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Summary

Molecular imaging aims for the visualisation, characterisation, and quanti�cation of biolog-
ical processes in humans and other living systems at the molecular and cellular level. For
today’s patient care, molecular imaging allows for (early) detection and characterisation
of disease, e�cient planning and assessment of treatments, and contributes to improved
patient care in ten-thousand clinics across the globe. In clinical molecular imaging, pla-
nar scintigraphy, single-photon emission computed tomography (SPECT), and positron
emission tomography (PET) are among the most commonly used modalities. This thesis
focuses on preclinical SPECT and PET, which are applied to image small animals such as
mice and rats in basic and translational research.

SPECT and PET are both performed by administering a tiny amount of radioactive tracer
into the subject and imaging the radioactivity distribution in the target locations. Imaging
systems mainly consist of (1) one or more so-called gamma-cameras or a gamma-detection
ring which measure gamma photons resulting directly from the radioactivity decay or from
positron-electron annihilations, (2) a physical collimator in case of SPECT or collimated
PET, or electronic collimation in case of coincidence PET, which both provide information
on the direction that detected gamma photons come from, and (3) reconstruction software
to obtain an image from the measured data.

The use of multi-pinhole collimation helps to achieve ultra-high-resolution preclinical
SPECT and can also be applied to achieve sub-mm resolution preclinical PET with many
unique capabilities. Because of the small size of animals, with this type of collimator,
the activity distribution can be signi�cantly magni�ed on the detector. In this way, the
image resolution can be many times better than the detector’s resolution, which is typically
limited in conventional gamma-cameras to about 3.5 mm. In vivo resolution depends on the
size of the subject (e.g. a mouse) because this is the factor limiting how close pinholes can
be positioned relative to the activity distribution in order to achieve a high magni�cation
and good sensitivity. A higher resolution than what can be achieved in vivo is still desirable.
Ex vivo scanning of small tissue samples is a straightforward way to increase the resolution.

This thesis aims to develop and validate new ultra-high-resolution ex vivo three-dimensional
(3D) imaging modules to use with existing preclinical SPECT and PET systems (in this
work developed for the U-SPECT and VECTor, MILabs B.V.) for a wide range of energies, by
means of dedicated multi-pinhole collimators and by utilising accurate system modelling
for high-resolution image reconstruction. Two modules were developed: EXIRAD-3D
for imaging with relatively low and medium energies (27-245 keV), and EXIRAD-HE for
imaging with high energies (364-603 keV).

First, the choice of collimator material was studied for EXIRAD-3D via Monte Carlo
simulations. While the material assumed was either lead, tungsten, gold, or depleted
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uranium, the system sensitivity was �xed by adjusting the pinhole diameter. Then, using
full system simulations, we evaluated Derenzo resolution phantom scans obtained with the
di�erent collimators to see which material resulted in the optimal image. Results showed
that, compared to using lead, using materials with higher stopping power yielded images
with better image contrast-to-noise ratio with improvements ranging from 1.9% to 36.6%
for the studied isotopes. Visual assessment on the reconstructed images suggested that
tungsten is generally a good choice for the EXIRAD-3D collimator for a wide range of
SPECT isotopes such as 125I (27 keV), 201Tl (71 keV), and 99mTc (140 keV). To also enable
optimal imaging of isotopes with higher energy gamma photons such as 111In (171 keV
and 245 keV), using pinhole inserts made of gold can be bene�cial.

An EXIRAD-3D collimator made of a tungsten alloy was then evaluated with various
experimental scans with phantoms and mouse tissues. The phantom scans with 99mTc
demonstrated a 120 µm spatial image resolution and good image uniformity. Tiny details
were visualised in a [99mTc]MDP mouse knee joint scan, a [123I]NaI mouse thyroid scan,
and a [99mTc]DMSA mouse kidney scan, with a signi�cantly better level of detail than what
can be achieved in preclinical in vivo SPECT.

Further improvement of EXIRAD-3D in terms of systemmodelling for image reconstruction
was done. A Fast Monte-Carlo based (FMC-based) method was introduced that addressed
some challenges with the available system modelling methods used for EXIRAD-3D (tra-
ditional method and ray-tracing method). The results showed that FMC is an e�cient,
accurate, and versatile system modelling tool for EXIRAD-3D and other pinhole SPECT
systems when the isotopes have low or medium energies (≤ 285 keV). It is more gener-
alised than the traditional method when changing isotopes or acquisition window settings,
and more computationally e�cient than the ray-tracing method for ultra-high-resolution
systems like EXIRAD-3D. FMC also has the advantage of easily combining energies in a
single matrix which saves time in both system modelling and image reconstruction.

Additionally, new collimators for ex-vivo use called EXIRAD-HE were developed and
optimised by means of Monte Carlo simulations, for the scanning of high-energy (HE)
isotopes such as PET isotopes that result in 511 keV photons, and therapeutic isotopes
(alpha and beta emitters such as 131I (364 keV) or 213Bi (440 keV) ) that co-emit high-energy
gammas. Two multi-pinhole collimators were designed for 511 keV at system sensitivities
of 0.30% and 0.60%, and these were also tested for other high energies. Simulated spatial
resolutions were obtained of 0.35 mm, 0.6 mm, 0.5 mm, 0.6 mm, and 0.5 mm when imaging
131I, 213Bi, 18F, 64Cu, and 124I, respectively.

The EXIRAD technique presented in this thesis o�ers resolutions far better than what can
be achieved with in vivo preclinical SPECT and PET, while saving tremendous amounts
of work compared to obtaining 3D data from a set of 2D autoradiographs. Therefore, this
technique can be a very good choice in a subset of pharmaceutical and biological studies, in
particular as an option on a U-SPECT/CT or a VECTor/CT imaging system that facilitates
longitudinal studies on the same animal as well, and provides a direct link between in vivo
and ex vivo datasets.
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Samenvatting

Moleculaire beeldvorming is gericht op de visualisatie, karakterisatie en kwanti�catie van
biologische processen in mensen en andere levende systemen op moleculair en cellulair
niveau. In de huidige patiëntenzorg wordt moleculaire beeldvorming toegepast voor
(vroege) detectie en karakterisering van ziekten, e�ciënte planning en beoordeling van
behandelingen, en draagt bij aan verbeterde patiëntenzorg in tienduizenden klinieken over
de hele wereld. Bij klinischemoleculaire beeldvorming behoren planaire scintigra�e, ‘single-
photon’ emissie tomogra�e (SPECT) en positron emissie tomogra�e (PET) tot de meest
gebruikte beeldvormingsmodaliteiten. De focus van dit proefschrift ligt op preklinische
SPECT en PET, technieken die worden toegepast voor het afbeelden van kleine dieren
zoals muizen en ratten in fundamenteel en translationeel onderzoek.
SPECT en PET worden uitgevoerd door een kleine hoeveelheid radioactieve tracer aan

het subject toe te dienen en dan de verdeling van de radioactiviteit in het gebied waarin
men geïnteresseerd is in beeld te brengen. De hoofdbestanddelen van de scanners zijn (1)
één of meer zogenaamde gamma-cameras of een gamma-camera-ring voor detectie van
gammafotonen die ofwel het direct produkt zijn van radioactief verval, of van positron-
elektron-annihilaties, (2) een fysieke collimator -in het geval van SPECT of gecollimeerde
PET- of elektronische collimatie -in het geval van coïncidentie PET-, in beide gevallen om
informatie te verkrijgen over de richting waar gedetecteerde fotonen vandaan komen, en
(3) reconstructiesoftware om een afbeelding te verkrijgen uit de gemeten data.

Het gebruik van een multi-pinhole collimator helpt om SPECT met ultrahoge resolutie
te bereiken en kan ook worden toegepast om PET met een resolutie van minder dan
een millimeter te bewerkstelligen met vele unieke mogelijkheden. Vanwege de kleine
afmetingen van dieren, kan met dit type collimator de activiteitsverdeling met aanzienlijke
vergroting op de detector worden afgebeeld. In vivo resolutie is afhankelijk van de grootte
van het subject (bijvoorbeeld een muis), omdat dit de factor is die beperkt hoe dicht de
pinholes bij de activiteitverdeling geplaatst kunnen worden om een sterke vergroting en
goede gevoeligheid te bereiken. Een hogere resolutie dan momenteel in vivo kan worden
bereikt is nog steeds wenselijk. Het ex vivo scannen van kleine weefselmonsters is een
voor de hand liggende manier om de resolutie te verhogen.

Dit proefschrift heeft tot doel nieuwe ultrahoge resolutie ex vivo 3D-beeldvormingsmodules
te ontwikkelen en te valideren voor gebruik in bestaande preklinische SPECT- en PET-
systemen (in dit werk ontwikkeld voor de U-SPECT en VECTor, MILabs B.V.) voor een
breed bereik van energieën, door middel van speciale multi-pinhole collimatoren en het
gebruik van nauwkeurige systeemmodellering voor beeldreconstructie met hoge resolutie.
Er werden twee modules ontwikkeld: EXIRAD-3D voor beeldvorming met relatief lage
en gemiddelde fotonenergieën (27-245 keV), en EXIRAD-HE voor beeldvorming met hoge
fotonenergieën (364-603 keV).
Eerst werd de materiaalkeuze voor de EXIRAD-3D collimator bestudeerd via Monte-

Carlo-simulaties. Collimators gemaakt van lood, wolfraam, goud of verarmd uranium
werden een gelijke systeemgevoeligheid gegeven door de diameter van de pinholes aan
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te passen. Voor die verschillende collimatoren hebben we met behulp van complete scan-
nersimulaties Derenzo-resolutie fantoomscans geëvalueerd om te zien welk materiaal
resulteerde in het beste beeld. De resultaten toonden aan dat het gebruik van materi-
alen met een hoger verzwakkingsvermogen dan lood de beeldcontrast-ruisverhouding
verbeterde van 1.9% tot 36.6% voor de bestudeerde isotopen. Visuele beoordeling van de
gereconstrueerde beelden suggereerde dat wolfraam over het algemeen een goede keuze
is voor de EXIRAD-3D-collimator voor een breed scala aan SPECT-isotopen zoals 125I (27
keV), 201Tl (71 keV), en 99mTc (140 keV). Voor isotopen met relatief hoge energie, zoals 111In
(171 keV en 245 keV), kan het gebruik van pinhole-inzetstukken van goud gunstig zijn.

Een EXIRAD-3D-collimator gemaakt van een wolfraamlegering werd geëvalueerd door
middel van verschillende experimentele scans met fantomen en muisweefsels. De fan-
toomscans met 99mTc toonden een ruimtelijke beeldresolutie van 120 µm en een goede
beelduniformiteit aan. Kleine details waren zichtbaar in een [99mTc]MDP muis kniege-
wrichtscan, een [123I]NaI muis schildklierscan en een [99mTc]DMSA muis nierscan, met
een signi�cant beter detailniveau dan mogelijk in preklinische in vivo SPECT.
De systeemmodellering voor beeldreconstructie van EXIRAD-3D werd ook verbeterd.

Er werd een Fast Monte-Carlo-gebaseerde (FMC-gebaseerde) methode geïntroduceerd
die een aantal voordelen had boven de beschikbare systeemmodelleringsmethoden voor
EXIRAD-3D (‘traditionele methode’ en ‘ray-tracing-methode’). De resultaten toonden
aan dat FMC een e�ciënte, nauwkeurige en veelzijdige tool voor systeemmodellering is
voor EXIRAD-3D en andere pinhole SPECT-systemen voor isotopen met lage of medium
energie (≤ 285 keV). FMC is meer algemeen dan de traditionele methode bij het wijzigen van
isotoop- of acquisitieinstellingen, en rekenkundig e�ciënter dan de ray-tracing-methode
voor systemen met ultrahoge resolutie zoals EXIRAD-3D. FMC heeft ook het voordeel dat
het gemakkelijk energieën kan combineren in een enkele systeemmatrix, wat tijd bespaart
bij zowel systeemmodellering als beeldreconstructie.
Ook werd door middel van Monte-Carlo-simulaties een nieuwe collimator voor ex

vivo gebruik, EXIRAD-HE genaamd, ontwikkeld en geoptimaliseerd voor het scannen
van hoogenergetische isotopen zoals PET-isotopen, die resulteren in 511 keV-fotonen,
en belangrijke theranostische isotopen (alpha of beta emitters zoals 131I (364 keV) of
213Bi (440 keV)) die gelijktijdig hoogenergetische gamma’s uitzenden. Twee multi-pinhole
collimatoren werden ontworpen voor 511 keV bij twee systeemgevoeligheden van 0.30%
en 0.60%, en ook getest voor andere relatief hoge energieën. Deze collimatoren bereikten
een gesimuleerde plaatsresolutie van 0.35 mm, 0.6 mm, 0.5 mm, 0.6 mm en 0.5 mm bij het
afbeelden van respectievelijk 131I, 213Bi, 18F, 64Cu en 124I.
De EXIRAD-techniek die in dit proefschrift wordt gepresenteerd, biedt veel betere

resoluties dan wat kan worden bereikt met in vivo preklinische SPECT en PET scanners,
terwijl het enorme hoeveelheden werk bespaart in vergelijking met het verkrijgen van
3D-beelden uit een set 2D-autoradiogrammen. Daarom kan deze techniek een zeer goede
keuze zijn in een subgroep van farmaceutische en biologische onderzoeken, in het bijzonder
als optie op een U-SPECT/CT- of een VECTor/CT-beeldvormingssysteem dat longitudinale
studies op hetzelfde dier mogelijk maakt, en een direct verband tussen in vivo en ex vivo
datasets kan opleveren.
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1

Chapter 1

General introduction

1.1 Nuclear molecular imaging

Molecular imaging refers to the visualisation, characterisation, and quanti�cation of bio-
logical processes in humans and other living systems at the molecular and cellular level [1].
While other medical imaging techniques such as X-ray radiography, computed tomography
(CT), magnetic resonance imaging (MRI) and ultrasound imaging are mainly used to reveal
the physical structure of the body, molecular imaging o�ers information about how it
is functioning. Current clinical applications of molecular imaging deal with e.g. cancer,
neurological and psychiatric disorders, cardiovascular disease, infection and in�amma-
tion, gene therapy, and stem cell therapy [2, 3]. These applications greatly contribute to
improved patient care in many clinics around the world. In clinical molecular imaging,
nuclear imaging techniques - planar radioisotope imaging, single-photon emission com-
puted tomography (SPECT), and positron emission tomography (PET) - are among the
most commonly used modalities. Figure 1.1 shows some examples of SPECT and PET in
imaging patients.

Next to clinical use, molecular imaging is also applied in preclinical research on small
animals. Mice and rats are commonly used in these animal studies because of their high
similarity with the human homolog, easy accessibility, and short reproductive cycles.
Besides, the availability of many mature genetic manipulation techniques nowadays allows
researchers to develop more clinically relevant animal models of human disease. For
example, preclinical imaging of the dopaminergic system has been performed successfully
in mouse and rat models of Parkinson’s disease - a progressive nervous system disorder
that a�ects human movement. These researches provide valuable results to support the
interpretation of clinical studies performed in patients with this disease [4–6].

The scope of this thesis is preclinical SPECT and PET. To perform SPECT or PET imaging,
an amount of radioactive “tracer” is administered (e.g. via injection) into the subject
(Figure 1.2). After a speci�c amount of time, the tracer accumulates at one or multiple
target locations that are intended to be imaged. Gamma ( ) photons resulting directly from
the tracer in the case of SPECT or from positron-electron annihilations in the case of PET
are detected by so-called gamma-cameras, also known as detectors. The detectors cover
su�cient angles around the subject, and information from all of those angles is used to
compute a three-dimensional (3D) image of the activity distribution in a process called
image reconstruction, which is discussed later in this chapter.
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Figure 1.1: Examples of SPECT and PET imaging for diagnostic purposes in patients. (a) 18F-DOPA-PET images
showing a healthy brain (HC; left), and marked asymmetric uptake in a patient with early-stage Parkinson’s
disease (PD; right). (b) 99mTc-MIBG SPECT/CT images showing hot spots and enlargement of adrenal gland,
indicating pheochromocytoma. (c) 18F-FDG-PET/MRI images of an subject with Alzheimer’s disease (left) and a
normal-control subject (right). The �gures are adapted and reprinted with permission from [7–9].

Unlike SPECT, which images single gamma photon emitters (Figure 1.2(a)), PET usually
employs near-simultaneous detection of the annihilation photon pairs (Figure 1.2(b));
when the photon pair is detected, the two detected positions de�ne a line on which the
annihilation likely took place. This technique is referred to as coincidence PET. It is also
possible to image the annihilation photons from PET tracers in the same way as is done
in SPECT by using a physical collimator to obtain information on the direction that the
detected photons came from. In this case, the collimator is positioned between the object
and the detector. It is made of a dense material with high photon-stopping power (e.g.
tungsten, lead) and designed in such a way that only photons from certain directions can
pass through it to reach the detector. For this purpose, holes are made in the collimator, and
their shapes and arrangement de�ne the type of collimator such as parallel-hole, cone-beam,
fan-beam, slit-slat, or pinhole collimator.
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Figure 1.2: Working principle of (a) SPECT and (b) Coincidence PET.

The design of clinical SPECT and PET scanners cannot be directly applied to small animals
because their achievable resolutions are just not su�cient; therefore, these modalities
have been adapted signi�cantly for preclinical imaging. One of the common adaptations
in preclinical SPECT, which can also be utilised to image PET isotopes, is the use of
multi-pinhole technologies, as will be discussed further in the next sections.

1.2 Pinhole collimation

The most widely used collimator types in SPECT systems use either parallel holes or
pinholes. The pinhole collimator has a unique advantage over the parallel-hole collimator,
particularly when imaging small objects. With a parallel-hole collimator, photons travel
through the collimator in the direction approximately perpendicular to the detector, which
results in a projection on the detector of the same size as the object (Figure 1.3). In this
case, the best image resolution that can be achieved is the detector’s spatial resolution,
which is usually limited (e.g. 3.5 mm in conventional gamma detectors). On the other hand,
with a pinhole collimator, the object can be magni�ed through the pinhole, creating a large
projection image if the distance from the object to the pinhole is chosen to be shorter than
the distance from the pinhole to the detector (Figure 1.3). In this way, the image resolution
can be signi�cantly better than the detector resolution. For example, using a single-pinhole
collimator, a resolution of 200 µm was achieved in two-dimensional (2D) in vivo mouse
thyroid imaging with 125I, while the detector used had an average intrinsic resolution of
3.1 mm [10].

Nowadays, collimators for 3D radioisotope imaging (SPECT and PET) usually contain
multiple pinholes to improve sampling, system sensitivity (de�ned as the fraction of the
number of detected photons over the total number of photon emissions), and several other
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Figure 1.3: Illustration of imaging a mouse thyroid with parallel-hole and pinhole collimation.

system properties. A higher sensitivity of the scanner is desirable to reduce scan time and
required tracer activity. The pinholes are either rotated or �rmly placed around the subject
in such a way that the geometry provides su�cient angular sampling to form 3D images.

When designing a multi-pinhole collimator, a large number of parameters needs to be
taken into account, such as the pinhole diameter and its opening angle, the number of
pinholes, the pinholes’ arrangement, the collimator material, the distance from pinholes’
centres to the object and to the detector, and the amount of pinhole projection overlapping.
These parameters form a huge set of possible collimator con�gurations. To evaluate a
con�guration, the achievable resolution and sensitivity serve as the two major measures.
Generally, there is a trade-o� between resolution and sensitivity; for example, decreasing
the pinhole’s diameter improves the image resolution, however, at the expense of reducing
the sensitivity. In a typical collimator design procedure, resolution (or sensitivity) is �xed
at a desirable value, and the collimator’s parameters are adjusted to give the best sensitivity
(or resolution). Note that the ultimate scanner performance can depend on many other
parameters (such as the volume that can be imaged), and also on the imaging task.

Collimator optimisation can be based on analytical models of pinhole collimators, e.g.
[11–15], which is e�cient in terms of computational speed. However, it should be noted
that analytical optimisation does not always guarantee an optimal solution because not all
collimator parameters and physics processes in the real imaging systems are captured in
the models. For instance, with the analytical models, photon scattering is excluded, which
would sometimes have a signi�cant e�ect in imaging, and complex collimator geometries
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are often simpli�ed, inducing certain approximations. Therefore, analytical optimisation
could be used in an initial design step, and then an accurate simulator such as a Monte Carlo
simulator could serve as the tool for the �nal optimisation. Besides, collimator optimisation
is ideally based on complete systems simulations (including image reconstruction) instead
of looking only at individual measures such as sensitivity or system resolution. After all,
experimental characterisation is necessary to assess the real-world performance of the
imaging system.

1.3 Pinhole microSPECT and microPET

Amajority of high-resolution preclinical SPECT imaging systems (microSPECT) is equipped
with multi-pinhole collimators [13, 16–27], o�ering in vivo 3D image resolutions down to
250 µm. These multi-pinhole systems are diversi�ed over a wide range of characteristics, e.g,
knife-edge versus channel-edge pinhole, round versus square pinhole, stand-alone system
versus integrated add-ons on existing clinical scanners, and moving versus stationary
collimator and detector.

A typical example of microSPECT is the U-SPECT system commercialised by MILabs B.V.,
Utrecht, the Netherlands [17, 21]. It consists of a cylindrical multi-pinhole collimator
surrounded by three large NaI(Tl) detectors con�gured in a stationary triangular setup
(Figure 1.4) - both the collimator and the detectors do not move during the scan. This
con�guration has advantages, compared to a non-stationary collimator-detector setup, in
system calibration, maintenance, and dynamical imaging possibilities [28–31].

The U-SPECT collimators are exchangeable with a set of multi-pinhole collimator tubes for
a wide variety of imaging applications. In these collimators, all pinholes focus on a central
�eld-of-view (CFOV) such that the activity distribution inside the CFOV can be visualised
without the movement of any system’s component. To image a larger volume than the
CFOV, the subject is translated to multiple positions inside the cylindrical collimator using
a high-precision three-degree-of-freedom robotic stage, and detected photons from all of
those positions are used together to form a 3D image [32].

Today, sub-millimetre imaging of PET isotopes (microPET) is possible with VECTor, a
system that is also commercialised by MILabs B.V. VECTor applies a novel clustered multi-
pinhole collimator [33, 34]. Due to the thick collimator wall and a smart arrangement of
narrow pinholes in this collimator, high-energy photons are e�ectively collimated without
sacri�cing the size of the CFOV. Compared to traditional coincidence microPET systems
(which are based on the near-simultaneous detection of annihilation photons to infer
the positron emission location), VECTor e�ectively suppresses some image degrading
e�ects. These e�ects include limited detector resolution, non-collinearity of annihilation
photons, and random coincidences, which would be signi�cant in high-resolution imaging.
Additionally, VECTor has the advantage of being able to simultaneously image SPECT and
PET isotopes, performing multi-isotope PET [35] by making use of prompt gammas, and
imaging important high-energy isotopes such as 131I, 213Bi, and 209At [34–41]. VECTor
also has the ability to perform positron-range free imaging [35].
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Many advances in U-SPECT and VECTor systems have been continuously developed
over the years in both collimator and detector design and software optimisation, with
close collaboration between MILabs B.V., the University Medical Center Utrecht, and Delft
University of Technology, pushing both resolution and sensitivity of the systems.

Figure 1.4: (a) Image of the U-SPECT/CT system (MILabs B.V.). (b) A multi-pinhole collimator and three large
NaI(Tl) scintillation detectors con�gured in a stationary triangular setup.

1.4 Pushing resolution with ex vivo imaging

High-resolution nuclear imaging is desirable to resolve small details in the target object. A
straightforward approach to increase image resolution with pinhole SPECT/PET is to image
a smaller object, in which case the pinholes can be placed closer to the object to increase
the magni�cation factor, instead of having an impractically large detector placed further
from the pinholes. That is the reason why pinhole SPECT/PET is more often applied to
small animals like mice than to humans. Currently, the best achievable resolutions of in
vivo pinhole SPECT and PET are 250 µm and <600 µm, respectively [27, 42], and it is hard
to push the resolution further with in vivo imaging due to the limited size of the animal.

To date, when a higher resolution than what is o�ered by in vivo SPECT/PET is required,
2D autoradiography is implemented [43–46]. In this technique, the radioactive tissue
is sliced, and each obtained thin layer is scanned to form a 2D image. As presented in
Figure 1.5, autoradiography can reach resolutions from <150 µm to several µm [47], which
is signi�cantly better than that reached in in vivo SPECT/PET. However, traditional autora-
diography requires complex sample preparation and manipulation. Besides, constructing a
3D image from the obtained 2D slices with this technique is still a di�cult task because this
process is error-prone and potentially causes distortion and other artefacts in the obtained
image volume.
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Figure 1.5: The resolution that can be obtained with common nuclear molecular imaging techniques. MARG:
Microautoradiography. QWBA: Quantitative Whole-Body Autoradiography. NHP: Non-human Primates. This
�gure is adapted and reprinted with permission from [47].

Given the disadvantages mentioned above, it may be useful to have ex vivo SPECT/PET
scanners that exploit the principle of large pinhole magni�cation. By imaging a small
tissue sample such as a mouse brain, a mouse thyroid, or tumour tissue, the pinholes can
be placed even closer to the object than when scanning a mouse, which results in increased
magni�cation. This approach can provide higher resolutions than in vivo imaging while
still intrinsically producing fully 3D images. This is nowadays enabled due to advances in
pinhole SPECT/PET, such as the ability to precisely engineer tiny pinholes made of a high
stopping power material, or better-optimised software for accurately generating images for
such ultra-high-resolution ex vivo scanners. Ex vivo SPECT/PET, however, does not enable
a resolution as high as typical traditional 2D autoradiography. Still, it will be especially
valuable when combined with its in vivo counterparts in a way that only requires a little
more e�ort, to provide a direct link between the ex vivo and in vivo datasets.

1.5 Optimising system modelling for image reconstruction

Image reconstruction in SPECT/PET is the process to obtain a 3D image representing
the activity distribution from a set of 2D projections acquired by the detectors. Image
reconstruction algorithms are classi�ed into two main categories: analytical methods
and iterative methods [48]. The analytical methods are fast but relatively inaccurate
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because they exclude some aspects in the imaging process, such as distance-dependent
resolution and sensitivity, photon scatter, noise in the projection data, and are only suitable
for a limited number of system geometries. On the other hand, iterative methods are
more time-consuming but have better noise properties and can utilise accurate models of
photon transport physics. They are suitable for highly complex system geometries like
multi-pinhole collimators. A standard iterative image reconstruction method is Maximum
Likelihood Expectation Maximisation (MLEM) [49, 50] with one of the most popular
accelerated versions known as Ordered Subsets Expectation Maximization (OSEM) [51].
In OSEM, the projection data needs to be divided into “balanced” subsets, and in each
iteration, only a subset of projection data is used, which is much faster while producing an
almost as good image, compared to using the full projection data as in MLEM.

The reconstruction algorithms in U-SPECT and VECTor are based on improved versions
of OSEM: For a better subset balance, pixel-based OSEM (POSEM) [52] was developed
in which projection data is divided into subsets of detector pixels distributed over the
projections instead of subsets consisting of sets of complete projection images. Further
acceleration in reconstructing low-activity regions is achieved with similarity-regulated
OSEM (SROSEM) [53], in which the number of subsets for updating a voxel depends on how
similar the reconstruction algorithm would update the estimated activity in that voxel with
di�erent subsets. Most recently, a combined dual-matrix dual-voxel (DM-DV) approach
was implemented [42] to further speed up the reconstruction while maintaining image
quality by having two matrices for forward projection and backprojection, di�erent in the
amount of low-frequency information and the voxel sizes in the matrices.

The prerequisite for image reconstruction is a process called system modelling to calculate
a system matrix for a speci�c imaging situation. The system matrix consists of point
spread functions (PSFs) that contain the probabilities that photons coming from a certain
voxel location in the object are recorded in a certain pixel in the detector. In U-SPECT
and VECTor systems, two methods have been used to obtain the system matrix. The �rst
one, known as “traditional” method, is based on model-based interpolation from a set of
measured PSFs to calculate all necessary PSFs for the matrix [54]. The second one, known
as “ray-tracing” method, accurately calculates the photon transport through the system
for all voxel-pixel combinations and saves them in an e�cient way [36]. The traditional
method is suitable for low- and medium-energy isotopes such as 125I (27 keV), 201Tl (71
keV), 99mTc (140 keV), and 111In (171 and 245 keV), while the ray-tracing method is mostly
used for high-energy isotopes such as 131I (364 keV), 213Bi (440 keV), and PET isotopes (511
keV).

For ultra-high-resolution ex vivo SPECT/PET, system modelling can be optimised further
to address the following challenges with the traditional and ray-tracing matrices. With the
traditional matrix, the size of the radioactive point source used in measuring the initial set
of PSFs should be smaller than the matrix voxel size. It is challenging to fabricate such a
tiny point source still containing a su�ciently high activity for acquiring almost noiseless
PSFs. With the ray-tracing matrix, a huge number of photon paths needs to be calculated
for a high-resolution system like EXIRAD-3D, which would result in an impractically
long computation time. Besides, many important isotopes, such as 111In, 67Ga, and 90Y,
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emit a complex energy spectrum with, e.g. multiple photopeaks or continuous spectra.
Optimally reconstructing data from these isotopes usually requires multiple ray-tracing
matrices for multiple energy windows, which increases the computational complexity in
both system modelling and image reconstruction. Therefore, it is of interest to develop a
new system modelling method that is accurate and e�cient for ultra-high-resolution ex
vivo SPECT/PET and also easily applicable to di�erent energies and isotopes.

1.6 Research aims and thesis outline

This thesis aims to develop and validate new ultra-high-resolution ex vivo 3D imaging
modules to use with existing preclinical SPECT and PET systems (in this work developed for
the U-SPECT and VECTor, MILabs B.V.) for a wide range of energies, by means of dedicated
multi-pinhole collimators and by utilising accurate system modelling for high-resolution
image reconstruction.

Chapter 2 evaluates di�erent materials for an ultra-high-resolution ex vivo SPECT collima-
tor (EXIRAD-3D) used in U-SPECT and VECTor with low- and medium-energy isotopes (e.g.
27-245 keV). From an existing design of this collimator (MILabs B.V.), di�erent materials
were evaluated, by �xing the system sensitivity and determining which material o�ers the
highest image resolution. This study is important because it provides knowledge on which
material is both e�ective, practical, and economical in this application. The collimators
with di�erent materials are assessed based on full image reconstructions with Monte Carlo
simulations which are validated by comparison to experimental data. Chapter 3 presents
the description of a commercialised version of the EXIRAD-3D, and its experimental per-
formance characterisation with phantom scans and mouse knee joint, thyroid, and kidney
scans. Chapter 4 introduces a Fast Monte-Carlo based system modelling method that
is accurate and e�cient for EXIRAD-3D and overcomes the challenges with the current
traditional and ray-tracing matrix generation methods. This method allows an easy adap-
tation and combination of matrix energies, and it is also straightforward to apply to other
multi-pinhole imaging systems. The results are evaluated with both experimental and
simulated scans with various radioisotopes. Chapter 5 optimises and evaluates a new
EXIRAD option (EXIRAD-HE) for ex vivo imaging of a wide range of high-energy isotopes
(e.g. 364-603 keV), using Monte Carlo simulations of several image quality phantoms as well
as digital mouse tissue phantoms. Chapter 6 summarises the �ndings in this thesis with
some more discussion on the results and recommendations for possible further researches
in this area.
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Chapter 2

Evaluation of pinhole collimator materials
for micron-resolution ex vivo SPECT

This chapter is adapted from:
Minh Phuong Nguyen, Marlies C. Goorden, Chris Kamphuis, and Freek J. Beekman. Evaluation of pinhole
collimator materials for micron-resolution ex vivo SPECT. Physics in Medicine & Biology 64.10: 105017, 2019.
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P inhole collimation is widely recognized for o�ering superior resolution-sensitivity trade-o�
in SPECT imaging of small subjects. The newly developed EXIRAD-3D autoradiography

technique (MILabs B.V.) based on a highly focusing multi-pinhole collimator achieves micron-
resolution SPECT for cryo-cooled tissue samples. For such high resolutions, the choice of
pinhole material may have a signi�cant impact on images. Therefore, this chapter aims to
compare the performance of EXIRAD-3D with lead, tungsten, gold, and depleted uranium
pinhole collimators designed such that they achieve equal sensitivities. Performance in terms
of resolution is characterized for several radioisotopes, namely 111In (171 keV and 245 keV),
99mTc (140 keV), 201Tl (71 keV), and 125I (27 keV). Using Monte Carlo simulation, point spread
functions were generated and their pro�les as well as their full-width-at-half-maximum and
full-width-at-tenth-maximum were determined and evaluated for di�erent materials and
isotopes. Additionally, simulated reconstructions of a Derenzo resolution phantom, validated
with experimental data, were judged by assessment of the resolvable rods as well as a contrast-
to-noise ratio (CNR) analysis. Our results indicate that using materials with higher photon-
stopping power yields images with better CNR for the studied isotopes with improvements
ranging from 1.9% to 36.6%. Visual assessment on the reconstructed images suggests that for
EXIRAD-3D, the tungsten collimator is generally a good choice for a wide range of SPECT
isotopes. For relatively high energy-isotopes such as 111In, using gold inserts can be bene�cial.

2.1 Introduction

The pinhole has enabled ultra-high-resolution 3D radionuclide imaging in small animals
[55]. Since the use of pinholes in the earliest gamma cameras [56–58], imaging systems
with pinhole collimators have signi�cantly evolved over the years pushing the imaging
performance limits. A majority of preclinical SPECT systems is now equipped with multi-
pinhole collimators leading to sub-millimetre resolution [13, 16, 17, 19–25, 59, 60], even
down to 0.25 mm [27]. Sub-millimetre resolution has also been achieved in imaging of PET
isotopes and simultaneous imaging of PET and SPECT isotopes using clustered pinholes
[34, 61]. Moreover, several multi-pinhole clinical SPECT systems are available on the
market [62] or being developed [63–69]. Generally, the trade-o� between resolution and
sensitivity (i.e., the fraction of emitted gamma photons that are recorded by the detectors)
of a pinhole collimator can be enhanced when the �eld-of-view is decreased. That is
because the smaller the volume to be imaged, the closer the pinholes can be placed to the
radioactivity which increases sensitivity and leads to larger pinhole magni�cation factors
which can enhance resolution.

On this line of development, MILabs B.V. has introduced EXIRAD-3D for SPECT scanning
of cryo-cooled tissue samples, also called automated 3D autoradiography, which avoids
time-consuming and error-prone steps present in traditional autoradiography. In traditional
autoradiography, the tissue sample needs to be cryo-cooled, then sliced into thin sections,
and scanned for hours or days with digital 2D �lms or phosphor screen readers. The
obtained 2D images are subsequently registered to form a 3D volume representing the
radioactivity distribution within the sample. This process potentially causes distortion in
the 3D volume. With EXIRAD-3D, the whole tissue sample is cryo-cooled in a specially
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designed sample holder to avoid tracer leaking and tissue deformation, and scanned to form
a 3D image. This novel technique is available on recent U-SPECT/CT and VECTor4,5&6/CT
systems, which are the successors of the systems described in [21, 34]. It uses a dedicated
focusing multi-pinhole collimator made of tungsten alloy mounted within three large-
�eld-of-view gamma-cameras with NaI(Tl) crystals in a stationary set-up. This collimator
has a small bore size that allows high-resolution ex vivo scanning, but due to its small
size, it is not suited for in vivo imaging. Due to the close pinhole-to-subject distance,
EXIRAD-3D has a very high pinhole magni�cation and therefore can produce better than
140 µm spatial resolution (or 2.7 nL) 99mTc-SPECT images, which gets into the resolution
range of traditional autoradiography (from 0.01 pL to several nL, [47]). Optimising the
collimator could further improve the resolution-sensitivity trade-o� for such systems.

Collimator and system geometry optimisation in general is complex as there is a high
number of degrees of freedom, such as aperture diameter, pinhole placement, pinhole
opening angle, pinhole orientation, number of pinholes, pinhole-detector distance, or
pinhole material. Here we focus on the role of the material used. Aside from the commonly
used lead and tungsten, gold and depleted uranium have been used for pinhole collimators
[10, 16, 17, 21, 60, 70–73]. Using materials with high stopping power is often preferred
because it results in narrower point spread functions (PSFs) as photon penetration and scat-
tering in the pinhole edges are reduced which can be expected to lead to better resolutions
[74]. However, it would not be fair to judge the performance of pinhole materials only by
their photon attenuation coe�cient because the photons that are stopped by the material
may contain information about their emission location that can still be useful in image
reconstruction. One can instead compare resolution at equal sensitivities which can be
accomplished by tuning the pinhole diameter for di�erent materials. It was demonstrated in
[75] that with equal sensitivities, the PSF full-width-at-half-maximum (FWHM) increased
from lead, tungsten, gold, to uranium, while the PSF full-width-at-tenth-maximum (FWTM)
decreased. However, the resolutions of �nal reconstructed images were almost independent
of the material used for the SPECT systems investigated in that work. This implies that
good system modelling for image reconstruction can at least partly compensate for pinhole
edge penetration and scattering, and the evaluation of pinhole materials should be based
on �nal reconstructed images. For a higher resolution system as EXIRAD-3D, it is not a
priori clear if the �ndings from [75] still hold as the performance of such a system can be
more sensitive to the collimator material used.

This work aims to compare EXIRAD-3D pinhole collimators made of di�erent materials at
equal system sensitivities. Four collimator materials (lead, tungsten, gold, and depleted
uranium) were investigated for several radioisotopes, namely 111In (171 keV and 245 keV),
99mTc (140 keV), 201Tl (71 keV), and 125I (27 keV). For each isotope, Monte Carlo simulation
(MCS) of a full multi-pinhole collimator was performed to tune the pinhole diameters such
that all collimators investigated obtained equal sensitivity. We then compared PSFs and
reconstructed Derenzo resolution phantom images for di�erent materials and isotopes.
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2.2 Methods

2.2.1 EXIRAD-3D system with multi-pinhole collimator

For EXIRAD-3D imaging, the U-SPECT/CT or VECTor/CT system is equipped with a fo-
cusing multi-pinhole collimator mounted within three large-�eld-of-view gamma-cameras
having 3.5 mm intrinsic spatial resolution and 10% FWHM energy resolution at 140 keV.
Each gamma-camera is equipped with a 9.5 mm thick NaI(Tl) crystal having a usable area
of 497.4*410.6 mm2 and read out by 55 photomultiplier tubes (PMTs). The collimator’s
core is cylindrical with an inner bore diameter of 10.5 mm and a wall thickness of 7.5 mm
(Figure 2.1(a,b)) made of a tungsten alloy containing 92.5% tungsten, 5.25% nickel, and
2.25% iron. It has a total of 87 round knife-edge pinholes with pinhole centres at a radius
of 12.5 mm from the z-axis (see Figure 2.1 for axes de�nition). The pinhole axes converge
at a single point at the collimator centre, and they are distributed into �ve rings with the
tilt angles indicated in Figure 2.1(a). There is also an 8-degree angular shift around the
z-axis between adjacent rings. All pinholes have the same aperture diameter of 0.15 mm,
and an opening angle of 26 degrees. The core is surrounded by an lead shielding tube with
trapezium-shaped holes to prevent overlapping between pinhole projections (Figure 2.1(c)).

Figure 2.1: (a) The core of the dedicated focusing multi-pinhole collimator for EXIRAD-3D. (b) A cross-section in
the xy-plane showing the pinholes that project on one of the three detectors. Rotating this group of pinholes
± 120◦ around the z-axis results in the pinholes projecting on the other two detectors. (c) The shielding with
trapezium-shaped holes that surrounds the collimator’s core.

2.2.2 Monte Carlo simulations

To simulate photon transport in the collimator and detector, we used the well-validated
Monte Carlo simulation (MCS) software Geant4 Application for Tomographic Emission
(GATE) [76–79]. GATE version 8.0 was used with Geant4 version 10 on a CentOS 6.6
cluster with 250 processors running simultaneously. Modelled physics processes include



2.2 Methods

2

15

photoelectric e�ect, Compton scattering, and Rayleigh scattering for gamma photons,
as well as ionisation, bremsstrahlung, and multiple scatter for electrons. To simulate
the triangular detector geometry, a set of three NaI-scintillators was created natively
in GATE using three 497.4*410.6*9.5 mm3 rectangular boxes. The �rst scintillator was
placed perpendicularly to the y-axis and centred at (0 mm, -210 mm, 0 mm), and the
other two were created by rotating the �rst one by ±120 degrees around the z-axis. Other
details of the detectors such as exact light guide geometry and PMTs were not explicitly
simulated in GATE but captured in the detector resolution (explained in Equation (2.1)). The
collimator was mostly based on a computer-aided design (CAD) of the real commercialised
collimator to keep precise pinholes and shielding’s geometries, while we adjusted pinhole
diameter and collimator material for this study. Since the role of material is most important
on the pinhole edges and a lead shielding would perform as well as a shielding made
of tungsten, gold, or uranium, we assumed that the whole collimator contains a single
material without assigning a di�erent material (lead) to the shielding. An STL �le of the
collimator exported from the CAD program was inserted into GATE. This STL �le format
is only supported in GATE for version 8.0 and higher. We made sure the STL meshes well
resembled the continuous model by using a large number of triangles, especially at the
pinhole apertures. On average, each collimator is composed of 170900 triangular faces, and
each pinhole aperture is formed by 40 aperture blades. A reasonable 12-minute time was
required to render an STL collimator. The STL �les were prepared in Netfabb (Autodesk,
Inc., San Rafael, California) to remove unexpected gaps, non-manifold edges/vertices, and
intersecting triangles before importing it into GATE. GATE outputs the interaction time,
total deposited energy, and energy-weighted average interaction location in the scintillators
for each gamma photon. Photon interaction locations were sampled with a pixel grid of
1.072*1.072 mm2 (pixel size of the experimentally used detector). A digital detector mask
was applied to mask areas where no direct photons from the object are expected to be
detected as is also done in the reconstruction software of the real system [54].

The full isotopes’ emission spectrum and activity decay, retrieved from [80], were con-
sidered for each studied isotope. In addition, we randomised the interaction energy and
position for each event using Gaussian probability distributions to simulate the detector’s
energy resolution and spatial resolution. Energy dependence of these resolutions was
taken into account as summarised in Table 2.1. As these resolutions were only determined
experimentally for a few energy values (indicated in bold in the table), the rest of them was
calculated using models from literature. For the detector’s energy resolution we used [76]:

Renergy =

√

2.35
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+R
2

i
, (2.1)

where L, E, p, �, and Ri are light yield, deposited energy, light collection e�ciency (i.e.,
the fraction of scintillation photons that arrive at the PMTs’ photocathodes), quantum
e�ciency of the PMTs, and intrinsic resolution of the detector in FWHM, respectively.
Here we set for the NaI(Tl) detector a light yield of 38 photons/keV, a quantum e�ciency of
30%, and 6% FWHM intrinsic energy resolution. These values were retrieved from [81–83].
Then, with the measured detector’s energy resolution at 140 keV of 10% FWHM, the light
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collection e�ciency was calculated to be 59.5%. The detector’s spatial resolution was
measured for our system to be 3.5 mm FWHM at 140 keV, and scaled by the reciprocal of
the square root of the photon’s energy, as was also done in other studies [13, 84]:

Rspatial = 3.5

√

140/E, (2.2)

where E is deposited energy in keV. Note that even though the detector’s spatial reso-
lution is in the mm range, system resolution can be signi�cantly better due to the high
pinhole magni�cation [85], and reconstructed resolution can be even better than the system
resolution when accurate photon transport and detector blurring are modelled in image
reconstruction. Table 2.1 also presents some of the isotopes’ properties and the photopeak
windows for acquisition. For 111In, which has two prominent photopeaks, data from both
photopeaks are acquired simultaneously.

Table 2.1: MCS settings for di�erent isotopes. For spatial resolution and energy resolution of the detector, numbers
in bold denote experimentally determined values, and the rest is calculated using Equations (2.1) and (2.2).

Isotope Peak energies Half-life Detector’s spatial Detector’s energy Photopeak
(keV) resolution (mm) resolution (%) windows

111In 245 2.8 d 2.6 8.5 20% at 245 keV
171 3.2 9.4 20% at 171 keV

99mTc 140 6.0 h 3.5 10 20% at 140 keV
201Tl 71 3.0 d 4.9 12.7 40% at 71 keV
125I 27 59.4 d 8.0 25 60% at 27 keV

2.2.3 Determination of pinhole diameters to obtain equal sensitivities

For each isotope, the pinhole aperture diameter was adjusted to obtain equal sensitivity for
di�erent materials. To this end, we simulated projections of a uniform activity distribution
with the size of the central �eld-of-view (CFOV) - a cylinder with a diameter and a length of
4 mm that can be observed simultaneously by all pinholes - and sensitivity was calculated
as the number of detected counts within the photopeak window over the simulated number
of emissions (5.5*109). This way, we obtained the average sensitivity over the CFOV. For
each isotope used, we always �xed the pinhole diameter for the tungsten collimator to 150
µm (diameter of the pinholes in the real collimator) and varied the pinhole diameter with a
step size of 2 µm for other materials to achieve (nearly) equal sensitivity. Characteristics
of the four investigated materials are provided in Table 2.2 at the energies corresponding
to the primary emission of the considered radioisotopes, namely 125I, 201Tl, 99mTc, and
111In. Note that here we only simulated pure materials. In actual collimator manufacturing,
alloys of these materials are often used. The in�uence of this is discussed further at the
end of this chapter.
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Table 2.2: Densities and attenuation coe�cients of the studied materials at the considered energies. The values
were obtained from NIST [86, 87].

Materials Density (g cm−3)
Linear attenuation coe�cient µ (mm−1)

27 keV 71 keV 140 keV 171 keV 245 keV
(125I) (201Tl) (99mTc) (111In) (111In)

U 18.95 102.567 8.754 5.800 3.604 1.550
Au 19.32 69.730 5.688 4.260 2.560 1.114
W 19.30 57.577 20.482 3.621 2.200 0.952
Pb 11.53 45.077 3.703 2.751 1.655 0.708

2.2.4 PSF comparison for single pinholes

By comparing the PSFs obtained with di�erent collimator materials at equal system sensi-
tivities, we analysed the magnitude of the pinhole penetration and scatter components in
the pinhole projections. To this end we considered the PSF projecting from a point source
at the collimator’s centre through a pinhole oriented perpendicular to one of the detector
planes. The number of emitted gamma rays was set to 4*1011. Only for this comparison,
the PSFs were sampled to a smaller grid of 0.2*0.2 mm2 on the gamma detector, instead of
the customarily used pixel size of 1.072*1.072 mm2 when we make projections. We com-
pared the 2D PSFs and their pro�les, as well as FWHMs and FWTMs. To calculate a PSF’s
FWHM (or FWTM), we �t the PSF to a 2D Gaussian shape using the Levenberg–Marquardt
algorithm [88, 89], and drew a contour on the �tted PSF that represents the isoline at the
intensity equal to one half (or one-tenth) of its maximum using the Marching Squares
algorithm [90]. Then, the average diameter of the contour was taken and projected back to
the image domain by dividing it by the pinhole magni�cation factor to obtain the FWHM
(or FWTM).

2.2.5 Multi-pinhole reconstruction

Phantom scan simulation

A Derenzo phantom having six sectors of hollow cylindrical rods with varying diameters
that contained a radioactive solution inside was simulated (Figure 2.2). In each sector, the
distance between centres of two adjacent rods was twice the rod diameter. The phantom
was created natively in GATE, so it had no discretisation.

For each radioisotope, a realistic activity concentration that can be attained in animal
experiments was simulated on the phantom: 26.3 MBq/ml, 212 MBq/ml, 8.8 MBq/ml, and
185 MBq/ml for 111In, 99mTc, 201Tl, and 125I, respectively. The activity concentrations for
99mTc and 125I were derived from real experimental scans of a mouse knee joint and a mouse
thyroid on our EXIRAD-3D system. In the knee joint scan, 300 MBq 99mTc-methylene
diphosphonate was injected into a mouse and bone tissue containing 6 MBq activity was
imaged. In the thyroid scan, 39 MBq 125I-Na was injected into a mouse and thyroid tissue
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containing 1.6 MBq activity was imaged. The activities on the tissues were measured in
a dose calibrator (VDC-304, Veenstra Instruments, the Netherlands). Knowing the total
activity in the tissue sample and the activity distribution on the corresponding SPECT
image, the activity concentration (MBq/ml) for each image voxel was calculated. Then, the
average activity concentration over the knee joint or the thyroid was used for simulations
in this work. Note that in this study the animal was sacri�ced and its tissue was cryo-cooled
shortly after activity injection. In this case, radiation-induced biological e�ects do not play
a role. The activity concentrations for the other isotopes were obtained from biodistribution
studies from literature [91, 92] which were for in vivo scans.

Figure 2.2: (a) The Derenzo phantom used to evaluate image resolution. Listed rod sizes are in mm. The rods have
equal lengths of 2 mm leading to a total volume of 3.2 µl. (b) The mask for calculating contrast-to-noise ratio
that was used to evaluate reconstructed images as explained at the end of Section 2.2.5. Red circles represent
activity-containing regions while blue circles are drawn on the background. Each region spans a depth of 0.8 mm
around the phantom’s central plane.

A total scan time of 16 hours was simulated assuming an overnight scan, and activity
decay was taken into account for each isotope. The scanning focus method [32] in which
the phantom is scanned at multiple bed positions and images are reconstructed from all
projection data of the di�erent bed positions was used to improve sampling. A total of
nine bed-positions on a plane perpendicular to the collimator axis were simulated in GATE
with equal scan time for each position.

We also simulated realistic background radiations that could be signi�cant in these phantom
scans as the activity contained in the small-volume phantom (3.2 µl) was rather low. To this
end, the count rate from the background radiation within the photopeak window for each
isotope in Table 2.1 was measured with a U-SPECT/CT system at MILabs B.V., Utrecht, the
Netherlands to be 175 cps, 60 cps, 100 cps, and 45 cps for 111In (both photopeak windows),
99mTc, 201Tl, and 125I, respectively. Then with the assumption that the background counts
are uniformly distributed over the detector pixels, the average number of background
counts on each detector pixel over the scan time per bed position was calculated, and its
Poisson realisation was added to the projection at that pixel.

For each simulated scan, the photons that deposit energy in the two side windows adjacent
to the photopeak, each having a width of 25% of the photopeak window’s width, were
also recorded for the purpose of scatter correction. Background counts were also added
to the side window projections in the same way as for the photopeak window. Here, the
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number of counts from background radiation within a side window was assumed to be 25%
of the number of counts from background radiation within the corresponding photopeak
window.

System matrix generation

Accurate modelling of the systemmatrix is necessary for high-quality reconstructed images.
The matrix, consisting of PSFs corresponding to all voxels in the �eld of view, represents
the probabilities that a photon emitted from a voxel is recorded at a detector pixel. In this
study, we based the matrix generation method on the one that is experimentally used and
described in [54]. In this method, a limited number of PSFs is measured, and then a full
matrix is obtained by model-based interpolation. This approach currently performs well in
reconstructing the EXIRAD-3D experimental scan data [93]. We used the MCS described
in Section 2.2.2 to simulate the point source measurements mimicking what is done in the
experimental procedure.

For each matrix generation, a total of 435 point source positions was simulated with GATE.
They were placed on a 1 mm grid near the collimator’s centre and a 2 mm grid further
away from the centre (Figure 2.3). We assumed that for 99mTc the point source contained
an activity of 46 MBq and was scanned for 15 seconds at each position, as in the common
experimental procedure. For the other isotopes, the same number of emitted photons was
assumed from the point source. This way the simulation took three days.

Figure 2.3: Point source positions placed inside a sketch of the collimator, indicated by solid points.

The number of point source positions is just 1/200,000 of the required number of image
voxels in the system matrix for a 0.05 mm voxel size. The model-based interpolation proce-
dure is based on transforming a nearby PSF using some estimated parameters (PSF’s �ux,
width, and centre location) and is explained in detail in [54]. For multi-pinhole collimation,
it is not necessary to store all voxel-pixel combinations in the system matrix because only
the photons that go through the pinholes or pass the pinhole’s edge have considerable
probabilities to be detected. Therefore, the PSF parts having negligible intensities are not
saved such that C% of the area under the PSF is excluded. C% was set to 4%, except for 125I
(C% = 10%) to keep reasonable matrix sizes on disk. Reducing the matrix size also helps to
speed up image reconstruction.

The shielding with trapezium-shaped holes surrounding the collimator makes sure that each
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pinhole projects in a separate segment on the gamma camera and a precise segmentation
of the detector area into these separate segments needs to be known for an accurate system
matrix [54]. To obtain this, we simulated a high-count projection of a uniformly �lled
cylindrical activity volume (radius 10 mm, length 16 mm) that just �ts inside the collimator
and was assumed to emit 1011 gamma photons. This number of photons was not as high as
in the real experiment to avoid long computation times, but it was su�cient to derive a
proper segmentation. This step was done only once for all simulated collimators because
the pinhole position and shielding tube did not change.

Image reconstruction and evaluation

Reconstructions were performed using the similarity-regulated ordered-subset expectation
maximisation (SROSEM) algorithm [53]. The maximum number of subsets was set to
128, and all images were reconstructed on an isotropic 0.05-mm-voxel grid. Scatter and
background radiation were corrected using the triple-energy window method [94]. The
reconstructed images were post-�ltered using a 3D Gaussian �lter with FWHM in the
range of 0.06 – 0.30 mm with a step size of 0.01 mm. The optimal number of iterations
and �lter size were de�ned to be those that maximised the average contrast-to-noise
ratio (CNR, calculation explained below). The image reconstruction was validated by
comparing an experimental result with a simulation result of the same scan which was
a resolution phantom scan with an equivalent activity of 800 MBq/ml 99mTc using the
tungsten collimator. The evaluation of collimator materials was based on the CNRs as well
as visual assessment over the reconstructed rod shapes and minimally resolvable rod sizes
on the Derenzo phantom.

CNR was calculated in the same way as in [37]. To this end, regions of interest (ROIs)
were used as shown in Figure 2.2(b). Red circles indicate the regions with activity and blue
circles indicate the background regions. Each region spans a depth of 0.8 mm (16 slices)
around the phantom’s centre. We de�ned the contrast of each of the six rod-sectors as:

Cs =

Is −Bs

Is

, (2.3)

where Is is the mean intensity over the activity regions of sector s (Is) and Bs is the mean
intensity over the background regions of sector s (Bs). CNR of each sector was de�ned as
Cs/Ns where:

Ns =

√

�
2

Is,p
+�

2

Bs,p

I Bs

, (2.4)

serving as a measure of variability between ROIs. There, �Is,p and �Bs,p
are standard

deviations over Is and Bs , respectively, calculated over all sectors s and a subset of planes p,
given by {1, 4, 7, 10, 13, 16} to reduce inter-ROI covariance, and I Bs is mean intensity over
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all ROIs in sector s. Then the average of the CNRs over the sectors with visible rods was
taken for the image quality assessment.

2.3 Results

2.3.1 Pinhole diameters to obtain equal sensitivities for different colli-
mator materials

Table 2.3: The pinhole diameters for di�erent materials that were adjusted to achieve equal sensitivity over the
CFOV for each radioisotope. The corresponding system sensitivities are also listed.

Isotope System sensitivity dpℎ –U (mm) dpℎ –Au (mm) dpℎ –W (mm) dpℎ –Pb (mm)
(over the CFOV) (�xed)

111In 0.108% 0.232 0.184 0.150 0.054
99mTc 0.090% 0.174 0.160 0.150 0.126
201Tl 0.044% 0.144 0.130 0.150 0.102
125I 0.050% 0.154 0.152 0.150 0.148

In Table 2.3, pinhole diameters that result in an almost equal sensitivity over the CFOV
for di�erent materials and di�erent isotopes are provided. For all cases, the remaining
sensitivity di�erences due to the fact that pinhole diameter was changed in discrete 2
µm steps were small, less than 10−4%. As expected, Table 2.3 indicates that to obtain
“equal” sensitivities, when using a material with higher photon-absorption power larger
pinholes are required. Note that 71 keV (201Tl) is close to the K-edge of tungsten where
its attenuation coe�cient increases suddenly; therefore, it is reasonable that for 201Tl the
tungsten pinholes have larger aperture diameter than the pinholes made of other materials.

2.3.2 PSF comparison

The 2D PSFs through a pinhole projecting perpendicular to the detector with diameter
as summarised in Table 2.3 are shown in Figure 2.4 while pro�les are provided in Fig-
ure 2.5. For 111In, a di�erence between PSFs for the various collimator materials is visually
distinguishable: the PSF is slightly wider when using a material with lower attenuation
coe�cient. This visual distinction is hard to make for other isotopes having lower energy
than 111In.

Given that the number of photons emitted from the point source is always �xed to be
4*1011, the unequal maximal values of the PSFs between di�erent isotopes as indicated
in the color bar in Figure 2.4 are due to the fact that the percentage of emitted photons
that ends up depositing energy within the photopeak window depends on the energy
distribution of the isotope’s emission spectrum. These numbers are also a�ected by the
level of detector’s spatial blurring, which is energy dependent.

The PSFs’ pro�les in Figure 2.5 are plotted as a function of the distance from the PSF
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Figure 2.4: 2D PSFs projecting from a point source placed at the collimator’s centre through a pinhole oriented
perpendicular to one of the detector planes. The PSFs are displayed for di�erent isotopes and pinhole materials,
with the pinhole diameters set such that all collimators have equal sensitivity for each isotope (see Table 2.3). The
colourmap presents the count density, which represents the number of detected counts on each pixel within the
photopeak over the total number of photon emissions.

centre on a semi-logscale, and the corresponding FWHM and FWTM are presented in
Figure 2.6. Almost identical pro�les and FWHM/FWTM are observed for the di�erent
pinhole materials for the low-energy 125I. A distinction between materials is observable
for 201Tl and 99mTc and more prominent for 111In. Generally, under the condition of equal
sensitivity, the use of materials with higher stopping power yields PSFs with narrower tail
and lower values for the FWHM and FWTM.

2.3.3 Multi-pinhole reconstruction

A validation of the simulations performed in this work is provided in Figure 2.7. Here
tungsten pinholes with an aperture diameter of 0.15 mm were assumed, and the resolu-
tion phantom was �lled with 99mTc. With an activity concentration of 800 MBq/ml, the
minimally visible rods on the phantom have a diameter of 0.15 mm, which is in agreement
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Figure 2.5: PSFs’ pro�les drawn as indicated on the lower-left PSF in Figure 2.4.

with the experiment in which the phantom was �lled with the same amount of activity
and scanned in the real tungsten-alloy collimator. Note that the phantom used in the
experiment has slightly di�erent rod sectors from the one used in the simulation because
it is of interest to check in the simulation the 0.13-mm rods that were not included in the
experimental phantom. Figure 2.7 also provides an impression of the achievable resolution
with EXIRAD-3D for 99mTc for various activity concentrations.

Figures 2.8 to 2.11 show images of the resolution phantom for realistic biological activity
concentrations for 111In, 99mTc, 201Tl, and 125I, respectively. Images are displayed at several
iterations, and the square boxes indicate the images with the highest average CNR averaged
over the visible rods. Note that the range of the optimal number of iterations varies across
isotopes used (across Figures 2.8 to 2.11) and thus di�erent iteration number ranges are
shown for di�erent isotopes. The smallest rods that can be resolved have a size of 0.15 mm
for 99mTc, 0.22 mm for 111In and 125I, and 0.26 mm for 201Tl. Visual assessment indicates
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Figure 2.6: FWHM (a) and FWTM (b) of the PSFs in Figure 2.4 representing all studied materials and isotopes.

that uranium and gold perform slightly better than tungsten and lead by o�ering clearer
images, specially for 111In (see the phantom’s background in �gure 8). For 125I, all simulated
images appear visually similar, independent of material used.

Figure 2.12 summarises all the optimal average CNRs in Figures 2.8 to 2.11 along with CNR
for each visible rod sector. Generally, the CNR is increasing when using a higher-stopping-
power material. Compared to lead, the use of materials with higher attenuation coe�cient
improves the average CNR up to 36.6%, 4.6%, 7.2%, and 1.9% for 111In, 99mTc, 201Tl, and 125I,
respectively.

2.4 Discussion

We have compared the performance of EXIRAD-3D with various pinhole materials regard-
ing resolution at equal system sensitivities. Four pinhole materials, namely lead, tungsten,
gold, and depleted uranium, have been investigated for a wide range of photon energies
(27 keV – 245 keV). The results show that the pinhole material has an in�uence on the
image resolution when the pinhole diameter is adjusted to keep sensitivity unchanged.
Using a material with higher photon stopping power improves image quality, especially
for high photon energies. The pinhole material matters for this high-resolution system
because with the small pinholes used, the proportion of the number of penetrative and
scattered photons compared to the number of photons passing directly through the pinhole
can be signi�cant and the material’s ability to attenuate photons becomes important. This
proportion reduces with the higher-stopping-power material, and thus image quality can
be improved. Besides, the chosen pinhole material matters more for the higher energy
isotopes as in that case the relative contribution of the pinhole to the PSF is larger; with an
average pinhole magni�cation factor of 19 which we calculated for this geometry (taking
into account that the pinholes project onto �at detectors), the detector’s contribution to
the resolution is about 2.7, 1.6, 1.2, and 0.97 times that of the pinhole for 125I, 201Tl, 99mTc,
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and 111In, respectively.

We performed a validation by simulating a scan with 800 MBq/ml 99mTc that mimics an
experimental scan and achieved comparable images. When assessing images obtained
with di�erent pinhole materials, biological activities were assumed because it is of interest
to investigate the resolution achievable in realistic animal scans. Therefore, 111In, 99mTc,
201Tl, and 125I with activity concentrations of 26.3 MBq/ml, 212 MBq/ml, 8.8 MBq/ml, and
185 MBq/ml, respectively, were put in the resolution phantom. With these activities, the
smallest rods that the system could resolve have diameters of 0.15 mm for 99mTc, 0.22 mm
for 111In and 125I, and 0.26 mm for 201Tl. Compared to 99mTc, high-energy 111In results in
more undesirable penetration and scatter in the pinhole edges, while low-energy 125I has the
disadvantage of worse detector’s spatial and energy resolutions. The resolution obtained
with 201Tl is also degraded as its activity on the phantom was rather low. The achievable
image resolutions could be improved when scan time is increased by, for example, scanning
over the weekend, which is practical for EXIRAD-3D when long-lived isotopes are used
because the tissue sample is cryo-cooled and its shape can be kept unchanged for a long
scan.

Figure 2.7: Simulated images for the scanner geometry with tungsten pinholes and several activity concentrations
of 99mTc in the Derenzo phantom compared to an experimental result. The rod diameters are provided in mm.
Each image is shown at the optimal iteration and post-reconstruction �lter size that maximises the average CNR
over the visible rods. Slice thickness was 0.8 mm.

The MCSs in this work are expected to well resemble realistic scans as they considered
all important physics processes in SPECT (photoelectric e�ect, Compton scattering, and
Rayleigh scattering for gamma photons, and ionisation, bremsstrahlung, and multiple
scattering for electrons) as well as the realistic isotopes’ energy distributions, background
radiation, and detector response. In this work, MCS was used to mimic most of the imaging
procedures, except the matrix interpolation. In principle, a full MCS could also be used to
make the matrix by simulating point sources at every voxel, but for this high-resolution
system that would take a prohibitively long computation time. Instead, a limited set of point
spread functions was simulated, and the rest was obtained by a well-validated interpolation
method [54]. This enabled accurate evaluation of pinhole material in micron-resolution
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Figure 2.8: Reconstructed images of the Derenzo phantom �lled with 26.3 MBq/ml 111In. For each material used,
the image with the highest average CNR is enclosed in a square box and the corresponding CNR is given on the
right. Slice thickness is 0.8 mm.

SPECT in a reasonable time.

When choosing the pinhole material, besides the photon attenuation characteristics, the
feasibility of using that material should be considered. Depleted uranium is hard to manu-
facture and not commonly available. In addition, it releases toxic oxide and background
radiation. This background radiation can be minimised using small depleted uranium
inserts by minimising the amount of uranium needed [70]. We did not include background
radiation from the depleted uranium inserts in the simulation because the exact sizes of
the inserts were not determined in this work. Gold is expensive, but gold or platinum-gold
alloy can be produced at a reasonable expense for small pinhole inserts [10, 21, 60, 71].
Pure tungsten is hard to be cast owing to its high melting point, so tungsten alloys are
usually used for easier machining at the cost of slightly decreasing its photon attenuation
ability. For example, while pure tungsten has an attenuation coe�cient of 0.952 mm−1 at
245 keV, the corresponding value for 92.5% W + 5.25% Ni + 2.25% Fe is 0.861 mm−1 (NIST).
According to our simulations (see Supplementary Data), for 111In imaging this results in
only 2.9% reduction in the average SNR which meagrely a�ects the visual image quality.
We expect that this di�erence is even smaller for lower energies or “purer” tungsten alloys.
Lead performs notably worse than the other studied materials (Figure 2.8 and Figure 2.9).
Considering those aspects, gold and tungsten are prefered as materials for the pinhole
collimator in EXIRAD-3D.
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Figure 2.9: Reconstructed images of the Derenzo phantom �lled with 212 MBq/ml 99mTc. For each material used,
the image with the highest average CNR is enclosed in a square box and the corresponding CNR is given on the
right. Slice thickness is 0.8 mm.

Figure 2.10: Reconstructed images of the Derenzo phantom �lled with 8.8 MBq/ml 201Tl. For each material used,
the image with the highest average CNR is enclosed in a square box and the corresponding CNR is given on the
right. Slice thickness is 0.8 mm.
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Figure 2.11: Reconstructed images of the Derenzo phantom �lled with 185 MBq/ml 125I. For each material used,
the image with the highest average CNR is enclosed in a square box and the corresponding CNR is given on the
right. Slice thickness is 0.8 mm.

Figure 2.12: Average CNRs of the reconstructed images in Figures 2.8 to 2.11 are summarised with solid bars (for
the image with highest average CNR). CNR of each sector with visible rods is also presented by the markers.
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2.5 Conclusion

The in�uence of collimator material used in the micron-resolution SPECT system EXIRAD-
3D has been studied by comparing resolutions that can be obtained when di�erent pinhole
materials are used while keeping sensitivity constant. Results indicate that using materials
with higher stopping power yields images with better CNR for the studied isotopes with
improvements ranging from 1.9% to 36.6%. Visual assessment of the reconstructed images
suggests that for the EXIRAD-3D, the tungsten collimator is generally a good choice for
a wide range of SPECT isotopes. For relatively high-energy isotopes such as 111In, using
gold inserts can be bene�cial.
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Appendix

Figure 2.13: Comparison of pure tungsten and pure lead with a tungsten alloy (92.5% W + 5.25% Ni + 2.25% Fe)
as the collimator material for 111In imaging. (a) Reconstructed images of the Derenzo phantom �lled with 26.3
MBq/ml 111In. For each material used, the image with the highest average CNR is enclosed in a square box. Slice
thickness is 0.8 mm. (b) The average CNRs plotted as a function of the number of iterations.
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Chapter 3

EXIRAD-3D: Fast automated
three-dimensional autoradiography

This chapter is adapted from:
Minh Phuong Nguyen, Ruud M. Ramakers, Chris Kamphuis, So�a Koustoulidou, Marlies C. Goorden, and Freek
J. Beekman. EXIRAD-3D: Fast automated three-dimensional autoradiography. Nuclear Medicine and Biology 86:
59-65, 2020.
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A utoradiography is an established technique for high-resolution imaging of radiolabelled
molecules in biological tissue slices. Unfortunately, creating a 3D image from a set

of these 2D images is extremely time-consuming and error-prone. MicroSPECT systems
provide such 3D images but have a low resolution. Here we present EXIRAD-3D, a fast
automated method as an alternative for 3D autoradiography from coupes based on ultra-high
resolution microSPECT technology. EXIRAD-3D uses a very small bore focusing multi-pinhole
collimator mounted in a SPECT system with stationary detectors (U-SPECT/CT, MIlabs B.V.
The Netherlands) using a sample holder with integrated tissue cooling to avoid activity leaking
or tissue deformation during the scan. The system performance was experimentally evaluated
using various phantoms and tissue samples of animals in vivo injected with technetium-99m
and iodine-123. The reconstructed spatial resolution obtained with a Derenzo hot rod phantom
was 120 µm (or 1.7 nl). The voxel values of a syringe phantom image appear to be uniform and
scale linearly with activity. Uptake in tiny details of the mouse knee joint, thyroid, and kidney
could be clearly visualized. EXIRAD-3D opens up the possibility for fast and quantitative
3D imaging of radiolabelled molecules at a resolution far better than in vivo microSPECT
and saves tremendous amounts of work compared to obtaining 3D data from a set of 2D
autoradiographs.

3.1 Introduction

Imaging of radiolabeled molecules in biological samples is key in pharmaceutical and
biological research, e.g. to locally quantify drug distributions, to study metabolic pathways,
or to localize enzymes and nucleic acids in cells. For resolutions below that of what can be
achieved by in vivo PET and SPECT, these applications mainly rely on 2D autoradiography.
Since its debut in the 1950s, autoradiography has gone through an extensive development
process but is generally still based on the initial technique of tissue slicing [95, 96]. Recent
progress and current practice of autoradiography can be inferred from several review
articles [43, 46].

Traditional autoradiography has several limitations to be considered. It requires complex
sample preparation and manipulation with sophisticated equipment and dedicated image
analysis software. First, the tissue sample needs to be cryo-cooled, and sliced into thin sec-
tions using a cryo-microtome. Each section is then meticulously positioned on a phosphor
imaging plate or a thin �lm pre-coated with a photographic emulsion, carefully tagged, and
systematically arranged in light-tight and radioactivity-shielded boxes for imaging which
typically lasts for days or sometimes even weeks [43]. The obtained 2D images can then
be co-registered to form a 3D volume representing the radioactivity distribution within
the sample – a process involving intensity correction, slice deformation and alignment by
means of e.g. a principal-axes method, cross-correlation computation, and shape analysis
[97–99]. The whole procedure is time-consuming and error-prone and potentially causes
distortion and other artefacts in the obtained image volume, e.g. due to tears in the slices.
Besides, since variability in the thickness of tissue sections and in the thickness of the
detection media is often unavoidable, and because in common practice not all sections
can be collected due to time limitations, labor and laboratory resources, 3D imaging with
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traditional autoradiography is still limited. Additionally, due to the long processing time,
traditional autoradiography often utilizes long-lived isotopes (e.g. tritium (3H), carbon-14
(14C), phosphorus-32 (32P), sulphur-35 (35S), and iodine-125 (125I)) but is less suitable for
relatively short-lived isotopes (e.g. iodine-123 (123I), technetium-99m (99mTc), thallium-201
(201Tl), and indium-111 (111In)). It is of interest to investigate if another imaging modality
can -at least for a subset of the applications- address these shortcomings and at the same
time, also produce high-resolution images.

Alternative techniques have been developed to produce autoradiographs. Beta and Micro-
Imagers (commercialized by Biospace Lab, Paris, France), utilizing a parallel plate avalanche
chamber or scintillator sheet together with an image intensi�er tube and charge-coupled-
device (CCD) camera [100], are capable of fast multi-tracer quantitative imaging of ra-
dioactivity in tissues at high resolution. CCD technology has also been employed by other
groups, either by directly converting particle energy into electric charge or by using scin-
tillators [101–105]. These instruments have the drawback that only relatively few sections
can be analyzed at the same time, and they do not directly produce 3D images. Aside
from CCDs, various other detector types have been studied and realized as alternatives for
traditional autoradiographic �lms and phosphor imaging plates, such as direct gaseous
counters (BeaQuant, AI4R, Nantes, France), pixel array detectors [106–108], complemen-
tary metal-oxide-semiconductors [109, 110], DEPFETs [111], silicon strip detectors [112],
microchannel plates [113, 114], and position-sensitive avalanche photodiodes [115]. In
general, the systems with these detector types are not ready for fully 3D imaging either.

SPECT systems can produce 3D images of many radionuclides. However highest spatial
resolution achieved with an in vivo preclinical pinhole SPECT modality in mice is now 0.25
mm (or 15.6 nl) [27], and about 0.7 mm in rats. It is extremely hard to push the resolution
further due to the animal size which limits the pinhole magni�cation factor.

Since in ex vivo scans of biological tissue, the scanned object is smaller than in in vivo
scanning, SPECT may reach a much better resolution: the pinholes’ centres can be placed
much closer to the object to increase both sensitivity and pinhole magni�cation. At the
same time, if the tissue sample is frozen and a relatively long-lived isotope is used, a
scan longer than typical in vivo SPECT scan times can be performed to acquire many
counts. These characteristics together translate into a better image resolution as shown
by [116, 117]. This is the reason to investigate if ex vivo pinhole SPECT can operate in a
resolutions range acceptable to replace at least some autoradiography applications.

For the reasons mentioned above, we developed an option for a SPECT system to enable
fast automated 3D autoradiography. This was enabled by the development of a special
narrow bore pinhole collimator combined with a cryo-cooled sample holder to keep the
tissue frozen during scanning. Relative performance with di�erent pinhole collimator
materials has been studied for this system using simulations (Chapter 2 [118]). This work
presents the description and experimental performance characterization of the EXIRAD-3D
technology using various phantom scans and mouse knee joint, thyroid, and kidney scans.
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3.2 Methods

3.2.1 System and collimator description

The EXIRAD-3D option uses a specially designed focusing multi-pinhole collimator which
can be mounted on a U-SPECT/CT or a VECTor/CT imaging system (e.g. [21, 34], MILabs
B.V., The Netherlands). The system used in the present paper is equipped with three large-
�eld-of-view gamma-cameras with 9.5 mm thick continuous NaI(Tl) crystals, each read
out by 55 photomultiplier tubes. These gamma cameras attain a 3.5 mm intrinsic spatial
resolution and 10% energy resolution at an energy of 140 keV. The cylindrical EXIRAD
collimator contains 87 round pinholes (pinhole diameter 0.15 mm) with an inner collimator
diameter of 21 mm. It is surrounded by a lead shielding tube with trapezium-shaped holes
to prevent overlapping between pinhole projections on the detector (Figure 3.1(a)). All
pinhole axes converge at a single point in the collimator’s centre and together observe a
�eld of view (FOV) with an hourglass shape with a diameter of 21 mm and a length of 13
mm. Note that the FOV can easily be extended several times longitudinally by stepping the
object through the collimator with the scanning focus method [119] in which all projection
data of the di�erent object’s positions are used simultaneously in image reconstruction.

Next to the new collimator, a specialized aluminium sample holder equipped with a cryo-
cooling unit (Figure 3.1(b)) was introduced to this system to keep tissue frozen in order
to avoid activity leaking or tissue deformation during the scan. The cooling unit has a
re�llable chamber containing dry ice that maintains cryogenic temperature at the sample.
Additionally, the robotic arm attached to the sample holder was improved for precise tissue
placement inside the scanner during the scan and for accurate point source measurements
for system calibration to guarantee the micro-scale image resolution.

Figure 3.1: (a) The focusing multi-knife-edge-pinhole collimator surrounded by the shielding tube with trapezium-
shaped holes. (b) The cylindrical sample holder equipped with a cooling unit containing dry ice.

3.2.2 Image reconstruction and processing

Calibration of EXIRAD-3D was done using a set of 435 99mTc point source measurements,
from which a full system matrix was generated using a model-based interpolation method
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[54] which is commonly used to generate system matrices for all SPECT collimators used
on the U-SPECT/CT systems. For these measurements, a tiny point source is desirable
(ideally a point); however, it is challenging to contain a large amount of radioactivity in
a small volume. For the high-resolution EXIRAD-3D, we fabricated a 100-µm-diameter
spherical point source, and were able to condense a 80 MBq activity of 99mTc in this source.

List-mode projection data were acquired for all scans with a ±12.5% photopeak window
centred at either 140 keV for 99mTc or 159 keV for 123I. A similarity-regulated ordered-subset
expectation maximisation algorithm [53] with a maximum of 128 subsets was used for
image reconstruction, except for the mouse knee joint scan where a pixel-based ordered-
subset expectation maximisation algorithm [52] with four subsets was used. Images
were reconstructed on a 0.05 mm voxel grid using 20 iterations. Scatter and background
radiation were corrected for using a triple-energy window method [94]. To this end, two
side windows having a width of 20% of the photopeak window’s width were placed adjacent
to the photopeak. Gaussian and/or median post-�ltering was applied to the reconstructed
images with the �lter size optimized manually for each scan (indicated below). The images
in the Results section were displayed with a slice thickness of 0.2 mm except for the mouse
knee joint scan where the slice thickness was 0.05 mm.

3.2.3 Experiments

The performance of EXIRAD-3D was characterized by scanning a Derenzo phantom to
measure the system’s resolution, a syringe phantom to show the system’s uniformity
and linearity, and several mouse tissues to illustrate which anatomical detail can be seen.
The mouse experiments were performed with C57BL/6 mice under protocols approved
by the Animal Research Committee at UMC Utrecht and in accordance with the Dutch
Law on Animal Experimentation. The dissected tissue was snap-frozen in liquid nitrogen
(except for the mouse knee joint) and subsequently placed inside the aluminium holder
�lled with Tissue-Tek OCT compound (Sakura Finetek Europe, cat. no. 4583) and attached
to the cooler to keep the tissue frozen for the whole scan duration. Activity levels prior
to the scans were measured using a dose calibrator (VDC-304, Veenstra Instruments, the
Netherlands).

Phantom studies

System sensitivity was measured with a 99mTc point source placed at the collimator’s centre
to calculate the ratio of the count rate (cps) within the acquisition window and the point
source’s activity (MBq).

System resolution was evaluated by scanning a Derenzo phantom having hot rods arranged
in six sectors with rod diameters of 0.17, 0.16, 0.15, 0.14, 0.13, and 0.12 mm and a length of 1.5
mm. In each sector of this phantom, the distance between the centres of two adjacent rods is
twice the rods’ diameter. The resolutionwas de�ned as the diameter of the smallest rods that
can be visually distinguished in the reconstructed image. The Derenzo phantom was �lled
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with 4.06 MBq 99mTc-pertechnetate and scanned for 3 hours. Images were reconstructed
with 100% and 20% of the counts from the list-mode data to emulate the image resolution
with the same scan time but with 100% and 20% of the initial radioactivity, respectively. A
post-reconstruction 3D Gaussian �lter having the full-width-at-half-maximum (FWHM) of
0.12 mm and 0.14 mm was applied on the 100%- and 20%-activity images, respectively.

The uniformity of the reconstructed images was assessed with a cylindrical phantom (inner
diameter 8.5 mm, inner length 9.5 mm) �lled with 38.6 MBq 99mTc-pertechnetate and
scanned for 3 hours. Images were reconstructed with 100%, 50%, and 20% of counts from
the list-mode data to emulate the image uniformity with the same scan time but with 100%,
50%, and 20% of the initial radioactivity, respectively. A post-reconstruction 3D Gaussian
�lter having the FWHM of 0.6 mm was applied. To calculate the uniformity, nine regions
of interest (ROIs), each formed by a circular disk with 3-mm radius and 0.3-mm thickness,
were evenly placed on the image at 0.45-mm intervals. The uniformity was calculated as
the ratio of the standard deviation between the ROIs’ means to the average values from
the ROIs, and represented as percentage.

Relative quanti�cation was investigated with the same uniform phantom to see if the
reconstructed image intensity changes linearly with activity.

Mouse knee joint scan

A mouse was anaesthetized with iso�urane and injected intravenously via the tail vein
with 550 MBq technetium-99m methylene diphosphonate ([99mTc]MDP). Five hours post-
injection, the mouse was euthanized and one of its limbs was excised and measured to
contain 6 MBq activity at the start of the scan. The acquisition lasted for 7 hours with
60-minute time frames, focusing on the knee joint. The reconstructed SPECT image was
post-�ltered with a 0.1-mm-FWHM 3D Gaussian kernel. The knee joint was subsequently
scanned in the CT module with a 4 µm resolution setting.

Mouse thyroid scan

A second mouse was anaesthetized with iso�urane and injected intravenously via the tail
vein with 10.25 MBq [123I]NaI. Four hours post-injection, the mouse was euthanized and
a tissue volume containing the thyroid and a part of the trachea was excised and frozen
as described above. The tissue was scanned for 11 hours with 15 minute time frames. A
0.15-mm-FWHM 3D Gaussian �lter followed by a 3*3*3 median �lter was applied to the
reconstructed image.

Mouse kidney scan

A third mouse was injected intravenously via the tail vein with 75 MBq technetium-
99m dimercaptosuccinic acid ([99mTc]DMSA). Three hours post-injection, the mouse was
euthanized and one of its kidneys was excised and frozen as described above. The kidney
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was scanned for 11 hours with 15 minute time frames. A 0.28-mm-FWHM 3D Gaussian
�lter was applied to the reconstructed image.

3.3 Results

3.3.1 Phantom studies

Figure 3.2: Derenzo phantom scan with 4.06 MBq 99mTc-pertechnetate at the start and a scan time of 3 hours. The
images were reconstructed with 100% and 20% of the counts to emulate scans with the same scan time but with
100% and 20% of the initial activity. The rod diameters are provided in mm. Slice thickness was 0.2 mm.

Figure 3.3: Uniform phantom scan with 38.6 MBq 99mTc-pertechnetate at the start and a scan time of 3 hours. The
images were reconstructed with 100%, 50%, and 20% of the counts to emulate scans with the same scan time but
with 100%, 50%, and 20% of the initial activity. For each reconstructed image, two perpendicular slices with a
thickness of 0.2 mm are shown with gray scales in which white represents zero activity and black represents
the maximum activity. Line pro�les are also drawn at the position indicated with yellow lines on each slice.
Here, the pro�les are scaled by the same factor such that the average intensity within the phantom on the image
reconstructed with 100% counts is 100.

The system sensitivity for 99mTc was determined to be 800 cps/MBq (or 0.08%) at the colli-
mator’s centre. Figure 3.2 shows an image of the Derenzo phantom reconstructed with two
activity levels to test EXIRAD’s spatial resolution. All rods in this phantom are discernable
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on the reconstructed images for both 100% and 20% of the activity, demonstrating a spatial
resolution <120 microns (or 1.7 nl). This is about a ten times better volumetric resolution
than that of state-of-the-art preclinical in vivo SPECT (250 microns, or 15.6 nl) [27].

Figure 3.3 presents 0.2 mm thick slices of the uniform phantom images reconstructed with
three activity levels and line pro�les extracted from these slices at the positions indicated
with yellow lines. The uniformity was 1.31%, 2.33%, and 3.01% for 100%, 50%, and 20%
activity, respectively. The line pro�les show that the reconstructed image intensity changes
linearly as the activity varies, which shows the relative quanti�cation result with this
scanner.

3.3.2 Mouse knee joint scan

Figure 3.4: (a) EXIRAD-3D SPECT images of [99mTc]MDP distribution in a mouse knee joint fused with CT. (b)
Only the [99mTc]MDP SPECT images. The knee joint was measured to contain 6 MBq activity at the start, and
the scan lasted for 7 hours. Slice thickness was 0.05 mm. The arrow points at the activity distribution near the
epicondylus lateralis of the knee joint. (c) Only the CT images obtained with the CT module on the same system
and with a 4 µm resolution setting.

[99mTc]MDP labels sites of active bone turnover – the continuing process of bone resorption
and formation taking place at a low physiological level. Figure 3.4 shows three cross-
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sections of EXIRAD-3D SPECT and CT as well as the fused SPECT/CT through the mouse
knee joint with [99mTc]MDP. Tiny details of bone turnover on many structures in the knee
joint are visualized on the SPECT image, and the fused SPECT/CT image shows an excellent
correlation of the [99mTc]MDP distribution to the anatomical microstructures on the CT
image. Compared to in vivo bone knee scans with state-of-the-art 250-micron-resolution
in vivo SPECT [27], much more detail was visible with EXIRAD-3D. For example, the
tiny activity distribution near the epicondylus lateralis of the knee joint (see the arrow in
Figure 3.4) is clearly visualized with EXIRAD-3D while it is much more blurred with in
vivo SPECT.

3.3.3 Mouse thyroid scan

Figure 3.5: [123I]NaI scan of the mouse thyroid with 10.25 MBq activity injected intravenously and a scan time of
11 hours. (a) 3D anterior, posterior, and superior views of the reconstructed thyroid. (b) Selected coronal and
axial slices through the thyroid. Slice thickness was 0.2 mm.

Figure 3.5(a) presents 3D views of the thyroid gland imaged using [123I]NaI, and Figure 3.5(b)
shows coronal and axial slices through the thyroid. The two thyroid lobes are nicely
visualized including the thin isthmus (also having iodine uptake) connecting the two
lobes inferiorly and medially. As measured on the reconstructed image, each lobe is
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approximately 2.5 mm long, 1.3 mm wide, and 0.6 mm deep, and the isthmus is about 0.3
mm thin. The indents seen on the medial aspect of the two lobes as indicated in Figure 3.5(a)
(superior view) are corresponding to the thyroid part that wraps around the trachea near
the base of the laryngeal cartilages. These anatomical details of the thyroid gland are in
good agreement with the mouse atlas in [120].

3.3.4 Mouse kidney scan

Figure 3.6: [99mTc]DMSA scan of the mouse kidney with 75 MBq activity injected intravenously and a scan time
of 11 hours. Slice thickness was 0.2 mm.

Figure 3.6 shows slices through the [99mTc]DMSA kidney image obtained ex vivo using
EXIRAD-3D. As anticipated, the [99mTc]DMSA tracer distribution is revealed in the renal
cortex but not in the medullar cavity. Some structures on the renal cortex (higher-uptake
areas), which are believed to be corresponding to the parts of nephrons, are also visualized.
The small amount of activity seen outside the kidney at the bottom of the image is probably
because of the tissue handling process in which activity on the tools may end up in the
Tissue-Tek compound when placing the sample into the holder.

3.4 Discussion

We presented a fast automated three-dimensional autoradiography technique capable of
imaging radiolabeledmolecule distributions in tissue samples at a resolution of 120 µm. This
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technique is enabled using a specialized focusing multi-pinhole collimator mounted on a
U-SPECT/CT system and a built-in cryo-cooling unit. Because of the close distance between
the pinholes and the tissue volume and large pinhole magni�cation factors, high-resolution
3D images can be obtained. Furthermore, as described in the Methods section, EXIRAD-3D
has some other signi�cant adaptations compared to U-SPECT/CT which together translate
into substantial improvement in image quality: (i) a novel specialized cryo-cooling unit to
keep tissue frozen during the scan that has not been used in any prior preclinical SPECT
system, (ii) a more precise robotic arm for accurate tissue and point source placement, and
(iii) a considerable e�ort invested in system calibration to address the challenge posed by
the small point source size.

With EXIRAD-3D, the imaging volume can be easily adjusted using a patented acquisition
interface and a highly focused scan is accomplishable [119]. Since a more focused scan
means that more counts can be acquired from the volume of interest in a given time
that bene�ts the image quality, we recommend using EXIRAD-3D in the highest possible
focusing mode. In other words, the selected scan volume should be set just large enough to
cover the tissue sample. The system resolution can be possibly improved for higher-energy
isotopes by employing pinhole inserts made of a material with higher photon-stopping
power than tungsten such as gold or gold-platinum alloy, as previously studied in Chapter
2 [118]. In addition, extending the scan time could enhance the image quality even further,
provided of course that the isotope’s half-life is su�ciently long. This is practical as in
such long scans, the tissue is kept frozen to immobilize the activity distribution, and thus
scans can be done overnight without an operator present.

In this work, we have presented quantitative results showing that the reconstructed ac-
tivity scales linearly with the real activity on the phantom. In order to obtain absolute
quanti�cation (i.e. the activity concentration in terms of MBq/ml) the method presented in
[121] can be applied for ex vivo scans in the same way as for in vivo scans with our systems.
In this case, the reconstructed image is simply scaled by a calibration coe�cient de�ned as
the ratio of the activity concentration to the voxel value in reconstructed images, which is
obtained by scanning a point source with known activity of a studied isotope and then
applying it to all scans done with that isotope and the same system settings.

Despite the listed limitations of traditional autoradiography, it is currently still common
practice when a very high resolution at the cellular level is desired. Besides, traditional
autoradiography can also image pure alpha- and beta-emitters while this is not an option
with the current EXIRAD-3D that is only designed for imaging gamma-emitters. However,
EXIRAD-3D (with 1.7 nl volumetric resolution) has reached the resolution range of autora-
diography (from 0.01 pl to several nl, [47]), and it can, for a subset of these studies, be a good
alternative for traditional autoradiography, in particular as an option on a U-SPECT/CT or
a VECTor/CT imaging system that facilitates longitudinal studies on the same animal, and
provides a direct link between in vivo and ex vivo datasets. The increase in resolution and
user convenience are achieved with little additional e�ort instead of going through the
complicated tissue sectioning process with completely di�erent autoradiography laboratory
equipment. With EXIRAD-3D, the only additions to the common in vivo work�ow are
dissection of the organs and snap-freezing them. The latter takes less than ten minutes for
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e.g. the thyroid. The complexity of tissue dissection depends on the studied tissue, but it is
much less labour intensive than performing traditional autoradiography in 3D.

3.5 Conclusion

This chapter characterized the performance of EXIRAD-3D as a new technique for autora-
diography. Phantom scans demonstrated 120 µm spatial resolution, and ex vivo mouse
tissue scans visualized tiny details of the mouse knee joint, thyroid, and kidney. The ac-
quired 3D autoradiographs can be perfectly overlaid with ultra-high resolution CT images
and directly linked to the in vivo results obtained in a multi-modal acquisition with the
same platform, e.g. after a longitudinal imaging study.
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Chapter 4

Efficient Monte-Carlo based system mod-
elling for image reconstruction in preclini-
cal pinhole SPECT

This chapter is adapted from:
Minh Phuong Nguyen, Marlies C. Goorden, Ruud M. Ramakers, and Freek J. Beekman. E�cient Monte-Carlo
based system modelling for image reconstruction in preclinical pinhole SPECT. Physics in Medicine & Biology
(accepted, https://doi.org/10.1088/1361-6560/ac0682).
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T he use of multi-pinhole collimation has enabled ultra-high-resolution imaging of SPECT
and PET tracers in small animals. Key for obtaining high-quality images is the use of

statistical iterative image reconstruction with accurate energy-dependent photon transport
modelling through collimator and detector. This can be incorporated in a system matrix that
contains the probabilities that a photon emitted from a certain voxel is detected at a speci�c
detector pixel. Here we introduce a Fast Monte-Carlo based (FMC-based) matrix generation
method for pinhole imaging that is easy to apply to various radionuclides. The method is
based on accelerated point-source simulations combined with model-based interpolation to
straightforwardly change or combine photon energies of the radionuclide of interest. The pro-
posed method was evaluated for a VECTor PET-SPECT system with (i) a HE-UHR-M collimator
and (ii) an EXIRAD-3D 3D autoradiography collimator. Both experimental scans with 99mTc,
111In, and 123I, and simulated scans with 67Ga and 90Y were performed for evaluation. FMC
was compared with two currently used approaches, one based on a set of point-source measure-
ments with 99mTc (dubbed traditional method), and the other based on an energy-dependent
ray-tracing simulation (ray-tracing method). The reconstruction results show better image
quality when using FMC-based matrices than when applying the traditional or ray-tracing
matrices in various cases. FMC-based matrices generalise better than the traditional matrices
when imaging radionuclides with energies deviating too much from the energy used in the
calibration and are computationally more e�cient for very-high-resolution imaging than the
ray-tracing matrices. In addition, FMC has the advantage of easily combining energies in a
single matrix which is relevant when imaging radionuclides with multiple photopeak energies
(e.g. 67Ga and 111In) or with a continuous energy spectrum (e.g. 90Y). To conclude, FMC is an
e�cient, accurate, and versatile tool for creating system matrices for ultra-high-resolution
pinhole SPECT.

4.1 Introduction

Statistical iterative image reconstruction is prominently used in SPECT and PET [122,
123]. To obtain high-quality images, accurate knowledge of the energy-dependent photon
transport through the collimator and in the detector is required. This is usually captured
in the point spread functions (PSF), the scanner’s response to a point source. PSFs for all
voxels in the �eld of view (FOV) together can be combined in the so-called system matrix,
with matrix elements corresponding to the probability that a photon emitted from a certain
voxel is detected in a certain detector pixel. For well representing these probabilities, the
PSFs need to be noiseless.

Several methods to obtain the system matrix for pinhole SPECT are in use. They can be
grouped into three main categories. The �rst approach is based on analytical modelling of
the scanner with some pre-determined geometrical information obtained from a calibration
measurement [124–126]. This method requires a very precise calibration, especially for
high-resolution pinhole systems because such systems are susceptible to small parameter
variations. The second approach to obtain the system matrix is by directly measuring
the PSFs from a tiny radioactive source sequentially placed at many voxel locations. This
approach provides accurate system matrices as the measurement accounts for all realistic
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system geometries and physics processes within the scanner. Some researchers proposed
to measure a point source at each of the voxels in the FOV [16, 20, 127]. However, with
the dramatic resolution increase of recent pinhole SPECT systems, the massive number
of required measurements often makes this approach infeasible. A practical way is to
measure only a small number of PSFs, and then interpolate to estimate the missing PSFs
[54, 128]. This is time-e�cient and has been used in preclinical pinhole SPECT systems
to produce both highly quantitative [121] and high-resolution images, currently with
resolutions down to 0.12 mm (Chapter 3 [129]). The third approach is to perform Monte
Carlo simulation (MCS) to obtain a full system matrix as proposed in [126, 130, 131]. This
approach can accurately account for all kinds of physics processes, without the need for
extensive measurements assuming that the geometry is exactly known. The drawback is
that MCS is computationally demanding; therefore, it is time-consuming and may even be
infeasible to obtain noiseless PSFs for very-high-resolution pinhole SPECT.

For pinhole scanners in our labs, U-SPECT [17, 21] and VECTor [34], we usually start with
a calibration measurement using a 99mTc (140 keV) point source placed at a few hundred
positions within the FOV to obtain a set of PSFs. Then, a system matrix is traditionally
generated by a PSF �tting and an interpolation procedure as described in [54]. In this
method, the measured point source ideally needs to be smaller than the image voxel,
meaning that for very-high-resolution systems like EXIRAD-3D (voxel size 50 µm), it is
challenging to fabricate such a tiny point source still containing a su�ciently high activity.
Besides, such a matrix generated from 99mTc point-source measurements describes photon
transport at 140 keV emission energy. It can also be used to reconstruct other radionuclides
emitting photons with energies in close proximity to 140 keV such as 123I (159 keV), but it is
sub-optimal to be used in reconstructing radionuclides emitting photons with very di�erent
energies. In principle, one could envisage using a separate point-source calibration for each
radionuclide, but this is costly and time-consuming if many radionuclides are to be used
with the scanner. Additionally, for radionuclides that have a short half-life or radionuclides
that are di�cult to be produced with a su�ciently high activity condensed in the point
source, it is very challenging to obtain noiseless PSFs in the calibration measurement.

In our labs, we also developed a ray-tracing matrix generation method that can easily adapt
thematrix energy for di�erent radionuclides. It uses the same 99mTc point-source calibration
for geometrical information and then calculates photon transport for every emission-to-
detection path through the collimator and detector material. The input collimator can be
modelled with either an analytical description or a voxelised volume. The latter is often
used because it can represent complex collimator geometries. The ray-tracing matrix is
speci�cally used for positron emitters and other high-energy radionuclides, and it can
also be used for low-energy radionuclides. However, the ray-tracing calculation can be
too computationally expensive for ultra-high-resolution systems with complex-geometry
collimators such as EXIRAD-3D. It is because, for such a system, this calculation currently
requires a voxelised volume to represent the collimator accurately, and both the collimator’s
voxel size and the reconstructed image’s voxel size need to be very small, which increase
the matrix generation time. Moreover, multiple ray-tracing matrices at di�erent energies
are required for optimal imaging of radionuclides that emit complex energy spectra, such
as 67Ga with multiple photopeak energies or 90Y with a wide continuous energy spectrum.
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This is time demanding both when generating the matrix and for image reconstruction.

Here we present an e�cient and accurate FMC-based matrix generation method to address
the challenges mentioned above. From the same calibration measurement used for existing
matrix generation methods, a fast MCS (FMCS) was performed to obtain a set of PSFs for the
targeted radionuclide, and the same interpolation method as in [54] was applied to generate
a full system matrix. This way, realistic physics processes are included inside the matrix,
and matrices for other radionuclides than the one used in the calibration measurement
(99mTc) can be easily generated. The FMC-based method can also combine information
from multiple energies in a single matrix to save time in both matrix generation and image
reconstruction. We validate the proposed FMC-based matrix with both experiments and
simulation studies with 99mTc, 111In, 123I, 67Ga, and 90Y.

4.2 Methods

4.2.1 Studied systems and multi-pinhole collimators

The studies in this work were performed on a VECTor imaging system, commercially
available via MILabs B.V., Utrecht, the Netherlands. Two collimators were used, a HE-UHR-
M collimator for simultaneous in vivo SPECT/PET imaging of mice with submillimeter
resolutions down to 0.6 mm for 18F and 0.4 mm for 99mTc [34, 42], and an EXIRAD-3D
collimator for ex vivo SPECT imaging of tissue samples with a resolution of 120 µm for
99mTc [118, 129]. The system uses a triangular detector setup with three large-�eld-of-view
gamma-cameras, each equipped with a 9.5 mm thick NaI(Tl) crystal and read out by 55
photomultiplier tubes.

The HE-UHR-M collimator uses clustered-pinhole technology [33, 34] that e�ectively
collimates high-energy photons without compromising the collimator’s FOV. It contains
162 pinholes with a diameter of 0.7 mm and narrow opening angles of 16-18° that are
grouped in clusters of four. The pinholes are placed in such a way that pinhole projection
overlapping on the detector is minimised, and there is no pinhole shielding applied outside
the collimator.

The EXIRAD-3D collimator has a large pinhole magni�cation factor that enables high-
resolution ex vivo imaging of small tissue samples such as a mouse kidney or a mouse
thyroid. It contains 87 pinholes with a diameter of 0.15 mm and an opening angle of 26°.
A trapezium-hole lead shielding tube is attached outside the collimator’s core to prevent
pinhole projection overlapping.

4.2.2 Monte Carlo simulations

Monte Carlo simulations were used to generate sets of PSFs from which FMC-based system
matrices were generated (see Section 4.2.3. They were also used for simulated scans in this
work (Section 4.2.4) when corresponding experiments were not performed.
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Geant4 Application for Tomographic Emission (GATE) [76, 77] version 8.0 was used on a
CentOS 6.6 cluster with 250 processors for the MCS in this work. System geometries con-
sisting of three NaI(Tl) scintillators and a multi-pinhole collimator were both pre-created
as STL �les in MATLAB R2018b (MathWorks, Natick, MA, USA) where any geometry
calibration information arriving from the real system was already applied before import-
ing it into GATE. This is much easier than applying the calibration information inside
GATE. All the scanned phantoms in GATE were created using analytical shapes. Physics
processes were de�ned using the “emstandard” physics list builder as explained in the
GATE documentation. The radioactive sources (67Ga, 99mTc, 111In, 123I) were created with
discrete energy spectra retrieved from [80]. This allows the simulation to include the full
radionuclides’ emission energy spectra while still being time-e�cient as the spectra were
pre-de�ned. Only for 90Y, the “fastY90” source (o�cially released with GATE version 8.0)
was used. This source generates photons directly from a pre-calculated bremsstrahlung
kernel, rather than simulating the full electron transport of the emitted beta particle, to
speed up the simulation. Furthermore, a threshold of 105 keV was set to exclude lower-
energy bremsstrahlung photons that are often not used in 90Y imaging [132, 133]. The
detector’s energy resolution and spatial resolution were modelled in the same way as in
Chapter 2 [118].

4.2.3 Monte-Carlo based system modelling

The FMC-based system modelling started with a calibration step followed by an FMC-
based point-source simulation to obtain an initial set of PSFs for the required radionuclide.
Subsequently, a complete system matrix was generated with an interpolation process to �ll
in the matrix elements for the rest of the voxels within the FOV. Details of this procedure
are explained below.

Calibration

A calibration step was necessary to determine the position and orientation of the collimator,
and each detector in the real system as manufacturing inaccuracies could result in a
geometry that is slightly di�erent from the original design. This step was not necessary
for simulated scans because the geometries in the simulation were exactly as designed.
The calibration started with the measurement of a series of 99mTc point-source responses
with sources placed at multiple positions inside the collimator’s FOV (435 positions for
EXIRAD-3D and 679 positions for HE-UHR-M). The number of positions was determined
based on the setup in [54]. It depends on the ratio between the size of the collimator’s FOV
and the matrix voxel size. The positions are distributed on a denser grid near the centre of
the FOV than the locations further away from the centre, and in general, the grid’s unit size
is about 10-40 times the voxel size. The number of point source positions could also be a bit
smaller or larger than the stated value; however, it should not be too small to keep su�cient
sampling in the FOV and not too large to prevent long calibration time. From the scan,
a dataset was generated following the procedure in [54], with each entry containing the
projection (PSF) location on the detector, and the corresponding pinhole and point-source
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location. The same geometry �tting algorithm as in [36] was then performed to allow for
the rigid transformation of the collimator and each detector to minimise the mean squared
error between the measured and estimated PSF locations. Results of this �tting were 24
parameters describing the translation (3 parameters) and rotation (3 Euler angles) of the
collimator and each of the three detectors. These parameters were subsequently used to
transform the designed collimator and detectors and generate corresponding �tted STL
�les for the GATE simulation.

Accelerated point-source simulation

This step is the key that allows for the accurate generation of PSFs for the radionuclide of
interest based on MCS without additional measurements. In this simulation, an in�nitely
small point source was de�ned in GATE, with the same set of point-source positions as
in the calibration measurement being used. The point source was assumed to be in water.
A simple acceleration technique was applied for the point-source simulation by directing
the photon emission from the point source to the pinholes in narrow beams instead of
the default emission at all angles. This is a kind of forced detection – one of the variance
reduction techniques in MCS. There exist several implementations of forced detection for
pinhole SPECT [134, 135]. In our method, only the emission angle from the decay location
at the point source is adjusted, and no alteration is applied at individual photon interaction
points as in the other methods, meaning it is simple to implement in GATE at the macro
level just by setting the span of the polar angle and the azimuthal angle of the emission
distribution. Note that this acceleration technique was used for a point source, but it was
not suitable for large sources and hence not used for the studied scans in Section 4.2.4.

In our acceleration technique, the photon beams were adapted for each point source and
pinhole combination. Each beam formed a regular pyramid with an apex angle de�ned as
(Figure 4.1, Equation (4.1)):

� = 2arctan
(

rpℎc

ℎ
)

(4.1)

where rpℎ is the pinhole diameter and ℎ is the distance from the point source to the pinhole
centre. The factor c was the same for all point-source positions and pinholes in a point-
source simulation, but it can vary for di�erent radionuclides. It was chosen manually (by
checking PSF pro�les) to be as small as possible to speed up the simulation while making
sure that the beam always covers the entire pinhole and photon penetration and scattering
inside the pinhole is not a�ected.

The pyramid’s edges intersect with the detector’s surface at four points de�ned by vectors
x, y, z, t from the point-source location (Figure 4.1). The solid angle subtended by the
detector area seen by the photon beam composed of solid angles of two triangles [136]
(Equation (4.2)):
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Figure 4.1: Accelerated point-source simulation by forced irradiation from the point source to each pinhole.

Ω =2arctan
(

x ⋅ (y× z)
‖x‖ ‖y‖ ‖z‖+ (x ⋅y) ‖z‖+ (x ⋅ z) ‖y‖+ (y ⋅ z) ‖x‖)

+2arctan
(

x ⋅ (z× t)
‖x‖ ‖z‖ ‖t‖+ (x ⋅ z) ‖t‖+ (x ⋅ t) ‖z‖+ (z ⋅ t) ‖x‖)

.

(4.2)

The number of photon emissions in each beamwasΩ/4� times the total number of emissions
in 4� . This way, fewer photons needed to be traced, which ultimately resulted in a shorter
simulation time. Only for the 90Y point-source simulation, the acceleration technique was
not applied because with this radionuclide, the PSF tails were long and a large factor c was
needed. As a result, the speedup factor is small, and there is a risk of having overlapping
photon beams between di�erent pinholes in a cluster.

System matrix generation

The energy window applied in creating PSFs from the MCS outputs is exactly the same as
the energy window applied in creating projection data from the scans Section 4.2.4. As
a result, a single matrix is generated to reconstruct data from a speci�c energy window
setting, no matter whether the projection data is from a single energy window or from
multiple energy windows. The obtained PSFs from fast MCS were pre-processed to remove
high-frequency noise by applying a Richardson-Lucy deconvolution followed by a Gaussian
�lter with the same kernel, as was also done in [54]. The kernel’s FWHM was set to be 0.2
mm smaller than the detector’s spatial resolution to avoid degrading the PSFs’ resolution.

The above step created the PSFs for a small number of point-source positions, while the
number of required matrix voxels was approximately 2*105 and 2.3*103 times more than
that for EXIRAD-3D and HE-UHR-M, respectively. In order to obtain the full set of PSFs for
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all voxels, the same interpolation method described in [54] was used. This process involved
characterising the available PSFs using Gaussian modelling to calculate their location, �ux,
and width, followed by generalising these parameters over the object space using analytical
models. Subsequently, the PSFs at the missing voxel location (not in the scan grid) was
created by transforming the nearest available PSF on the detector using the parameters
obtained above. As a result, a full system matrix was generated for each radionuclide and
each energy window setting and stored on disk. For e�cient storage, a cut-o� C (>0) was
applied such that matrix elements that were >C% of the maximum were saved.

4.2.4 Studied scans

Figure 4.2: Derenzo phantoms with rod diameters indicated in mm. (a) Derenzo phantom 1 with 1.5-mm-long hot
rods. (b) Derenzo phantom 2 with 2-mm-long hot rods. (c) Derenzo phantom 3 with 6-mm-long hot rods.

To evaluate the FMC-based matrix in various situations, complete scans have been per-
formed experimentally or have been simulated using MCS. We used three Derenzo phan-
toms to assess image resolution, a cylindrical phantom to evaluate image uniformity, and a
mouse thyroid scan to demonstrate a real tissue scan. Common SPECT radionuclides 99mTc,
111In, and 123I as well as two other important radionuclides, 67Ga and 90Y, were studied.
The scans were performed with EXIRAD-3D, except for the 90Y scan, which was done with
the HE-UHR-M collimator because the emission energies of 90Y were too high for imaging
with EXIRAD-3D. The following sections describe the scans in detail.

Experimental 99mTc and 111In Derenzo phantom scans

Derenzo phantom 1 having hot rods with diameters ranging from 0.12 – 0.17 mm and a
length of 1.5 mm was �lled with 4.06 MBq 99mTc-pertechnetate and scanned for 3 h at nine
bed positions. The rods were in a PMMA disk with a diameter of 8.5 mm and the same
length as the rods. The photopeak window was set to 20% at 140 keV.
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Derenzo phantom 2 having hot rods with diameters from 0.15 – 0.30 mm and a length of
2 mm was �lled with 4.6 MBq 111In and scanned for 2 h at nine bed positions. The rods
were in a PMMA disk with a diameter of 10 mm and the same length as the rods. The
photopeak window was set to 20% at 171 keV. Although a 245 keV peak is prominent in the
111In acquisition energy spectrum, this photopeak was not used because it did not improve
the image acquired at 171 keV with EXIRAD-3D.

Experimental 99mTc cylindrical phantom scans

A cylindrical phantom with an inner diameter of 8.5 mm and an inner length of 9.5 mm
was �lled with 38.6 MBq 99mTc-pertechnetate and scanned for 3 h at 128 beds positions.
The phantom wall is 1.1 mm thick and made of PMMA. The photopeak window was set to
20% at 140 keV. The images were reconstructed with 100% and 50% of the counts randomly
selected from the acquired list-mode data to assess the uniformity for di�erent count levels.

Experimental 123I mouse thyroid scan

A C57BL/6 mouse was used for the thyroid scan, under a protocol approved by the Animal
Research Committee at UMC Utrecht and in accordance with the Dutch Law on Animal
Experimentation. The mouse was anaesthetised with iso�urane in air and injected intra-
venously via the tail vein with 10.25 MBq [123I]NaI. Four hours post-injection, the mouse
was euthanised, and its thyroid was excised and snap-frozen in liquid nitrogen. The thyroid
was then placed inside an aluminium holder �lled with Tissue-Tek OCT compound (Sakura
Finetek Europe, cat. no. 4583) and attached to a cooling unit to keep the tissue frozen
throughout the scan. The tissue was scanned for 11 h at four bed positions. The photopeak
window was set to 20% at 159 keV.

Simulated 67Ga scan: combining multiple photopeaks

67Ga SPECT is commonly used in detecting acute in�ammation [137, 138] and various malig-
nancies such as retroperitoneal �brosis, lymphomas, cardiac sarcoidosis, and IgG4-related
disease [139–142]. The 67Ga emission spectrum shows several prominent photopeaks
(Figure 4.3), including 93 keV with 39.2% abundance, 184 keV with 21.2% abundance, and
300 keV with 16.8% abundance. Usually, the �rst two photopeaks are used in 67Ga SPECT
either separately or jointly [143–145]. It is of interest to see the e�ect of combining these
photopeaks in image reconstruction with a single FMC-based matrix that models both
energy windows.

Derenzo phantom 1 with hot rods of diameters 0.12 – 0.17 mm was simulated. The rods
were �lled with 0.45 MBq 67Ga and scanned for 16 h with nine bed positions. No material
was assumed in the environment surrounding the hot rods. The photopeak window was
set to either 30% at 93 keV or 20% at 184 keV. Pre-/post-reconstruction combination of the
data from separate energy windows was done as explained in Section 4.2.5.
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Figure 4.3: The acquisition energy spectra for 67Ga and 90Y, obtained from the Derenzo phantom scans for the
central bed positions. The dashed lines de�ne the selected energy windows for these scans.

Simulated 90Y scan: utilising a wide continuous energy spectrum

90Y is one of the most commonly used radionuclides for targeted radiotherapies and has
been applied in innovative cancer treatments [146, 147]. Imaging of 90Y is needed for study
and dosimetry to assess doses delivered to lesions and normal tissues. This can be done by
either PET or bremsstrahlung SPECT. Although 90Y decay does not produce gammas, SPECT
imaging has been done by utilising bremsstrahlung photons associated with beta emissions.
Still, imaging is challenging due to the continuous energy spectrum of the bremsstrahlung
photons (Figure 4.3), the low yield of bremsstrahlung photons in tissue, and the range from
the beta decay location to the bremsstrahlung emission location. Because of di�culty in
modelling the wide energy spectrum in the system matrix, only a relatively narrow energy
window has been used [148]. It is desirable to include as many photons as possible by
extending the energy window. Recently, several advanced methods have been applied to
utilise photons acquired within a wider energy range, e.g. 105-285 keV or 0-2000 keV, that
provide higher quality images than obtained when using a single narrow band [84, 132, 149].
This was done by having multiple sub-energy windows and energy-dependent matrices,
and all of these matrices are used together in image reconstruction.

Here we approached this imaging situation in a di�erent way. By using the FMC-based
matrix, “continuous-energy” system modelling can be achieved in a single matrix. Each
photon transport was modelled based on the photon energy which can lie anywhere within
the selected wide acquisition window. This way, the acquisition window does not need to
be separated into sub-bands, and the conventional reconstruction algorithm with a single
matrix can be used, which reduces storage for the matrices and shortens reconstruction
time.

Derenzo phantom 3 with hot rods of diameters 0.7 – 1.2 mm was simulated. The rods were
�lled with 105 MBq 90Y and scanned for 1.5 h with nine bed positions. The rods were in a
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�lled with 105 MBq 90Y and scanned for 1.5 h with nine bed positions. The rods were in a
water environment - a cylinder with a diameter of 20 mm and a length of 10 mm - because
the bremsstrahlung kernel of the “fastY90” source in GATE was pre-calculated in water.
The energy window was set to 105-135 keV, 135-165 keV, 165-195 keV, 195-225 keV, 225-255
keV, or 255-285 keV. Pre-/post-reconstruction combination of the data from separate energy
windows was done as explained in Section 4.2.5.

4.2.5 Image reconstruction and evaluation

Images were reconstructed using a similarity-regulated ordered-subset expectation max-
imisation algorithm [53]. The voxel size was set to 0.05 mm for EXIRAD-3D and to 0.4
mm for HE-UHR-M. A triple-energy window (TEW) method was applied to correct for
the scatter and background radiation. To this end, two energy windows were placed on
both sides of the acquisition window. The side window’s width was 20% (99mTc, 111In,
123I), 25% (67Ga), or 5% (90Y) of the acquisition window’s width. For 90Y, the side window
was relatively narrow to minimise the e�ect of the adjacent windows in the continuous
energy spectrum. Attenuation correction can be performed for the presented scanners
based on the method described in [121, 150]. However, for the scans with ex vivo and
in vivo mouse collimators presented in this work, the object attenuation e�ect is small;
therefore, attenuation correction was not performed.

The Derenzo phantom images were evaluated based on the contrast-to-noise ratio (CNR)
calculated in the same way as in [37] and the system resolution de�ned as the diameter of
the smallest discernible rod. The Derenzo images in the result section were displayed with
the iteration number and the Gaussian post-�lter size that maximised the CNR averaged
over the rod sectors. All of the rod sectors were included in this calculation, except for the
experimental 111In phantom scan, only the three smallest rod sectors were used because
with all rod sectors, the obtained image was still too blurry. The cylindrical phantom was
reconstructed with 20 iterations and a post-reconstruction 3D Gaussian �lter having a
FWHM of 0.6 mm was applied. Nine regions of interest (ROIs), each formed by a circular
disk with 3-mm radius and 0.3-mm thickness, were evenly placed on the image at 0.45-mm
intervals. The uniformity was calculated as the ratio of the standard deviation between
the ROIs’ means to the average values of the ROIs, and represented as a percentage. The
smaller this number is, the more uniform the reconstructed image is. The mouse thyroid
images were reconstructed with 20 iterations followed by a 0.15-mm-FWHM 3D Gaussian
�lter and a 3*3*3 median �lter. It was then assessed visually.

The 90Y beta-to-bremsstrahlung range was corrected in image reconstruction with a pre-
calculated kernel which was applied in the forward projection step in reconstruction when
using traditional or ray-tracing matrices. This is not required for the FMC-based matrix
because this range was already modelled inside the matrix. The beta-to-bremsstrahlung
range kernel was obtained from MCS of a 90Y point source in water.

For the scans where multiple energy windows were available (67Ga and 90Y), the data
from these windows were combined in two approaches. In the �rst approach, projections
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“pre-combined” image. In the second approach, reconstructed images from separate energy
windows were summed to form a “post-combined” image.

4.2.6 Comparison with traditional and ray-tracing methods

For all scans in this work, the FMC-based matrices were compared with the matrices
generated with the “traditional” method [54] and the “ray-tracing” method [36] that have
been commonly used for our nuclear scanners. The traditional matrices were created for 140
keV from a set of 99mTc point-sourcemeasurements and used to reconstruct all radionuclides
in this work; therefore, only one matrix is required for each collimator. Note that only for
67Ga and 90Y, all data was from simulation; therefore, the point-source “measurements” for
the traditional matrices in these cases were also generated with Monte Carlo simulation.
The ray-tracing matrices were created for the central energies of the selected energy
windows; therefore, a new matrix was required when changing the radionuclide or energy
window setting. For example, for the combined projection data from 67Ga (93 keV + 184 keV),
the ray-tracing matrix was generated for 140 keV (about the mean of these two energies).
For the combined projection data from 90Y (105-285 keV), the matrix was generated for
195 keV. The time necessary to generate matrices with di�erent methods is summarised in
Table 4.4.

Table 4.1: The cut-o� used for each matrix in this work.

EXIRAD-3D HE-UHR-M
99mTc 123I 111In 67Ga 90Y

Traditional 20% 20% 20% 0.1% 0.1%
Ray-tracing 4% 4% 4% 0.1% 0.1%
FMC-based 4% 4% 4% 0.1% 0.1%

Table 4.2: Energy-dependent attenuation coe�cient (mm
−1) in collimator material (�c ) and in detector crystal (�d )

that were used for generating ray-tracing matrices which are references to evaluate the FMC-based matrices.

EXIRAD-3D 93 keV 140 keV 159 keV 171 keV 184 keV

�c 9.165 3.242 2.362 1.974 1.656
�d 0.306 0.245 0.154 0.130 0.109

HE-UHR-M 120 keV 150 keV 180 keV 195 keV 210 keV 240 keV 270 keV

�c 5.132 2.914 1.861 1.538 1.293 0.957 0.744
�d 0.258 0.175 0.115 0.094 0.082 0.061 0.047

The matrix cut-o� (de�ned in Section 4.2.3) was set as in Table 4.1. For the simulated scans
(67Ga and 90Y), the matrix cut-o� was always 0.1%. For the experimental scans (99mTc,
123I, and 111In), the matrix cut-o� was 20% for the traditional matrices and 4% for the
other matrices. In principle, the smaller cut-o�, the better; however, for the EXIRAD-3D
experimental scans, the measured point source size (>100 µm) was larger than the matrix
voxel size (50 µm), and we experimentally observed that a large cut-o� compensated for
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Figure 4.4: Zoom into a pinhole in the EXIRAD-3D collimator used for the ray-tracing matrices to illustrate the
accuracy of the voxelised aperture. Black represents air and white represents collimator material. The pinhole
diameter is 0.15 mm. The smallest collimator voxel size that was possible to be used in this paper is 0.025 mm.

the e�ect of a too large point source size. Ideally, the point source should be smaller than
the matrix voxel; however, making a tinier point source than 100 µm was di�cult in our
laboratory. Therefore, for the traditional matrices used in EXIRAD-3D experimental scans,
we chose a matrix cut-o� of 20% which resulted in higher-resolution images than a matrix
cut-o� of 4%, as shown in Figure 4.14 in the Appendix.

The ray-tracing code required energy-dependent attenuation coe�cients of the collimator
material (�c) and of the detector crystal (�d ) (Table 4.2). �c was obtained from [86, 87]
and �d was calculated from MCS in the same way as in [151]. The ray-tracing code also
required a collimator �le which was either an analytical description or a voxelised volume.
Generating a matrix with the analytical collimator require less computation time than
with the voxelised collimator. The analytical description was su�ciently accurate for
HE-UHR-M, while the voxelised volume was needed for EXIRAD-3D to model complex
shielding layer that are di�cult to be described analytically. The voxel size of the voxelised
collimator should be small enough to avoid the discretisation e�ect of the pinholes (0.15
mm in diameter for EXIRAD-3D), but too small collimator voxels signi�cantly increase the
ray-tracing time. For this EXIRAD-3D collimator, the �nest voxel size that can be set was
0.025 mm which is still relatively coarse compared to the pinhole diameters (Figure 4.4),
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but it was hard to reduce it further while keeping a feasible matrix calculation time.

4.3 Results

4.3.1 Validation of accelerated point-source simulation

Figure 4.5 compares the accelerated point-source simulation (fast MCS) with the full Monte
Carlo simulation (MCS) of a 99mTc point-source scan for EXIRAD-3D. The presented PSF
corresponds to photons from a point source at the collimator’s centre going through three
di�erent pinholes. Both the 2D PSFs and the 1D pro�les indicate that the acceleration
method for point-source simulation produces the same PSFs as the full simulation does.
This is true for PSFs with other point source positions. The normalised root mean squared
error between PSFs from MCS and fast MCS is about 4.2 ∗ 10−4. Meanwhile, the accelerated
version takes signi�cantly less computation time compared to the full simulation, as
summarised in Table 4.3. In this table, the time for simulating a full set of PSFs for each
of the studied FMC-based matrices in this work and the chosen factor c as described in
Section 4.2.3 are reported. The timing was done on a Linux cluster with Intel(R) Xeon(R)
CPUs E5-2620, and 250 cores were used in total.

Figure 4.5: A comparison between full Monte Carlo simulation and accelerated simulation of a point-source scan
with 99mTc and the EXIRAD-3D collimator. (a) 2D PSF at three di�erent locations on the detector. (b) 1D pro�les
through PSF(2) at the location indicated by yellow lines. For reference to the pro�les from the traditional and
ray-tracing methods, please see Figure 4.13 in the Appendix.

4.3.2 Experimental 99mTc and 111In phantom scans

Figure 4.6 presents the experimental results of the Derenzo phantom scans with 99mTc
and 111In. The traditional matrix yielded comparable image resolutions as the FMC-based
matrix while showing a visually lower contrast between the hot rods and the background
regions between the rods. This is probably because the point source used in the calibration
scan was too large while ideally, the point source size should be smaller than the image
voxel size, as illustrated in Figure 4.13 and Table 4.5 in the Appendix. The ray-tracing
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Table 4.3: Chosen factor c (used in Equation (4.1)) and time required for point-source simulations, comparing
MCS and fast MCS. The listed time included the GATE simulation time and the time to generate raw PSFs from
the GATE output �les. Note that the acceleration was not applied for 90Y, as previously explained in Section 4.2.3.

EXIRAD-3D HE-UHR-M
99mTc 123I 111In 67Ga 90Y

c 3.0 3.0 5.0 5.0 N/A
MCS 34 h 34 h 42 h 22 h 59 h
Fast MCS 32 min 32 min 61 min 51 min N/A

Figure 4.6: Experimental Derenzo phantom scans with 99mTc and 111In with the EXIRAD-3D collimator to compare
images resulting from the FMC-based matrices with those obtained with the reference matrices. The images were
displayed with the iteration number and the �lter size that maximise the CNR. Slice thicknesses were 0.2 mm
and 0.8 mm for 99mTc and 111In, respectively. Pro�les through these images can be seen in Figure 4.16 in the
Appendix.

matrix resulted in images with more background artefacts than the other matrices. We
believe this is because the collimator voxel size of 0.025 mm was still not �ne enough to
represent the 0.15-mm diameter pinholes accurately (Figure 4.4). It was hard to reduce
this collimator voxel size further while still keeping a practical matrix generation time.
Generating the ray-tracing matrix for EXIRAD-3D took about 11-13 days (Table 4.4) on
a Windows server with Intel® Xeon® CPU E5-2680 v3 (48 cores) and was thus already
impractically long. For both scans, the FMC-based matrices achieved higher CNRs than
the traditional and ray-tracing matrices (Figure 4.7). Table 4.4 also presents the time to
generate matrices with di�erent methods, showing that FMC-based method needed slightly
more time than the traditional method and signi�cantly less time than the ray-tracing
method. Note that in case of 90Y, the ray-tracing method used an analytical description of
the collimator instead of a voxelised volume; therefore, it was faster than the FMC method.
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Table 4.4: The time required to generate matrices with FMC-based method, traditional method, and ray-tracing
method. For the FMC-based matrices, the time already included the FMCS time (Table 4.3). The time to generate
traditional matrices was the same for di�erent radionuclides because these matrices only modelled photon
transport at 140 keV.

EXIRAD-3D HE-UHR-M
99mTc 123I 111In 67Ga 90Y

Traditional 2.8 h 2.8 h 2.8 h 2.8 h 23 min
Ray-tracing 11.7 d 12.1 d 13.0 d 12.1 d 1.6 d
FMC-based 3.3 h 3.4 h 4.2 h 6.3 h 2.5 d

Figure 4.7: CNR comparison between the FMC-based matrices and the reference matrices for the experimental
Derenzo phantom scans with 99mTc and 111In. The traditional matrix used a >100-µm point source, while the
FMC-based matrix used a 0-µm point source.

Figure 4.8 presents the experimental results of the uniform phantom scan with 99mTc. For
each scan, an axial slice and a coronal slice were shown, and the calculated uniformity
measures were provided. Note that a lower number for this measure means better image
uniformity. With each matrix, we observed that the obtained uniformity converges quickly
after only a few iterations (Figure 4.15 in the Appendix). In all of the cases presented, the
FMC-based matrix yielded the most uniform image among all matrices tested.

4.3.3 Experimental 123I mouse thyroid scan

Figure 4.9 shows images of the mouse thyroid reconstructed with the FMC-based matrix and
the reference matrices. The images clearly visualised two thyroid lobes that are connected
by a thin isthmus (see the coronal slices in Figure 4.9). The isthmus was seen because
it also had iodine uptake and its width of about 0.3 mm [120] can be well visualised due
to the high resolution of EXIRAD-3D. Among the matrices used, the traditional matrix
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Figure 4.8: Experimental cylindrical phantom scan with 99mTc to compare the FMC-based matrix with the
reference matrices. The uniformity is listed under the image. The smaller this number, the better. Slice thickness
was 0.2 mm.

resulted in a slightly more blurry image, especially when looking at the isthmus. The other
matrices yielded visually almost similar images. Although there is no ground truth in this
experiment to quantitatively compare the matrices’ performance, we can conclude that the
FMC-based matrix works with the real mouse tissue scan.

4.3.4 Simulated 67Ga scan: combining multiple photopeaks

Figure 4.10 compares the EXIRAD-3D 67Ga reconstructions with di�erent matrices and
several energy window settings. In all of the presented cases, the 93 keV photopeak
produced images with clearer rods than the 184 keV photopeak. Post-reconstruction
combining the images from separate energy windows did not show a clear advantage over
only using the 93 keV photopeak. Pre-reconstruction combining the data and using a single
matrix in reconstruction yielded the best image. The traditional matrix and ray-tracing
matrix resulted in good images in the pre-combined case; however, with a little distortion in
the 0.12-0.13 mm rod sectors. The FMC-based matrix performed better than the traditional
and ray-tracing matrices by showing faithful shapes of the 0.13-mm rods, almost separating
the rods in the 0.12-mm sector, and yielding the highest CNR (Figure 4.11). With this 67Ga
scan, a resolution of 0.13 mm was achieved.
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Figure 4.9: Experimental mouse thyroid scan with 123I to compare the FMC-based matrix with the reference
matrices. Slice thickness was 0.2 mm.

4.3.5 Simulated 90Y scan: utilising a wide continuous energy spectrum

Figure 4.12 compares the HE-UHR-M 90Y reconstructions with di�erent matrices and
several energy window settings. The 105-135 keV energy window produced better images
than the other single energy windows. This is understandable because more photons were
detected within this window than in the other windows (Figure 4.3). For all matrices,
post-reconstruction combining the images from separate energy windows did not show a
clear advantage over using the individual energy windows. Pre-reconstruction combining
the data and using a single FMC-based matrix in reconstruction yielded the best image
visually and also the highest CNR (Figure 4.11). With this 90Y scan, a resolution of 0.75 mm
was achieved.

4.4 Discussion

We have introduced an e�cient and accurate Monte-Carlo based system matrix generation
method for pinhole SPECT and validated it on our VECTor scanner with a HE-UHR-M
collimator and an EXIRAD-3D collimator for a wide range of radionuclides. In the presented
imaging situations, the FMC-based matrix demonstrates advantages over the traditional
and ray-tracing matrices. These advantages are mainly exhibited in two aspects. First,
for very-high-resolution imaging, i.e. with EXIRAD-3D, the FMC-based matrix lessens
the di�cult task of fabricating a tiny point source, smaller than the image voxels (50
µm for EXIRAD-3D), as needed with the traditional matrix, and avoids extensive matrix
computation time as with the ray-tracing matrix. Second, for imaging radionuclides with
complex emission energy spectra such as 67Ga and 90Y, the FMC-based matrix o�ers a
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single-matrix image reconstruction solution by modelling multiple photopeak windows or
a wide continuous energy window into one matrix. With the ray-tracing method, it is in
principal also possible to combine matrices from multiple energies into a single matrix by
summing matrix elements for the corresponding voxel-to-pixel paths with certain weights
that are proportional to the emission yields at di�erent energies. However, it takes time
to perform the same ray-tracing simulation for multiple energies, and it is hard to do this
for the continuous emission spectrum of 90Y. In other cases, with systems having lower
resolutions than the resolution that EXIRAD-3D o�ers, and with radionuclides emitting
single energy spectra, the traditional or ray-tracing matrices are expected to be a good
choice; however, the FMC-based matrix can be used as well. Therefore, the FMC-based
matrix generation method can be a versatile system modelling method for pinhole SPECT
systems.

Figure 4.10: Simulated Derenzo phantom scan with 67Ga. The images were displayed with the iteration number
and the �lter size that maximise the CNR. The image with the highest CNR was highlighted in a box. Slice
thickness was 0.8 mm. Pro�les through these images can be seen in Figure 4.16 in the Appendix.

The FMC-based matrix already models realistic image degrading e�ects, such as positron
range or beta-to-bremsstrahlung range, which are not always included in the traditional and
ray-tracing matrices. In this work, we have not examined in depth all these e�ects and only
shown the e�ect of modelling beta-to-bremsstrahlung range for 90Y. In this case, correcting
the beta-to-bremsstrahlung range in the forward projection step of image reconstruction
also worked with the traditional and ray-tracing matrices and the need for modelling it
inside the matrix as with the FMC-based method was not clear. However, the proposed
method is at least simpler than the traditional and ray-tracing methods in the sense that
an additional e�ort to correct for these image-degrading e�ects is not needed.

Monte-Carlo simulation is usually computationally expensive; however, the point-source
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Figure 4.11: CNR comparison between the FMC-based matrices and the reference matrices for the simulated
Derenzo phantom scans with 67Ga and 90Y. This �gure only showed the best case for each matrix generation
method (the pre-combined image). Both the traditional and FMC-based matrices for these simulated scans used a
0-µm point source.

simulation acting as the key step in the FMC-based system modelling procedure takes a
relatively short time (less than 1 hour for most of the cases in Table 4.3) thanks to the
used acceleration technique (Section 4.2.3). Therefore, FMC-based matrix generation time
is only slightly longer than the time required for making the traditional matrix and can
be signi�cantly shorter than the time required for calculating the ray-tracing matrix. For
instance, generating a matrix for EXIRAD-3D and 99mTc takes about 1.5 days with the FMC-
based method or the traditional method, while it takes about 12 days with the ray-tracing
method.

With the FMC-based system modelling, ideally, a new matrix needs to be generated when
the radionuclide or the energy window setting changes. For a new radionuclide, the
procedure needs to be restarted from the point-source simulation step, but if only the
energy window setting is adjusted for the same radionuclide, the point-source simulation
step does not need to be performed again. Besides, the PSF �tting step in the proposed
method uses Gaussian functions, which work well in modelling PSFs for the studied
energies (≤285 keV). When imaging high-energy isotopes such as PET isotopes, because of
more scatter and penetration occurring near the pinhole edges, more complex functions
should be used.
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4.5 Conclusion

This work presents a new FMC-based system modelling method for ultra-high-resolution
pinhole SPECT. The results show that the proposed method is e�cient, accurate, and
versatile in creating energy-dependent system matrix for various radionuclides. It is more
generalised than the traditional method when changing radionuclide or energy window
setting, and more computationally e�cient than the ray-tracing method for very-high-
resolution systems such as EXIRAD-3D. The FMC-based method also shows the advantage
of being able to combine energies in a single matrix.
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Appendix

Figure 4.13: Pro�les through a PSF location from a point-source scan with 99mTc and the EXIRAD-3D collimator.
The results are from the MCS, the fast MCS, the traditional matrix, and the ray-tracing matrix. Note that the wide
PSF with the traditional matrix is due to a too large point source used in the measurement. Two collimator voxel
size were presented for the ray-tracing matrix.
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Figure 4.14: Experimental Derenzo phantom scans with 99mTc and 111In with the EXIRAD-3D collimator to
compare di�erent cut-o�s used for the tradition matrices. The images were displayed with the iteration number
and the �lter size that maximise the CNR. Slice thicknesses were 0.2 mm and 0.8 mm for 99mTc and 111In,
respectively. For both radionuclides, the traditional matrix with 20% cut-o� yielded images that resolve smaller
rods than the traditional matrix with 4% cut-o�. We believe this is because a higher cut-o� compensates for the
point source size (>100-µm diameter) used for calibration that could not be made smaller than the image voxel
size (50 µm). This is also demonstrated in Table 4.5 which shows the e�ect of the point source size.

Table 4.5: E�ect of the size of the point source used in calibration measurement on the reconstruction of the
Derenzo phantom scan with 99mTc. The listed CNR is the highest that was achieved with the optimal iteration
number and �lter size. The real fabricated point source had a diameter of >100 µm, while the diameter of the
simulated point source in GATE was easily adjusted to 100 µm and ∼0 µm (an exact point).

Traditional FMC-based
PS >100 µm PS >100 µm PS 100 µm PS ∼0 µm
20% cut-o� 4% cut-o� 4% cut-o� 4% cut-o�
CNR = 1.93 CNR = 1.55 CNR = 1.75 CNR = 2.27
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Figure 4.15: Uniformity versus iteration number for the experimental cylindrical phantom scan with 99mTc showed
in Figure 4.8, comparing the FMC-based matrix with the reference matrices. A smaller number means a better
uniformity.

Figure 4.16: Pro�les obtained from the best reconstructed Derenzo phantom image (highest CNR) in Figures 4.6,
4.10 and 4.12 for each matrix generation method. Locations of the pro�le is indicated with a line drawn on the
smallest discernible rod sector in each case. The rod diameters are shown in mm.



5

67

Chapter 5

EXIRAD-HE: Multi-pinhole high-resolution
ex vivo imaging of high-energy isotopes

This chapter is adapted from:
Minh Phuong Nguyen, Marlies C. Goorden, and Freek J. Beekman. EXIRAD-HE: multi-pinhole high-resolution
ex vivo imaging of high-energy isotopes. Physics in Medicine & Biology 65.22: 225029, 2020.



5

68 5 EXIRAD-HE: Multi-pinhole high-resolution ex vivo imaging of high-energy isotopes

W e developed a dedicated focusing multi-pinhole collimator for a stationary SPECT system
that o�ers down to 120 µm (or 1.7 nL) spatial resolution SPECT images of cryo-cooled

tissue samples (EXIRAD-3D). This collimator is suitable for imaging isotopes that are often
used in small animal and diagnostic SPECT such as 125I (27 keV), 201Tl (71 keV), 99mTc (140 keV),
and 111In (171 and 245 keV). The goal of the present work is to develop high-resolution pinhole
imaging of tissue samples containing isotopes with high-energy photon emissions, for example,
therapeutic alpha and beta emitters that co-emit high energy gammas (e.g. 213Bi (440 keV)
and 131I (364 keV)) or 511 keV annihilation photons from PET isotopes. To this end, we optimise
and evaluate a new high energy small-bore multi-pinhole collimator through simulations.
The collimator-geometry was �rst optimised by simulating a Derenzo phantom scan with
a biologically realistic activity concentration of 18F at two system sensitivities (0.30% and
0.60%) by varying pinhole placements. Subsequently, the wall thickness was selected based on
reconstructions of a Derenzo phantom and a uniform phantom. The obtained collimators were
then evaluated for 131I (364 keV), 213Bi (440 keV), 64Cu (511 keV), and 124I (511 + 603 keV) with
biologically realistic activity concentrations, and also for some high activity concentrations of
18F, using digital resolution, mouse knee joint, and xenograft phantoms. Our results show that
placing pinhole centres at a distance of 8 mm from the collimator inner wall yields good image
quality, while a wall thickness of 43 mm resulted in su�cient shielding. The collimators o�er
resolutions down to 0.35 mm, 0.6 mm, 0.5 mm, 0.6 mm, and 0.5 mm when imaging 131I, 213Bi,
18F, 64Cu, and 124I, respectively, contained in tissue samples at biologically achievable activity
concentrations.

5.1 Introduction

Preclinical imaging of radiolabeled molecule distributions in small animals plays an impor-
tant role in studying the mechanisms of disease and developing diagnostic tracers [152].
A wide and steadily increased variety of tracers with di�erent radioisotopes is available.
While conventional SPECT scanners are designed to image isotopes emitting gammas with
a typical energy of around 140 keV, many available and emerging isotopes emit gammas
with higher energies. These include PET tracers that emit 511 keV annihilation photons
(e.g. 18F, 124I, and 64Cu), and alpha or beta emitters for theranostic applications that co-
emit high-energy gammas (e.g. 131I, 213Bi, and 209At). Many commercial preclinical PET
scanners for imaging positron emitters have been launched. Recent ones include Mediso
NanoPET/CT [153], Bruker Albira [154], Clairvivo [155], and Molecubes �-CUBE [156],
which achieve resolutions down to approximately 0.9 mm. With one small �eld-of-view
(FOV) prototype coincidence system, a resolution of 0.6 mm was obtained [157].

In another approach, PET isotopes are successfully imaged using dedicated clustered multi-
pinhole collimators in a triangular detector set up (VECTor) at an initial resolution of <0.75
mm in vivo for 18F [34, 36, 37]. Today resolutions of commercial VECTor scanners are <0.6
mm for 18F simultaneously with 0.4 mm resolution 99mTc imaging. Compared to coincidence
PET, multi-pinhole PET e�ectively removes or reduces several image degrading e�ects
that signi�cantly limit the image quality in small animals. These include limited detector
resolution and depth-of-interaction e�ects whose in�uence can be strongly diminished by
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pinhole magni�cation, as well as non-collinearity of annihilation photons, and random
coincidences which do not play a role in pinhole PET. As a result, the resolution of VECTor
can outperform coincidence PET in a subset of imaging situations [37]. In addition, with
VECTor, the prompt gammas that are emitted by some PET isotopes (e.g. 603 keV for
124I) can be employed to exclude the e�ect of positron range that sets a fundamental limit
on the resolution in coincidence PET. This enables for example 0.75 mm resolution PET
of 124I and 89Zr [35, 38] as well as multi-isotope PET. At the same time, VECTor has the
capability of sub-mm resolution imaging of isotopes that emit single gammas above the
conventional SPECT energy range like 131I (364 keV), 213Bi (440 keV), and 209At (545 keV)
[39–41]. Therefore, multi-pinhole imaging is a single-system solution for high-resolution
imaging of gamma- and positron-emitting isotopes over a broad energy range.

One way to improve the resolution-sensitivity trade-o� of tissue samples in pinhole SPECT
and PET is to increase the pinhole magni�cation factor by decreasing the collimator’s
FOV. This concept was used for the ex vivo imaging technique EXIRAD-3D (MILabs B.V.),
which was designed for low and medium energy isotopes such as 125I (27 keV), 201Tl (71
keV), 99mTc (140 keV), and 111In (171 keV and 245 keV) [118, 129]. With this technique, 120
µm (or 1.7 nL) resolution was obtained for 99mTc, i.e. about a ten times better volumetric
resolution than state-of-the-art in vivo preclinical SPECT [27]. EXIRAD-3D consists of
a dedicated small FOV multi-pinhole collimator, a tissue holder connected directly to
a re�llable chamber with dry ice for cryo-cooling the tissue throughout the scan, and
dedicated acquisition and reconstruction software.

Today, EXIRAD-3D coupled with in vivo imaging modules as is done in the commercial MI-
Labs’ nuclear scanners o�ers both longitudinal information of biological and physiological
functions and extra-�ne three-dimensional image details, with a direct link between the
two datasets. That is achieved with little more e�ort than the conventional in vivo imaging
work�ow without the need for whole new equipment and a complicated tissue sectioning
and handling process as in a histological study. However, note that EXIRAD-3D is only
designed for imaging gamma-emitters but not pure alpha- and beta-emitters.

The aim of the present paper is to design an EXIRAD option (EXIRAD-HE) that is also
suited for imaging high-energy isotopes. The approach is to use narrow pinhole opening
angles to suppress pinhole edge penetration and scatter, with thick collimator’s walls. Full
system simulations of a Derenzo phantom scan and a cylindrical phantom scan with a
biologically realistic activity concentration of 18F were performed for various collimator
designs at two system sensitivities (0.30% and 0.60%). Best performing collimators were
subsequently evaluated for 18F scans with several activity concentrations and for 64Cu,
124I, 213Bi, and 131I with digital joint and xenograft phantoms.

5.2 Methods

5.2.1 Considerations in collimator design and optimisation

The EXIRAD-HE collimator (see Figure 5.1) is designed to have the same central �eld-of-
view (CFOV) size (4-mm diameter) and inner diameter (21 mm) as the available low-energy
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collimator meaning that the same size tissue volumes can be scanned by means of the
scanning focus method [32]. With this method, the tissue is moved to multiple positions
inside the collimator such that the whole tissue volume is viewed by the CFOV, and
acquisitions from all of the scanned positions are used together in image reconstruction.
The collimator is mounted in a U-SPECT or VECTor system having a �xed triangular
detector setup with three large-�eld-of-view gamma cameras. In this study, we assume a
9.5-mm-thick NaI(Tl) crystal with a usable area of 497.4 * 410.6 mm2 for each detector. The
crystal surface is placed at a distance of 210 mm from the collimator’s centre. The EXIRAD-
HE collimator contains a large number of round knife-edge pinholes placed manually in
such a way that overlapping pinhole projections are limited without using a shielding layer
(see Section 5.2.4(iii)). All pinholes’ axes point towards the collimator’s centre, and the
pinholes’ centres are placed at the same distance from the collimator’s longitudinal axis.
Collimator material assumed is a tungsten alloy consisting of 97% W, 1.5% Ni, and 1.5% Fe.

Figure 5.1: Sketch of the EXIRAD-HE focusing multi-pinhole collimator. Pinholes are placed in several rings and
all focus on a central FOV.

With the above-mentioned constraints, we restricted the parameters for optimisation to
be the distance from the pinhole’s centre to the collimator’s inner surface (h), the pinhole
diameter (d), and the wall thickness (T) (see Figure 5.1). Other parameters as listed in
Table 5.1, if not �xed, can be expressed by these parameters. For example, pinhole opening
angle only depends on h because the size of the CFOV (4-mm-diameter sphere) and the
distance from the collimator’s longitudinal axis to the collimator’s inner surface (10.5 mm)
were �xed. Also, the total number of pinholes were calculated from the detector size (3 *
497.4 * 410.6 mm2) and the size of pinhole projections (again only depending on h) (see
Equation (5.3)). For the three parameters to be optimised, the following considerations
were taken into account:

– For h, one may expect that the closer the pinhole is to the object (i.e. h → 0), the
higher the system resolution that can be achieved for a �xed sensitivity [158]. This
suggests putting the pinhole apertures as close to the inner surface of the collimator
as possible. However, putting pinholes closer gives more sensitivity per pinhole but
fewer pinholes that can be placed for the same detector area, which in some cases,
limits the resolution-sensitivity trade-o� [15]. Besides, for the high energy photons
(e.g. 511 keV), putting pinholes closer to the inner collimator wall would result in a
signi�cant increase of pinhole edge scatter and penetration because of shorter paths
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that photons travel through the pinhole edges, which deteriorates image quality.
Thus an intermediate value for h may be most bene�cial.

– The pinhole diameter d directly decides the resolution-sensitivity trade-o� of the
system: reducing the pinhole diameter improves the resolution at the expense of
decreasing the sensitivity and vice versa.

– For T, we would expect that the larger the wall thickness, the better prevention of
direct collimator wall penetration which is important for image quality. However,
the thicker the collimator, the heavier and more expensive the collimator is which
limits its practical use as a �nal product.

It is not straightforward to �nd an optimal set for all of these parameters analytically. We,
therefore, utilised an analytical model for the initial estimate of the parameter sets, and
then our optimisation was based on evaluating the quality of the �nal reconstructed images
obtained from Monte Carlo Simulation (MCS) data. The following sections will explain
this process in more detail.

5.2.2 Analytical model

The analytical model was used for 18F (511 keV), and we only optimised the collimator
for this energy, which lies inside the studied energy range (364 – 603 keV). For the initial
optimisation, we used an analytical model which is based on the models in [11, 158] that
can e�ciently predict the performance of multi-pinhole SPECT and has been applied in
optimising a small-animal SPECT system, namely U-SPECT-I [17], as well as in a theoretical
analysis of a human brain SPECT [15]. It models collimator and detectors as spherical
layers surrounding the scanned object (Figure 5.2(a)). The parameters used in this model
are included in Table 5.1.

To approximate the cylindrical collimator and the triangularly-placed detectors in EXIRAD-
HE by the spherical layers in the analytical model, the average distance from the pinholes’
centres and the detector surface to the collimator’s centre were set as the radius of the
collimator layer (rc) and the radius of the detector layer (rd ), respectively. To this end,
we sampled uniformly on each detector’s surface a set of 50 * 50 = 2500 points (D) from
each of which a line was drawn through the collimator’s centre. Intersections (C) of these
lines with the cylindrical surface that goes through all pinholes’ centres were calculated.
Then, rd (or rc) was set as the average distance from D (or C) to the collimator’s centre.
Consequently, rd was 278 mm as the detectors were �xed, and rc depended on the real
distance from pinholes’ centres to the collimator centre (which is di�erent for the various
collimators we considered).

With the analytical model, we calculated the sensitivity over the whole CFOV instead of
the peak sensitivity calculated at the collimator’s centre as was done in [158]. To this end,
we took the average of the sensitivities over n = 8820 points uniformly distributed within
the spherical CFOV. The sensitivity at each point reads [11]:
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Figure 5.2: (a) Analytical model of the EXIRAD-HE. (b) Schematic sketch of a pinhole and a photon source for
sensitivity calculation in Equation (5.1).
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where Si is the sensitivity at photon source position i; �i and mi de�ne the location of
the photon source (Figure 5.2(b)); d is pinhole diameter; � is pinhole opening angle; � is
attenuation coe�cient of the pinhole material. This average sensitivity was multiplied by
the number of pinholes (N ), detector e�ciency (�), and then multiplied by two because of
the gamma pair production, to obtain the system sensitivity over the CFOV:
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n

∑

i

Si ∗ N ∗ � ∗ 2. (5.2)

The number of pinholes was calculated as:

N =
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�
(

r
d
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rf)

2
. (5.3)

This took into account that a fraction of �/4 of the total detector surface (3 ∗ DX ∗ DZ ) is
covered with non-overlapping pinhole projections. A detector photopeak e�ciency � of
14.3% for 511 keV was obtained from MCS, as explained in Section 5.2.3. The radius of the
CFOV (rf ) is 2 mm.
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Table 5.1: List of parameters in EXIRAD-HE.

Parameter Description Value

h Distance from the pinhole’s centre to the collimator’s inner surface To be optimised
d Pinhole diameter To be optimised
T Wall thickness To be optimised
Dx , Dz Dimensions of each detector 497.4 mm, 410.6 mm
Rb The radius of the collimator’s bore 10.5 mm
rd The radius of the detector layer 278 mm
rc The radius of the collimator layer Depends on h
rf The radius of the CFOV 2 mm
� Pinhole opening angle 2*arcsin(rf /rc )
N Total number of pinholes See Equation (5.3)
� Detector e�ciency 14.3%
Ri Detector spatial resolution 3.5 mm
µ The attenuation coe�cient of the pinhole material See Table 5.2
SCFOV System sensitivity over the CFOV Initially 0.30% and 0.60%

5.2.3 Monte Carlo simulations

General settings

Geant4 Application for Tomographic Emission (GATE) [76–79] was used for all MCS in this
research to simulate photon transport inside the scanner. Our simulation method was vali-
dated with experimental data from EXIRAD-3D with a low-energy collimator in a previous
publication (Chapter 2 [118]) where detailed settings can be found. In this work, to simulate
the high-energy collimators, we adapted the following. Firstly, instead of manually de�ning
the physics processes, here the “physic list builder” mechanism was used as recommended
in the recent GATE documentation, and the general “emstandard” builder provided by the
Geant4 community was set. This included, but was not limited to, photoelectric e�ect,
Compton scattering, Rayleigh scattering, electron ionisation, bremsstrahlung, multiple
scatter, and positron annihilation for positron emitters. Secondly, GATE’s “ion source” was
de�ned by setting the isotope’s atomic number (Z) and atomic weight (A) (e.g. Z = 9 and A =
18 for a 18F source). This way, both the radioactive decay and the atomic de-excitation were
incorporated, and it was straightforward to change the radioactive isotopes for di�erent
scan simulations. Finally, the detector’s spatial resolution and energy resolution were set
in a di�erent way than in [118]. The detector’s spatial resolution was �xed to 3.5 mm
for all studied isotopes, instead of scaling it by the reciprocal of the square root of the
photon’s energy which would result in a too good resolution for high energies because this
way of scaling would not appropriately consider the large amount of scatter of the high-
energy photons. The detector energy resolution was modelled using the inverse square law
[76], Renergy = R0

√

E0/E, where R0 = 9% was assumed as the full-width-at-half-maximum
(FWHM) energy resolution at E0 = 511 keV.

After getting the projection images from the GATE output, realistic background radiation
(from e.g. cosmic radiation) was added to both the photopeak window and the two side
windows. This was based on the count rate from a background radiation measurement with
a U-SPECT/CT system at MILabs B.V., Utrecht, the Netherlands, as reported in Table 5.2.
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This table also speci�es the photopeak window, the side windows, and some other settings
for each isotope.

Table 5.2: Studied isotopes and corresponding simulation settings. The attenuation coe�cient in collimator was
obtained from NIST database [86, 87], and the attenuation coe�cient in the detector was calculated from MCS
(Section 5.2.3).

18F 64Cu 124I 218Bi 134I
Half-life 1.83 h 12.7 h 4.18 d 45.59 m 8 d
Peak energy (keV) 511 511 603 440 364
Photopeak window (keV) 460-562 460-562 543-663 396-484 328-400
Side windows (keV) 434-460 434-460 513-543 374-396 309-328

562-588 562-588 663-693 484-506 400-419
Background radiation in photopeak window 81 cps 81 cps 80 cps 84 cps 98 cps
Background radiation in two side windows 40 cps 40 cps 38 cps 42 cps 41 cps
Detector spatial resolution (mm) 3.5 3.5 3.5 3.5 3.5
Detector energy resolution (%) 9.0 9.0 8.3 9.7 10.7
Attenuation coe�cient in collimator (mm−1) 0.250 0.250 0.204 0.309 0.420
Attenuation coe�cient in detector crystal (mm−1) 0.012 0.012 0.010 0.017 0.025

Simulation of system sensitivity

The system sensitivity obtained from MCS was used in the collimator optimisation process
to obtain pairs of h and d that would provide such sensitivity (Section 5.2.4). Here a uniform
spherical 18F distribution that exactly �ts inside the CFOV (4-mm diameter) and emits 108
positrons was simulated. The activity distribution was placed at the centre of a PMMA
sphere having a diameter of 10 mm that acts as the annihilation environment. Sensitivity
was calculated as the number of detected counts within the photopeak window (20%) over
the number of emissions. Note that all the sensitivities reported in this work were for 18F.

Simulation of detector efficiency

The detector e�ciency was used in the analytical model. To simulate this, a uniform
spherical 18F source that �ts in the CFOV and emits 108 positrons was placed at the centre
of a full multi-pinhole collimator (h = 8 mm, d = 0.27 mm, and T = 60 mm). The activity
distribution was placed at the centre of a PMMA sphere having a diameter of 10 mm that
acts as the annihilation environment. By setting the detector’s material as NaI with a
normal density (3.67 g/cm3) and then with a very high density (367000 g/cm3), and taking
the ratio between the counts in these two cases, we obtained a detector e�ciency of 14.3%
for 511 keV.

Simulation of attenuation coefficient in detector crystal

The attenuation coe�cient in the detector was simulated for each isotope and used both
in the analytical model (Section 5.2.2) and in generating the system matrix for image
reconstruction (Section 5.2.5). To this end, a point source containing the studied isotope that
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emits 105 photons in a beam perpendicular to one of the 9.5-mm-thick NaI(Tl) scintillators
was simulated. No collimator was included, and the beam was de�ned in GATE by the
source’s emission angle. Only for this simulation, the source was de�ned with gamma
particle type and the corresponding mono-energy instead of the ion type. Subsequently, the
attenuation coe�cient was calculated with Equation (5.4), and the obtained numbers are
listed in Table 5.2. This equation assumed Beer’s law that did not fully include the Compton
scatter (only the part that ends up being detected in the photopeak was considered);
however, it provided an e�ective attenuation coe�cient that we need for the analytical
model and the system matrix generation.

�detector = −

1

9.5

log
(
1−

number of detected pℎotons

10
5 )

. (5.4)

5.2.4 Collimator optimisation and evaluation procedure

We here optimised the collimator for 18F because 511 keV lies near the middle of the studied
energy range (364 – 603 keV) and we aimed to attain a collimator that can be used for a
wide energy range. The optimisation procedure was as follows:

(i) First, we assumed T = 60 mm which is signi�cantly larger than the thickness of the
available low-energy collimator for EXIRAD-3D (25.5 mm) to prevent collimator
wall penetration by the high-energy photons. The probability that 511 keV photons
pass through a 60-mm-thick collimator material of 97% W, 1.5% Ni, and 1.5% Fe is
3.1 ∗ 10

−5%.

(ii) For a �xed sensitivity averaged over the CFOV (SCFOV ) of either 0.30% (sensitivity of
an available in vivo high-energy collimator (HE-UHR-M) in VECTor [34]) or double
that, 0.60%, h was varied from 0 mm to 10 mm with a step size of 2 mm and the
corresponding d to achieve the desired sensitivity was roughly calculated with an
analytical model as explained in Section 5.2.2. Subsequently, d was �ne-tuned with a
step size of 5 µm using MCS (see Section 5.2.3) to match the sensitivity exactly.

(iii) The combinations of h and d, each de�ning a unique collimator, were used to
create complete multi-pinhole collimators with the pinhole projections illustrated
in Figure 5.3. The pinholes were distributed into rings, and in each ring, the axes
between adjacent pinholes made an angle equal to the pinhole opening angle. The
angular shift between adjacent rings was half the pinhole opening angle. The
distances between the rings were set manually.

(iv) The collimators were then evaluated at �xed SCFOV based on full image reconstruc-
tion of a Derenzo phantom with a realistic activity concentration of 18F (described
in Section 5.2.5). For each SCFOV , the value of h that results in the reconstructed
Derenzo image with the highest contrast-to-noise ratio (CNR, Equation (5.5)) was
selected.
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(v) For each SCFOV with the chosen set of h and d, the wall thickness T was reduced
from 60 mm to 50 mm, 43 mm, and 30 mm to see which thickness still maintains good
reconstructed image quality. To this end, we simulated both a Derenzo phantom
and a uniform phantom (described in Section 5.2.5) with a realistic 18F activity
concentration. The image quality was based on visual assessment, and quantitative
metrics (CNR calculation for the Derenzo phantom, and portion of reconstructed
activity present outside the uniform phantom).

(vi) Finally, we obtained an optimised collimator for each SCFOV , de�ned by a set of h, d,
and T, and the estimated collimator weights, as well as the updated sensitivities for
the �nally chosen wall thickness, were recorded.

Subsequently, two collimator designs selected for the two considered sensitivities were
evaluated with high concentrations of 18F and biologically realistic activities of some other
high-energy isotopes, namely 64Cu, 124I, 213Bi, and 131I, to see which spatial resolution can
be achieved. For comparison, simulations with the in vivo collimator HE-UHR-M in the
VECTor system [34] having a pinhole diameter of 0.7 mm were added to see how much
resolution gain the new EXIRAD-HE collimators o�ers.

Furthermore, a digital mouse knee joint phantom and a digital tumour xenograft phantom
(described in Section 5.2.5) were simulated to evaluate the collimators’ performance in
tissue scans. The reconstructed images with the new collimators were also compared with
those obtained with the HE-UHR-M collimator and 1-mm-blurred images of the original
activity distribution that represents typical images of commercial coincidence PET.

Figure 5.3: Geometric projection on one of the detectors with the manually placed pinholes for varying distance
from pinhole centres to the collimator inner surface (h). The indicated opening angle for each h is for the pinholes
in middle rings. The opening angle of the pinholes in the two outermost rings is two degrees smaller than that to
prevent projection overlapping.
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5.2.5 Image reconstruction

General settings

All studied scans were simulated with MCS. In each scan, the object was placed at multiple
bed positions and the projections acquired from all bed positions were used together in
image reconstruction [32]. For image reconstruction, a system matrix was generated for
each of the investigated collimators, using the ray-tracing method as described in [36]. In
this method, the system matrix was calculated given the position and orientation of the
collimators and detectors, as well as the energy-dependent linear attenuation coe�cients
of the collimator and detector materials. The system matrix for each isotope was generated
at the energy of the chosen photopeak (Table 5.2). To keep a reasonable matrix size and
reconstruction time, only the gamma photon paths that have a probability of at least 1% to
pass through the collimator material are included into the system matrix. Reconstructions
were performed using the similarity-regulated ordered-subset expectation maximisation
(SROSEM) algorithm [53]. Post-�ltering was applied with the �lter size indicated for each
phantom. Images were reconstructed on an isotropic 0.25-mm-voxel grid. Scatter and
background radiation were corrected using the triple-energy window method [94] with
two side windows adjacent to the photopeak, each having a width of 25% of the photopeak
window’s width. Positron range was corrected by including it in the forward step of the
reconstruction using pre-calculated kernels [36]. Note that positron range correction was
not applicable for 124I, 213Bi, and 131I for the corresponding acquired photopeaks.

Digital Derenzo phantoms

Two Derenzo phantoms simulated in this work are shown in Figure 5.4. Derenzo phantom
1 was used most of the time, and Derenzo phantom 2 was only for the 131I scan in Figure 5.7
to show smaller rods. Each phantom has six sectors, in each of which, the distance between
centres of two adjacent rods was twice the rod diameter. The whole phantom was placed
at the centre of a PMMA cylinder having a diameter of 14 mm and a length of 8 mm.

Various activities in the phantoms and scan times were assumed for the collimator op-
timisation and evaluation. We simulated biologically realistic activity concentration in
mice of 18F (4.39 MBq/ml), 64Cu (9 MBq/ml), 124I (9.6 MBq/ml), 213Bi (12.4 MBq/ml), 131I (54
MBq/ml) that were retrieved from [40, 159–162]. Higher 18F activities (20 MBq/ml and 60
MBq/ml), which can be of interest in ex vivo imaging, were also tested. The scan time was
set to 4 hours for 18F, 1 hour for 213Bi, and 16 hours for 64Cu, 124I, and 131I considering the
isotopes’ half-lives (see Table 5.2).

Data acquisition with sixteen bed positions was simulated for this phantom. The images
that were shown had the iteration number and the 3D Gaussian post-�lter that maximised
the CNR. The CNR was calculated in the same way as in [37]. For this purpose, we drew
the activity regions (red circle) and the background regions (blue circles) as indicated in
Figure 5.4 that span a depth of 1.5 mm (or six slices). CNR was de�ned as:
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where Is and Bs are the mean intensity over the activity regions and the background regions
of sector s, respectively. �Is,p and �Bs,p are standard deviations over these regions, calculated
on a subset of planes p, p ∈ {1, 3, 5} to reduce covariance between planes. I Bs is mean
intensity over all regions of interest in sector s, and ns is the number of rod sectors. For
EXIRAD-HE, all sectors were included, while for HE-UHR-M, only the three largest sectors
were used in CNR calculation because the smaller sectors were not well resolved. The
CNR’s mean and standard deviation reported in Table 5.3 and Table 5.4 were calculated
with three noise realisations, while the CNR for Figure 5.7 was from one realisation.

Figure 5.4: Derenzo phantoms with rod diameters in mm and the regions of interest for the CNR calculation. (a)
Derenzo phantom 1. (b) Derenzo phantom 2.

Digital uniform phantom

To study the wall thickness, a uniformly �lled syringe (6.5 mm inner diameter and 10 mm
length) was simulated. The whole phantom was placed at the centre of a PMMA cylinder
having a diameter of 14 mm and a length of 14 mm. The phantom was assumed to contain
4.39 MBq/ml 18F and to have been scanned for 4 hours. Forty-�ve bed positions were used
for this phantom. All the uniform phantom images were shown at the 10tℎ iteration with
the same post-reconstruction �lters, a 0.7-mm-FWHM 3D Gaussian �lter followed by a
7*7*7-voxels Median �lter. Reconstructed image quality was evaluated based on visual
assessment and the percentage of activity reconstructed outside the phantom.

Digital mouse tissue phantoms

A mouse knee joint phantom was derived from a real 3D image of a mouse knee joint
containing 99mTc-methylene diphosphonate (99mTc-MDP) scanned with the low-energy
EXIRAD collimator, and here assumed to contain 18F-Na as these isotopes label the same
target in the bone. The mouse knee joint contained 56 MBq/ml 18F (obtained from experi-
mental data with 18F) and has been scanned for 4 hours. This phantom volume had a size
of 4.45*4.45*6.45 mm3, and three bed positions were used.
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Furthermore, a tumour xenograft phantom consisting of a large tumour with a necrotic
core, and two small spherical tumours next to each other was simulated to contain 131I-NaI.
The mouse was assumed to be injected with 20 MBq 131I and 10.2% ID/g was on the tumour
at the time of termination [163]. The xenograft was presumed to be snap-frozen and imaged
for 16 hours. This phantom volume had a size of 6.25*6.25*6.25 mm3, and �ve bed positions
were used.

In both cases, the reconstructed images were displayed at the iteration number and the 3D
Gaussian �lter size that yielded the lowest normalised mean-squared error (NMSE) and
evaluated based on both visual assessment and NMSE.

5.3 Results

5.3.1 Collimator optimisation

Figure 5.5 compares reconstructed images of Derenzo phantom 1 when varying h. The
pinhole diameters d that result in the desired system sensitivities and the image CNRs are
reported in Table 5.3. “N/A” represents the case in which no non-negative value of d can
be found to achieve the target SCFOV . This was also the case when setting h = 0 mm. For
both sensitivity levels, h = 8 mm o�ered the images with the highest CNR and was hence
selected.

Figure 5.5: Images of Derenzo phantom 1 �lled with 4.39 MBq/ml 18F and scanned for 4 hours for the optimisation
of h and d. Each image was obtained with one collimator and displayed with the iteration and the 3D Gaussian
�lter size that maximises the CNR. The optimal image for each sensitivity is enclosed in a square box. Slice
thickness was 1.5 mm.

Figure 5.6 shows the reconstructed images of Derenzo phantom 1 and the uniform phantom
when varying wall thickness, and Table 5.4 presents the corresponding CNRs of the Derenzo
images as well as the percentage of activity reconstructed outside the uniform. Visual
assessment on the Derenzo phantom’s rods and on the activity within the uniform phantom
volume does not show signi�cant image degradation as the wall thickness reduces from 60
mm to 30 mm. However, the artefacts outside the uniform phantom do increase, especially
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Table 5.3: The obtained values of d to achieve the desired system sensitivities and the CNRs from three realisations,
represented as mean ± standard deviation, for the corresponding values of h.

h (mm) 2 4 6 8 10
SCFOV = 0.30% d (mm) N/A N/A 0.160 0.270 0.305

CNR 0.96 ± 0.04 1.77 ± 0.06 1.10 ± 0.04
SCFOV = 0.60% d (mm) 0.135 0.385 0.505 0.595 0.620

CNR 0.50 ± 0.07 1.38 ± 0.04 1.77 ± 0.06 2.02 ± 0.05 1.96 ± 0.03

for the 30-mm thick collimator. Table 5.4 indicates that as the collimator wall gets thinner,
the CNR decreases and the activity reconstructed outside the uniform phantom increases
with the most degradation when going from 43 mm to 30 mm. Therefore, we chose T =
43 mm to keep a reasonable collimator weight of 16 kg for the core. The weight variation
between the collimators for the two sensitivities is negligible because only pinhole diameters
change (0.270 mm versus 0.595 mm).

Figure 5.6: Reconstructed images of the Derenzo phantom 1 and the uniform phantom, both �lled with 4.39
MBq/ml 18F and scanned for 4 hours, for the optimisation of T. Here the value of h was already �xed to 8 mm.
Note that the listed sensitivities are only for T = 60 mm and we would expect slightly higher sensitivities for
the smaller wall thicknesses. The Derenzo images were displayed with the iteration and the 3D Gaussian �lter
size that maximises the CNR. All the uniform phantom images were shown at the 10tℎ iteration with the same
post-reconstruction �lters, 0.7-mm-FWHM 3D Gaussian �lter + 7*7*7-voxels Median �lter. Slice thickness was
1.5 mm.

Table 5.5 presents the �nal parameters of the two optimal collimators, EXIRAD-HE-1 and
EXIRAD-HE-2, with reference to the HE-UHR-M collimator. It turns out that EXIRAD-HE-1
and EXIRAD-HE-2 are only di�erent in the pinhole diameter, which leads to the di�erent
system sensitivities. The listed sensitivities of the EXIRAD-HE collimators here were
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Table 5.4: Aoutside stands for the percentage of reconstructed activity outside uniform phantom relative to the
total activity. Note that the listed sensitivities are for T = 60 mm.

T (mm) 30 43 50 60
SCFOV = 0.30% CNR 1.58 ± 0.02 1.52 ± 0.07 1.59 ± 0.26 1.77 ± 0.06

Aoutside 26.7% 15.6% 13.6% 10.3%
SCFOV = 0.60% CNR 1.88 ± 0.01 1.92 ± 0.18 1.93 ± 0.11 2.02 ± 0.05

Aoutside 18.8% 12.6% 11.0% 9.1%

Table 5.5: Parameters of the selected EXIRAD-HE collimators and reference to the HE-UHR-M collimator in
VECTor which was also simulated in this work for comparison. For each collimator, two angles are listed: the
larger one is for the inner rings, and the smaller one is for the two outermost rings near two ends of the collimator.

EXIRAD-HE-1 EXIRAD-HE-2 HE-UHR-M

SCFOV (%) 0.312 0.617 0.30
rf (mm) 2 2 6
h (mm) 8 8 8
d (mm) 0.270 0.595 0.70
T (mm) 43 43 43
� (degree) 12.41, 10.41 12.41, 10.41 18, 16
N 177 177 162
Number of rings 7 rings 7 rings 4 clustered-rings

calculated with 18F and the chosen wall thickness (T = 43 mm), which are now slightly
higher than the initially targeted sensitivities set at the beginning of the optimisation
process.

5.3.2 Evaluation with digital Derenzo phantoms

Figure 5.7 displays simulated images of the Derenzo phantoms �lled with 18F at several
activity concentrations as well as some other high-energy isotopes using the optimal
collimators. These reconstructed images are placed next to the images obtained with the in
vivo collimator HE-UHR-M in VECTor to see the bene�t of the new ex vivo collimator. Each
column corresponds to a scan with a �xed setup, and only the collimator is changed. The
image that shows the clearest rods in each scan is enclosed in a box. Here only the scans
with 131I used the smaller phantom, Derenzo phantom 2, to visualise rods with smaller
sizes.

In all of the investigated scans, the two EXIRAD-HE collimators clearly o�er better images
than the HE-UHR-M collimator. Comparing between EXIRAD-HE-1 and EXIRAD-HE-2,
in some scans, the higher-sensitivity collimator performs better, while in the other scans
the lower-sensitivity design o�ers superior images. That is understandable since, with
relatively low radioactivity, we would choose a high-sensitivity collimator to acquire more
counts that bene�t image quality, and if the radioactivity is already relatively high, a
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high-resolution collimator will o�er a better image resolution.

The achievable spatial resolutions, de�ned by the diameters of the smallest visible rods, are
0.5 mm, 0.6 mm, 0.5 mm, 0.6 mm, and 0.35 mm for 18F, 64Cu, 124I, 213Bi, and 131I imaging,
respectively.

Figure 5.7: Simulated images of the Derenzo phantoms with 18F at several activity levels as well as with some
other high-energy isotopes using the optimal collimators in Table 5.5. Only the 131I scan (rightmost column) was
simulated with a smaller Derenzo phantom to visualise rods with smaller diameters. The images were displayed
with the iteration and the 3D Gaussian �lter size that maximises CNR. However, maximising CNR was visually
suboptimal for 213Bi and 131I scans with EXIRAD-HE, so the iteration number and the �lter size were chosen
manually for these cases. In each column, the performance of the three collimators is compared, and the image
that shows the clearest rods is enclosed in a square box. Slice thickness was 1.5 mm.

5.3.3 Evaluation with digital mouse tissue phantoms

Figure 5.8 and Figure 5.9 demonstrate the performance of the new collimators in imaging a
mouse knee joint containing 18F-NaF, and a tumour xenograft containing 131I-NaI, respec-
tively. In both cases, EXIRAD-HE resolves more details than HE-UHR-M. The xenograft
image obtained with the HE-UHR-M collimator shows a smaller necrotic core of the central
tumour than the actual shape, an unclear separation between the central tumour and
the smaller tumours, and the invisibility of the smallest tumour. With the EXIRAD-HE
collimators, the whole reconstructed shape of the xenograft is very close to that of the
true phantom, and each of the tumours can be recovered with great detail. EXIRAD-HE-1
performs better than EXIRAD-HE-2 in the knee joint scan, while EXIRAD-HE-2 yields an
image with clearer shape of the tumours than EXIRAD-HE-1 does in the xenograft scan.
These results agree with the NMSE as reported in the legends of Figure 5.8 and Figure 5.9.
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In both cases, the 1-mm-blurred images of the phantom o�er signi�cantly less detail than
the images with EXIRAD-HE and HE-UHR-M.

Figure 5.8: Simulation of a mouse knee joint phantom with the optimal collimators (Table 5.5) in comparison
with the HE-UHR-M collimator in VECTor and the 1-mm-blurred image of the phantom. The images are shown
at the iteration number that gives the lowest NMSE. The optimal NMSE is 0.17, 0.18, and 0.25 for EXIRAD-HE-1,
EXIRAD-HE-2, and HE-UHR-M, respectively. Slice thickness was 0.5 mm.

5.4 Discussion

We have introduced two multi-pinhole collimators for ex vivo imaging of high-energy iso-
topes. Both collimators have shown, in various simulated scans, superior image resolution
to the in vivo multi-pinhole SPECT/PET. The new collimators yielded a resolution of 0.5
mm, 0.6 mm, 0.5 mm, 0.6 mm, and 0.35 mm for 18F, 64Cu, 124I, 213Bi, and 131I, respectively at
realistic activity concentration levels. We believe that these resolution gains are important
in many applications. For example, in a mouse scan with Fluorodeoxyglucose to detect the
reduction in posterior cingulate activity – a sign for Alzheimer’s disease, a resolution of
0.5 mm is on the verge of being possible to detect this e�ect, and a resolution of 0.75 mm
or worse fails to detect signi�cantly abnormal activity [164]. Besides, the 1-mm-resolution
images presented in Figure 5.8 and Figure 5.9 emphasise that sub-mm resolutions can reveal
a lot of extra details.

These achievable resolutions with EXIRAD-HE for the PET isotopes 18F and 64Cu are
probably already near the fundamental limit because of the positron range e�ect [165]. The
average positron ranges of 18F and 64Cu in water are 0.64 mm and 0.56 mm, respectively
[166]. This e�ect is not present if we utilise prompt gammas from non-pure positron
emitters or single gammas from isotopes like 213Bi or 131I for imaging; therefore, EXIRAD-
HE is most suitable for such isotopes. Besides, for su�ciently long half-life isotopes, the
scan duration could be extended as the tissue sample is kept frozen over the course of the
scan for good image quality.

Considering the manufacturing feasibility, the proposed EXIRAD-HE collimators only
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Figure 5.9: Simulation of amouse tumour xenograft phantomwith the optimal collimators (Table 5.5) in comparison
with the HE-UHR-M collimator in VECTor and the 1-mm-blurred image of the phantom. Images are shown at
several iteration numbers, and the images with the lowest NMSE are enclosed in boxes. The optimal NMSE is
0.05, 0.03, and 0.12 for EXIRAD-HE-1, EXIRAD-HE-2, and HE-UHR-M, respectively. Slice thickness was 0.5 mm.

consist of round pinholes with no shielding outside as is present for the low-energy
EXIRAD collimator [118]. Adding a trapezium-hole shielding, we would be able to place
the pinholes of the same opening angle slightly tighter, which translates into more pinholes
without the cost of projection overlapping. Even though each pinhole will be truncated, the
overall system sensitivity is expected to slightly increase for the same system resolution.
However, the manufacturing complexity and cost will increase signi�cantly because of the
large number of narrow trapezium holes in this shielding.

As seen in Figures 5.7 to 5.9, each of the two proposed collimators has certain advantages,
and the choice between them depends on the imaging situation. For relatively low activity
levels, one may prefer the higher-sensitivity collimator for higher counts whereas when
the count level is su�cient, the lower-sensitivity collimator would be selected for optimal
image resolution.

5.5 Conclusion

This chapter presented the design, optimisation, and evaluation of new multi-pinhole
collimators for ex vivo 3D tomographic imaging of high-energy isotopes. We found that
placing pinhole centres at a distance of 8 mm from the collimator inner surface yielded
optimal image resolution for �xed system sensitivity over the CFOV. A wall thickness of
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43 mm that keeps a reasonable weight (16 kg for the core) still maintains excellent image
quality compared to a wall thickness of 60 mm (25 kg for the core). With the two optimal
high-energy collimators, the system o�ers a resolution of 0.35 mm, 0.6 mm, 0.5 mm, 0.6
mm, and 0.5 mm when imaging 131I, 213Bi, 18F, 64Cu, and 124I, respectively, contained in
tissue samples.
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Chapter 6

Thesis conclusion

The use of a multi-pinhole collimator helps to achieve ultra-high resolution imaging of
gamma and positron emitters (SPECT and PET), especially in preclinical applications. In vivo
resolution is dependent on the animal size because this size is the factor limiting how close
pinholes can be placed to the activity distribution in order to achieve a high magni�cation
and good sensitivity. A higher resolution than what can currently be achieved in vivo is
still desirable. Ex vivo scanning of small tissue samples is a straightforward way to increase
the resolution. The aim of this thesis is to develop and validate ex vivo nuclear molecular
imaging modules for the available preclinical U-SPECT and VECTor systems for a broad
energy range. From an existing design of a dedicated multi-pinhole collimator for ex vivo
SPECT with low- and mid-energy isotopes (EXIRAD-3D, MILabs B.V.), di�erent materials
were evaluated for the collimator using Monte Carlo simulations. Then, a fabricated
EXIRAD-3D collimator was experimentally characterised to test its performance. Further
development in terms of system modelling for image reconstruction was presented for
EXIRAD-3D, but the presented method can also be applied to other multi-pinhole SPECT
systems. In addition, two new collimators for ex vivo imaging of high-energy isotopes
(EXIRAD-HE) were designed and optimised in this thesis.

In Chapter 2, the use of di�erent collimator materials has been studied for EXIRAD-3D
using Monte Carlo simulations. Starting from the existing design of the EXIRAD-3D
collimator (0.15-mm pinhole diameter, 92.5% tungsten alloy), the collimator’s material was
set to either lead, tungsten, gold, or depleted uranium, while keeping the system sensitivity
unchanged by adjusting the pinhole diameter. For di�erent materials, we compared PSFs
and Derenzo resolution phantom images based on a visual assessment as well as a contrast-
to-noise ratio (CNR) analysis. The studies were performed for a wide range of radioisotopes:
125I (27 keV), 201Tl (71 keV), 99mTc (140 keV), and 111In (171 keV and 245 keV). The reliability
of the Monte Carlo simulations was con�rmed with an experimental scan on the real
system. The simulation results showed that using materials with higher photon-stopping
power yields images with CNR improved up to 36.6% compared to using lead. As suggested
from the visual assessment on the reconstructed images, tungsten is generally a good choice
for EXIRAD-3D collimator for a wide range of SPECT isotopes. For relatively high-energy
isotopes such as 111In, using pinhole inserts made of gold can be bene�cial. In terms of
practical usage, tungsten alloy should be used instead of pure tungsten for easier casting,
while either gold or platinum-gold alloy can be used. Besides, since gold is expensive, it
should be used only for the pinhole inserts instead of the whole collimator; however, using
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tungsten is still a more economical choice.

In Chapter 3, EXIRAD-3D with a collimator made of a 92.5% tungsten alloy for imaging
low- andmid-energy isotopes was experimentally characterised to obtain its performance in
various phantom scans andmouse knee joint, thyroid, and kidney scans. The phantom scans
with 99mTc demonstrated a 120 µm spatial image resolution and good image uniformity.
The results also showed that the reconstructed activity scales linearly with the activity
present in the phantom. EXIRAD-3D visualised tiny details of bone turnover on many
structures in the knee joint containing [99mTc]MDP. It also provided a clear [123I]NaI SPECT
image of the mouse thyroid that shows well-separated thyroidal lobes (about 2.5 mm long,
1.3 mm wide, and 0.6 mm deep), and even the thin isthmus (about 0.3 mm thick) connecting
the two lobes. The [99mTc]DMSA image of the mouse kidney accurately revealed the tracer
distribution in the renal cortex. This is a good level of detail achieved with SPECT.

The EXIRAD-3D presented in Chapter 3 already o�ered a great experimental performance;
however, it can still be improved in terms of system modelling in image reconstruction. A
new Fast Monte-Carlo based (FMC-based) matrix generation method was introduced in
Chapter 4 that addressed some challenges with the available system modelling methods
used in our U-SPECT and VECTor scanners (traditional method and ray-tracing method).
The proposed method was evaluated with both experimental scans with 99mTc, 111In, and
123I, and Monte Carlo simulated scans with 67Ga and 90Y. Compared to the traditional
method, the FMC-based method generalised better when the isotopes emit gamma photon
energies di�erent from the energy used in calibration, and it lessened the need of fabricating
a very small activity point source (smaller than the image voxel size) which is di�cult for
EXIRAD-3D. Besides, the FMC-based method is computationally more e�cient for EXIRAD-
3D than the ray-tracing matrices. The proposed method also showed the advantage of
being able to combine energies in a single matrix when imaging isotopes with multiple
photopeak energies such as 67Ga or isotopes with a continuous energy spectrum such as
90Y. FMC is an e�cient, accurate, and versatile tool for creating system matrices for not
only EXIRAD-3D but also other pinhole SPECT systems.

Many available and emerging isotopes emit gammas with relatively high energies outside
the conventional SPECT energy range (27-245 keV); PET tracer decay results in 511 keV
annihilation photons, and many alpha or beta emitters used for theranostic applications
co-emit high-energy gammas. Therefore, it is of interest to develop an EXIRAD option for
imaging high-energy isotopes. Chapter 5 presents the collimator design, optimisation, and
evaluation for such an option called EXIRAD-HE. New collimators were designed using
narrow-opening-angle pinholes and thick collimator walls. Full Monte Carlo simulations of
a Derenzo phantom scan and a uniform phantom scan with 18F were performed to optimise
the collimators such that the system o�ers the best resolution at two pre-determined system
sensitivities. The optimal collimators were subsequently evaluated for a wide range of
high-energy isotopes, namely 18F, 64Cu, 124I, 213Bi, and 131I using both Derenzo phantoms
and digital mouse knee joint and xenograft phantoms. The optimisation study suggests
that placing pinhole centres at a distance of 8 mm from the collimator’s inner surface yields
optimal image resolution for �xed system sensitivity. A collimator wall thickness of 43
mm maintains the excellent image quality obtained with a 60 mm thick wall while keeping
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the collimator core at a reasonable weight. Finally, the two best performing collimators
for two di�erent system sensitivities were further investigated. With these collimators,
EXIRAD-HE achieves a spatial resolution of 0.35 mm, 0.6 mm, 0.5 mm, 0.6 mm, and 0.5
mm when imaging 131I, 213Bi, 18F, 64Cu, and 124I, respectively.

Developing the EXIRAD modules based on the U-SPECT and VECTor systems has involved
signi�cant e�orts. Not only dedicated multi-pinhole collimators with a small bore were
developed, but also system modelling software was optimised for image reconstruction.
Besides, a novel specialised cryo-cooling unit with sample holder, which was not priorly
used for in vivo scans, has been created for EXIRAD. This cooler is often needed to keep
tissue frozen throughout the scan to avoid tissue deformation and radioactivity leakage.

The presented ex vivo imaging modules achieved a measured resolution of 0.12 mm for
medium-energy (99mTc) and simulated resolutions of 0.35-0.6 mm for high-energy isotopes,
which are signi�cantly better than the resolutions obtained in vivo. In practice, compared
to the in vivo work�ow, the resolution gain with EXIRAD comes with relatively little
additional e�ort except for dissecting and snap-freezing the tissues. For higher resolutions,
traditional autoradiography would still be a common choice; however, autoradiography
requires signi�cantly more manual work to slice the tissue and image each slice. Besides,
creating fully 3D images from those slices is still a di�cult task because distortion and other
artefacts are potentially present during the tissue slicing and image registration process,
and because in common practice, not all sections can be collected due to limitations in time,
labour, and laboratory resources. Therefore, EXIRAD can be a very e�cient alternative
for autoradiography in a subset of pharmaceutical and biological studies, especially as an
option on a U-SPECT/CT or VECTor/CT system to facilitate longitudinal studies on the
same animal and to provide a direct link between in vivo and ex vivo datasets.

As for possible further research on this topic, it would be interesting to fabricate the
EXIRAD-HE collimators designed in this thesis for experimental scans. In addition, the
FMC-based matrix generation method was well-validated for a wide range of radioisotopes
(93 keV – 285 keV), but it would also be useful to know its performance for e.g. 511 keV (18F)
or 909 keV (89Zr). For these high energies, the PSF �tting step in the FMC-based method
can be challenging as it requires a more complex function than the Gaussian function
currently used. Besides, FMC models some physics processes such as photon scatter better
than the ray-tracer. The e�ect of this does not show clear advantages for the studied energy
range; however, it may be signi�cant for high energies. The detailed analysis of this would
be interesting for future research.
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