. Conclusion

This study demonstrates that joint reconstruction methods leveraging multiple
photopeak emissions can enhance image quality of preclinical systems for both SPECT
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and PET radionuclides, especially in low-count scans. Among the proposed approaches,
the MB-JR joint reconstruction 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 possibly also in clinical 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
225Ac imaging

The total activity of ??>Ac that can be administered to a typical mouse without inducing
radiotoxic effects ranges from 20 to 40 kBq/mouse [121-125]. Recent advances using
pre-targeted radioimmunotherapy (PRIT) methods have increased this limit to 296
kBq/mouse [126]. Based on these total injected activity values and typical tumor uptake
0f 5-40% (in %IA/ml) for this radionuclide [122-124, 126, 151], we tried to guess a rough
estimate of realistic activity concentration range to be 1-118 kBq/ml in typical mouse
scan.

It is noteworthy that the lowest activity concentration studied for this radionuclide in this
work is 200 kBq/ml, just above the upper limit of estimated realistic activity concentration
range. To further evaluate the applicability of the proposed joint reconstruction 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 reconstructed images, with
and without natural background included in the projections, are provided in figure A.1.
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Figure A.1: Derenzo resolution phantom images of 22°Ac 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. Post-filters FWHM 2.1/1.5 mm for w/ and w/o NB at 100 kBq/ml, 2.2/1.7 mm at 50
kBqg/ml. Abbreviation: A.U., arbitrary unit; NB, natural background.
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In the absence of NB, resolution of the reconstructed phantoms improved markedly.
This observation 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, 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 these ratios increased to 7.7 and 8.1.

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 A.2). In the first
approach (MB-JR in figure A.2), a total of 256 subsets were used, with the first 128 subsets
corresponding to the lower energy gamma 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 3.7.3, 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 A.2: The 30th iteration resolution phantom images are shown for MB-JR and MB-JR-mES
reconstruction for radionuclides: (a) 225AC, (b) 226Ac, and similarly 100th iteration images for (c)

897r; along with similar CNR analysis as in section 3.7.3.
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Line profiles
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Figure A.3: Line profiles for 30th iteration of 22°Ac resolution images at activity concentrations of
(a) 20 MBq/ml, (b) 0.5 MBq/ml, and (c) 0.2 MBq/ml are shown for rods at the outer edges of
the respective smallest discernible rod sectors. MB-JR images are displayed alongside, with the
corresponding line placement for each profile.

Activity Conc., 218keV 440keV Comb. SB-JR mMB-JR MB-JR Impr. Impr. Impr.

size SB-JR mMB-JR MB-JR
20 MBq/ml, 2.33 0.99 1.64 1.83 1.96 3.08 -21% -16% +32%
0.55 mm
0.5 MBq/ml, 2.55 2.60 3.05 3.91 3.91 4.28 +51% +51% +65%
1.0 mm
0.2 MBq/ml, 4.33 1.79 2.56 4.53 4.74 5.63 +5% +9% +30%
1.4 mm
20 MBq/ml, 7.66 2.77 4.64 5.38 5.71 8.06 -30% -25% +5%
rest
0.5 MBq/ml, 10.61 6.33 8.21 9.43 9.20 10.65 -11% -13% +0.4%
rest
0.2 MBq/ml, 6.27 3.78 4.66 6.83 6.19 6.87 +9% -1% +10%
rest

Table A.1: CNR and mean CNR of the last visible sectors and remaining (rest) sectors respectively
at the 60th iteration for 22°Ac, with percentage improvement (Impr.) of joint reconstruction
schemes over the best performing individual photopeak images.
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Figure A.4: Line profiles for 30th iterations of 226 Ac resolution images at activity concentrations of
(a) 10 MBq/ml, (b) 2 MBq/ml, and (c) 1 MBq/ml are shown for rods at the outer edges of the
respective smallest discernible rod sectors. The MB-JR images are displayed alongside, with the
corresponding line placement for each profile.

Activity Conc., 158keV 230keV Comb. SB-JR mMB-JR MB-JR Impr. Impr. Impr.

size SB-JR mMB-JR MB-JR
10 MBq/ml, 3.06 2.38 3.21 3.07 3.37 3.67 +0.2% +10% +20%
0.55 mm
2 MBq/ml, 1.71 1.76 2.15 2.43 2.84 2.71 +38% +61% +54%
0.6 mm
1 MBq/ml, 2.65 3.46 3.99 4.37 3.75 5.09 +26% +9% +47%
0.7 mm
10 MBq/ml, 8.95 7.08 8.92 9.00 9.32 9.53 +0.6% +4% +7%
rest
2 MBq/ml, 5.26 4.93 6.05 6.21 6.41 6.73 +18% +22% +28%
rest
1 MBq/ml, 4.52 3.35 4.48 4.15 4.74 5.36 -8% +5% +19%
rest

Table A.2: CNR and mean CNR of the last visible sectors and remaining (rest) sectors respectively
at the 60th iteration for 226Ac, with percentage improvement (Impr.) of joint reconstruction
schemes over the best performing individual photopeak images.
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Figure A.5: Line profiles for 100th iteration of 39Zr resolution images at activity concentrations of
(a) 200 MBq/ml, (b) 100 MBqg/ml, and (c) 50 MBq/ml are shown for rods at the outer edges of the
respective smallest discernible rod sectors. The MB-JR images are displayed alongside, with the
corresponding line placement for each profile.

Activity Conc., 511keV 909keV Comb. SB-JR mMB-JR MB-JR Impr. Impr. Impr.

size SB-JR mMB-JR MB-JR
200 MBq/ml, 2.78 1.58 2.61 2.69 3.31 3.49 -3% +19% +25%
0.65 mm
100 MBq/ml, 1.69 1.12 1.67 1.94 2.58 2.39 +14% +52% +41%
0.65 mm
50 MBq/ml, 1.54 0.56 1.15 1.78 2.31 2.26 +16% +50% +47%
0.7 mm
200 MBq/ml, 6.42 3.92 5.51 5.57 5.93 6.13 -13% -8% -4%
rest
100 MBq/ml, 5.05 2.99 4.45 4.45 4.84 5.03 -12% -4% -0.4%
rest
50 MBq/ml, 4.76 2.73 4.05 4.05 4.56 4.61 -15% -4% -3%

rest

Table A.3: CNR and mean CNR of the last visible sectors and remaining (rest) sectors respectively
at the 100th iteration for 8Zr, with percentage improvement (Impr.) of joint reconstruction
schemes over the best performing individual photopeak images.
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amma camera imaging, including Single Photon Emission Computed Tomography

(SPECT), is crucial for research, diagnostics, and radionuclide therapy. Gamma
cameras are predominantly based on arrays of Photon Multipliers Tubes (PMT5) that read
out Nal(Tl) scintillation crystals. In this way, standard gamma cameras can localize
gamma rays with energies typically ranging from 30 keV to 350 keV. In the last decade
there has been an increasing interest towards gamma imaging outside this conventional
clinical energy range, e.g. for theranostic applications and preclinical multi-isotope PET
and PET/SPECT. However, standard gamma cameras are typically equipped with 9.5 mm
thick Nal(Tl) crystals which can result in limited sensitivity for these higher energies.
Here we investigate to what extent thicker scintillators can improve the photopeak
sensitivity for higher energy isotopes while attempting to maintain spatial resolution.
Using Monte Carlo simulations, we analyzed multiple PMT-based configurations of
gamma detectors with monolithic Nal(Tl) crystals of 20 mm and 40 mm thickness.
Optimized light guide thickness together with 2-inch round, 3-inch round, 60x60 mm?
square and 76x76 mm? square PMTs were tested. For each set-up, we assessed photopeak
sensitivity, energy resolution, spatial and depth-of-interaction (DOI) resolution for
conventional (140 keV) and high (511 keV) energy gammas using a Maximum-Likelihood
algorithm. These metrics were compared to those of a “standard” 9.5 mm thick crystal
detector with 3-inch round PMTs.
Estimated photopeak sensitivities for 511 keV were 27% and 53% for 20 mm and 40 mm
thick scintillators, which is respectively 2.2 and 4.4 times higher than for 9.5 mm thickness.
In most cases, energy resolution benefits from using square PMTs instead of round ones,
regardless of their size. Lateral and DOI spatial resolution are best for smaller PMTs (2-inch
round and 60x60 mm? square) which outperform the more cost-effective larger PMT setups
(3-inch round and 76x76 mm? square), while PMT layout and shape have negligible
(<10%) effect on resolution. Best spatial resolution was obtained with 60x60 mm? PMTS; for
140 keV; lateral resolution was 3.5 mm irrespective of scintillator thickness, improving to
2.8 mmand 2.9 mm for 511 keV with 20 mm and 40 mm thick crystals respectively. Using
the 3-inch round PMTs, lateral resolutions of 4.5 mm and 3.9 mm for 140 keV and of
3.5 mm and 3.7 mm for 511 keV were obtained with 20 mm and 40 mm thick crystals
respectively, indicating a moderate performance degradation compared to the 3.5 mm and
2.9 mm resolution obtained by the standard detector for 140 and 511 keV. Additionally,
DOl resolution for 511 keV was 7.0 mm and 5.6 mm with 20 mm and 40 mm crystals
using 60x60 mm? square PMTs, while with 3-inch round PMTs 12.1 mm and 5.9 mm were
obtained.
Depending on PMT size and shape the use of thicker scintillator crystals can substantially
improve detector sensitivity at high gamma energies, while spatial resolution is slightly
improved or mildly degraded compared to standard crystals.

4.1. Introduction

Planar gamma cameras and Single Photon Emission Computed Tomography (SPECT) are
key for research, diagnostics and radionuclide therapy [33, 152]. Although solid state
gamma cameras are gaining popularity, today’s planar and SPECT imaging systems are
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still predominantly based on gamma detectors employing continuous Nal scintillation
crystals coupled to an array of Photomultiplier Tubes (PMTs). These components,
together with a collimator, define the basic structure of the so-called Anger camera, a
nuclear-imaging instrument first developed in 1953 [153]. More than seven decades later,
this reliable camera technology is still very widely used as it grants an excellent balance
between image quality and cost-effectiveness [154].

Clinical gamma cameras typically operate within a gamma energy range of 30—350keV
[155]. These cameras usually employ ~9.5 mm thick Nal scintillation crystals which
provide an excellent sensitivity, e.g. ~90% photopeak efficiency for 9™ Tc that emits 140
keV photons. Additionally, these detectors are characterized by a good energy resolution
for the most often used isotopes (~10% for 99mTc (28, 29]) and a moderate intrinsic
spatial resolution of ~3.5 mm. The intrinsic resolution of a detector, together with the
collimator’s geometrical resolution, are among the main factors defining the whole
system spatial resolution. In clinical SPECT, image resolution is usually 7-10 mm for
general purpose systems and is mainly limited by the collimator. In preclinical SPECT
instead, reconstructed image resolutions much better than the 3.5 mm intrinsic detector
resolution are required. To achieve such high 3D image resolution, modern preclinical
SPECT scanners often are equipped with multi-pinhole collimators. This gives the
opportunity to exploit pinhole magnification, allowing these systems to attain a spatial
resolution of 0.25 mm in vivo in mice [28], which further improves to 0.12 mm [29] for ex
vivo mouse organ imaging.

Interest in imaging isotopes with energies outside the conventional SPECT range is
increasing as it can be valuable in multiple fields [43, 156]. For instance, high energy
gamma imaging is important for cancer therapy with e.g. the combined gamma -
beta emitter 3T (364 keV gammas from its decay) [157]. Interesting implementations
also reside in cardiac imaging, where it was already demonstrated decades ago that
injured but viable myocardium’s regions can be evaluated with a SPECT camera using
9mTc-MIBI/'8FDG (requiring combined 140 keV-511 keV gamma imaging), improving
patient convenience and cost-effectiveness [158]. New promising opportunities for high
energy radionuclide therapy with alpha-particle emitters that also emit gammas, such as
225A¢ and 2!3Bi, are being investigated as well. Here imaging of high-energy (440 keV
from 2!3Bi decay) gammas is required for adequate biodistribution and dosimetry studies
[47]. Additionally, in a recent preclinical study [45] it was shown that it is possible to
image PET radioisotopes, such as 2T and 8°Zr, without positron range blurring via their
large amounts of high-energy prompt gamma (603 and 909 keV gammas respectively)
emissions. This approach invalidates strong image blurring effects due to positron range
while also enabling simultaneous imaging of multiple PET isotopes.

For the high energy isotopes mentioned above, the sensitivity of 9.5 mm thick Nal
crystals is limited (e.g. ~12% of 511 keV gammas end up in the photopeak [48]).
Therefore, it is highly important to improve detector sensitivity for high-energy gammas,
particularly when spatial resolution can be preserved. Considering the significance of
cost-effectiveness for SPECT, it is desirable that such an improvement in sensitivity would
be achieved in a cost-effective and straightforward way. In that regard, a possible solution
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consists in increasing the scintillator’s thickness. Research and development of gamma
detectors already explored designs with thicker scintillation crystals than standard 9.5
mm in the late 90s (ADAC Forte, 16 mm thick crystal gamma detector). Today, numerous
systems with thicker crystals are available on the market with applications in both the
clinical (Siemens Pro.SPECT, 9.5 mm or 15.9 mm thick crystal; Mediso Anyscan Trio
SPECT/CT, 9.5 mm or 15.9 mm thick crystal) and preclinical (MILabs VECTor, 9.5 mm or
19 mm thick crystal) field of nuclear medicine.

The use of thicker crystals in these systems helped increasing the sensitivity for high
energy isotopes, but the possibility of further improving this result remains compelling.
Therefore, it would be interesting to study even thicker crystals and evaluate their
performance. However, further increasing the scintillator’s thickness can negatively
impact spatial resolution. This is due to the increased light spread within the crystal
and the large variation in the depth-of-interaction (DOI) of the gamma radiation [159].
Such DOI is not estimated in conventional gamma detectors which only provide a 2D
interaction position. This may lead to parallax errors for scanner geometries where the
gammas enters the detector under an angle, e.g. for diverging, converging or pinhole
collimators. Different techniques have been studied to alleviate the DOI limitations
affecting pinhole SPECT including software-based modeling and corrections, the use of
curved fiber bundles to collimate light from a curved scintillator, and the application of a
laser processed scintillator with converging pixels [160-163]. Another possible solution
to mitigate this issue and preserve spatial resolution consists in estimating the 3D
interaction position. This estimation would be useful for crystals thicker than what is
currently available on the market, but it could also be beneficial for already existing
gamma cameras.

An example high-energy preclinical SPECT system that could benefit from above-
mentioned detector developments is VECTor (Versatile Emission Computed Tomography,
MILabs B.V. [40]) that was partly developed in our group and that was used for several
of the preclinical imaging studies with high-energy gamma emitters described earlier
(e.g. [45, 47]). VECTor uses high energy clustered multi-pinhole collimation [48, 49]
suitable for gamma rays over a wide energy range (30-1000 keV). This system allows for
sub-mm simultaneous PET/SPECT, sub-mm imaging of high-energy theranostic isotopes
and positron-range free and multi-isotope PET. VECTor is characterized by large-area
PMT-based gamma detectors in a triangular set-up, meaning that the aforementioned
DOI estimation is particularly relevant as gammas can enter the detector under a large
angle.

The goal of this work is to explore how much increasing the thickness of a scintillator
would improve the photopeak sensitivity of a detector, while at the same time quantifying
its effect on the detector’s intrinsic spatial resolution. For this purpose, we conducted a
Monte Carlo simulation study of multiple setups applying different Nal(T]) scintillator
thicknesses, several light guide thicknesses and various PMT configurations. A Maximum
Likelihood (ML) algorithm was used to estimate the 3D interaction position. This
methodology was applied to gammas of 140 keV and 511 keV, as these are the energies of
frequently used SPECT radiotracers and of PET annihilation photons.
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4.2, Materials and Methods

4.2.1. Detector description

In the present extensive simulation study, we designed gamma detectors based upon the
geometry of the ones used in VECTor systems. We compared detectors equipped with
large-area 590x470 mm monolithic Nal(Tl) scintillation crystals, with thicknesses of 9.5
mm, 20 mm and 40 mm. The 9.5 mm thick crystal was selected as a benchmark since it is
widely used in conventional detectors. The 20 mm was chosen as it is comparable to the
crystal thickness (19 mm) used by few systems available on the market. Finally, the 40
mm thick crystal was selected since it can greatly improve sensitivity for high energy
gammas compared to standard crystals.

In our simulation model built using GATE v9.0 [83], scintillators were assumed to be
placed inside an aluminum frame. Their sides and entrance surface were coated with
Teflon tape (Lambertian reflector) to maximize light collection. The surface of such tape
was assumed to be optically polished, with surface roughness set to 0.1 as indicated by
GATE documentation. Furthermore, the finishes (“groundbackpainted”) of such tape
were selected to reflect the presence of airgaps between the tape and the structure
coated with it. A box-shaped light guide made of glass was placed in front of the
scintillator to optimize light collection. Its height and length were adapted to the different
configurations of PMTs used. We tested light guide thicknesses of 2 mm, 6 mm, and 10
mm to analyze how this parameter would affect detector’s performance. Such light guide
values were selected as the results of a preliminary study with a larger range indicated
that the chosen interval would be sufficient to convey the system performance trend.
Like the scintillator crystal, the sides of the light guide were wrapped in a polished Teflon
tape and protected by an aluminum frame. The interface between the scintillator and the
light guide was treated as a specular surface which was modelled to consists of small
micro-facets. The orientation of these micro-facets is characterized by the parameter o,
standardly set to 1.2°, which defines the standard deviation of the Gaussian distribution
of the orientations of the micro-facets around the average surface normal. Moreover,
this interface was assumed to be without any optical couplant. Such decision was
based on the results of a preliminary study where the impact of the optical gel on the
detector’s performance was assessed. This was done by placing a thin (~0.4 mm) layer of
Silicone Epoxy with refractive index (R;;4x) 1.5 between the scintillator and light guide,
reproducing the characteristics of an actual detector system available in our lab which
will be discussed later. Results with and without this optical couplant have shown a
difference within the interval defined by the simulation uncertainty. This was thanks to
the matching R; ;4. of the couplant and the glass light guide which prevented additional
refractions as photons traverse these two media. Therefore, while desirable in practical
use, optical gel was left out of the simulation model as it would significantly increase
computational load without providing relevant benefits.

For the readout, we analyzed four different configurations of PMTs with different
geometries and layout. The PMTs were assumed to be equipped with bialkali
photocatodes and are based on existing models produced by Hamamatsu Photonics. The
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choice of the PMTs’ sizes and placement was deeply influenced by the need of using
large-area crystals and by the desire to build a cost-effective system. When selecting
PMTs we tried to avoid an excessive deterioration of the spatial resolution compared to
what is achieved with a 9.5 mm thick scintillator. In that regard, it is worth remarking that
decreasing the sizes of the PMTs while increasing their total number generally grants
better performance in terms of spatial resolution, because it allows to sample the light
distribution at higher spatial frequency, improving the detector’s response to small
variations in the interaction position of the incident radiation [164-166]. However, this
improvement in spatial resolution comes at an overall dramatically increased cost due to
the higher number of light sensors and corresponding electronic channels required to
cover the same detector area. For these reasons, we decided to use PMTs of similar or
slightly smaller size compared to the light sensors commonly used in clinical gamma
cameras. This allowed us to study detectors with costs comparable to the ones currently
available on the market, as this is often required for practical use.

3" round PMTs 2" round PMTs 60x60mm? square PMTs: standard layout
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Figure 4.1: Schematic representation of the different PMT configurations studied. The yellow
rectangle represents the light guide while the light blue indicates the scintillator. In each figure the
outlines of the PMTs are shown to highlight the layout used.

The PMTs’ placement was defined to guarantee coverage of the detector’s central area,
while their positioning at the edges was not optimized as in this study we decided to not
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focus on edge effects. The four PMTs configurations tested are illustrated in Fig. 4.1
and they consist of: 49 3-inch (76.2 mm) diameter round PMTs combined with 6 2-inch
(50.8 mm) diameter round PMTs, which represents the standard configuration currently
used for VECTor’s detectors; 108 2-inch (50.8 mm) diameter round PMTs, 99 60x 60 mm?
(~2-inch) square PMTs and 63 76 x76 mm? (~3-inch) square PMTs. For square PMTs we
tested two different layouts to evaluate their impact on the spatial resolution. In the first
one, called “standard”, the centres of PMTs belonging to different rows are aligned. In the
second one, called “shifted”, the centres of PMTs belonging to different rows are shifted
by half the size of the PMT. For round PMTs, the light guide surface between the light
sensors was assumed to be coated with an absorptive black painting according to the
characteristics of the detector module used for validation that will be discussed later.
Such coating was replicated in the simulation by counting only photons that ended
within the surface covered by the PMTs when reaching the interface between the light
guide and the PMTs.

In a cost analysis of the configurations presented, it is important to remark that the price
of PMTs is approximately independent of their size. Since the variation of the number of
light sensors is the main element differentiating the configurations tested, it was used as
an indicator of the cost variation between the different setups.

4.2.2, Simulation setup and data acquisition process

Monte Carlo (MC) simulations were executed using GATE v9.0 [83-85] which is based on
Geant4 version 10.05. To describe gammas and optical photon behavior we included
the following GATE electromagnetic and optical physics processes: photoelectric
effect, Compton scattering, Rayleigh scattering, electron ionization, Bremsstrahlung,
scintillation, bulk absorption, and optical processes at boundaries (e.g. total internal
reflection, refraction or reflection) depending on the surface properties. Photon
interactions with all the scintillator crystal surfaces were modelled using the GATE
UNIFIED model [143]. In this model the user must set four probabilities to control
the reflectance due to the following kind of reflections: Specular lobe, Specular spike,
Backscatter spike, and Lambertian. These probabilities were kept with the original values
provided by the simulation model guide.

In our work we simulated the detector response to a perfectly collimated line source of 70
mm or 86 mm length depending on whether the smaller PMTs (2-inch round and 60x60
mm? square) or the larger PMTs (3-inch round and 76x76 mm? square) configurations
were under analysis. This line source was set to emit, based on the scintillator’s thickness,
30000 or 40000 perpendicular monoenergetic gamma radiation of 140 keV and 511 keV.
These values were selected to grant at least 20000 events within the photopeak window in
each configuration tested. The line source was positioned, along both x and y axis, above
the centre of a PMT and near the PMT’s edge by applying a 30 mm shift. These positions
were chosen based upon the NEMA suggested procedure [167] to evaluate a gamma
camera intrinsic spatial resolution and we denote them by “PMT centre” and “PMT edge”
respectively. The former location represents a low-spatial-resolution region, while in the
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latter position high spatial resolution can be achieved [168]. Data from these line source
simulations were used to estimate the 3D interaction positions of emitted gammas via ML
and to evaluate the detector’s performance. We expect that the performance for sources
placed above the PMT’s centre and the PMT’s edge will describe the behavior over the
entire detector’s central area thanks to the geometrical symmetry of the PMT placement.

4.2.3. Validation of simulation model

Prior to testing the thick scintillator designs we present, the simulation model was
validated by comparing its results with experimental data previously collected [108].
Accordingly, we reproduced the same detector geometry consisting of a 9.5 mm thick
crystal, a 16 mm thick light guide and the 3-inch round PMT configuration described
earlier. Such a setup was exclusively used for validation purposes. The data acquisition
followed the same procedure as reported in the previous section.

For validation purposes, the detector performance was evaluated by using the same
offline processing that was also applied to the experimental data [108], consisting of a
centroid estimation algorithm based on thresholding. The gammas interaction positions
were reconstructed via Anger Logic estimation and the Line Response Functions (LRFs)
were fitted with a Gaussian function. The Full Width at Half Maximum (FWHM) and
Full Width at Tenth Maximum (FWTM) extracted from this fit were used to estimate the
spatial resolution. This procedure was replicated for multiple sources within the 25-511
keV energy range.

4.2.4. Maximum likelihood estimation and system matrix

While for validation purposes Anger logic was used, we intend to apply an ML algorithm
to estimate the 3D interaction positions in the thicker scintillators. The ML algorithm
takes advantage of the assumption that for gammas with specified position of interaction
and energy, the number of optical photons detected (n,,) by each PMT (m=0, 1, ....,
M) is Poisson distributed [168]. By calculating the mean value of such signal for every
possible gamma interaction location (7i,,(x, ¥, z)), we can define the log-likelihood that
an interaction observed at the coordinate (¥, y, z) results in output n = {n, ny,..., ny}
with the following equation, where constant terms were left out:

M
Lin|x,y,2)= Y AIn([fim(x,3,2)]"") = fim(x, , 2)} 4.1

m=0

The gamma interaction position (%, 7, 2) that most likely generated n is obtained by
maximizing Equation 4.1. No accelerated search algorithm for the maximum was
implemented as we utilized only a small portion of the detector’s area.

To calculate (7i,,(x,y,2)) we built a system matrix for each combination of PMT
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configuration and light guide thickness tested. This gave us the required information
to relate the gamma position of interaction to mean PMT signal. To generate these
system matrices, a calibration measurement was simulated by placing the source at
different positions in a grid configuration. The sizes of the grid were adjusted depending
on the PMT setup under analysis: for the 2-inch round and 60x60 mm? square PMT
configurations a 11x11 grid was used, whereas for the 3-inch round and 76x76 mm?
square PMT configurations the grid was 13x13. In both grids each node is 8 mm away
from the adjacent ones. To produce almost noiseless system matrices, the total number
of emissions simulated was such that a total of 121000 (11 x11 matrix) or 169000 (13x13
matrix) gammas were counted within the photopeak window, 1000 gammas for each
position. From each scintillation event generated by these gammas we extracted its
signal distribution, consisting of M PMT outputs where M refers to the total number of
PMTs used. To improve the system matrix accuracy, we post-processed the simulated
signals. We started by rejecting events resulting from large-angle Compton scatter using
a preliminary Anger Logic position estimation. To this end, the 2D distribution of the
coordinates estimated via Anger Logic was fitted with a 2D Gaussian and the FWHM
along x and y axis was extracted. These FWHMs were then used to discard all events
outside 0.9 - FWHM along both axes. The described filtering process was applied to all
grid positions, rejecting ~38% and ~32% of events respectively when working with 20
mm and 40 mm thick scintillators. Additionally, we identified and discarded PMTs that
carried non-useful information. To do that, we calculated the mean PMT signals across
all events generated from a specific grid position and compared it to a threshold value.
This threshold was set to 1% of the sum of all PMT mean signals for the same grid
position. As a result of the filtering process, we obtained for each event M’-dimensional
data, with M’ < M, containing information about the number of useful PMTs and the
signal they detected.

In this simulation study, we decided to assess DOI in a realistic way as its ground
truth value would not be known in an experimental calibration. To achieve that, we
used the events’ signal distribution and extracted the DOI information by applying a
Factor Analysis (FA) statistical method to the filtered M’-dimensional data. Via the FA,
we exploited the correlation between the DOI of an event and the width of its light
distribution. In the FA algorithm, we decided to set the dimensionality of the latent space
responsible for the variability among the correlated M’-dimensional simulation data to
one. The obtained one-dimensional latent variable approximately indicates the DOI of
each scintillation event analyzed. We then divided the scintillator in sections of 2 mm
thickness and used the DOI estimated via FA to sort events in ascending DOI order. Each
event was then placed accordingly into the corresponding section. Thanks to this process,
we were able to model the mean detector response for scintillation events that happened
at different depths within the scintillator crystal. This response was calculated for the
events generated by placing the source in all the defined grid positions.
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The obtained mean values were used to build a preliminary 11x11xS system matrix
with voxel size of 8x8x2 mm3, where S refers to the number of sections in which the
scintillator was divided. We further improved our matrix by interpolating the detector’s
response at intermediate steps using a smooth bivariate spline approximation, achieving
a final 121x121x S system matrix with voxel size of 1 x1x2 mm3.

4.2.5. Dataanalysis

Data acquired from system matrix and line source simulations were used in a MATLAB
script to evaluate the detector’s performance. To calculate energy resolution (E.s), we
used the system matrix data as they are generated by irradiating the central part of the
detector. This allowed to evaluate the detector’s mean response in that area which was
then used to calculate the distribution of the sum of PMTs’ outputs. The E;.; was defined
as the FWHM of this distribution as indicated by NEMA [167].

To estimate the detector’s lateral resolution, we first determined the 3D coordinates
for each detected event. These coordinates were calculated by feeding energy filtered
data into the ML algorithm to partially reject scatter events as it would be done in an
experimental environment. The energy filtering consisted in applying an acceptance
energy window of 20% and 15% respectively around the detected photopeak of 140 keV
and 511 keV. From the algorithm’s output we generated the XY planar distribution of the
estimated positions of interactions and we projected these on either the x or y axis. Both
projections were fitted with a two-term univariate Gaussian to extract their parameters,
as a simple univariate Gaussian wasn’t capable to accurately fit them. The resulting
FWHMs were used to calculate the lateral resolution, defined as the Root Mean Square
(RMS) average of the x and y projections’ FWHM.

To determine the DOI resolution, first we compared the estimated DOI values to the
ground truth values extracted from the simulation model. From these graphs, we
extracted profiles at a simulated depth of 10 mm and fitted them with a three-term
univariate Gaussian. The FWHMs extracted from these fits were then used to determine
the DOI resolution. This resolution was only estimated for 511 keV data as for 140 keV
gammas interactions happen mostly at the top of the crystal and DOI information is not
useful.

For both DOI and lateral resolution, uncertainty associated to the estimated values was
calculated using the Root Mean Square Error (RMSE).

To calculate the photopeak sensitivity, the same energy acceptance windows defined for
filtering the input ML data were used. The photopeak sensitivity was then calculated as
the ratio of the gammas that fell within these windows and the total number of emitted
gammas.
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4.3. Results

The validation study confirmed the accuracy of the simulation model as we compared
the measured and simulated FWHM, FWTM and E,; at 25 keV, 140 keV and 511 keV
gamma energy. Results for the 9.5 mm scintillator (scinti.) and 16 mm light guide (Ig) are
shown in Fig. 4.2 and Table 4.1.
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Figure 4.2: Line source images used for validation purposes. These images were acquired using a
9.5 mm thick scintillator (scinti.) and 16 mm thick light guide (Ig) read out by the 3-inch round
PMTs setup [108]. Equivalent images (not shown) were obtained with a horizontal line source.

Source Exp. Exp. Sim. Sim. Exp. Sim.
FWHM [mm] FWTM [mm] FWHM [mm] FWTM [mm] Eres [%] Eres [%]

1251 7.1 13.4 7.0 13.1 22.7 22.5

M7 3.6 7.0 3.5 6.3 10.0 9.8

22Na 3.0 - 2.9 - 9.7 8.8

Table 4.1: Experimental and simulated results for FWHM, FWTM, and energy resolution.

For the FWTM, experimental data for 511 keV is not available due to the strong
background present in the images produced, therefore a comparison was not possible.

Fig. 4.3 illustrates the detector performance for the 511 keV line source for a few
configurations. In these examples, we show results for the 40 mm scintillator equipped
with 6 mm light guide readout for all tested PMT setups.
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Figure 4.3: Line source images for a selected number of detector geometries. These images were
acquired using a 40 mm thick scintillator (scinti.) and 6 mm thick light guide (lg) for all considered
PMTs setup. These images were produced by placing the source at (0,0) mm, at the centre of the

PMT'’s photocathode area.

Fig. 4.4 shows estimated DOI vs. true DOI for the same setups as in Fig. 4.3.
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Figure 4.4: Comparison of estimated (Est.) vs. true DOI for multiple detector geometries consisting
of a 40 mm thick scintillator with 6 mm thick light guide for all considered PMTs setups.
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Figs. 4.5 and 4.6 provide an overview of E,, lateral resolution as well as DOI resolution
for all configurations with 20 mm thick crystals for 140 keV and 511 keV gammas
respectively.
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Figure 4.5: Comparison of spatial and energy resolution for all configurations with 20 mm thick
crystal irradiated by 140 keV gammas; PMT centre (a) and PMT edge (b) results are presented in a
separate set of graphs. To limit overlap the placement of error bars in the graphs was slightly
shifted.
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Figure 4.6: Comparison of spatial, DOI and energy resolution for all configurations with 20 mm
thick crystal irradiated by 511 keV gammas; PMT centre (a, d) and PMT edge (b, e) results are
presented in a separate set of graphs. To limit overlap the placement of error bars in the graphs
was slightly shifted.
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In Figs. 4.7 and 4.8, the same performance metrics shown for the 20 mm thick scintillator
in Figs. 4.5 and 4.6 are presented for the 40 mm thick crystal when it is irradiated by 140
keV and 511 keV gammas respectively.
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Figure 4.7: Comparison of spatial and energy resolution for all configurations with 40 mm thick
crystal irradiated by 140 keV energy gammas; PMT centre (a) and PMT edge (b) results are
presented in a separate set of graphs. To limit overlap the placement of error bars in the graphs
was slightly shifted.
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In Tables 4.2 and 4.3, we compare the performance of systems with 20 mm and 40 mm
thick crystals to that of a standard detector with a 9.5 mm thick crystal. These results were
calculated by averaging the performance both at the centre and at the edge of the PMT.
The reported simulated results for 140 keV and 511 keV gammas were obtained using the
3-inch round PMTs combined with the light guide which granted the best performance.

Scintillator’s Eyps @ Lateral resolution @ Photopeal

thickness [mm] 140 keV 140 keV [mm] sensitivity
9.5 9.8% 35+0.1 ~88%
20 10.0% 45+0.1 ~97%
40 10.2% 39+0.1 ~97%

Table 4.2: Energy resolution, lateral resolution and photopeak sensitivity for 9.5 mm, 20 mm and
40 mm thick crystal detector for 140 keV gammas obtained with 3-inch round PMTs.

Scintillator’s E;oes @ Lateral resolution @ DOI resolution @ Photopealk

thickness [mm] 511 keV 511 keV [mm] 511 keV [mm] sensitivity
9.5 8.8% 29+0.2 N.A. ~12%
20 8.2% 3.5+£0.2 12.1 £ 0.9 ~27%
40 6.4% 3.7+0.1 59+0.2 ~53%

Table 4.3: Energy resolution, lateral and DOI resolution and photopeak sensitivity for 9.5 mm, 20
mm and 40 mm thick crystal detector for 511 keV gammas obtained with 3-inch round PMTs.

A further improvement of lateral and DOI resolution results compared to what can be
obtained with 3-inch round PMTs is possible when using one of the smaller PMTs
configurations tested, as can be seen in Figs. 4.5, 4.6, 4.7 and 4.8. In Table 4.4 the best
results obtained with 60x60 mm? square PMTs are provided, calculated as the mean
between PMT centre and PMT edge performance:

Scintillator’s Lateral resolution @ Lateral resolution @ DOI resolution @ 10

thickness [mm] 140 keV [mm] 511 keV [mm] mm depth [mm]
20 35+£0.3 28+0.1 7.0+£1.0
40 3.5+£0.1 29+0.1 5604

Table 4.4: Best lateral and DOI resolution for 20 mm and 40 mm thick crystal detector obtained
with 60x60 mm? square PMTs.

4.4, Discussion

We presented the results of a MC simulation study in which we investigated to what
extent a photopeak sensitivity improvement of a PMT-based Nal(T]l) gamma detector
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for high energy gammas would be possible, without seriously deteriorating its intrinsic
spatial resolution. To this end, we studied gamma detectors with increased scintillator
thicknesses for a series of light guide thicknesses read out by various PMT configurations.
To mitigate a possible reduction in performance due to the increased scintillator
thickness, we estimated the 3D interaction position of each event using an ML algorithm.
The obtained DOI information is not available in standard gamma detectors. The
performance for gammas with energies of 140 keV and 511 keV was analyzed and the
results were presented in Tables 4.2, 4.3 and 4.4. The obtained values show that it is
possible to significantly improve photopeak sensitivity by increasing the scintillator’s
thickness while using the same PMT configuration. Depending on PMT size, this
improvement comes with only a modest degradation or a slight improvement of the
intrinsic detector resolution.

For both detector designs with thicker scintillators, intrinsic spatial performance depends
on PMT configuration as well as source location and light guide thickness. In general,
PMT layout and shape have a negligible effect (<10%) on spatial performance. Setups
with smaller PMTs (2-inch round or 60x60 mm? square) perform best in terms of
spatial and DOI resolution as can be seen from Figs. 4.5, 4.6, 4.7 and 4.8. However,
the cost of these configurations is significantly higher than of the ones equipped with
larger PMTs (3-inch round or 76x76 mm? square) due to the higher number of light
sensors and electronic channels used. Making the rough assumption that costs scale
linearly with number of required PMTs and channels, we estimate that compared to the
current 3-inch round PMT configuration, the overall cost would increase by roughly
~15% if 76x76 mm? square PMTs were utilized, whereas if the 60x60 mm? square
or the 2-inch round configurations were to be used the respective increments would
be ~80% or ~97%. Regarding the source position, for a source placed above the PMT
centre, round PMTs grant better spatial and DOI resolution than square PMTs. Moving
towards locations above the PMTs’ edges instead, square PMTs allow to gain a moderate
performance improvement. Concerning the influence of light guide thickness on the
spatial performance, the 20 mm and the 40 mm thick crystal show different behaviors.
The performance of the 20 mm scintillator for most configurations tends to slightly
improve as the light guide thickness increases. This is probably because, due to their
size, the PMTs used require larger light spread to grant optimal performance. However,
excessively increasing the light guide thickness would lead to unwanted spreading of the
signal between different light sensors, with a low number of events in each of them and
hence performance degradation. These considerations together with the results shown
in Figs. 4.5 and 4.6 seems to suggest the existence of an optimal light guide thickness
range for this crystal of around 10 mm. On the other hand, the majority of the 40 mm
scintillator setups suffers from performance degradation when utilizing thicker light
guides. This is probably due to the overall larger light spread of optical photons in a
thicker crystal. It is important to remark that the improvement in spatial resolution
observed for some configurations when increasing the light guide thickness is always
compensated by a substantial degradation of the DOI resolution. Therefore, we believe
that the overall spatial performance doesn’t benefit from using thicker light guides.

Analyzing the 40 mm thick scintillator, the best results at the PMT centre were achieved
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by the configuration with 2 mm light guide read out by 2-inch round PMTs. This setup
obtained 3.5 mm spatial resolution for 140 keV photons (Fig. 4.7a), while for 511 keV
it achieved 3.1 mm spatial resolution and 5.8 mm DOI resolution (Fig. 4.8a, d). Near
the PMTs’ edges, the best spatial performance was reached by the setup equipped with
60x60 mm? square PMTs (std layout) and 2 mm light guide. This configuration achieved
3.3 mm spatial resolution for 140 keV (Fig. 4.7b), while for 511 keV gammas the estimated
spatial and DOI resolution were respectively 2.5 mm and 5.1 mm (Fig. 4.8b, e). Regarding
the average spatial performance over the analyzed detector’s central area, the best results
for the 40 mm thick scintillator were reached using the 60x60 mm? square PMTs (std
layout) combined with 2 mm light guide. This configuration obtained a spatial resolution
of 3.5 mm for 140 keV, whereas for 511 keV results were 2.9 mm and 5.6 mm respectively
for spatial and DOI resolution.

When discussing DOI results, it is important to emphasize that high DOI resolution is not
necessarily required for our thick detectors’ designs. For example, the VECTor system
partly developed in our group can attain up to 0.6 mm resolution '®F-PET using 9.5 mm
thick crystal detectors without any DOI estimation. Such a system is characterized by a
DOI uncertainty equal to the scintillator thickness, and we used that as a reference value.
In most of the configurations tested, except the ones consisting of 20 mm thick crystal
with 10 mm light guide, the estimated DOI resolution was below this 10 mm threshold.
This represent an acceptable value as it would guarantee to be in a situation comparable
to what conventional detectors have at best.

In terms of E,.;, results for thick and conventional crystal detectors are comparable
when working with 140 keV gammas, while for 511 keV gammas thick crystals allow to
achieve improved E,;. These improvements could be related to the increased chance
that gammas that Compton scatter in their first interaction in the detector do not escape
the scintillator but lose all of their energy in subsequent interactions. An additional
element that has an influence on the E,; is the shape of the PMTs used. Setups with
square PMTs grant better performance compared to configurations with round PMTs.
This is thanks to the increased percentage of the light sensors’ active area covering the
detector’s surface, which improves detection of optical photons. Regarding the impact of
the light guide thickness on this metric, both thicker crystals seem to benefit from the use
of thicker light guides. This is likely due to the fact that part of the points source locations
are directly above the dead area of a PMT. In this case, working with thicker light guides
increases the spread of optical photons resulting in a higher probability of reaching the
active area of a nearby PMT. However, such a trend won’t extend indefinitely as with
further increasing light spread optical photons will eventually reach the next dead area
between PMTs. Moreover, as mentioned for the spatial performance, improvements in
E,es achieved by further increasing the light guide thickness would be at the cost of the
DOI resolution. Analyzing the 40 mm thick crystal, the best results were obtained using
the 3-inch square PMTs (std layout) setup with 10 mm light guide. This configuration
reached an average E,.; of 9.6% and 5.9% respectively for 140 keV (Fig. 4.7c) and 511 keV
gammas (Fig. 4.8¢c). On the other hand, the configuration consisting of 3-inch round
PMTs combined with 10 mm light guide attained an average E,.; of 9.9% for 140 keV
gammas (Fig. 4.7c) and of 6.3% for 511 keV gammas (Fig. 4.8c).



100 4. Nal gamma camera performance for high energies

Regarding the detector sensitivity, increasing the scintillator’s thickness to 20 mm or 40
mm results in photopeak sensitivities respectively of ~27% or ~53% for 511 keV gammas.
These values are 2.2 and 4.4 times better than what can be obtained with a standard
9.5 mm thick scintillator. Such a high improvement in sensitivity comes at modest
deterioration in spatial resolution when using a cost-effective PMT setup, as shown in
Tables 4.2 and 4.3. However, by choosing a different PMT configuration (e.g. 2-inch round
or 60x60 mm? square) it is possible to maintain the same high sensitivity while also
improving the spatial performance as indicated in Table 4.4.

By analyzing the presented results, it is clear that in terms of spatial and DOI resolution it
would be highly beneficial to use smaller sized round or square PMTs. However, their
overall higher cost is a relevant drawback in our study, as one of the goals of our work is to
build a large-area cost-effective detector. Therefore, it is crucial to find the right balance
between performance and cost. In this context, the 3-inch square PMTs could represent a
valid option, as they offer moderately improved performance compared to the 3-inch
round PMTs at a slightly higher cost.

A limitation of the present work is that a detailed performance analysis was executed for
the central detector area while edge effects were not yet studied. Generally, the severeness
of edge effects depends on crystal thickness and is therefore important when considering
thick crystal detectors. However, for the large-area gamma detectors considered (590x470
mm?), such dead edge effects are of lesser concern than when small crystals are used.
Typically, for these large detectors a rather substantial area near the crystal edge is simply
not used (~4.5 cm), a choice that can be made because this edge region is still relatively
small compared to the whole crystal. Therefore, it is not expected that edge effects have a
major influence within the FOV that is used in practice. To illustrate this, we conducted a
small simulation study comparing the 9.5 mm and 40 mm thick crystals with the standard
3-inch PMT configuration (see Fig. A.1). The data reported in Table A.1 indicates that for a
40 mm thick crystal, spatial resolution near the edge only deteriorates moderately (<15%)
while it remains constant for the 9.5 mm crystal. Although the illustrated results don’t
represent an in-depth analysis of the relation between crystal thickness and the extent of
edge effects, they indicate that even for the worst-case scenario (thickest crystal and
largest PMTs) edge effects are not severely influencing the overall detector performance.

4.5. Conclusion

We explored a possible cost-effective solution to improve sensitivity for high-energy
gammas outside the conventional SPECT energy range. We have shown that increasing
the scintillator’s thickness can greatly improve the detector photopeak sensitivity
for high-energy gammas. Moreover, we illustrated how the spatial resolution can be
influenced by changes in light guide thickness and PMT geometry. Depending on
PMT geometry, and thus on cost-effectiveness, spatial resolution of gamma detectors
with thick scintillators can be slightly improved or moderately degraded compared to
conventional gamma detectors.
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Figure A.1: Line source images for 140 and 511 keV gammas acquired near the detector edge
(black). The edge of the detector used FOV is shown by the dashed purple line, and the system
matrix by the red line. Data were acquired with 9.5-mm and 40-mm crystals read out by 3-inch
round PMTs.

Scintillator FWHM center FWHM edge = FWHM center FWHM edge
thickness [mm] 140 keV [mm] 140keV [mm] 511 keV[mm] 511 keV [mm]

9.5 3.8+0.2 3.9+0.6 26+0.2 2.7+£0.5
40.0 4.4+0.3 4.7+0.3 3.7+£0.2 4.2+07

Table A.1: Spatial performance for a 9.5 mm thick crystal with 16 mm light guide and a 40 mm
thick crystal with 6 mm light guide, evaluated in the central region and at the detector edge.
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dvanced pinhole collimation geometries optimized for preclinical high-energy gamma

imaging facilitate applications such as alpha and beta emitter imaging, simultaneous
multi-isotope PET and PET/SPECT, and positron range-free PET. These geometries replace
each pinhole with a group of clustered pinholes (CP) featuring smaller individual pinhole
opening angles (POAs), enabling sub-mm resolution imaging up to ~1 MeV. Further
narrowing POAs while retaining field-of-view (FOV) may enhance high-energy imaging
but faces geometrical constraints. Here, we detail how the novel Twisted Clustered Pinholes
(TCP) address this challenge.
We compared TCP and CP collimator sensitivity at equal system resolution and system
resolution at matched sensitivity by tuning pinhole diameters for 18F (511 keV) and %° Zr
(909 keV). Additionally, simulated Derenzo phantoms at low activity (LA: 12 MBqg/ml) and
high activity (HA: 190 MBqg/ml) levels, along with uniformity images, were compared to
assess image resolution and uniformity.
At equal system resolution, TCP increased average central FOV sensitivity by 15.6% for 18F
and 29.4% for 8% Zr compared to CP Image resolution was comparable, except for 8% Zr at LA,
where TCP resolved 0.80 mm diameter rods compared to 0.90 mm for CP. Image uniformity
was equivalent for '8 E while for ° Zr TCP granted a 10.4% improvement. For collimators
with matched sensitivity, TCP improved system resolution by 6.6% for '8 F and 17.7% for
89 7r while also enhancing image resolution; for 18F rods distinguished were 0.65 mm (CP)
and 0.60 mm (TCP) for HA, and 0.70 mm (CP and TCP) for LA. For 89 7. image resolutions
were 0.75 mm (CP) and 0.65 mm (TCP) for HA, and 0.90 mm (CP) and 0.80 mm (TCP) for
LA. Image uniformity with TCP decreased by 18.3% for '8F but improved by 20.1% for % Zr.
This study suggests that the TCP design has potential to improve high-energy gamma
imaging.

5.1. Introduction

The continuous development of novel radiotracers and advanced imaging techniques is
imperative for addressing unmet diagnostic and therapeutic requirements [62, 169]. This
has notably augmented the significance of high-performance preclinical SPECT and PET,
pivotal for evaluating radiotracer biodistribution and potential applications.

Recently, there has been a growing interest in radionuclides, such as alpha and beta
emitters for therapeutic applications, which were previously overlooked due to the
challenges in producing high-quality images of their distributions [69]. For instance, 241
is a positron-emitter utilized in detecting residual thyroid tissue and/or metastases in
differentiated thyroid cancer [170] despite its long mean positron range (3.4 mm) and
several additional decay products that include high energy gammas (603 keV and 1691
keV). Similarly, “°Br, although promising in tumor imaging via PET, faces implementation
challenges due to its extended mean positron range (2.5 mm) and high-energy prompt
gammas (559 keV) [171-173], which together result in blurred images and quantification
errors [174]. Another emerging radionuclide is 8Zr, which has been gaining popularity
thanks to its role in immunoPET [175]. This positron emitter (23% abundance) co-emits
909 keV prompt gammas (99%), which generate a high scatter background. Other
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radionuclides with promising applications for high-energy radionuclide therapy include
the combined gamma - beta emitter '3'T and the gamma - alpha emitter 2!3Bi. Their high
energy gammas, respectively 364 keV and 440 keV, are extremely difficult to image with
traditional SPECT.

In recent years, advanced high-energy pinhole technology has solved many of the
challenges encountered when imaging such nonstandard radionuclides. This technology
is integrated into the VECTor (Versatile Emission Computed Tomography) scanner
currently marketed by MILabs which has been validated for sub-mm resolution SPECT
and PET imaging from 30 keV up to 1 MeV gamma energies [40]. This system’s capability
to explore such an exceptionally wide energy range allows to image standard SPECT
radionuclides as well as accurately capture tracer distributions using high-energy
gammas. This has already been applied to several non-standard radionuclides mentioned
above, by utilizing annihilation gammas (511 keV) resulting from positron emitters decay,
or by detecting prompt gammas co-emitted by therapeutic radionuclides (alpha and beta
emitters), as well as by positron emitting tracers. This capability enables new applications
such as alpha and beta emitter imaging and simultaneous multi-isotope PET/SPECT.
Imaging of high-energy gammas from '3'I and ?'®Bi achieved image resolutions of 0.75
mm and 0.60 mm respectively [46, 47], while simultaneous imaging of 9™ Tc and '®F
resulted in image resolution of 0.50 mm and 0.80 mm [40]. The image resolutions for 13!,
9mTc, and '8F were obtained with a collimator achieving peak sensitivities of 0.16%,
0.24%, and 0.29%, respectively. Furthermore, recent studies have explored the use of
prompt gammas emitted directly from the nuclei of positron emitters, thus unaffected by
positron range effects. These prompt gammas enable high-resolution positron-range free
PET as well as multi-isotope PET by exploiting their energy dependence. Prompt gamma
imaging resulted in 0.75 mm image resolution for #Zr (909 keV prompts) and '2*1 (603
keV prompts), while multi-isotope PET was demonstrated by simultaneously acquiring
181 and 1241 images, achieving an image resolution of 0.75 mm [45].

The multi-pinhole system’s ability to explore a wide energy range is supported by its
advanced pinhole collimation geometry, which preserves resolution at higher energies.
This is accomplished by replacing traditional pinholes with a group of clustered
pinholes (CP), with each cluster designed to sample the same field-of-view (FOV)
of a traditional pinhole while featuring narrower individual pinhole opening angles
(POAs) [48, 49]. This approach addresses limitations encountered with conventional
multi-pinhole collimators which suffer from pinhole edge penetration by high-energy
gammas, resulting in reduced image resolution. Narrowing the pinhole opening angle
alleviates this issue by increasing the path length that gammas travel through the pinhole
edge material, making the edge a more effective barrier and reducing the likelihood of
gammas penetrating it.

Further improving performance remains compelling and may demand even narrower
POAs. In this work, we demonstrate that fitting such narrow POAs in a cluster comes
with geometrical challenges as individual pinholes would begin to overlap. To enable
clusters with narrower POAs, one can employ a "Super-Cluster" geometry [70, 110] or
twist the pinholes around the cluster’s central axis. The latter solution, denoted by
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twisted clustered pinholes (TCP), is proposed and characterized in this study. The aim
of this paper is to investigate the potential of TCP imaging with extremely narrow
POAs and compare its performance to previous CP technology. For this purpose, we
designed a TPC collimator and conducted a Monte Carlo (MC) simulation study where
the sensitivity, image resolution, and uniformity of CP and TCP collimators with equal
FOV were assessed by full system simulations of appropriately designed phantoms. This
methodology was applied to low (12 MBq/mL) and high (190 MBq/mL) activity levels of
18F and 89Zr, two important tracers characterized by high-energy gamma emissions of
511 keV and 909 keV respectively.

5.2. Materials and Methods

5.2.1. Geometry of imaging system and collimators

In this simulation study, we compared the performance of a conventional CP collimator
with a novel TCP collimator. Both collimators were assumed to be installed in the
VECTor imaging system equipped with three PMT-based large-area monolithic Nal(Tl)
scintillation detectors, measuring 590x470x9.5 mm? each, arranged in a triangular
setup. Collimators compatible with the imaging system feature focusing pinhole
geometries, meaning that all pinholes focus on a common volume, the central FOV
(CFOV). Consequently, complete data acquisition for objects or organs that fit within
the CFOV does not require any bed translation, while for larger objects up to whole
body animal scans bed translation is done to ensure adequate sampling. Subsequently,
images are reconstructed by using projection data from all the different bed positions
simultaneously [82].

CP collimator design

The CP collimator, based on the design specified in a prior study [48], is composed of a
tungsten alloy comprising 97.0% tungsten, 1.5% nickel, and 1.5% iron. It is characterized
by a cylindrical geometry with inner and outer radii measuring 24 mm and 67 mm
respectively. The collimator’s wall thickness is optimized for stopping 511 keV gammas
and ensures that for 909 keV gammas, the probability of passing through without
interaction is 0.2% for perpendicular incidence. This probability decreases for gammas
that enter at non-perpendicular angles, as they traverse a greater material thickness.
Furthermore, the good performance of this wall thickness for 909 keV gammas has been
experimentally demonstrated [45].

The pinhole centers are situated at a radius of 32 mm, placed asymmetrically within
the collimator wall. This configuration facilitates substantial pinhole magnification
factors while utilizing the thick collimator walls that are required for high-energy gamma
imaging. A high pinhole magnification factor is key to high-resolution imaging since it
compensates for the limited detector intrinsic resolution (~3.5 mm in this context). The
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clustered pinholes of 0.7 mm diameter each are grouped into 48-2x2 clusters, with 162 of
the 192 pinholes being used for image reconstruction. Each cluster sees the ellipsoidal
CFOV with principal axes of 12x12x9 mm?3. These clusters are distributed across four
rings, with pinholes in the outer rings exhibiting an opening angle of 16°, whereas
those in the inner rings feature an opening angle of 18°. These angles ensure optimal
detector coverage, resulting in a moderate projection overlap (multiplexing) of 16% at the
detector’s surface, which grants a reasonable fit of the elliptical pinhole projections onto
the flat detector’s surface [176]. Compared to conventional pinhole collimators (Fig. 5.1a)
that can be accommodated on the same platform for traditional SPECT energies, the CP
collimator (Fig. 5.1b) has reduced opening angles while maintaining an equivalent CFOV.

Traditional Cluster Twisted
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Figure 5.1: Illustration of various pinhole configurations. Images a), b), and c) display 2D views of
traditional, clustered, and twisted clustered pinholes, respectively. Clustered and twisted cluster
geometries retain the same CFOV as traditional pinholes while reducing the POA. Note that
while POAs in this illustration are realistic for the collimator considered in this work, collimator
thickness is reduced for improved visualization clarity.

Further reducing the POAs of the CP collimator could be a suitable solution to improve
system performance. However, the current design constraints preclude such adjustments,
as will be elaborated in the following section.

TCP collimator design

The TCP collimator we propose can be conceived as an evolution of the CP collimator,
thus they share numerous characteristics. We kept consistency in parameters such as
material composition, CFOV size, number of pinholes per cluster, degree of multiplexing,
inner and outer radii of the collimator, and radius at which pinhole centers are placed.
The only variable we altered was the placement of individual pinholes and their opening
angles. This allows to perform identical imaging studies with both collimator types, while
solely assessing the effect of the new TCP geometry.

The design concept of the TCP collimator can be visualized by describing the process
for reducing POAs of CP and illustrating the constraints preventing this. For illustrative
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purposes, we consider each pinhole as consisting of two cones without depicting the
finite hole diameter (Fig. 5.2).
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Figure 5.2: Schematic representation of challenges in narrowing POAs in CP technology and
the solution in terms of TCP. The figure shows frontal views featuring two of four pinholes
within a cluster and cross-sectional planes (xz-plane, with the z-axis pointing in the direction
perpendicular to the page) showing all four pinholes. Image a) illustrates the current CP design
with POAs 6, wherein the ‘green’ and ‘yellow’ pinholes are situated in the same plane. In b),
reduced POAs (¢ < 0) result in incomplete detector surface coverage. To address this limitation
while retaining CFOV sampling, pinholes are inwardly rotated in c), causing pinhole overlap within
the collimator as shown in the xz plane cross-section. Twisting pinholes around the cluster’s
central axis in d) overcomes these limitations, as pinholes lay in different planes. The image shown
in d) closely resembles the final cluster design used for the TCP collimators. Note that for the
twisted pinholes design in d), the relative position of all four pinholes in the xz-plane changes.

In the CP collimator, individual pinholes are defined by two lines: one tangent to the
desired CFOV, and a second one determining the opening angle and projection size onto
the detector. Assuming a design wherein pinholes in a cluster don’t overlap (Fig. 5.2a),
the line tangent to the CFOV (point A) is required to intersect point B (where the two
pinholes touch without overlapping). The second line instead should cross the first line at
the pinhole center (point C) and extend to point D on the detector to guarantee complete
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coverage of the detector surface while avoiding projection overlap (Fig. 5.2a). These
observations imply that, given the CFOV and the condition that individual pinholes don’t
overlap while utilizing the entire detector surface, the POA for a 2x2 cluster is determined

).

Expanding upon this concept, suppose that we reduce the POA (¢ < ) with such a design.
In Fig. 5.2b it is shown that simply reducing the POA while preserving the tangential line
to the CFOV (line AB) would result in a gap between pinhole projections on the detector
near point D. One possible approach to reduce this involves inward rotation of pinholes
around point A (Fig. 5.2c). However, this adjustment would lead to an overlap among
individual pinholes in the collimator, as they are located in the same plane (Fig. 5.2¢).
This defies the intention of CP, whose aim is to minimize collimator penetration by
increasing the amount of material traversed by photons when they don't go directly
through the pinhole.

The new TCP collimator adopts the strategy illustrated in Fig. 5.2c of moving pinholes
closer to each other to reduce their opening angles. Ideally, this would be possible if the
two pinholes illustrated in Fig. 5.2 would not be in the same plane. However, merely
shifting the pinhole in the direction perpendicular to the paper would lead to overlap
with other pinholes within the 2x2 cluster. Instead, we accomplish this by twisting
individual pinholes within a cluster around the cluster’s central axis, ensuring that all four
pinholes reside in distinct planes (Fig. 5.2d). This adjustment guarantees that, as with CP,
every point within the CFOV is sampled by at least one pinhole. This was additionally
checked by MC simulations. Furthermore, it allows to preserve collimator material
separating the pinholes while reducing their opening angles.

The TCP design is expected to be more focused compared to CP, as evident from the
differing extents of pinhole cone overlap in CP (Fig. 5.2a) and TCP (Fig. 5.2d). To
comprehend the implications of such difference, sensitivity over the CFOV volume, as
well as over larger volumes, will be examined.

As will be discussed later, a standard design for the TCP collimator was defined. Such
collimator was used as a reference for different twisted designs, where pinhole diameter
and amount of cluster’s twisting were varied to grant a fair comparison between TCP and
CP collimators.
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Cluster arrangement in TCP collimator

As illustrated in Fig. 5.1, the TCP collimator allows for pinholes with half the POA of
a traditional pinhole, while maintaining the same CFOV. As a result, the size of the
projection of the whole cluster on the detector is comparable to that of traditional
pinhole projections. Therefore, during the collimator design phase it is convenient to
start with a traditional pinhole collimator housing pinholes that view the desired CFOV
and then later replace them with a twisted cluster. The traditional POA «a corresponding
to the desired CFOV is given by the following equation:

rCFOV) (5.1)

a:2-sin_1( ]

Here rcrov is the CFOV radius, set to 6 mm (Fig. 5.3b) to match that of the CP collimator;
1 is the distance of the pinhole center to the collimator’s center (Fig. 5.3a). This distance is
calculated by combining the pinhole center radius (32 mm) and the axial shift of the ring
on which the pinhole is placed.

a) b)

2 * Tcrov

pinhole center diameter
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Figure 5.3: Schematic representation of the collimator geometry. a) Frontal view of the collimator
with collimator radii provided that are valid for both TCP and CP designs, while [ represents the
distance from pinhole center to collimator center. The outline of a single traditional pinhole is
visible. b) Illustration of a cross section of a traditional pinhole collimator, where rcfov indicates
the CFOV radius and a the opening angle of an individual pinhole.

Using an AutoCAD script, we proceeded to design a collimator with traditional pinholes.
These pinholes were characterized by opening angles of 22°, calculated via (5.1) to grant
the desired CFOV (12x12x9 mm?3). A total of 108 traditional pinholes were distributed
across six rings to achieve full detector coverage. The pinholes in each ring were evenly
spaced, resulting in uniform angular separation between pinholes.

To evaluate detector coverage, the intersections of the extension of the pinhole cones
with the detector surface were determined. Subsequently, these traditional pinholes were
replaced with clusters of 2x2 twisted pinholes with the same FOV (Fig. 5.4).
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a) b)
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Figure 5.4: Visual representation of the procedure for placing the twisted clusters on the
collimator’s surface. For visualization purposes, symmetric pinholes with shorter lower cones than
in the designed collimator are shown here. Image a) shows a single traditional pinhole, replaced in
b) by a cluster of 2x2 pinholes twisted around their central axis. An iterative process defines the
cluster’s position and degree of twisting. Further adjustments to the amount of twisting and the
placement of clusters are discussed in section 5.3.2

The centers of the TCPs, the shift between clusters within the same ring, and the
amount of twisting, were all fine-tuned through an iterative process. The twisting angle,
indicated by the angle between the pinhole’s axis and the normal to the cluster’s axis, was
calculated via equation A.1. These parameters underwent gradual variation as we visually
examined the geometric projection of the pinholes onto the detector and assessed the
degree of multiplexing (Fig. 5.4b). The latter was calculated by verifying for each detector
pixel center whether it was within the surface defined by a single or multiple pinhole
projection cones.

# pixels within multiple cones
# pixels with non-zero value

Multiplexing [%] = 100 x (5.2)
This allowed to determine a TCP collimator with the same amount of multiplexing as the
CP collimator (~16%).

5.2.2. Collimator comparison

The tradeoff between system resolution and sensitivity for the CP and TCP collimators
placed in the imaging system was evaluated. To ensure a fair analysis, we compared:
(i) sensitivity at equal system resolution, and (ii) system resolution at equal sensitivity.
Meeting these criteria required iterative small adjustments of the TCP pinhole diameter
and amount of cluster’s twisting, resulting in the development of four distinct TCP
designs, two for each radionuclide.

A detailed explanation of the equations used to establish equivalence between CP and
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TCP theoretical system resolutions is provided in the Appendix. This equivalence was
obtained by initially setting the same resolution equivalent diameter d,, (defined in A.5)
for both collimators. The reference d,. values were calculated based on CP specifications,
where d = 0.7 mm and a = 17°, the mean value of the opening angles in CP (16° and
18°). This calculation was performed both for '8F (511 keV) and 89Zr (909 keV), with the
linear attenuation coefficient of the collimator material (u) respectively 0.228 mm™! and
0.135 mm!. The d,. values obtained, d,. (511keV) = 1.15 mm and d,, (909keV) = 1.46
mm, were then used to determine the TCP pinhole diameter by inverting (A.5). The TCP
collimators thus characterized were denoted by “TwistResEq” and their sensitivity was
calculated as explained in section 5.2.3.

To match CP and TCP sensitivity, the TCP pinhole diameters were systematically changed
in steps of 0.001 mm. The final TCP designs for both radionuclides were those resulting in
an average sensitivity over the entire CFOV closest to that of the CP collimator. The
TCP designs obtained through this procedure were called “TwistSensEq”, their system
resolutions were subsequently calculated using (A.2).

5.2.3. Simulation setup and data acquisition process

The data used for the collimator comparison were generated via MC simulations using
GATE v9.0, based on Geant4 version 10.05 [83-85]. The simulations modeled gamma
photon interactions with the detector without tracking their optical transport (bulk and
boundary processes). The behavior of gamma and optical photons was defined utilizing
GATE’s standard electromagnetic list of physical processes (emstandard). The imaging
system and the phantoms used were modelled using GATE primitives.

The simulation setup consisted of the multi-pinhole imaging system equipped with
either the CP or TCP collimator. The parameters of the system’s triangular detector setup
and of the cylindrical collimator were derived from the manufacturer’s specifications.
Accordingly, the detectors’ intrinsic spatial resolution was set to 3.5 mm, while the energy
resolution was 9.0% and 6.7% respectively for 511 keV and 909 keV photons. These values
were implemented in our analysis as we randomized the interaction energy and position
for each event using Gaussian probability distributions characterized by the standard
deviation (o) calculated from the provided resolutions.

These simulations served multiple purposes, including assessing sensitivity over the
CFOV and larger volumes, as well as generating forward projections of a resolution and
uniformity phantom, as described in the following subsections.

Sensitivity phantom scans

The sensitivity data were obtained through simulations involving two distinct phantoms:
an ellipsoidal phantom matching the dimensions of the CFOV (12x12x9 mm? axes), and
an elliptical tube phantom with sizes 24x16x50 mm?3. Additionally, an ellipsoidal volume
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(24x16x9 mm®) was selected from the center of the elliptical tube phantom. Although
the second phantom lacks internal structures resembling mouse anatomy, it was named
the “whole-body mouse-sized phantom” because its shape and dimensions approximate
those of an actual mouse. Consequently, the ellipsoidal volume selected from its center
was referred to as the "mouse-sized phantom thick slice”.

The two phantoms were placed at the center of the collimator and were scanned for
1-hour after being uniformly filled with 2 MBq/mL of '8F or 89Zr. The percentage
sensitivity was then calculated as the ratio between the number of detected photons per
decay and the total number of emissions.

L # detected photons per decay
Sensitivity [%] = 100 x — (5.3)
# emissions

In sensitivity analysis, it is important to acknowledge that not all detected photons
provide equal information content regarding emission position. Typically, photons
undergoing scattering events within the collimator or traversing the pinhole edges offer
lower-quality information compared to those passing directly through pinholes. To
address this, we distinguished sensitivity contributions from photons with different
interaction behavior: those passing directly through the pinholes (direct), those
penetrating the pinhole edges (attenuated), and those scattering within the collimator
material (scattered). This differentiation was achieved by substituting the corresponding
number of detected photons in (5.3). To determine these fractions, we conducted two sets
of simulations, varying only the linear attenuation coefficient of the collimator material.
In the first set, we used the standard tungsten alloy for the collimator. These simulations
were employed to determine the overall sensitivity and the scattered fraction. Scattered
events were identified based on their energies. In the second set, the linear attenuation
coefficient of the collimator was increased by a factor of one thousand compared to
the standard tungsten alloy such that only direct photons would be detected. These
simulations were used to calculate the fraction of direct photons, with the remaining
photons being categorized as attenuated.

The obtained data were used to calculate the average photopeak sensitivity of '®F and
89Z7r by applying a 20% energy acceptance window around the 511 keV and 909 keV
photopeak.

Resolution phantom scans

Image resolution was assessed by simulating a Derenzo phantom assuming a 1-hour
total scan across nine bed positions. These positions were arranged in a 3x3 grid with
adjacent points spaced 6 mm apart in the transaxial plane, while only one axial position
was used [88]. Given the size of the CFOV and the phantom (a cylinder with 20 mm
diameter and 8 mm length) this is a conservatively high number of bed positions. Such a
decision was made to ensure adequate sampling of the object, with every part of the scan
volume covered by the CFOV at least once. The phantom contained six sectors featuring
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cylindrical rods with diameters of 0.90 mm, 0.80 mm, 0.75 mm, 0.70 mm, 0.65 mm, and
0.60 mm. Each rod had a height of 6 mm, and the distance between their centers within
each sector was twice their diameter. The rods were filled with either low or high activity
concentrations, respectively 12 MBq/mL and 190 MBq/mL, of '®F or 89Zr. This allowed to
evaluate performance at different activity levels.

Uniformity phantom scans

To evaluate uniformity, we designed a cylindrical phantom with 14 mm diameter and 6
mm length filled uniformly with 2 MBq/mL of either '®F or 8°Zr. The scan sequence
comprised the same nine bed positions as for the Derenzo phantom, with a total scan
duration of 1 hour.

5.2.4. Image reconstruction

Prior to reconstruction, we applied an energy acceptance window of 20% around the
18F and 89Zr photopeaks, centered respectively at 511 keV and 909 keV. Furthermore,
a triple-energy window scatter correction method was implemented by defining two
side windows adjacent to the photopeak, each having a width of 25% of the photopeak
window’s width [94].

We generated system matrices for each collimator and radionuclide analyzed. These
energy dependent matrices were calculated with a ray-tracer which considers attenuation
in the collimator and detector while it ignores scatter [55]. The system matrices for '8F
and 89Zr were generated using the same tail cutoff (1% [55]) and differ solely due to
the use of different attenuation coefficients in the ray-tracer software for the collimator
and detector. Although the software and hardware were initially designed for 511 keV
gammas, their effectiveness for higher energies, such as the 909 keV prompt gammas
from 89Zr, has been experimentally validated [45]. Images were reconstructed via the
recently developed dual-matrix dual-voxel (DM-DV) pixel-based similarity-regulated
ordered subsets expectation maximization (SROSEM) method [90, 92]. This algorithm
employs two voxel sizes to accelerate reconstruction, with larger voxels used to model
the slowly varying PSF tails and smaller voxels for the central parts of the PSFs. We
defined the central part of the PSF as the part with values down to 20% of its peak value
(modelled with 0.4 mm voxels), while the tails were defined as the part with smaller
values (modelled with 0.8 mm voxels). During backprojection, only the central part of
the PSFs was used. This accelerated photon transported modelling was integrated with
SROSEM, an accelerated ordered subset algorithm that automatically and locally adapts
the number of subsets, with a maximum of 128 subsets [90]. The images obtained
underwent post-filtering using a series of 3D Gaussian filters with different FWHMs. For
the resolution phantom, these FWHMs were the ones optimizing the CNR of selected rod
sectors (the inspected sectors are indicated in the corresponding image captions, and the
filter values are listed in Table A.2). For the uniformity phantom instead, a 1.0 mm filter
was applied.
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5.2.5. Data analysis

Data from the sensitivity, resolution and uniformity phantoms were used to quantitatively
evaluate the TCP and CP collimators’ performance.

A contrast-noise analysis was performed on the unfiltered reconstructed images of the
resolution phantom [177]. To this end, these images were resampled to a fine grid and
circular regions of interest (ROIs) were placed on and in between the rods. The ROIs had
diameters equal to 0.9 times the rod size and were placed on 10 subsequent 0.4 mm slices
of the reconstructed images. By determining the activity in each ROI, we calculated the
contrast (C) in each sector (i) with the following equation:

Crods,i = ﬁ_ : (5.4)

Here h; and ¢; are respectively the mean activity in all ROIs placed on and between the
rods in sector i. Furthermore, the noise in each sector (N;) was calculated:

2 2
Vit
Nrods,i = Tre (5.5)
it Ci

Here 0j,,; and o,; are respectively the standard deviation of the activity in ROIs on and in
between rods. Using (5.4) and (5.5), the contrast to noise ratio (CNR) was calculated and
plotted against the iteration number.

Image uniformity was calculated by placing six circular ROIs with a diameter of 3.0 mm at
five consecutive axial locations (evenly spaced at 0.8 mm intervals) on the reconstructed
unfiltered uniformity phantom images [177]. The average value within the ROIs and the
standard deviation between them, U and o respectively, were measured to quantify the
percentage uniformity.

. . ou
Uniformity [%] = 100 x ? (5.6)

For all the configurations analyzed, the average percentage uniformity calculated over
multiple simulation runs of the same setup was plotted against the number of iterations.

5.2.6. Convergence speed

The number of iterations required for a reconstruction algorithm to converge to the
desired image is influenced by the collimator characteristics. Therefore, to grant a fair
comparison between the different collimators tested we quantified their convergence
speed by calculating small detail contrast and defining an equivalent iteration number



116 5. Twisted clustered pinhole collimation

[92]. This was done by comparing the number of iterations required by each design
to achieve equal contrast for the smallest distinguishable rods filled with '®F and 89zr,
having diameters of 0.65 mm and 0.70 mm respectively. The contrast vs number of
iterations plots of both collimators were then matched by multiplying the TCP collimator
number of iterations by the constant factor that minimized the squared difference
between the contrast curves.

5.3. Results

5.3.1. TCP collimator standard design

Through the design process previously described, we established a standard geometry for
the TCP collimator, serving as a reference for the four different configurations examined
in our analysis. These versions of the TCP collimator differ solely in terms of pinhole
diameters and degree of clusters’ twisting.
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Figure 5.5: Visual comparison of the CP and the standard TCP collimator: a) and b) show the
CP and the standard TCP collimators. The standard TCP collimator differs from those named
TwistSensEq and TwistResEq solely in terms of pinhole diameter. Images c) and d) illustrate
the pinhole projections on the detector surface of one of the three gamma detectors for each
collimator.

The TCP collimator geometry (Fig. 5.5b) contains 108-2x2 twisted clusters of 0.7 mm
diameter pinholes arranged in six rings. Adjacent rings were rotated 4° relative to one
other as this allowed to sample the CFOV with a larger variation in angles. In each ring,
clusters were placed 8° apart. The pinhole centers of the two innermost rings were at
32.3 mm from the collimator center. For the two central and two outermost rings, this
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distance was 34.9 mm and 40.3 mm. After determining these distances, the pinholes
placement on the inner surface was reviewed to prevent any overlap. The resulting
POAs were 10.7°, 9.9° and 8.6° respectively for the two innermost, two central and two
outermost rings. These opening angles appear to be narrower compared to the value
initially indicated in Fig. 5.1 (11°). This is because the latter was calculated by considering
a situation where the cluster was placed exactly at the central axial position of the
cylindrical collimator. As clusters are positioned over several axial locations of the entire
cylindrical collimator surface, their distances from the collimator’s center increase and as
expected from (eq. 5.1) their POAs diminish.

Thanks to these narrower angles, the average air volume of a single TCP cluster (~17.7
cm3) decreased by ~64% compared to a CP cluster (~49.1 cm3). Moreover, despite
the increased total number of clusters (108 vs 48), the twisted design granted a ~19%
reduction in the overall air volume within the collimator due to pinholes, indicating that
more collimator material is present to stop gammas.

This standard TCP geometry resulted in an amount of multiplexing comparable to the
one reached by CP (Fig. 5.5a) with the same pinhole diameter, respectively 16.0% (Fig.
5.5¢) and 15.7% (Fig. 5.5d). Details about axial sampling are provided in the appendix.

5.3.2. Collimator performance comparison

To achieve a system resolution equivalent to that of the CP collimator, which has a 0.7
mm pinhole diameter and an average POA of 17°, the required pinhole diameters for the
TCP design were calculated using equation A.5, assuming an average POA of 9.7°.The
resulting diameters were 0.896 mm for 511 keV and 1.030 mm for 909 keV gammas,
representing an increase from the 0.7 mm pinhole diameter in the previously described
standard TCP design.

Adjusting the standard TCP collimator diameter to these new values affected the CFOV
and the multiplexing, as both parameters increased compared to the values obtained
with the reference twisted design employing 0.7 mm diameter. These issues were
addressed by reducing the amount of twisting (eq A.1) until the CFOV and multiplexing
returned to their original value. Additionally, for the 1.030 mm pinhole design, an overlap
of two clusters on the outer ring was noticed. To prevent that, one of these clusters was
rotated outward by 1° relative to its axis. The TCP designs achieving sensitivity equivalent
to that of CP over the CFOV feature slightly larger pinhole diameters than the standard
TCP design, with diameters of 0.788 mm and 0.725 mm, respectively for '®F and 897r.
No additional adjustments were necessary for these designs since these values did not
impact the CFOV and multiplexing.

The sensitivity performance of the TwistResEq and the TwistSensEq collimators
compared to the CP collimator is summarized in Table 5.1 for the different-sized
sensitivity phantoms.
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18 89 7

Collimator Sens.  Direct Atten. Scatt. Sens. Direct Atten. Scatt.
CFOV (12x12x9 mm®)

Ccp 0.32% 25.8% 655% 8.7% 0.17% 125% 83.0% 4.5%

TwistSensEq  0.32%  41.1% 50.0% 8.9% 0.17% 14.9% 80.9% 4.2%
TwistResEq 0.37% 46.0% 44.6% 9.4% 0.22% 242% 721% 3.7%

Mouse-sized phantom thick slice (24x 16x 9 mn)

Ccp 0.23% 251% 63.7% 11.2% 0.14% 10.3% 84.7% 5.0%
TwistSensEq  0.22%  37.7% 50.4% 11.9% 0.13% 11.7% 83.5% 4.8%
TwistResEq 0.26%  42.8% 459% 113% 0.18% 193% 763% 4.4%

Mouse-sized phantom (24x 16x 50 mn)

Ccp 0.096% 18.1% 61.4% 20.5% 0.097% 4.4% 89.0% 6.6%
TwistSensEq  0.087% 27.2% 51.9% 20.9% 0.091% 5.0% 88.0% 7.0%
TwistResEq 0.10% 31.5% 493% 192% 0.11% 8.9% 84.7% 6.4%

Table 5.1: Sensitivity (Sens.) and fraction of direct, attenuated (Atten.), and scattered (Scatt.)
photons for the CP, TwistSensEq and TwistResEq collimators. Results were calculated over the
CFOV, over a slice of the whole-body mouse-sized phantom, and over the whole-body mouse-sized
phantom.

For the average sensitivity over the CFOV, the values achieved with the TwistResEq
showed an increase of 15.6% and 29.4% for '8F and 89Zr respectively, compared to the CP
collimator. Furthermore, results indicate that most of the photons detected within the
photopeak traversed the pinhole edges (denoted by ‘attenuated’ in Table 5.1), rather than
passing directly though the pinhole opening. Nonetheless, TCP demonstrated a higher
relative number of photons going directly through the pinhole compared to CP; while for
CP only 25.8% and 12.5% of the photons passed directly through the hole for '®F and 89Zr
respectively, these percentages increased to 46.0% and 24.2% for the TwistResEq, and to
41.1% and 14.9% for the TwistSensEq. This increased fraction of direct photons came at
the expense of attenuated photons, as the relative amount of pinhole scatter remained
similar across different designs.

Evaluating the sensitivity over the larger mouse-sized phantom, the TwistResEq still
granted noticeable improvement compared to the CP collimator. Specifically, within the
selected confined region of this phantom, sensitivities increased by 13.0% for '8F and
by 28.6% for 89Zr. When considering the entire mouse-sized phantom volume instead,
smaller improvement of 4.2% and 13.4% were observed.

On the other hand, the TwistSensEq sensitivity results indicated a slight performance
degradation compared to CP. Over the selected volume region, this sensitivity reduction
was of 4.3% and 7.1% for '®F and 89Zr respectively, whereas over the entire phantom
volume it was of 9.4% and 6.2%.
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The trends observed for direct, attenuated, and scattered fractions of photons exhibited
behaviors consistent with those described for the CFOV. The fractions of direct photons
observed over a region of the whole-body phantom with the CP collimator were 25.1%
and 10.3% respectively for '8F and 89Zr. These values increased to 42.8% and 19.3%
with the TwistResEq, and to 37.7% and 11.7% with the TwistSensEq. Similarly, for the
whole-body phantom CP achieved a relative number of direct photons of 18.1% for '®F
and 4.4% for 8Zr, which improved to 31.5% and 8.9% with the TwistResEq, and to 27.2%
and 5.0% with the TwistSensEq.

The system resolution (SR), pinhole diameter (d) and effective diameter (d,.) of the
collimators tested are provided in Table 5.2.

IBF 89Zr

Collimator SR [mm] d[mm] d,,[mm] SR[mm] d[mm] d,, [mm]

Cp 1.52 0.70 1.15 1.86 0.70 1.46
TwistSensEq 1.42 0.79 1.05 1.53 0.73 1.16
TwistResEq 1.52 0.90 1.15 1.86 1.03 1.46

Table 5.2: System resolution, pinhole diameter and effective diameter for the CP, TwistSensEq and
TwistResEq collimators.

The TwistSensEq designs improved system resolution by 6.6% and 17.7% for 'F and 9Zr,
respectively, in comparison to the other analyzed collimators.

5.3.3. Equivalentiteration number

Contrast vs. iteration number curves for 0.65 mm ('®F) and 0.70 mm (39Zr) rods in the
Derenzo phantom were used to establish equivalent iteration numbers for different
collimator types.

Our findings revealed that collimator designs with matched system resolutions converged
at comparable speed. Therefore, images obtained with the TwistResEq and the CP
collimators were compared at equal iteration number both for '8F and 897r.

On the other hand, when matching sensitivity, images obtained by the TCP collimator
converged faster than those obtained with CP for both radionuclides analyzed. It was
determined that 1 CP iteration is equivalent to 1.62 TwistSensEq iterations for 'F, while
for 89Zr 1 CP iteration corresponds to 3.00 TwistSensEq iterations (Fig. A.1).
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5.3.4. Resolution phantom simulations

Reconstructed images of the resolution phantom filled with 12 MBq/mL or 190 MBq/mL
of 18F are shown in Fig. 5.6 for different numbers of (equivalent) iterations.
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Figure 5.6: Resolution phantom images obtained with the CP and TCP collimators for 18E Rods
with diameters of 0.90 mm, 0.80 mm, 0.75 mm, 0.70 mm, 0.65 mm, and 0.60 mm were filled with
low (12 MBq/mL) or high (190 MBq/mL) activity. Based on the convergence speed analysis, images
were compared at the same iteration number for collimators with matching system resolution, and
at equivalent iteration numbers (Equiv. it.) for collimators with matching sensitivity. Images were
post-filtered with the 3D Gaussian filters that optimized the CNR for 0.70 mm and 0.65 mm
rods for both low and high activity results. The images shown were obtained by summing ten
consecutive slices at the center of the phantom, resulting in a final image slice thickness of 4 mm.

A visual inspection of the results achieved with the TwistResEq and CP collimators
indicates comparable performance, as for both configurations the smallest
distinguishable rods have 0.70 mm diameter at low activity and 0.65 mm diameter
at high activity. Images reconstructed with the TwistSensEq demonstrate equivalent
performance to those obtained with other collimators at low activity levels. However, at
higher activity levels, the TwistSensEq shows moderate improvement, with rods of 0.60
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mm becoming more easily identifiable at 60 and 190 iterations. This can be seen in
Fig. 5.8, which displays profiles of the smallest distinguishable rod sectors extracted from
the resolution phantom images at the highest shown iteration number: 190 for CP and
TwistResEq, and 117 for TwistSensEq.

Fig. 5.7 shows the images of the resolution phantom filled with 12 MBq/mL or 190
MBq/mL of 897y for different numbers of (equivalent) iterations.
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Figure 5.7: Resolution phantom images obtained with the CP and TCP collimators for 39Zr. The
rod diameters and activity levels are identical to those described in the caption of Fig. 5.6. Based
on the convergence speed analysis, images were compared at the same iteration number for
collimators with matching system resolution, and at equivalent iteration (Equiv. it.) numbers for
collimators with matching sensitivity. Images were post-filtered with the 3D Gaussian filters that
optimized the CNR for 0.75 mm and 0.70 mm rods for low and high activity results. The images
shown were obtained by summing ten consecutive slices at the center of the phantom, resulting in
a final image slice thickness of 4 mm.

At low activity, the TwistResEq shows superior performance compared to the CP design,
as the former could resolve rods of 0.80 mm diameter, while the latter could discern
rods of 0.90 mm. Performance of these two collimators is comparable at high activity,
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with the 0.70 mm rods section being the smallest distinguishable for both collimators.
Upon evaluation of images reconstructed with the TwistSensEq, an overall improvement
in performance relative to the CP and TwistResEq collimators can be noticed. The
TwistSensEq design could distinguish rods of 0.80 mm and 0.60 mm diameter respectively
at low and high activity (Fig. 5.8).
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Figure 5.8: Profiles from resolution phantom images with high-activity levels of 18F and 89Zr,
taken from Figures 5.6 and 5.7. Analysis used the highest iteration numbers: 190 for CP/TwistResEq
and 117 (18F) or 63 (897r) for TwistSensEq. Profile positions (red lines in c) correspond to the 0.60
mm (}8F) and 0.65 mm (8°Zr) rod sectors.

5.3.5. Contrast and CNR analysis results

In addition to the visual comparison, a contrast-noise analysis was performed on
the reconstructed resolution phantom images with results shown in Fig. 5.9 and
tables A.3, A.4.

a) Mean CNR*%F — Low Activity ~ b) Mean CNR *F — High Activity

5| ——CP |
x  alf —— TwistReskq ||
& & —+ TwistSenskq
c c 3 1
g Joh
= s2]
1f
ok - - " - 0 L - — - ~l
0 50 100 150 200 0 50 100 150 200
Equivalent iteration Equivalent iteration

©) Mean CNR®9Zr — Low Activity d) Mean CNR #Zr — High Activity
4t |

e)

-
w

Py

Mean CNR

=}
n =

‘ (

Mean CNR
=N

=
O =

50 100 150 200 ] 50 100 150 200
Equivalent iteration Equivalent iteration

Figure 5.9: Mean CNRs of all collimators, averaged over visible rod sectors and selected hot/cold
regions, plotted against the number of equivalent iterations.
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Fig. 5.9 shows the average (over all visible rod sectors) CNR plotted against the equivalent
number of iterations for all collimators, both for '8F and #9Zr. Overall, the TwistSensEq
collimator granted a noticeable CNR improvement over the CP collimator for both 18F
and 89Zr. On the other hand, the TwistResEq has shown only a moderate (negligible for
18F) performance increase. Results per rod sector are provided in table A.3, A.4 in the
appendix.

5.3.6. Image uniformity

Reconstructed images of the uniformity phantom filled with 2 MBq/mL of either '®F or
897r are shown in Fig. 5.10.
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Figure 5.10: Images of the uniform phantom reconstructed using CP and TCP collimators. Based
on the convergence speed analysis, images were compared at the same iteration number for
collimators with matching system resolution, and at equivalent iteration numbers (Equiv. it.) for
collimators with matching sensitivity. Images shown were post-filtered with a 3D Gaussian filter
having a FWHM of 1 mm. The images shown were obtained by summing ten consecutive slices at
the center of the phantom, resulting in a final image slice thickness of 4 mm.
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These images were used to calculate the percentage image uniformity following the
methodology described in the data analysis section. Results of this calculation were
plotted against the equivalent number of iterations as illustrated in Fig. 5.11.
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Figure 5.11: Average percentage uniformity of the collimators simulated for '8F (left) and 89zr
(right). Results were plotted against the equivalent number of iterations.

For 18F the TwistResEq and the CP collimator achieved similar results, while the
TwistSensEq shows an 18.3% performance deficit compared to them. For 89Zr, both
twisted collimators converged to a more uniform result compared to the CP design, with
an improvement of 10.4% for TwistResEq and of 20.1% for TwistSensEq.

5.4. Discussion

We presented the findings of a MC simulation study in which we investigated the
implementation of narrower POA cones in a CP collimator with the aim to reduce pinhole
edge penetration, a factor that degrades image resolution of multi-pinhole imaging
systems for high-energy radionuclides. To this end, we introduced a novel pinhole
arrangement for the CP collimator, wherein individual pinholes are twisted around their
cluster central axis. This new design allows to reduce POAs compared to the current
CP design while maintaining the same CFOV. Comparative assessments of sensitivity,
image resolution and uniformity between the TCP and CP collimators were conducted
for high-energy gamma imaging of '8F and 89Zr. Results are presented in Figs. 5.6 - 5.11
and tables 5.1 and 5.2.

The analysis of average sensitivity results over the CFOV showed that the TCP collimator
achieved sensitivities of 0.37% and 0.22% respectively for '®F and 8Zr. These values
indicate improvements of 15.6% and 29.4% over those attainable with the CP collimator
at the same system resolution. For larger volumes, sensitivity at equal system resolution
is still better for TCP compared to CP, but improvements are smaller. These results
demonstrate that TCP designs are more focused towards the CFOV and thus have the
largest benefit for focused organ or tumor imaging. Nevertheless, it should be stressed
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that sensitivity alone does not determine image quality. Rather, it’s the combination of
sensitivity and the information content per detected photon that regulates the attainable
level of image detail. In this context, the TwistResEq and TwistSensEq collimators
significantly increase the fraction of direct photons reaching the detector compared to
the CP collimator across all analyzed phantoms. Specifically, for the TwistResEq this
fraction increased by 78.3% and 93.6% for '®F and 8°Zr at the CFOV, by 70.7% and 87.4%
when analyzing a portion of the whole-body phantom, and by 74.0% and 102.3% when
considering the entire volume of the mouse-sized phantom (table 5.1). This may be
advantageous since these direct photons are expected to carry more precise information
about the emission locations compared to photons that penetrated the pinhole edges.
However, quantitively estimating the impact of such improvement on image quality
is complex. Regarding the sensitivity differences observed between the '®F and 9Zr
simulations, these are influenced by two opposing factors. On one hand, the detector has
lower sensitivity for 8Zr high energy gammas. On the other hand, these gammas emitted
by 89Zr are more likely to penetrate the collimator material. This effect is amplified in
larger phantoms, where regions outside the CFOV are covered by fewer clusters, or
sometimes not covered at all. As a result, the sensitivity for 8Zr in larger phantoms
becomes closer to that of 18E

Results of the system resolution analysis indicate a moderate advantage for the TCP over
the CP collimator (table 5.2). Matching the CP system resolution with the TwistResEq
design yielded visually equal images for both activity levels of '®F and 89Zr except for the
images obtained for the low activity 89Zr distribution, where slightly better results were
observed for the TwistResEq collimator, resolving 0.80 mm diameter rods compared to
the 0.90 mm of CP (Fig. 5.7). Such improvement may be attributed to the increased
fraction of direct photons detected by the twisted design (table 5.1). The TwistSensEq
design instead outperformed the CP for both radionuclides analyzed, improving system
resolution by 6.6% and 17.7% for 8F and 8°Zr respectively. Regarding image resolution,
for '8F both collimators performed equally at low activity levels (Fig. 5.6) resolving 0.70
mm diameter rods, but at high activity the TwistSensEq distinguished 0.60 mm diameter
rods compared to the 0.65 mm ones solved by the CP. For 897r, the TwistSensEq discerned
0.80 mm and 0.65 mm rods at low and high activity levels, respectively, compared to the
CP’s 0.90 mm and 0.75 mm rods (Fig. 5.7). Resolving sectors containing small rods (<
0.80 mm) filled with low activity of 8°Zr proved to be challenging for every collimator
design tested. Overall, the TwistSensEq granted the best results for both radionuclides.
Additionally, although a specific analysis of partial volume effect was not included in this
work, we partially correct for it in the reconstruction through PSF modeling, and its
influence can be observed in the reconstructed resolution phantom images (Figs. 5.6 and
5.7).

The CNR analysis indicated an increase in performance with the twisted designs (Fig. 5.9).
For '®F, CNR results obtained with the TwistSensEq design surpassed those of the CP and
TwistResEq collimators at both low and high activity levels (Fig. 5.9a, 5.9b and tables A.3,
A.4). Such an increase aligns with the expectations, considering the slightly improved
system resolution achieved by the TwistSensEq design (table 5.2). For 89Zr (Fig. 5.9c,
5.9d), the twisted designs granted moderately better CNR performance than CP across
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both activity levels, with the TwistSensEq exhibiting the highest CNR values among the
three collimators (tables A.3, A.4).

In the assessment of image uniformity, twisted collimators obtained slightly more
uniform images for both radionuclides. Although visually inspecting the reconstructed
uniform phantom images (Fig. 5.10) may not readily convey these differences, they
become evident upon examination of the uniformity trend plots (Fig. 5.11). In this case
the TwistResEq granted the best results, with comparable performance for '®F and a
10.4% improvement for 8°Zr. For the TwistSensEq instead, performance resulted to be
degraded of 18.3% for '®E while an improvement of 20.1% was observed for 8Zr.

It is important to note that the imaging system simulated uses a 9.5 mm thick scintillator,
which is not optimal for detecting the high-energy 511 keV or 909 keV prompt gammas.
Previous research [107] indicated that increasing the scintillator’s thickness to 19 mm
or 40 mm roughly doubles or quadruples detection efficiency for 511 keV gammas
(from ~12% to ~27% or ~53%). A similar improvement can be expected for 909 keV
gammas. However, since our goal was to compare collimator performance, we used the
most commonly available detector configuration, which typically employs 9.5 mm thick
crystals, although 19 mm crystal thickness is also available.

In this work, we analyzed a 2x2 cluster, though larger clusters (e.g., 3x3) are theoretically
possible. While these could provide more pinholes with narrower angles, they would
increase system complexity. The higher number of pinhole projections would complicate
calibration, and manufacturing may become more challenging due to the higher
precision required for smaller pinholes. Therefore, in this work we focused on a 2x2
cluster, with the potential for exploring larger clusters in the future.

5.5. Conclusion

We introduced an improved arrangement of pinholes for the CP collimator, aimed at
further mitigating the adverse effects of pinhole penetration in high-energy SPECT
imaging. To this end, we presented a collimator characterized by clusters of 2x2 pinholes
twisted around the cluster’s axis, termed TCP collimator. Employing this novel collimator
on a multi-pinhole preclinical scanner, we compared its performance to that of
traditional CP collimators. Simulations indicate that the TCP collimator offers improved
sensitivity and system resolution compared to the CP collimator. Image uniformity
resulted to be equivalent for '®E while for 89Zr TCP granted a noticeable improvement.
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Appendix
Twisting angle

o oy
Twisting angle = e (A.1)
Here 6 is the angle between the CFOV axis and the three-dimensional distance between
the pinhole and the CFOV center; y is an arbitrarily defined value expressed in degrees
determining the rotation intensity, and @ is the angle between the CFOV axis and the
pinhole center radius.

Matching system resolution

The system resolution was calculated as:

\2
SR = (&) + R? (A.2)

M coll

Here R; indicates the detector’s intrinsic spatial resolution, R.,;; the collimator’s
geometric resolution, and M the magnification factor, defined as:

M=- (A.3)

Here b is the average distance from the detector to the pinhole centers (~178 mm), and /
the average distance from the object to the pinhole centers (~34 mm). Its value was
calculated to be ~5.2 for all the designs analyzed. The term R.,;; is dependent on the
collimator’s geometry according to the following equation:

b+ l)
(A.4)

Reon = dre (T

where d;. is the resolution effective diameter. The parameter d,, can be calculated by
[178, 179]:

In(2)-tan (<
re:m%ﬁm(z) A5)

Here d is the pinhole diameter and p is the linear attenuation coefficient of the collimator
material [180]. Since the collimators tested feature multiple POAs depending on their
distance from the collimator’s center, a used in the system resolution calculation was
assumed to be their average.
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Convergence speed
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Figure A.1: Comparison of convergence speed of CP and TCP collimators. Contrast of both designs
was plotted against the number of equivalent iterations. Rods of 0.65 mm and 0.70 mm diameter
were considered respectively for 18R (a) and 89Zr (b). The equivalence factor indicates the relation
between CP and TCP number of iterations. Collimator designs with equivalent system resolution
converged at comparable speed, therefore no equivalence factor was required. For TwistSensEq
instead, it was calculated that 1 CP iteration equates to 1.62 TwistSensEq iterations for 18F (a),
while for 89Zr 1 CP iteration corresponds to 3.00 TwistSensEq iterations (b).

Simulation data

Phantom 18 £ emitted photons %° Zr emitted photons
Sensitivity CFOV 9.8 x 10° 7.0x10°
Sensitivity Mouse 2.2x 101 1.6 x 101!

Resolution LA 3.1x10" 3.3x 10"
Resolution HA 4.9x1013 5.2x1013
Uniformity 1.3x 100 9.5 x 10°

Table A.1: Number of photons emitted from the phantoms used in our simulations.
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Gaussian filtering

18F 89Zr

15it. 60 it. 190it. 15it. 60 it. 190 it.

Collimator - Activity ~ [mm] [mm] [mm] [mm] [mm] [mm]
CP-LA 0.60 0.70 0.75 0.15 0.60 0.65
CP-HA 0.45 0.70 0.75 0.15 0.55 0.65
TwistResEq - LA 0.65 0.75 0.75 0.20 0.55 0.60
TwistResEq - HA 0.45 0.70 0.70 0.15 0.65 0.70

9Eq.it. 37Eq.it. 117Eq.it. 5Eq.it. 20Eq.it. 63Egq.it.

[mm] [mm] [mm] [mm] [mm] [mm]
TwistSensEq - LA 0.70 0.75 0.80 0.15 0.60 0.65
TwistSensEq - HA 0.45 0.65 0.70 0.15 0.60 0.70

Table A.2: FWHMs in mm used for the 3D Gaussian post-filtering applied to the reconstructed
images in Figures 5.6 and 5.7.

CNR data

CNR8F CNR®Zr
d [mm] cp TwistResEq TwistSensEq cp TwistResEq TwistSensEq

0.60 0.20+0.13 0.48+0.05 0.44+0.12 0.03+0.14 0.08+0.10 0.04 £ 0.20
0.65 0.64 £0.02 0.58 + 0.08 0.69+0.08 0.06+0.20 0.15+0.09 0.27 £ 0.10
0.70 1.74£0.16 1.55+0.07 2.10£0.14 0.50+0.08 0.37+0.13 0.69 £ 0.02
0.75 2.28+0.21 2.20+0.06 245+022 048+£0.13 0.59+0.11 0.75 £ 0.36
0.80 3.13£0.21 3.63+0.20 3.17+£0.05 0.80+0.17 1.17+0.19 1.36 £ 0.20
0.90 4.04+£040 4.93+0.45 4.54 £ 0.54 1.69£0.16 2.33 £0.04 2.31+£0.28

Table A.3: Highest CNR values and their standard deviation obtained at low activity (12 MBq/ml)
by the collimator designs tested for each sector.

CNR'®F CNR®Zr
d [mm] cp TwistResEq TwistSensEq CP TwistResEq TwistSensEq

0.60 1.42+0.13 1.24+0.07 1.62+0.09 0.17+£0.16 0.55+0.09 0.76 £ 0.13
0.65 1.82+£0.04 1.91+0.06 246+0.16 0.41+0.04 0.77+0.09 1.21 £0.16
0.70 4.79+0.53 3.88+0.10 5.14 £ 0.31 1.68 £0.37 1.54+0.11 2.31+£0.24
0.75 548+0.11 5.15+0.23 5.64+035 226+078 2.30+£0.32 3.34 £ 0.36
0.80 6.66 + 0.44 7.28 £0.18 8.23+£0.23 3.43+0.24 4.13+0.32 4.58 £0.25
0.90 8.89+0.60 8.62+0.35 9.05+0.23 539+061 6.26+0.25 6.78 £ 0.68

Table A.4: Highest CNR values and their standard deviation obtained at high activity (190 MBq/ml)
by the collimator designs tested for each sector.
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lustered pinhole (CP) collimation currently supports sub-mm resolution imaging

up to ~1 MeV, enabling SPECT of alpha and beta emitters with gamma emissions,
simultaneous multi-isotope PET and PET/SPECT, and positron range-free PET. Nonetheless,
increasing sensitivity in the original CP designs by enlarging pinhole diameters is limited,
as the resulting pinhole opening cones would overlap.
To address this limitation, the use of Super-Cluster (SC) collimation was evaluated in a
simulation study. Two SC designs were assessed: a standard configuration (SC-ST) offering
a resolution-sensitivity trade-off similar to CP and a high-sensitivity variant (SC-HS) with
larger pinhole diameters to enhance sensitivity. Their performance was compared to CP
collimation for '8F at concentrations of 1.0 MBg/ml, 0.1 MBq/ml, 0.05 MBq/ml and %°Zr at
2.0 MBg/ml, 0.2 MBg/ml, 0.1 MBq/ml, evaluating sensitivity, image resolution, recovery
coefficients, and uniformity.
CP and SC-ST showed comparable sensitivity and image resolution. Both resolved '®F rods
of 0.9 mm, 1.4 mm, and 1.8 mm at 1.0 MBg/ml, 0.1 MBq/ml, and 0.05 MBq/ml, respectively.
For 87z, rods down to 1.0 mm and 1.6 mm were resolved at 2.0 MBg/ml and 0.2 MBg/ml,
but none at 0.1 MBg/ml. Compared to CP and SC-ST, SC-HS increased sensitivity threefold
for '8F and twofold for 8°Zr. At the highest activity, SC-HS showed slightly reduced
resolution for 18F (1.0 mm) and similar for 8 Zr (1.0 mm). However; it clearly outperformed
both other collimators at lower activities, resolving '®F rods of 1.2 mm and 1.4 mm at 0.1
MBg/ml and 0.05 MBq/ml, respectively, and % Zr rods of 1.4 mm and 1.6 mm at 0.2 MBg/ml
and 0.1 MBg/ml. Additionally, SC-HS showed superior contrast recovery. Image uniformity
remained consistent across all collimators, confirming effective angular sampling.
The new SC geometry enables high-sensitivity collimation for high gamma energies,
improving image quality at low activities. These results demonstrate SC collimation’s
strong potential for sensitivity-critical applications.

6.1. Introduction

State-of-the-art preclinical SPECT plays a pivotal role in advancing basic research
and developing new diagnostic and therapeutic applications [15, 16, 181]. It provides
invaluable insight into biological processes as it enables in vivo imaging and
quantification of radiotracer biodistribution with spatial resolutions down to a quarter
of a millimeter [28]. To achieve such high spatial resolution, these SPECT systems
commonly use multi-pinhole collimators [36] combined with high image magnification
to significantly reduce the impact of limited detector intrinsic resolution [35].

Although offering promising performance, earlier SPECT systems had limited
applicability, as they were typically designed to operate within the gamma energy range
of approximately 25-350 keV, which encompasses several commonly used radionuclides,
such as 12°T (27-35 keV), %™Tc (140 keV), MIn (171 and 245 keV), 2°1T1 (69-83 and
167 keV), and 57Ga (93-300 keV). While higher-energy emitters such as '*'I (364 keV)
could in principle be imaged with conventional SPECT systems, the resulting image
quality and resolution were generally suboptimal. In response to this limitation, over the
past decade our group, in collaboration with the company MILabs B.V,, has worked to
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significantly extend the maximum gamma energy [48]. These efforts culminated in the
development of the VECTor (Versatile Emission Computed Tomography) scanner [40],
which has demonstrated sub-mm resolution for both SPECT and PET imaging at energies
up to 1 MeV in experimental studies [45], and recently has been investigated through
simulations for even higher energies [30]. This high-energy performance was enabled by
the integration of Clustered Pinhole (CP) technology into the system [49].

The capabilities of CP collimation have sparked growing interest in imaging radionuclides
with complex spectra and/or high-energy gamma emissions [42, 145, 182]. For instance,
accurate determination of the biodistribution of 2°°At, which together with !! At forms
a promising theranostic pair for targeted alpha therapy, has been demonstrated with
high spatial and temporal resolution [43, 183]. For 213Bj and 1311, both important for
existing and emerging therapeutic approaches, image resolutions of 0.75 mm and 0.60
mm have been achieved using their 440 keV and 364 keV gamma emissions, respectively
[46, 47]. In addition to imaging therapeutic radionuclides, VECTor can also utilize prompt
gamma emissions from positron-emitting nuclei, effectively eliminating blurring caused
by positron range. The use of these prompt gammas resulted in image resolutions of 0.75
mm for 8Zr and 1241, based on their 909 keV and 603 keV emissions, respectively [45],
and enabled the development of many new multi-isotope PET protocols.

While these high-resolution imaging results are promising, translating this performance
to a broader range of theranostic isotopes remains challenging. Many of these isotopes
are characterized by high-energy emissions and low administered activity, requiring
collimators that combine effective high-energy performance with higher sensitivity
than current CP designs provide to ensure high-quality images. Additionally, enhanced
sensitivity reduces statistical noise and enables in vivo imaging at lower activity levels or
at shorter scan times, which in turn facilitates the development of new tracers, lowers
isotope costs and allows for faster dynamic imaging, making it possible to capture rapid
biological processes [184].

A straightforward approach to achieve higher sensitivity is to enlarge the size of the
pinhole apertures, modulating the resolution-sensitivity trade-off. In a previous work
we developed and validated an ultra-high-sensitivity collimator with 2.0 mm conical
pinholes that achieved a 1.3% peak sensitivity for %™ Tc while maintaining sub-mm
resolution [185]. However, this design was optimized for standard SPECT isotopes with
typical low energy gamma emissions (< 350 keV [186, 187]) and is not suitable for
higher-energy applications for which CP technology is required. Nonetheless, as we
demonstrate in this work, the clustered configuration of CP introduces geometrical
constraints that limit design flexibility. In particular, enlarging the pinhole diameter in
this design causes significant overlap between pinhole cones, increasing the chance of
unwanted collimator penetration.

To overcome this challenge and enhance sensitivity for high-energy imaging, a
Super-Cluster (SC) geometry was introduced [70]. Similar to CP collimation, the SC
design uses small opening-angle pinholes to reduce edge penetration. However, it
samples the same central area (central field-of-view, CFOV) through a fundamentally
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different pinhole arrangement. In each ring, the pinholes are arranged in a fan-like
pattern with offsets between them, forming what is known as a supercluster. This results
in a more uniform pinhole distribution across the collimator surface compared to the CP
approach. SC collimators currently offer a range of resolution-sensitivity trade-offs, with
the ultra-high sensitivity version (ultra-HS) achieving up to 17.0% sensitivity for '8F when
paired with a 19 mm thick scintillation crystal [61, 110].

This paper for the first time presents the underlying principles of the SC geometry [70] in
detail and evaluates its performance against conventional CP collimation. To this end, a
simulation approach was chosen, as it enables a controlled comparison between the two
designs. Accordingly, two SC-based collimators were designed and assessed using Monte
Carlo (MC) simulations. The first design, termed “Super-Cluster Standard,” maintains
the same resolution-sensitivity trade-off as CP and was developed to confirm that the
SC sampling approach does not introduce artifacts. The second design, “Super-Cluster
High-Sensitivity”, demonstrates how the SC geometry can easily achieve higher sensitivity
through a simple increase in pinhole diameter. Sensitivity, image resolution, recovery
coefficient (RC), and uniformity were evaluated for both collimator types using two
commonly employed positron-emitting radiotracers in nuclear medicine, '®F [188-190]
and 89Zr [191-193], at different activity concentrations.

6.2. Materials and Methods

6.2.1. Imaging system

Collimators in this MC simulation study were modeled as part of a VECTor imaging
system [40], which features three PMT-based large-area monolithic Nal(Tl) scintillation
detectors, each measuring 590x470x9.5 mm?, arranged in a stationary triangular layout.

Existing collimators used on this PET/SPECT system feature focusing pinhole geometries,
where the pinholes sample a common CFOV, ensuring that complete data can be
obtained within this region. This design enables imaging of objects or organs within the
CFOV without requiring movement of the object. For larger subjects, such as whole-body
animal scans, bed translation is required to grant adequate sampling. Images are then
reconstructed using projection data from all bed positions belonging to one time frame
simultaneously [82].

For standard pinhole collimators, data completeness within the CFOV is achieved by
ensuring that each pinhole in the cylindrical collimator covers a FOV that always includes
the entire CFOV. For CP, each cluster of four pinholes rather than every individual pinhole
views the CFOV, as will be discussed in more detail below. For the SC collimators, an
alternative sampling strategy was adopted, which is likewise detailed in the subsequent
sections.
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CP collimator design and geometrical constraints

The CP collimator simulated is modelled closely after the existing experimental
collimator. It is constructed from a rather easily machinable tungsten alloy containing
97.0% tungsten, 1.5% nickel, and 1.5% iron (alloy density 18.5 g/cm?®) with a cylindrical
shape and inner and outer radii of 24 mm and 67 mm, respectively [48]. This design’s wall
thickness ensures that only 0.005% of 511 keV gammas and 0.3% of 909 keV gammas can
pass through the solid wall perpendicularly, with the probability decreasing at oblique
angles due to the increased material thickness encountered. The effectiveness of this
wall thickness for both 511 keV and 909 keV gammas has also been experimentally
demonstrated [40, 45].

The pinholes are asymmetrically located within the collimator wall, with their centers at a
radius of 32 mm. This setup enables significant pinhole magnification factors while still
employing the thick collimator walls necessary for high-energy gamma imaging. High
pinhole magnification is crucial for achieving high-resolution imaging, as it offsets the
limited intrinsic resolution of the gamma detector, which is ~3.5 mm in this case. The
pinholes, each measuring 0.7 mm in diameter, are organized into 48 clusters of 2 by 2
individual pinholes distributed across four rings. Of the total 192 pinholes, 162 are used
for image reconstruction, while the remaining are excluded because their projections
fall into the gaps between the three detectors. Each cluster is designed to sample the
same FOV as a traditional pinhole, while incorporating narrower individual pinhole
opening angles (POA) of 18° in the inner rings and 16° in the outer rings to reduce edge
penetration effects that degrade image resolution [39, 48, 49]. These angles also ensure a
good fit of the elliptical pinhole projections over the detector surface [176].

For traditional pinholes, adjusting their diameter offers a straightforward way to
modulate the resolution-sensitivity trade-off. In contrast, CP offers less flexibility in this
regard, as the close spacing of pinholes within each cluster limits diameter increases,
since larger sizes lead to overlapping pinhole cones (Fig. 6.1a, b).
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Super-Cluster collimator design

To address this limitation, the SC collimator uses an alternative geometry which will
be described here. In this design, each ring comprises two sub-rings of evenly spaced
pinholes (Fig. 6.1).

CFOV Sampling CFOV Sampling

o

Non-Uniform Pinhole
Distribution

Non-Uniform Pinhole
Distribution

No Pinholes Overlap Pinholes Overlap

CFOV Sampling CFOV Sampling

Uniform Pinhole
Distribution

Uniform Pinhole
Distribution

No Pinholes Overlap No Pinholes Overlap

Figure 6.1: Illustration of CP (top) and SC (bottom) collimator ring geometries. Panels show the
sampling of the CFOV (light blue circle) and the pinhole distributions. In CP configuration (a and
b), within a ring pinholes are arranged less regularly due to the clustered design: pinholes within a
cluster are closely spaced, while those from different clusters are more widely separated. This
arrangement can lead to physical overlap when the pinhole diameter is increased, for example
from 0.7 mm (a) to 2.0 mm (b). In contrast, the SC configuration (c and d) features a more uniform
layout, with all pinholes evenly spaced. This regularity allows for an increase in pinhole diameter,
in this case from 0.7 mm (c) to 2.0 mm (d), without encountering geometric constraints w.r.t. cone
overlap.

As in CP design, a single pinhole cannot fully sample the CFOV due to the narrow POA.
Instead, complete sampling of the elliptical CFOV is achieved by each full sub-ring, where
pinholes are arranged in a fan-like pattern and collectively form a unified supercluster
[70]. To enable this full coverage, each pinhole in a sub-ring is offset in the same direction
and oriented to view a specific portion of the CFOV, with its sampled region illustrated by
a projection cone shown as a shaded area in figure 6.1c and 6.1d. This offset configuration
ensures that each projection covers a neighboring but distinct area of the CFOV. As a
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result, moving counterclockwise along the sub-ring, the right-hand edge of each pinhole’s
coverage is progressively surpassed by that of the next, gradually expanding the overall
sampled area of the CFOV. This systematic offset continues until the combined pinhole
projections completely cover the CFOV. The second sub-ring follows the same principle,
with its pinholes offset progressively expanding the sampled area of the CFOV when
moving clockwise along the sub-ring (Fig. 6.2).

Sub-Ring 1: Counterclockwise CFOV Offset Sampling

Pinhole 1 Pinhole 2 Pinhole 3

Sub-Ring 2 : Clockwise CFOV Offset Sampling

Pinhole 1 Pinhole 2 Pinhole 3

Figure 6.2: Illustration of the opposing orientation of pinholes in adjacent rings within the SC
configuration. The sampling of the CFOV (light blue circle), both individually and collectively
achieved by the pinholes, is shown through their shaded projection cones.

This design offers a straightforward solution to the limitations of CP collimator
encountered when increasing pinhole diameter, providing a simpler and more flexible
configuration with pinholes more evenly distributed across the collimator surface.
Moreover, it is capable of maintaining narrow pinhole opening angles, such as those used
in CP, which are necessary to minimize edge penetration effects.

Although the overall geometry differs substantially, several parameters were kept
consistent with CP collimators to ensure a fair comparison and enable identical imaging
studies that isolate the impact of the new design. Specifically, the material composition,
CFOV size, degree of pinhole multiplexing on the detector, the inner and outer radii of the
collimator, and the radius of the pinhole centers were maintained. Adjustments were
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made to the number of pinholes, their opening angles and diameters, to achieve the
desired performance.

Building on this controlled comparison, two distinct SC collimator designs were
developed to explore different aspects of its performance. A first design, termed
‘Super-Cluster Standard’ (SC-ST), was made using the same pinhole diameter and POAs
as CP collimator, aiming for a similar resolution-sensitivity trade-off. This design was
used to verify that the SC sampling method does not introduce artifacts compared to CP
and to assess the impact of the new pinhole geometry on system performance. A second
design, referred to as ‘Super-Cluster High Sensitivity’ (SC-HS), was made to prioritize
sensitivity by employing larger pinhole diameters than CP. To limit the associated
resolution loss, the diameter was set to 2.0 mm, providing a balance between sensitivity
improvement and modest degradation in resolution. This design also incorporates
smaller POAs compared to CP, enabled by the larger pinhole diameter, which increases
the sampled FOV. The POAs were set to the minimum values required to maintain the
same sampled FOV as the CP while ensuring complete axial sampling and adequate
coverage of the elliptical pinhole projections across the detector surface.

Pinhole arrangement in Super-Cluster collimator

The pinhole centers in each sub-ring were positioned midway between the centers of
adjacent pinholes in neighboring sub-rings, ensuring an even distribution of pinholes
both within each sub-ring and across the entire ring. The z-coordinates of the pinholes’
centers were determined through an iterative process. This involved adjusting the
distances between sub-rings and rings along the z-direction, while evaluating how the
resulting geometric pinhole projections covered the detector surface and assessing the
extent of multiplexing among them. The latter was calculated by verifying whether each
detector pixel center was within a detector area covered by single or multiple pinholes
projection cones.

# pixels within multiple cones
# pixels with non-zero value

Multiplexing [%] = 100 x 6.1)

The values chosen for our final designs were those that, in combination with the selected
POA, provided optimal detector coverage and a multiplexing as close as possible to that
of the CP (29.3%).

6.2.2. Simulation setup and data acquisition process

In our study, we compared the two SC collimators to the traditional CP collimator. To
perform this comparison, we generated data using MC simulations with GATE v9.0,
based on Geant4 version 10.05 [83-86]. These simulations modeled gamma photon
interactions with the detector while omitting the tracking of their optical transport,



6.2. Materials and Methods 139

including bulk and boundary processes. The behavior of gamma photons was defined
through GATE’s ‘emstandard’ list of standard electromagnetic processes. The imaging
system and phantoms were modeled using GATE primitives (i.e. cylinder, boxes and
cones). An image of the resulting system model is provided in the Appendix (Fig. A.1).

The simulations were conducted assuming the imaging system was equipped with
either the SC or CP collimator. The detector performance was based on manufacturer
specifications, including an intrinsic spatial resolution of 3.5 mm and energy resolutions
of 9.0% for 511 keV photons and 6.7% for 909 keV photons. Interaction events within
the detector were simulated by introducing random variations in energy and position,
sampled from Gaussian distributions with standard deviations (o) calculated from the
reported resolutions. Natural background was included in the simulation to better reflect
real system behavior. A background factor per detector pixel was calculated using the
manufacturer-provided background count rate (81 counts per second for '®F and 63
counts per second for 9Zr within the photopeak window), combined with the photopeak
window width and scan duration defined in this study. This factor was used to generate
Poisson-distributed natural background counts added to the data.

These simulations were utilized to measure sensitivity, as well as to generate forward
projections for resolution, recovery, and uniformity phantoms which will be covered in
the following sections.

Sensitivity phantom

Sensitivity was assessed by evaluating both the peak value and the CFOV-averaged value.
The peak sensitivity was determined by simulating a spherical source in air (0.1 mm
radius) positioned at the center of the collimator. The CFOV-averaged sensitivity was
obtained using an ellipsoidal source in air matching the CFOV dimensions (12x12x9
mm? axes). The phantoms were filled with either 181 or 897 at concentrations of 2.0

MBq/ml and scanned for one hour.

Resolution phantom

Image resolution was evaluated using a Derenzo phantom made of PMMA, shaped as a
cylinder with a diameter of 24 mm and a height of 12 mm. Given the wide range of activity
concentrations analyzed and the six-sector design of a typical resolution phantom, we
used two distinct versions. The first contained rods with diameters of 1.2 mm, 1.1 mm,
1.0 mm, 0.9 mm, 0.8 mm, and 0.7 mm, while the second had rods measuring 1.8 mm, 1.6
mm, 1.4 mm, 1.2 mm, 1.1 mm, and 1.0 mm (Fig. 6.3). Each rod was 8 mm in height,
with a center-to-center spacing within each sector equal to twice the rod diameter. To
account for the system’s varying detection capabilities, the rods were filled with different
concentrations of 18F and 8Zr. For !8E the resolution phantom with smaller rods was
filled with 1.0 MBq/ml, while the phantom with larger rods used concentrations of 0.1
MBq/ml and 0.05 MBq/ml. For 89Zr, the smaller-rod phantom was filled with 2.0 MBq/ml,
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and the larger-rod phantom with 0.2 MBq/ml and 0.1 MBq/ml. These phantoms were
scanned for one hour across nine bed positions. These positions were arranged in a
3x3 grid, with adjacent points spaced 6 mm apart in the transaxial plane, while only a
single axial position was used. Considering the size of the CFOV and of the phantom, this
represents a conservatively high number of bed positions. This approach was chosen to
grant comprehensive sampling of the object (Fig. 6.3), ensuring that every part of the
scan volume was covered by the CFOV at least once.

Calibration point source

The calibration factor is defined as the ratio of the activity concentration to the voxel
value in reconstructed SPECT images [194]. For each collimator, these factors were
determined by simulating a spherical point-like source with a 1.5 mm radius, filled with a
known activity of 8F or 89Zr. The source was positioned at the collimator’s center and
scanned for one hour.

Recovery coefficient phantom

The recovery coefficient (RC) was evaluated using a cylindrical PMMA phantom (20 mm
in diameter, 10 mm in height) containing five rods with diameters of 2.5 mm, 2.0 mm, 1.5
mm, 1.0 mm, and 0.5 mm, each 6.5 mm in height. The rods were uniformly filled with
either 18F at concentrations of 1.0 MBq/ml, 0.1 MBq/ml, or 0.05 MBq/ml, or with 89Zr at
concentrations of 2.0 MBq/ml, 0.2 MBq/ml, or 0.1 MBq/ml. This phantom design is
based on the sector of the NEMA image quality phantom [195] used to assess RC. The size
and activity concentration of the original NEMA phantom were adjusted to meet our goal
of analyzing performance of a high-resolution preclinical SPECT system at low activity
concentration levels [196]. The scan sequence comprised the same nine bed positions as
for the Derenzo phantom, with a total scan duration of one hour.

Uniformity phantom

Uniformity was evaluated using a cylindrical PMMA phantom (18 mm in diameter, 10
mm in height) containing a cylindrical central cavity (14 mm in diameter, 6 mm in height)
uniformly filled with either 18F at concentrations of 10 MBq/ml, 1.0 MBq/ml, 0.1 MBq/ml,
and 0.05 MBq/ml, or 8Zr at 20 MBq/ml, 2.0 MBq/ml, 0.2 MBq/ml, and 0.1 MBq/ml.
The highest activity concentrations (10 MBq/ml for 'F and 20 MBq/ml for 89Zr) were
included to specifically assess the potential emergence of design-related artifacts under
high-statistics conditions. The corresponding results are shown in the Appendix (Fig. A.3).
The scan sequence included twenty-one bed position, following a spiral trajectory [88]
along the phantom to ensure optimal axial sampling, with a total scan time of one hour.
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6.2.3. Image reconstruction

The image reconstruction process started with defining energy acceptance windows for
both the photopeak and the triple-energy window scatter correction technique [94]. A
20% energy window was centered on the 511 keV photopeak for 'F and the 909 keV
photopeak for 89Zr. For scatter correction, two additional side windows were positioned
adjacent to the photopeak, each set to 25% of the main photopeak window’s width.

System matrices were created for every collimator and radionuclide evaluated in our
study. We utilized a ray-tracing technique to calculate these matrices, which considers
energy dependent attenuation within the collimator and detector while it ignores scatter
[55]. Images were reconstructed via the dual-matrix dual-voxel (DM-DV) pixel-based
similarity-regulated ordered subsets expectation maximization (SROSEM) method [92].
The DM-DV approach enhances computational efficiency by employing two voxel sizes:
smaller voxels for the central region of the point spread function (PSF) and larger voxels
for its slowly varying tails. The central PSF area, extending to 20% of its peak value, was
modelled with 0.4 mm voxels, while the peripheral tails were modelled with 0.8 mm
voxels. During backprojection, only the central portion of the PSFs was considered. This
photon transport modeling was integrated with the SROSEM algorithm, which adapts the
number of subsets automatically and locally, up to a maximum of 128 [90].

Post-processing consisted in applying 3D Gaussian filters with varying FWHMs, with
specific values provided in the captions of the corresponding images.

6.2.4. Dataanalysis

Data from the sensitivity, resolution, recovery, and uniformity phantom studies were
used to quantitatively evaluate the SC and CP collimators’ performance.

Peak and average sensitivity were measured using data from the sensitivity phantoms
and were defined as the ratio between the number of photons detected per decay and the
total emissions:

# detected photons per decay
# emissions

Sensitivity [%] = 100 x (6.2)

This calculation was performed by applying an energy acceptance window from 150
keV to 650 keV, based on the NEMA protocol [195]. For 897y a similar approach was
applied, with an acceptance window ranging from 150 keV to 1100 keV. Sensitivity in
cps/MBq was calculated using the emission branching ratios of ®F and 89Zr responsible
for the detected photons (96.7% and 99.0%). A contrast-to-noise ratio (CNR) analysis was
conducted on the unfiltered reconstructed images of the resolution phantom [177]. For
this purpose, the images were resampled onto a fine grid, and circular regions of interest
(ROIs) were positioned over the rods and the surrounding areas (Figs. 6.3 and 6.4). The
ROIs had diameters equal to 90% of the corresponding rod size and were placed across
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ten consecutive 0.4 mm slices of the reconstructed images. By determining the activity in
each ROI, we calculated the contrast (C) in each sector (i) with the following equation:

Crods,i = ﬁ_ ‘ (6.3)

Here h; and ¢; are respectively the mean activity in all ROIs placed on and between the
rods in sector i. Furthermore, the noise in each sector (INV;) was calculated:

2 2
Vit

- (6.4)
h; +¢;

Nrods,i =

Here oj,,; and o; are respectively the standard deviation of the activity in ROIs on and in
between rods. Using (6.3) and (6.4), the average CNR over five runs was calculated and
plotted against the iteration number. To determine the RC values from the recovery
phantom, the calibration factors (CF) for each collimator were first evaluated [197]:

A

F[MB Il =
CFIMBqIml) = 1=

(6.5)

Here A represents the activity in MBq of the source used in the simulation, )" R is the
summation of all voxel values in the reconstructed image, and V is the volume of a
voxel in ml. These CFs were then applied to convert the reconstructed voxel values into
activity concentrations. The RCs for the filled rods were calculated by defining ROIs
with diameters equal to 90% of the corresponding rod sizes. The ratio of the estimated
concentration from the reconstructed image (Cspgcr) within the selected ROI to the true
concentration used in the simulation (C7y ) for the corresponding rod was calculated:

CspecT

RC[%] =100 x (6.6)

True

The average RCs for each rod was calculated over five runs for all the collimators. Image
uniformity was quantitatively evaluated by calculating the percentage uniformity. Six
circular ROIs with a diameter of 3.0 mm were placed at five consecutive axial positions,
evenly spaced at 0.8 mm intervals, on the reconstructed unfiltered uniformity phantom
images [177]. The average value within the ROIs and the standard deviation between
them, U and o respectively, were measured to quantify the percentage uniformity.

ou

Uniformity [%] = 100 x T (6.7)

For all the configurations analyzed, the average percentage uniformity was calculated
over three simulation runs of the same setup.
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6.3. Results

6.3.1. SC collimator designs

Two SC designs were obtained as described below.

The SC-ST features 192 0.7 mm diameter pinholes (165 used for reconstruction) arranged
in four rings. The pinhole centers of the two innermost rings were at 32.2 mm for the first
sub-ring and 33.7 mm for the second sub-ring from the collimator center, while for the
two outermost rings they were at 36.8 mm for the first sub-ring and 41.1 mm for the
second sub-ring. The POAs were 18° and 16° respectively for the two innermost, and two
outermost rings.

The SC-HS design consists of 192 pinholes (159 used for reconstruction), each with a
diameter of 2.0 mm, arranged in four rings. The POAs are 15° for the innermost rings and
13° for the outermost rings. In this design, the pinhole centers were positioned at 32.2
mm and 33.8 mm from the collimator center for the first and second sub-ring of the
innermost rings, respectively, and at 36.6 mm and 41.7 mm for the first and second
sub-ring of the outermost rings.

In terms of multiplexing, the SC-ST and SC-HS designs achieved values of 29.4% and
29.1%, respectively, which are comparable to the 29.3% achieved by the CP collimator.

6.3.2. Sensitivity comparison

Table 6.1 provides a summary of the sensitivity performance of the SC-ST and SC-HS
collimators in comparison to the CP collimator.

18F 89Zr
Collimator Pealk Sens. CFOV Sens. Pealk Sens. CFOV Sens.
[cps/IMBq] (%)  [cps/MBq] (%) [cps/MBq] (%)  [cps/MBq] (%)
cp 3.6*10% (0.70%) 2.8*10° (0.55%) 8.1*10° (0.82%) 7.3*10° (0.74%)

SC-ST 3.8*10% (0.74%) 3.0*10% (0.58%) 8.4*103 (0.85%) 7.5*10° (0.76%)
SC-HS 1.1¥10* 2.1%)  8.8*10° (1.7%)  1.6*10* (1.6%)  1.4*10* (1.4%)

Table 6.1: Peak and CFOV-averaged sensitivities for 18F and 89Zr using CP, SC standard (SC-ST),
and SC high sensitivity (SC-HS) collimators with a thin (9.5mm) crystal. Results for 18F were
calculated for an energy window going from 150 keV to 650 keV, while for 89Zr for an energy
window going from 150 keV to 1100 keV.

For both isotopes, the results indicate comparable sensitivity between the CP and SC-ST
collimators, while the SC-HS collimator provides approximately three times higher
sensitivity for '8F and two times higher for 897r.
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6.3.3. Image resolution comparison

Figure 6.3 shows reconstructed images of the resolution phantom with '8F concentrations
of 1.0 MBq/ml, 0.1 MBq/ml, and 0.05 MBq/ml, presented for various numbers of
iterations.
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Figure 6.3: Resolution phantom images with CP and SC collimators for ®E At 1.0 MBq/ml, rods of
1.2-0.7 mm diameter were used; at lower concentrations (0.1 and 0.05 MBq/ml), rods of 1.8-1.0
mm were used. A 3D Gaussian filter was applied with FWHMs of 0.8 mm (1.0 MBq/ml), 1.2 mm
(0.1 MBq/ml), and 1.4 mm (0.05 MBq/ml). Schematics of phantom designs and ROIs for CNR
analysis are included. Images represent the sum of fifteen central slices, yielding a 6 mm slice
thickness.

Visual inspection of the image shows that at the highest tested activity concentration (1.0
MBq/ml), both CP and SC-ST can resolve 0.9 mm rods, whereas SC-HS is limited to 1.0
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mm rods. At 0.1 MBq/ml, CP and SC-ST resolve rods down to 1.4 mm, while the SC-HS
reaches 1.2 mm. Finally, at 0.05 MBq/ml, CP and SC-ST struggle to resolve any sectors,
whereas SC-HS can still resolve 1.6 mm rods.

Figure 6.4 shows reconstructed images of the resolution phantom with 897r activity
concentrations of 2.0 MBq/ml, 0.2 MBq/ml, and 0.1 MBq/ml, presented for various
iteration numbers.
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Figure 6.4: Resolution phantom images with CP and SC collimators for 897r. At 2.0 MBq/ml, rods
of 1.2-0.7 mm diameter were used; at lower concentrations (0.2 and 0.1 MBq/ml), rods of 1.8-1.0
mm were used. A 3D Gaussian filter was applied with FWHMs of 0.9 mm (2.0 MBq/ml), 1.4 mm
(0.2 MBqg/ml), and 1.6 mm (0.1 MBqg/ml). Schematics of phantom designs and ROIs for CNR
analysis are included. Images represent the sum of fifteen central slices, yielding a 6 mm slice
thickness.
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At the highest activity concentration tested (2.0 MBq/ml), the performance of the three
collimators is comparable as all can resolve the 1.0 mm rod sector. At 0.2 MBq/ml,
both the CP and SC-ST collimators can resolve the 1.8 mm rod sector, as the 1.6 mm
sector exhibits missing rods. In contrast, SC-HS successfully distinguishes rods down
to 1.4 mm. At 0.1 MBq/ml, all collimators encounter difficulties: no sectors are clearly
discernible with CP and SC-ST, while SC-HS still allows for visible, though slightly
misplaced, identification of rods in the 1.8 mm and 1.6 mm sectors.

For both isotopes and all activity concentrations, a line profile analysis through the
smallest discernible rod sector is shown in the appendix (Fig. A.2).

6.3.4. CNR analysis

Beyond visual comparison, a CNR analysis was conducted on the reconstructed
resolution phantom images. Figure 6.5 illustrates the average CNR values across all runs
(considering all visible rod sectors), plotted against the number of iterations for each
collimator.
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Figure 6.5: Mean CNR values for all tested collimators. Results, averaged across multiple runs and
based on visible rod sectors and selected hot/cold regions, are plotted against the number of
iterations. The images show CNR for rods filled with !8F at activity concentrations of 1.0 MBq/ml,
0.1 MBq/ml, and 0.05 MBq/ml, as well as rods filled with 89Zr at concentrations of 2.0 MBq/ml, 0.2
MBq/ml, and 0.1 MBq/ml.

For 18F at the highest activity concentration, both the CP and SC-ST collimators
outperformed SC-HS by 22.1%. However, at lower activities, the SC-HS design
demonstrated a significant improvement in CNR, exceeding the others by 24.0% at 0.1
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MBq/ml and 85.6% at 0.05 MBq/ml. Similarly, for 8Zr, the SC-HS collimator showed a
moderate degradation of 10.0% at the highest activity compared to the other designs, but
granted notable improvements of 33.7% at 0.2 MBq/ml and 73.1% at 0.1 MBq/ml.

6.3.5. Recovery coefficients

Images of the reconstructed recovery phantom filled with '8F are shown in figure 6.6.
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Figure 6.6: Images of the contrast recovery phantom imaged using CP, SC-ST, and SC-HS
collimators. Rods were uniformly filled with 1.0 MBq/ml, 0.1 MBq/ml, and 0.05 MBq/ml of 18
Images shown were post-filtered with a 3D Gaussian filter having a FWHM of 1.25 mm. The
displayed images were generated by summing fifteen consecutive slices at the phantom’s center,
resulting in a final slice thickness of 6 mm.
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The 'F RCs calculated for each rod are reported in table 6.2.

Collimator RC2.5mm RC2.0mm RC1.5mm RC1.0mm RC0.5mm

18F__ 1.0 MBg/ml

CP 669+4.1% 57.5+25% 409+14% 194+0.9% 1.28 + 0.3%
SC-ST 71.5+4.0% 551+15% 394+04% 20.1+0.7% 2.18 £ 0.4%

SC-HS 792+11% 747+£23% 428+12% 251+0.1% 3.40 + 0.3%

18F__ 0.1 MBg/ml

CP 676+1.8% 469+22% 258+0.9% 3.64+0.5% <1.0x107%%
SC-ST 61.0+0.5% 544+29% 30.1+0.5% 8.22+0.4% 1.02 £ 0.2%

SC-HS 73.6+1.6% 70.6+4.6% 362+18% 205+1.6% 5.76 + 0.5%

18F__ 0.05 MBq/ml

CP 543+23% 255+13% 149+0.7% 0.121+0.1% <1.0x1073%%
SC-ST 50.7+1.1% 36.8+1.1% 13.2+0.7% 1.65+0.6%  0.440 + 0.2%

SC-HS 699+29% 726+22% 288x+15% 11.4+1.0% 5.08 + 0.3%

Table 6.2: Recovery coefficients (RCs), averaged over multiple runs, were calculated for all rods of
the recovery phantom using both CP and SC collimators with !8E Errors represent the standard
deviation across runs.

For '8F, neither the CP nor the SC-ST design demonstrated clear overall superiority.
Nonetheless, differences were observed at the lower activity concentrations (0.1 MBq/ml
and 0.05 MBq/ml), where the CP design outperformed SC-ST for the largest rod (2.5 mm),
while SC-ST yielded better results for the smaller rods. The SC-HS design consistently
achieved the best overall performance, surpassing the other collimators across all rod
sizes and activity concentrations. Improvements were particularly significant at the
lowest activity level, where SC-HS yielded relative gains compared to CP of 28.7%, 184.7%,
and 93.3% for rods between 2.5 mm and 1.5 mm. Furthermore, for the 1.0 mm and 0.5
mm rods, the SC-HS achieved RCs of 11.4% and 5.08%, whereas the CP design yielded
negligible performance.
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Images of the recovery phantom filled with 89Zr are shown in figure 6.7.
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Figure 6.7: Images of the recovery phantom reconstructed using CB, SC-ST, and SC-HS collimators.
Rods were uniformly filled with 2.0 MBq/ml, 0.2 MBq/ml, and 0.1 MBq/ml of 897r, Images shown
were post-filtered with a 3D Gaussian filter having a FWHM of 1.25 mm. The displayed images
were generated by summing fifteen consecutive slices at the phantom’s center, resulting in a final
slice thickness of 6 mm.
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The calculated RC coefficients for 8Zr are indicated in table 6.3.

Collimator RC25mm RC2.0mm RC1.5mm RC1.0mm RCO0.5mm

89 7r — 2.0 MBq/ml

CP 69.2+35% 635+23% 38.8+1.8% 17.5+ 0.9% 3.66 + 0.5%
SC-ST 64.3+3.5% 676+3.0% 363+1.3% 204 +£0.7% 3.22 + 0.4%

SC-HS 73.6+0.8% 63.1+1.6% 41.4+1.8% 21.2+0.7% 4.14 £ 0.5%

89 7r — 0.2 MBq/ml

CcpP 61.3+6.9% 49.0+22% 287+1.6%  3.42+0.4% <1.0x107%%
SC-ST 54.5+3.6% 505+39% 224+09% 536+05% <1.0x10734%

SC-HS 69.4+26% 549+1.8% 32.0+3.3% 125+12% <1.0x10710%

89 7r — 0.1 MBq/ml

CcP 37.4+07% 221+22% 133+19% <1.0x1071%% <1.0x1079%
SC-ST 46.5+09% 287+53% 108+13% <1.0x107*% <1.0x10739%

SC-HS 63.7+5.8% 46.6+54% 263+22% 846+12% <1.0x10715%

Table 6.3: Recovery coefficients (RC), averaged over multiple runs, were calculated for all rods of
the recovery phantom using both CP and SC collimators for 39Zr. Errors represent the standard
deviation across runs.

For 897r, performance at the highest activity concentration (2.0 MBq/ml) was comparable
across all three collimators, with the SC-HS showing only a slight advantage over the CP
design. As with '8E no clear preference could be established between the CP and SC-ST
designs across the different activity concentrations. However, the SC-HS demonstrated
superior overall results at lower activity concentrations. In particular, at the lowest tested
activity (0.1 MBq/ml), SC-HS provided relative improvements over CP of 70.3%, 110.9%,
and 100.0%. Additionally, SC-HS achieved a RC of 8.4% for the 1.0 mm rod while the other
collimators could not recover any activity.
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6.3.6. Image uniformity comparison

Reconstructed images of the uniformity phantom filled with '®E along with the
corresponding line profile analysis, are shown in figure 6.8.

Activity 1.0 MBg/ml Activity 0.1 MBq/ml Activity 0.05 MBq/ml

Line Profiles

Line Profile - 1.0 MBq/ml Line Profile - 0.1 MBg/ml Line Profile - 0.05 MBq/ml

Figure 6.8: Images of the uniform phantom reconstructed using CP and SC collimators. The
phantom was uniformly filled with 1.0 MBq/ml, 0.1 MBq/ml, and 0.05 MBq/ml of 18 A 3D
Gaussian filter with a 1.25 mm FWHM was applied for post-filtering. The displayed images were
generated by summing ten consecutive slices at the phantom’s center, resulting in a final slice
thickness of 4 mm. Line profiles were extracted for each configuration along the red line, which is
shown only in one case for clarity.
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Visual inspection of these images shows that all collimators produce comparable results,
without distortions attributable to potential sampling issues.

Figure 6.9 shows the reconstructed images of the uniformity phantom filled with 897r.

Activity 2.0 MBg/ml Activity 0.2 MBg/ml Activity 0.1 MBqg/ml
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Figure 6.9: Images of the uniform phantom reconstructed using CP and SC collimators. The
phantom was uniformly filled with 2.0 MBq/ml, 0.2 MBq/ml, and 0.1 MBq/ml of 897r. A 3D
Gaussian filter with a 1.25 mm FWHM was applied for post-filtering. The displayed images were
generated by summing ten consecutive slices at the phantom’s center, resulting in a final slice
thickness of 4 mm. Line profiles were extracted for each configuration along the red line, which is
shown only in one case for clarity.
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All collimators demonstrate comparable performance for 8Zr, with no visible artifacts
suggesting sampling issues.

Results for the quantitative analysis of image uniformity are reported in the appendix,
tables A.1 and A.2.

6.4. Discussion

We presented results from a MC simulation study investigating a novel supercluster
geometry designed to enhance sensitivity in multi-pinhole imaging across a wide energy
range (25—1000keV). This approach aims to support SPECT and PET studies conducted
at low activity concentrations and/or with short scan durations. As part of our broader
investigation of collimator optimization, we previously introduced the Twisted Clustered
Pinhole (TCP) design, showing that integrating narrower POAs into CP geometry could
improve both spatial resolution and sensitivity [109]. However, compared to the original
CP the sensitivity gains were modest (15.6% for '8F and 29.4% for 897r), and the overall
complexity remained similar. Exploring a different approach, we here described the novel
Super-Cluster design, featuring a simpler geometry with a more uniform distribution of
pinholes across the collimator surface. This configuration provides greater flexibility in
increasing pinhole diameter, reaching values not feasible with CP or TCP designs, while
preserving the same CFOV. We performed comparative evaluations of sensitivity, image
resolution, recovery coefficients, and uniformity between the SC and CP collimators
using different activity concentrations of '®F and 8°Zr. The results are summarized in
figures 6.3-6.9 and tables 6.1-6.3.

The analysis of peak and CFOV-averaged sensitivity showed comparable sensitivities
attained by the CP and SC-ST collimators (as expected by design), while the SC-HS design
achieved improvements of approximately a factor of three for '®F and a factor of two for
897r compared to the CP collimator (Table 6.1) as a result of the larger pinhole diameter.

In terms of image resolution, the CP and SC-ST collimators performed similarly for
both ¥F and #7r (Figs. 6.3, 6.4), resolving the same rod sectors across all activity
concentrations. These results indicate that the new geometry and sampling method
of the SC design do not significantly affect the baseline performance of the collimator.
Instead, image quality appears to be primarily governed by the resolution-sensitivity
trade-off, which was identical for these two designs. By comparison, at the highest
tested activity concentration, the SC-HS collimator showed slightly reduced performance
with '®F and comparable performance with 8Zr. The reduced performance for '®F is
related to the expected resolution loss due to the larger pinhole diameter used in this
configuration. The 89Zr outcome presumably reflects a combination of two factors: lower
intrinsic detector sensitivity and edge penetration effects both due to its high-energy
prompt gammas. Because the SC-HS design combines the highest sensitivity with the
smallest POAs among the tested designs, these effects were likely mitigated, resulting in
performance comparable to that of the other collimators. At lower activity concentrations
for both isotopes, the SC-HS outperformed the other collimators. These improvements
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can be attributed to a favorable adjustment of the resolution-sensitivity trade-off. At
these activity levels, the increased sensitivity offset the resolution loss caused by the wider
pinhole opening, ultimately resulting in more accurate and detailed reconstructions.

CNR analysis (Fig. 6.5) confirmed the visual assessment from figures 6.3 and 6.4,
showing mostly comparable results within the margin of error for the CP and SC-ST
collimators, and highlighting the improvements achieved by the SC-HS at lower activity
concentrations.

The RCs extracted from the recovery phantom (Figs. 6.6 and 6.7) demonstrate a clear
performance advantage of the SC-HS collimator, which outperformed both the SC-ST
and CP designs (Tables 6.2 and 6.3). This finding suggests that the increased sensitivity of
the SC-HS enhances the system’s ability to accurately localize the activity distribution.
This improvement is likely due to the greater number of detected events, allowing the
reconstruction algorithm to better differentiate between areas of true activity and regions
dominated by background or noise. Such improvements are particularly relevant in
quantitative studies conducted at low activity levels.

Finally, we investigated images of a uniform activity distribution with the purpose
of analyzing the validity of the novel SC sampling strategy (Figs. 6.8 and 6.9). Visual
inspection revealed no discernible differences among the three collimators, supporting
the effectiveness of the new sampling strategy used in the SC designs. Significant data
incompleteness would typically distort the shape of the uniform phantom, such as
causing a convex appearance at its lateral edges, but these artifacts were not observed in
the reconstructed images.

An important implication of the SC geometry is its flexibility, which permits the use
of even larger pinhole diameters than those employed in the SC-HS configuration.
Increasing the diameter further would enhance sensitivity and could therefore benefit
studies conducted at lower activity concentrations than those presented in this work.
However, such modifications may also increase multiplexing if the distance between
pinholes is not increased. Higher multiplexing has been associated with reconstruction
artifacts in highly multiplexed multi-pinhole systems [198]. In future work, the
combination of larger pinholes with advanced de-multiplexing strategies, including
approaches based on alternative pinholes with shutter devices as shown in [199] where
de-multiplexing with pinholes was first presented, or more recently proposed alternative
methods [200, 201], could be explored to balance these effects, allowing SC geometries
to exploit higher sensitivity while mitigating the risk of image degradation. Another
promising direction is the investigation of keel-edge pinholes within the SC framework.
The current study focused on knife-edge pinholes to maintain consistency with the
experimental imaging system. This choice was further supported by previous work
comparing knife- and keel-edge geometries [202]. Nevertheless, keel-edge designs could
be particularly interesting for applications where penetration is the dominant concern.

It is worth highlighting that the simulated imaging system employs a 9.5 mm thick
scintillator, which is not ideal for detecting high-energy prompt gammas such as the
511 keV or 909 keV emissions. Prior studies have shown that increasing the scintillator
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thickness to 19 mm or even 40 mm can approximately double or quadruple the detection
efficiency for 511 keV gammas, improving it from around 12% to approximately 27%
or 53%, respectively [107]. A similar enhancement is expected for 909 keV gammas.
Nonetheless, to focus on comparing collimator performance, we chose MILabs’ standard
detector configuration, which is more commonly used in practice and typically features
9.5 mm crystals, although 19 mm options are also available from this vendor.

More broadly, this work contributes to ongoing efforts to enhance image quality. We
pursued this goal by introducing a new collimator design with improved sensitivity. It is
worth noting, however, that various strategies targeting different system components can
be implemented to improve image quality [56-60]. Furthermore, similar improvements
can be achieved by focusing on optimizing image reconstruction techniques [51-54, 203].

6.5. Conclusion

We described the SC collimator, a novel design featuring pinholes more evenly distributed
across the collimator surface to enable both high-energy and high-sensitivity PET and
SPECT imaging. Its performance was evaluated against that of a conventional CP
collimator for which increasing the pinhole diameter is not possible due to geometric
constraints. Results showed that the SC geometry introduced no imaging artifacts and
enabled straightforward tuning of the resolution-sensitivity trade-off by increasing the
pinhole diameter. This proved particularly advantageous at low activity concentrations of
18F and 897r, resulting in improved image quality and greater quantitative accuracy.
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Appendix
Simulation setup

Figure A.1 shows the system geometry as modeled in GATE.

Detector
(blue)

Collimator cylinder
(grey outline) with
pinhole cones (red)

Figure A.1: Visual representation of the collimator in 3D (a) and of the system geometry as
modeled in GATE (b). The blue rectangles represent the three detectors arranged in a triangular
setup. The grey outlines indicate the cylindrical collimator, while the red cones depict the
pinhole cones. Light guides and PMTs were not explicitly simulated; instead, their effects were
incorporated by assuming an intrinsic spatial resolution and energy resolutions consistent with
the manufacturer’s specifications.
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Profile analysis

An analysis of the profiles through the smallest distinguishable sector was conducted.
The results, presented in figure A.2, support the observations from the visual inspection
of figures 6.3 and 6.4 and are consistent with the CNR analysis shown in figure 6.5.
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Figure A.2: Profiles obtained from resolution phantom images. The analysis was performed on
images from figures 6.3 and 6.4 using the highest number of iterations. For each profile plot, the
investigated rod sector corresponds to the sector marked with a red line in the resolution phantom,
indicated by the same panel letter. The resolution phantom images shown were acquired using the
SC-HS collimator.
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Quantitative uniformity analysis

Results of the quantitative analysis of reconstructed uniformity images are reported in
table A.1 for '8F and A.2 for 89Zr.

Collimator Uni. 1.0 MBg/ml [%] Uni. 0.1 MBq/ml [%] Uni. 0.05 MBg/ml [%]

CP 432+2.8 61.9+6.2 86.8 £ 5.5
SC-ST 46.2+4.9 68.8 £ 5.5 79.6 £ 6.7
SC-HS 436+1.9 60.3 £ 5.8 96.6 + 4.4

Table A.1: Results for average percentage uniformity obtained from multiple runs using CP and SC
collimators for 18F are presented. Reported values correspond to the final iteration (150) and
include the standard deviations.

For '®E the CP and SC-ST collimators demonstrated similar performance across all three
activity concentrations, with differences remaining within the margin of error. In contrast,
the SC-HS collimator showed comparable performance at 1.0 MBq/ml and 0.1 MBq/ml,
but exhibited a slight decline of 10.7% at 0.05 MBq/ml.

Collimator Uni. 2.0 MBq/ml [%] Uni. 0.2 MBq/ml[%] Uni. 0.1 MBq/ml [%]

Cp 56.2+ 6.0 87.5+9.2 99.2+3.8
SC-ST 41.2+1.8 774+ 11.2 98.1£6.3
SC-HS 34.4+0.9 70.1+5.9 87.7+4.6

Table A.2: Results for average percentage uniformity obtained from multiple runs using CP and SC
collimators for 89Zr are presented. Reported values correspond to the final iteration (150) and
include the standard deviations.

For 897r, at the highest activity concentration, both SC-ST and SC-HS outperformed CP,
with SC-HS providing an improvement of 48.1% compared to CP. At 0.2 MBq/ml, SC-HS
again achieved the best performance, showing a 22.1% improvement over CP. Finally, at
0.1 MBq/ml, CP and SC-ST delivered comparable results, while SC-HS offered a moderate
improvement of 12.3%.
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Uniformity at high activity concentration

Image uniformity at high activity concentrations (10 MBq/ml for '®F and 20 MBq/ml for
897r) was evaluated to assess whether design-dependent artifacts emerge under such
conditions. The results are presented in figure A.3.

18 F Activity 10.0 MBq/ml 897r Activity 20.0 MBq/ml

Line Profiles

Line Profile "8F - 10.0 MBq/ml Line Profile 8Zr - 20.0 MBq/ml

Figure A.3: Images of the uniform phantom reconstructed using CP and SC collimators. The
phantom was uniformly filled with 10.0 MBq/ml of 18F or 20.0 MBq/ml of 897r, respectively. A 3D
Gaussian filter with a 1.25 mm FWHM was applied for post-filtering. The displayed images were
generated by summing ten consecutive slices at the phantom’s center, resulting in a final slice
thickness of 4 mm. Line profiles were extracted for each configuration along the red line.

The novel collimator shows no visible design-dependent artifacts under high-statistics
conditions.






Conclusions

The optimization of an imaging system can significantly enhance its performance,
particularly when tailored to a specific application. Achieving such improvements
requires a comprehensive evaluation of the system, since performance depends on the
complex interaction of multiple parameters rather than any single factor. To address
this complexity, both software- and hardware-level strategies must be considered in
concert. This thesis aims to explore such strategies to enhance the image quality of
the preclinical PET/SPECT system VECTor (MILabs, B.V.), with a particular focus on
high-energy imaging applications.

The image resolution and uniformity of the current system were first assessed using
Monte Carlo simulations across a broad set of isotopes, featuring diverse emission
spectra with extremely high gamma energies. Subsequently, within the system’s existing
image reconstruction workflow, various joint reconstruction techniques were applied
to a selected group of isotopes to evaluate the potential of these methods to enhance
image quality. Alongside this, the structure of the gamma camera constituting the
system’s detectors was investigated by analyzing how variations in crystal thickness,
photomultiplier tube geometry, and light guide thickness influence the system’s imaging
performance at high energies. Finally, two distinct collimator geometries designed for
high-energy imaging were introduced and their performance evaluated. The first, the
Twisted Clustered Pinhole (TCP) collimator, preserves the cluster configuration of the
current clustered pinhole (CP) design while incorporating narrower pinhole opening
angles. The second, the Super-Cluster (SC) collimator, features a simpler layout where
pinholes with large diameters and narrow opening angles are uniformly distributed
across the collimator surface.

In Chapter 2, the feasibility of sub-mm resolution with the VECTor system using a
CP collimator was evaluated across a broad set of PET isotopes, including those with
high-energy prompt gammas (>1 MeV) or complex emission spectra. The study spanned
prompt gamma energies from 603 keV to 2.2 MeV and included the following isotopes:
2Mn (744 keV and 1.4 MeV), #Tc (703 keV), #9Zr (909 keV), **Sc (1.2 MeV), 8%Y (1.1
MeV), "?As (834 keV), '#*1 (603 keV), **K (2.2 MeV), and ®°Ga (1 MeV). Conventional
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preclinical PET systems struggle to image these isotopes due to long positron ranges and
down scatter of prompt gammas into the 511 keV photopeak. To address this, prompt
gamma emissions were used instead of annihilation photons, leveraging the capabilities
of CP collimation. Resolution and uniformity phantom studies results were assessed
both visually and quantitatively. Simulations demonstrated that sub-mm resolution
is achievable for nearly all isotopes studied, up to an energy of 1.4 MeV. Notably, a
resolution of 1.2 mm was also achieved for the highest tested energy of 2.2 MeV. These
results highlight the unique potential of CP collimation for high-resolution imaging
across a wide range of challenging isotopes.

Chapter 3 analyzes different joint reconstruction methods integrated into the system’s
current image reconstruction workflow. These techniques leverage multiple gamma
emissions from the same isotope, captured in different photopeaks, to improve image
quality. Three approaches were tested and compared. Single-Band Joint Reconstruction
(SB-JR) sums projections from multiple energy windows and reconstructs the image
using a system matrix at the average energy. Mixed Multi-Band Joint Reconstruction
(mMB-]JR) also sums projections but uses a system matrix that models photon transport
across all photopeak energies. Multi-Band Joint Reconstruction (MB-JR) reconstructs
each energy window separately, employing system matrices tailored to their specific
gamma energies. The methods were evaluated through simulations using resolution
phantoms filled with 225Ac, 2?6Ac, or 8Zr. MB-JR consistently produced the best image
quality and highest contrast-to-noise ratio (CNR) across all isotopes and activity levels.
CNR gains for the smallest visible rods ranged from 30% to 65% for ?°Ac, 20% to 54%
for 226Ac, and 25% to 47% for 89Zr. These results highlight the significant potential of
multi-photopeak reconstruction, particularly MB-JR, to enhance image quality and
quantification in SPECT, PET, and PET/SPECT of a wide range of isotopes that emit
gammas with multiple energies.

Although joint reconstruction techniques have led to valuable improvements in image
quality, further enhancements are still possible by optimizing specific components of
the imaging system. Chapter 4 specifically investigates how thicker scintillators can
enhance photopeak sensitivity at higher energies and how this affects spatial resolution.
The impact of light guide thickness, PMT geometry, and layout was examined, with all
configurations benchmarked against a reference detector consisting of a 9.5 mm Nal(T])
thick crystal and 3-inch round PMTs. Monte Carlo simulations were used to evaluate
combinations of 20 mm and 40 mm Nal(TI) thick crystals with optimized light guides
and four types of PMTs: 2-inch round, 3-inch round, 2-inch square, and 3-inch square.
Each configuration was assessed at 140 keV and 511 keV, representing conventional
and high energies, respectively, for SPECT systems. Results showed that increasing
crystal thickness can significantly enhance sensitivity (by 27% and 57% for the 20 mm
and 40 mm crystals, respectively), with only modest losses in spatial resolution when
using cost-effective PMTs. In contrast, smaller PMTs offer better spatial resolution but
increase system cost, as more units are needed to cover a large-area detector. This study
demonstrates a viable, cost-effective approach to improving sensitivity for high-energy
gamma detection outside the conventional SPECT range. Additionally, it highlights how
spatial resolution is influenced by variations in light guide thickness and PMT geometry.
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Chapter 5 presents a new collimation technology, the twisted clustered pinhole (TCP)
collimator, developed to enhance the performance of conventional CP designs through
the use of narrower pinhole opening angles (POAs). To enable this, individual pinholes
are rotated around the cluster’s central axis, allowing the TCP to accommodate narrower
POAs while preserving the same FOV coverage as the CP. In a simulation study, TCP
and CP collimators were compared by adjusting TCP pinhole diameters to match either
sensitivity or system resolution achieved with CP. Image resolution and uniformity were
evaluated at low (12 MBq/mL) and high (190 MBq/mL) activity concentrations for both
18p (511 keV) and 8°Zr (909 keV). At matched system resolution, the TCP collimator
increased central FOV (CFOV) sensitivity by 15.6% for '®F and 29.4% for 89Zr compared to
the CP collimator, while maintaining similar image resolution and uniformity for 8F
and providing moderate improvements for 8°Zr. When sensitivity was matched, TCP
improved theoretical system resolution by 6.6% for '®F and 17.7% for 8°Zr, resulting
in better image resolution as smaller rods sector of the resolution phantom could be
distinguished. These results indicate that the TCP collimator offers enhancements in
both sensitivity and resolution relative to CP, suggesting its potential for improved
high-energy gamma imaging.

The TCP design described in Chapter 5, showed that this new geometry could improve
both spatial resolution and sensitivity. However, compared to the original CP the
sensitivity gains were modest (15.6% for 8F and 29.4% for 89Zr), and the overall design
complexity remained similar. Exploring a different approach, Chapter 6 describes
the Super-Cluster (SC) collimator, which offers a more straightforward design than
CP and TCP while retaining their excellent performance for high-energy imaging. Its
simplified geometry features a uniform pinhole distribution across the collimator
surface, enabling greater design flexibility. This flexibility allows easy adjustment of the
pinhole diameter to fine-tune the resolution-sensitivity trade-off, enabling diameter
sizes not achievable with CP or TCP. The SC’s performance was evaluated against
CP using Monte Carlo simulations with ®F at 1.0 MBq/mL, 0.1 MBq/mL, and 0.05
MBq/mL, and 8%Zr at 2.0 MBq/mL, 0.2 MBq/mL, and 0.1 MBq/mL. Results confirmed the
feasibility of the SC design without introducing artifacts and demonstrated significant
sensitivity improvements, by a factor three for '8F and two for 89Zr compared to CP.
Image resolution at the highest activity was slightly reduced for '8F and similar for
897r. Importantly, the increased sensitivity was beneficial at lower activities, as the SC
consistently resolved sectors with smaller-diameter rods more effectively than the CP for
both '8F and 89Zr. The SC also achieved superior contrast recovery, with gains up to
184.7% for '8F and 110.9% for 89Zr at the lowest activity. Uniformity remained consistent
across both designs, confirming effective angular sampling. This study highlights the SC
geometry as a promising high-sensitivity collimation solution with strong potential for
sensitivity-critical imaging applications, such as those associated to theranostic isotopes.

The results presented in this thesis not only provide important insights into the current
capabilities of the preclinical PET/SPECT scanner VECTor, but also contribute to
expanding its range of applications through the development of targeted strategies for
performance improvement. In particular, we more precisely defined the upper energy
limit at which the system can maintain sub-mm spatial resolution, demonstrating that
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this level of performance is achievable even at photon energies up to 1.4 MeV. This
highlights the system’s versatility and its potential to support imaging tasks traditionally
considered beyond the reach of standard preclinical SPECT systems. Alongside the
characterization of system limits, software and hardware strategies were also proposed
to enhance performance under challenging conditions, such as high-energy gamma
emissions and low activity concentrations. These strategies proved effective and resulted
in improved outcomes compared to the unmodified system. These advancements are
especially valuable as they expand the range of isotopes that can be imaged with high
resolution, paving the way for broader applications of PET/SPECT technologies in
fundamental research and in the development of novel radiopharmaceuticals. Ultimately,
these contributions support continued progress in biomedical science and translational
medicine.

Future research could focus on experimentally validating the high-energy results (>1
MeV) presented in this thesis, particularly to assess whether the system’s electronics
can reliably handle such energy levels. Regarding the proposed collimator designs, one
potential direction would be to optimize the geometry of the TCP collimator to support
imaging of multiple isotopes simultaneously while maintaining high performance and
ultimately manufacture and test it experimentally. For the SC collimator, it may be
worthwhile to further explore its novel geometry to prioritize spatial resolution over
sensitivity, for example by implementing a large number of pinholes with extremely
narrow diameters. Lastly, combining the proposed hardware and software approaches,
such as applying joint reconstruction techniques with the SC collimator, could reveal
additional performance improvements worth investigating.



165

Scientific and technical contributions

* Contributed to quantifying the high-energy imaging capabilities of the preclinical
PET/SPECT system VECTor, establishing the upper photon energy range over
which sub-mm spatial resolution can be maintained, and demonstrating feasibility
for gamma energies up to 1.4 MeV.

* Contributed to the development and evaluation of joint dual-photopeak
reconstruction strategies within the existing image reconstruction framework,
demonstrating their ability to improve image quality and contrast-to-noise ratio
across a wide range of isotopes and activity levels.

* Investigated gamma detector optimization strategies for high-energy gamma
imaging, quantifying the impact of scintillator thickness, light guide design,
and photomultiplier tube geometry on sensitivity and spatial resolution, and
identifying cost-effective configurations that enhance performance beyond the
conventional SPECT energy range.

e Evaluated the Twisted Clustered Pinhole (TCP) collimator geometry, demonstrating
how its design enables narrower opening angles while preserving field-of-view
coverage, resulting in measurable improvements in sensitivity and/or spatial
resolution compared to standard Clustered Pinhole designs.

* Investigated the Super-Cluster (SC) collimator concept, a simplified high-sensitivity
collimation geometry that achieves substantial sensitivity gains while maintaining
image quality, particularly relevant for sensitivity-limited and theranostic imaging
applications.

* Provided, through simulation studies, an integrated software-hardware
optimization framework for extending the applicability of preclinical pinhole
PET/SPECT imaging systems to high-energy and low-count scenarios, thereby
expanding the range of isotopes and applications that can be imaged with optimal
performance.
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