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Chapter 1

1. Introduction and thesis outline

1.1 Radio-molecular imaging

Nowadays, tomographic imaging techniques are inseparable from modern medical
practice as they allow non-invasive 3-dimensional visualization of the interior of a patient in
order to e.g. establish a medical diagnosis, or to monitor disease progression and the effects of
disease treatment. Next to clinical use, tomographic imaging techniques are also applied in
research with small animals, like mice and rats, in studies of disease or in the development of
pharmaceuticals.

The various imaging techniques (imaging modalities) that are available each have their
own qualities with respect to visualizing different aspects of the body’s structure and/or
function. Therefore, one needs to select the most suitable technique for the imaging task at
hand. Generally, modalities can be classified into structural/anatomical modalities and
functional/molecular modalities. Figure 1 displays example images obtained with different
imaging modalities: X-ray Computed Tomography (CT) and Magnetic Resonance Imaging
(MRI) mainly provide anatomical information, whereas Single Photon Emission Computed
Tomography (SPECT) and Positron Emission Tomography (PET) are functional imaging
techniques pur sang, as they provide accurate information about physiological and
pathological properties of specific tissues of the body down to the cellular level. Images
obtained with different imaging modalities are often combined since these different modalities
can provide highly complementary or enhanced information. To this end, even hybrid
imaging systems have been developed which combine two or more modalities on a single
platform.

SPECT and PET visualize the distribution of radioactive tracer molecules (‘tracers’)
that are injected into a patient. These tracer molecules are biochemically designed in such a
way that they accumulate at target locations in the body. The radiation emitted by the tracer
molecules can be detected and a 3-dimensional image of the tracer distribution can be
reconstructed from the projection measurements. The type of tracer molecule that is injected
determines the physiological processes or biochemical pathways that are visualized: e.g. some
tracers accumulate in/around tumor cells, while others are designed to be a measure for
metabolic rate, perfusion or receptor density of specific tissues. SPECT and PET have
applications in the fields of e.g. cardiology, oncology, neurology and psychiatry. A major
difference between SPECT and PET lies in the nature of the radioactive decay of their tracers:
a SPECT tracer decays by emitting single gamma photons, while decay of a PET tracer results
in the emission of pairs of annihilation photons. As a result, different detection principles
have been developed for SPECT and PET tracers, which has led to separate SPECT and PET
scanners. However, recently it was shown by our group that high-resolution simultaneous
imaging of SPECT and PET tracers in mice is possible with a single device, namely a
modified small-animal multi-pinhole SPECT system. The work in this thesis mainly focuses
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on new image acquisition and image reconstruction techniques for high-resolution multi-
pinhole imaging of SPECT and PET tracers.

Structural / Anatomical Functional / Molecular

X-ray CT

O
&

Figure 1. Examples images of the brain obtained with different tomographic imaging

techniques. Tomographic techniques used in medicine can roughly be classified into
structural/anatomical modalities, like X-ray CT and MRI, and functional/molecular
modalities, like SPECT and PET.

1.2 Gamma-cameras and collimators

SPECT images tracers by detecting the gamma photons that are emitted when the
radioactive isotopes in the tracer molecules decay. These photons are detected by dedicated
gamma-cameras, which provide the estimated position of each detected photon on the detector,
but leaves the direction from which a photon originated unknown. However, directional
information of photons is required to enable reconstruction of the tracer distribution. To this
end, a gamma camera is equipped with a collimator that is positioned between the source and
the camera. The collimator only allows gamma photons from certain directions to reach the
detector. Collimators are made of dense materials, like lead or tungsten, because these
materials have a high stopping-power for the gamma photons that are emitted by SPECT
tracers. A widely-used SPECT collimator is the parallel-hole collimator which consists of a
slab of material with parallel holes in the direction normal to the detector. Such a collimator
only permits gamma photons from directions normal to the detector surface to reach the
detector. A parallel-hole collimator produces a 2-dimensional parallel projection of the source
distribution onto the gamma-camera (Fig. 2a). Other types of collimators may have diverging
holes, converging holes (like the cone- or fan-beam collimator) or pinholes. The type of
collimator that is used for a SPECT scan depends on the imaging task since each collimator
type has advantages and disadvantages with respect to e.g. resolution, sensitivity,
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field-of-view, object sampling, required image reconstruction technique and required orbit of
the gamma camera(s).

1.3 Pinhole SPECT

Since collimators block a considerable fraction of the gamma photons to obtain
directional information of the photons that are detected, there is a trade-off between the
number of gamma photons that is detected (sensitivity) and the accuracy with which their
direction is known, which has an effect on the sharpness (i.e. spatial resolution) of the
projections which in turn affects the spatial resolution of the reconstructed image. An increase
in either sensitivity or spatial resolution often goes at the expense of the other: e.g. smaller
holes in a collimator result in improved directional information of the detected photons, and
therefore improved spatial resolution, however less photons will be detected since a larger
fraction will be stopped by the collimator. The spatial resolution is not only determined by the
design of the collimator, but also by the intrinsic resolution of the camera (i.e. the accuracy
with which the position of a detected gamma photon on the detector is estimated). The total
combined spatial resolution R; of a SPECT system can be approximated by a combination of
the geometric resolution of the system as a result of collimation R, and the intrinsic resolution
of the gamma camera R;:

R =\R.+R} (1)

The spatial resolution of clinical SPECT is of the order of 10 mm, which is adequate to locate
tracer uptake at sub-organic level in humans. However, for small animals like mice this
resolution is inadequate since mice are a few thousand times smaller than humans; acceptable
resolutions for these animals are in the sub-millimeter range. It can be deduced from (1) that
for a high-resolution collimator (i.e. R, <<R, ), the total system resolution R, is

approximately equal to the intrinsic detector resolution R;, which is typically a few
millimeters for a conventional SPECT camera. Thus, sub-mm resolution SPECT is out of
reach with parallel hole collimation and conventional SPECT cameras. In order to improve
SPECT resolution, pinhole collimation was introduced. A pinhole that is adequately placed
between the source and detector produces a magnified inverted projection of the source
distribution on the detector (Fig. 2a). Pinhole magnification strongly reduces the influence of
the intrinsic detector resolution on R, according to:

R, =R} +(R"J 2)
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In (2), the pinhole magnification factor F is the ratio of the detector-to-pinhole distance to the
source-to-pinhole distance. The development of dedicated small-animal SPECT systems with
high pinhole magnification factors has enabled to reach sub-millimeter SPECT resolutions in
mice and rats [1].

Collimators with multiple pinholes are often being used as they can provide much
better sensitivities than a single pinhole. If all pinholes focus on the same area in a subject, a
high sensitivity can be obtained within the focal region of the pinholes (Fig. 2b).
Conventional SPECT systems must rotate their camera(s) and collimator(s) around the subject
to acquire enough projection views to enable a 3-dimensional image to be reconstructed.
However, systems that apply a focusing multi-pinhole collimator and detectors that surround
the subject can readily acquire enough projection views and a high sensitivity in the focal
region of the pinholes without any detector movement [1-3]. Larger areas of the body can still
be scanned by stepping the animal through the focal region [4]. Based on these principles and
using a clinical SPECT system with three gamma cameras, a small-animal SPECT system
was developed at University Medical Center Utrecht, called the U-SPECT-I [5]. A focusing
multi-pinhole collimator can be inserted into this system to enable sub-half mm resolution
SPECT of mice. From U-SPECT-I, U-SPECT-II was developed [1]. Compared to U-SPECT-I,
improvements included larger detectors and exchangeable collimators optimized for different
imaging tasks and differently sized rodents.

A Parallel hole collimation Pinhole collimation _
,//V

"
"

Figure 2. (a) Parallel-hole collimation vs. pinhole collimation. (b) Mouse inside cylindrical
focusing multi-pinhole collimator.

1.4 Simultaneous SPECT-PET imaging with pinholes

SPECT allows imaging of multiple tracers in a single scan, as long as it is possible to
distinguish between the energies of the gamma-photons that originate from different tracers.
Traditionally, PET tracers are imaged by a technique called ‘coincidence imaging’ in which
the two (approximately) antiparallel gamma photons that result from PET tracer decay are
imaged in coincidence by a ring of detectors surrounding the object. Based on the high
resolutions of pinhole SPECT and the advantages of multi-tracer SPECT imaging, a Versatile
Emission Computed Tomography (VECTor) system has recently been developed within our
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group. VECTor employs a novel collimation technique which allows pinhole-collimated
gamma-ray imaging of PET tracers, even simultaneously with SPECT tracers [6]. This way,
the concept of multi-tracer imaging has been extended to include a whole new and important
class of PET tracers. Because the annihilation photons resulting from PET tracer decay (511
keV) have much higher energies than those of common SPECT isotopes (typically 30-250
keV), the detection of annihilation photons requires a dedicated high-energy collimator in
order to reduce the penetration of these photons through the pinhole edges [7]. The work
performed in this thesis largely revolves around U-SPECT-II and VECTor systems.

1.5 Image reconstruction

A SPECT measurement consists of 2-dimensional projections of the radioactive source
distribution which are obtained with collimator(s) and gamma-detector(s). It is the goal of an
image reconstruction algorithm to accurately reconstruct the (unknown) 3-dimensional
distribution of the radioactive source that gave rise to the measured projection data. To this
end, different reconstruction methods have been developed which can be classified into
analytic and iterative methods.

1.5.1 Analytic methods

Analytic image reconstruction methods, like filtered back-projection (FBP), are
generally fast since they calculate the activity distribution in a single step. These methods are
based on a line-integral model which assumes that the number of counts that are measured at
a point on the detector is proportional to the total amount of tracer along a straight line
through that point in the direction of collimation. However, the theoretical basis for analytic
reconstruction requires simplifying assumptions about the imaging process, like the absence
of distance-dependent collimator resolution and sensitivity, an unlimited number of projection
views and noiseless projection data. Naturally, these assumptions are violated in practice; e.g.
SPECT projections are usually noisy and collimator resolution and sensitivity strongly vary
with the source-to-pinhole distance for pinhole imaging, which make these analytic methods
inadequate for pinhole SPECT.

1.5.2 Iterative methods

In contrast to analytic reconstruction methods, iterative methods have been shown to
be more robust to statistical noise and allow better modelling of the physical detection process,
which can be used to correct for several image-degrading effects. Moreover, these methods
are applicable to complex detector- and collimator geometries like those found in multi-
pinhole SPECT. A review on iterative reconstruction techniques can be found in [8]. With
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iterative methods the projection- and image space are often discretized: The detector
projections P are divided into 2-dimensional elements called pixels and the image 4 into 3-
dimensional elements called voxels. The matrix equation that describes the imaging process
(if noise and photon scatter are neglected) is given by:

P=MA 3)

Equation (3) states that the measured number of photons in one of the projection pixels of P is
equal to the number of photons emitted from each voxel (contained in A) times the
corresponding detection probabilities (contained in the system matrix M). The purpose of
iterative image reconstruction is —with P and M known— to solve (3) for A by iteratively

finding new estimates of 4 (121) for which the estimated projections —which can be obtained
using (3)— increasingly better match the measured projections.

The Maximum Likelihood Expectation Maximization algorithm (MLEM; [9, 10]) has
become an important standard in iterative reconstruction. The MLEM algorithm is based on
the assumption that the noise in the data obeys Poisson statistics since the decay of radioactive
tracer molecules can be modeled as a Poisson process. Using the Poisson model, MLEM
maximizes the likelihood that the estimated activity distribution gave rise to the measured
projections by iteratively finding new activity estimates. As a result, images reconstructed by
MLEM are less noisy compared to images reconstructed by, for instance, FBP.

A diagram of the calculation steps taken during an iteration of the MLEM algorithm is

given in Fig. 3: Reconstruction usually starts with A being a uniform activity distribution.

Given this A , corresponding estimated projections EP are calculated in the forward-
projection step. These estimated projections are then compared to the measured projections P.
This results in error projections P/EP which are used in the back-projection step to calculate

correction terms to find a new A. After the update of A , & new iteration can commence
starting with the calculation of new estimated projections.

Image space Projection space

Forward

Current estimate el Estimated Measured
- et . Projection L .
activity distribution Projections Projections

A EP P
/
H H Calculate error
Update A projections
Error map l Back Error
- bea . i Projection o
activity distribution : + Projections
. A J‘ P/EP

Figure 3. Diagram of steps in the MLEM algorithm.
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Although MLEM is proven to converge to a maximum likelihood estimate of A4, the
estimates of late iterations are usually too noisy for practical use. Therefore, it is common
practice to stop the reconstruction process after a number of iterations at which the small
details in the image have been largely resolved and where the noise level in the image is still
acceptable.

Despite of being consistent and predictable with respect to its convergence behavior,
the applicability of MLEM in medical imaging is hampered by the fact that it is
computationally costly. Block-iterative methods were introduced in order to strongly reduce
the computational costs. Block-iterative methods have led to wide-spread use of iterative
algorithms in medical imaging. The rationale that led to the development of block-iterative
methods is that a favorable new activity estimate can already be obtained by only using a
subset of the projection data, which is computationally much more efficient compared to
using all projection data as is the case with MLEM.

With block-iterative methods, an iteration of the algorithm is subdivided into many
subsequent sub-iterations, each using a different subset of the projection data. A widely-used
block-iterative version of MLEM is the Ordered Subsets Expectation Maximization algorithm
(OSEM; [11]). The calculation steps in a sub-iteration of OSEM are the same as for MLEM.
The computation time of a full OSEM iteration is about equal to the time needed to perform a
single MLEM iteration, while the reconstruction speed-up of a full iteration OSEM over a
single iteration MLEM is approximately equal to the number of sub-iterations (i.e. number of
subsets).

1.6 Thesis outline

The work in this thesis mainly focuses on new image acquisition and image
reconstruction techniques for high-resolution multi-pinhole imaging of SPECT and PET
tracers in small animals with U-SPECT-II and VECTor systems. However, SPECT is often
combined with other imaging modalities and chapter 2 gives an overview of current
preclinical research applications and trends of SPECT/CT and SPECT-MRI, mainly in tumor
imaging and neuroscience imaging, and discusses advantages and disadvantages of different
hybrid imaging approaches.

In chapter 3 it is demonstrated that a SPECT system with stationary gamma-cameras
and a focusing multi-pinhole collimator is well-suited for fast dynamic imaging up to total-
body scans since there are no moving collimator(s) and detector(s) and the animal can be
stepped quickly through the field-of-view. To improve temporal resolutions for (total-body)
scans, a new bed-positioning method was developed. The performance of this method was
validated and demonstrated by SPECT scans of phantoms and by fast dynamic SPECT scans
of mice.

Chapter 4 is an extension of the work of Goorden et al. [6], in which it was shown that
it is possible to perform simultaneous high-resolution SPECT-PET imaging of mice with the
VECTor system. In chapter 4 it is demonstrated that simultaneous SPECT-PET imaging with
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VECTor is also possible with rats. To this end, we designed and build a novel high-energy
collimator that can accommodate rat-sized animals. The performance of the new collimator
was evaluated by sensitivity measurements, SPECT and PET scans of a resolution phantom
and by simultaneously acquired SPECT-PET images of rats.

Chapter 5 is a study on the influence of respiratory gating on high-resolution ECG-
gated murine cardiac SPECT: Respiratory motion affects the position and orientation of the
heart, which -if accounted for- may improve cardiac image quality by reducing image blur in
cardiac images. The influence of other factors on cardiac image quality, namely image
filtering and animal positioning, is also investigated.

Chapter 6 deals with an issue that can arise if the OSEM algorithm is used for the
reconstruction of low-count SPECT data: OSEM can lead to undesirable noise levels and
quantitative inaccuracies in the reconstructed images. Since there is no general rule on how to
select a safe number of subsets for different data sets, an alternative count-regulated OSEM
algorithm (CR-OSEM) is proposed, which automatically adapts the number of subsets
depending on the count levels of the projection data. The performance of CR-OSEM is
compared to MLEM and OSEM by reconstructions of simulated- and in vivo multi-pinhole
SPECT data.

In chapter 7 we extend the validation of CR-OSEM to the reconstruction of pinhole-
collimated imaging of both SPECT and PET tracers. We show that reconstruction speed of
CR-OSEM in image regions with low-activity can sometimes still be rather slow. Moreover,
after a many iterations of CR-OSEM, contrast does not always reach the same level as is
reached with MLEM after many iterations. To overcome these problems, we propose and
validate a novel algorithm, dubbed Similarity-Regulated OSEM (SR-OSEM). Like CR-
OSEM, SR-OSEM also automatically and locally adapts the number of subsets. SR-OSEM
does this based on a similarity criterion regarding the voxel update factors that are acquired in
different subsets. It is shown that SR-OSEM does not suffer from the aforementioned issues
that were observed with CR-OSEM and that SR-OSEM significantly outperforms CR-OSEM
with respect to reconstruction speed.
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2. The role of preclinical SPECT in oncological and
neurological research in combination with either CT or MRI

M. R. Bernsen, P. E. B. Vaissier, R. Van Holen, J. Booij, F. J. Beekman, and M. de Jong,
“The role of preclinical SPECT in oncological and neurological research in combination with
either CT or MRI,” Published in Eur. J. Nucl. Med. Mol. Imaging, vol. 41 Suppl 1, pp. S36-49,
2014.

Abstract

Preclinical imaging with SPECT combined with CT or MRI is used more and more
frequently and has proven to be very useful in translational research. In this article, an
overview of current preclinical research applications and trends of SPECT combined with CT
or MRI, mainly in tumor imaging and neuroscience imaging, is given and the advantages and
disadvantages of the different approaches are described. Today SPECT and CT systems are
often integrated into a single device (commonly called a SPECT/CT system), whereas at
present combined SPECT and MRI is almost always carried out with separate systems and
fiducial markers to combine the separately acquired images. While preclinical SPECT/CT is
most widely applied in oncology research, SPECT combined with MRI (SPECT/MRI when
integrated in one system) offers the potential for both neuroscience applications and
oncological applications. Today CT and MRI are still mainly used to localize radiotracer
binding and to improve SPECT quantification, although both CT and MRI have additional
potential. Future technology developments may include fast sequential or simultaneous
acquisition of (dynamic) multimodality data, spectroscopy, fMRI along with high-resolution
anatomic MRI, advanced CT procedures, and combinations of more than two modalities such
as combinations of SPECT, PET, MRI and CT all together. This will all strongly depend on
new technologies. With further advances in biology and chemistry for imaging molecular
targets and (patho)physiological processes in vivo, the introduction of new imaging
procedures and promising new radiopharmaceuticals in clinical practice may be accelerated.
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2.1 Introduction

Over the past decade the use of PET, SPECT, CT and MRI in preclinical research has
greatly increased due to technological advances that have resulted in significant
improvements in spatial and temporal resolution as well as sensitivity [1-5]. These
noninvasive imaging methods enable imaging of (patho)physiological and molecular
processes over time in vivo, obviating the need for killing animals for each time-point being
studied [6-8]. Each of these imaging modalities has unique qualities, in terms of their spatial
and temporal resolution and their ability to measure morphology and/or function; the
appropriate technique should be selected according to the research question. PET and SPECT
allow detection of radiopharmaceuticals at nano- to picomolar concentrations in vivo, and
have proven to be excellent tools in the translational evaluation of radiotracers. CT and MRI
provide a high degree of spatial resolution that is well suited to anatomical imaging and tissue
phenotyping, including volumetry, and can provide information regarding tissue physiology
[9].

Due to their sensitive detection capabilities, PET and SPECT both have preeminent
ability to monitor and quantify dynamic processes at a molecular level in vivo. Unique SPECT
capabilities include: the ability to image ligands such as peptides and antibodies relatively
easy with *™Tc, ""In or iodine isotopes ('*’I, '*I), the ability to measure slow kinetic
processes due to the long half-life (compared to most PET tracers) of some of the commonly
used radionuclides, and the ability to probe multiple molecular pathway simultaneously by
detecting radionuclides with different gamma energies (multi isotope imaging). Multi isotope
imaging has been demonstrated both clinically [10-13] and preclinically [14, 15]. Another
advantage of SPECT over PET is that no cyclotron and associated infrastructure and complex
logistics are required on site and that many tracers are readily available in the form of kits.

While in clinical imaging higher spatial resolutions can be obtained with PET than
with SPECT, the opposite is clearly true in preclinical imaging in small animals. Small
imaging volumes enable the use of high magnification apertures in SPECT imaging (Fig. 1),
increasing sensitivity and resolution relative to their clinical counterparts [16-18]. Recently
developed SPECT systems can be extended to high-resolution imaging of high-energy
photons emitted by PET tracers, even simultaneously with (multiple) SPECT tracers [14].
Since some SPECT systems also enable imaging of '*I-labelled tracers (<35 keV), the gap
between in vitro and in vivo studies is closed. Finally, in SPECT imaging spatial resolution
and sensitivity can be adjusted by changing the size of the collimator apertures.

On the other hand, the drawbacks of SPECT include its lower sensitivity compared to
PET, especially when high-resolution SPECT is desired. Moreover, SPECT tracer molecules
may differ with regard to their biological properties from their nonradioactive counterparts
after introduction of a radionuclide-chelator complex, which is not the case for several PET
tracers in which endogenous atoms (such as hydrogen, carbon and oxygen) can be replaced by
their radioactive isotopes. In addition, the dynamic capabilities of SPECT, although recently
greatly improved, are often limited compared to those of PET.

12



Chapter 2

In current clinical practice combining images from different tomographic modalities is
common. Also in preclinical research multimodality imaging strategies are useful, as different
modalities can provide highly complementary information. Spatially registered images enable
localization, enhanced visualization and accurate quantification of spread and uptake of
radiolabelled molecules within the anatomical context provided by CT or MRI. In addition,
functional information derived from advanced CT and MRI techniques such as perfusion
imaging can be related to expression and function of specific molecules as measured by PET
or SPECT.

In this review we discuss recent applications and technological advances of preclinical
SPECT in combination with CT or MRI in the fields of oncology and neuroscience.
Overviews by others and Golestani et al. addressing preclinical SPECT combined with MRI
and CT in other research fields, such as cardiovascular research, regenerative medicine and
inflammation, have recently been published [19-22]. The space constraints of this article
prevented coverage of every aspect of this exciting field, but we aimed to provide a good
appreciation of the possibilities, and also the limitations and remaining challenges.

Figure 1. State-of-the-art whole-body SPECT bone images acquired for 60 min with 250 MBq
"Te-HDP and with 0.25-mm resolution collimators (image courtesy of Oleksandra
Ivashchenko, TU-Delft/MILabs B.V.)

2.2 Applications of SPECT combined with CT or MRI

2.2.1 Tumor imaging

Hanahan and Weinberg [23, 24] introduced the notion that the tumor
microenvironment plays a crucial role in the development and behavior of tumors, including
receptiveness and sensitivity to treatment. The resulting understanding that cancer is a
complex disease with significant involvement of the tumor stroma has led to the interest in
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imaging tumor cell characteristics as well as noncancer cell components in vivo [25, 26],
especially with regard to molecular diagnostics and drug development. Since it would be
impossible to cover every aspect of this rapidly developing field, we only address some key
aspects in tumor imaging and the roles that SPECT, and SPECT combined with CT or MRI
have been playing in this field.

2.2.1.1 Imaging targets and probes

Tumors and tumor cells exhibit different characteristics compared to normal tissue and
cells; this is reflected in altered physiology, tissue composition and expression of intra- and
extracellular molecules [23, 24, 26-28]. All these aspects can be used as imaging targets in
relation to diagnostics, drug development and treatment response assessment. SPECT probes
(or tracers) can be classified according to their biodistribution and targeting characteristics, i.e.
the biodistribution of some radiopharmaceuticals is determined by their chemical/physical
properties, whereas that of other tracers is determined by their specific interaction with a
target. For details the reader is referred to a review by Miiller and Schibli [29].

Tumors are known often to display an aberrant vascular network and microcirculation,
which in turn underlies features such as interstitial hypertension, hypoxia and acidosis,
characteristics that contribute to malignant phenotypes and resistance to various treatments
[30]. Within this environment, tumor cells can also display altered energy metabolism, as
reflected in, for example, increased glucose uptake and shifted balances in metabolic products.
At the preclinical level, a variety of SPECT tracers are under evaluation for use as markers for
(neo)angiogenesis [31-33], hypoxia [34-37], acidosis [38-40], metabolic activity [41] and
proteolytic activity [42, 43]. Moreover, MRI and to a lesser extend CT offer options for
interrogating tumor physiological characteristics, either through the use of specific probes or
the use of sophisticated MRI techniques, as recently reviewed by Bernsen et al. [9]. Besides
metabolic tracers, much effort has been put into the development and validation of SPECT
probes specific for tumor target molecules such as antigens, receptors or other molecules also
overexpressed in tumor tissue. The use of peptides interacting with receptors [44], antibodies
and antibody fragments targeting their epitopes [45], vitamin-based radiopharmaceuticals [28]
and nucleoside analogues [46], significantly increases the possibilities for tumor detection,
localization and staging.

Specific points of interest in translational preclinical imaging studies include efforts
directed at improved tumor specificity [47], tumor uptake/retention [48] and minimized
pharmacological effects [49, 50] of imaging probes. In most preclinical studies involving the
use of SPECT combined with CT or MRI to date, the CT or MRI components have been
mostly used to provide anatomical reference and more recently also for attenuation correction
[51]. However, CT and MRI offer more than anatomical information, and some examples of
the use of more sophisticated CT and MRI techniques are discussed and provided in the
technology sections below.
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2.2.1.2 Biodistribution studies/dosimetry/response assessment

In drug development, biodistribution and pharmacokinetic properties of a candidate
drug or therapeutic agent are crucial for their therapeutic potential and safety in patients. After
binding of a suitable radionuclide to the molecule or particle of interest, preclinical SPECT
imaging provides a valuable noninvasive tool to study candidate drugs. Especially in
development of targeted treatment strategies with radiolabelled molecules such as peptides,
antibodies and vitamin-based analogues, SPECT imaging combined with CT or MRI has been
widely used [45, 52-56]. Next to in vivo evaluation of such molecules, SPECT combined with
CT or MRI is also being applied in the preclinical evaluation of (nano)particles for treatment
and/or diagnosis of cancer. Various studies have investigated the biodistribution and
therapeutic potential of, for example, liposomes [57-61], radiolabelled superparamagnetic iron
oxide nanoparticles and '®*Ho microspheres (‘**HoAcAcMS), using multimodality imaging
approaches with SPECT/CT and SPECT/MRI [62, 63]. The combined imaging data allow
accurate assessment of biodistribution and retention as well as dosimetry calculations.

Many of the imaging biomarkers addressed in the previous section are also being
evaluated as markers to monitor response to treatment. Elimination of tumor cells might be
accompanied by loss of tracer uptake directed at tumor-associated antigens or decreased
metabolic activity, whereas changes in vascular properties and tissue hypoxia may be
expected after antiangiogenic therapies, allowing these markers to be used for response
assessment. While such an approach may appear fairly straightforward, some limitations and
pitfalls need to be taken into account. Loss of tumor-associated antigen expression may also
be a result of changed tumor physiology not related to tumor cell death [64]. Another process
of interest as an imaging biomarker for response is apoptosis [65, 66]. Expectations were
raised that visualization and quantification of apoptosis, as a more specific and relevant
marker of cell death, may provide better specificity for assessing actual tumor cell elimination
following treatment. Apoptosis imaging using a tracer specific for annexin could reveal early
tumor cell death after chemotherapy [65], but its value as a robust marker for treatment
response still needs to be established.

For the assessment of potential treatment efficacy, Bol et al. recently reported on the
added value of dual modality imaging using SPECT and MRI [67]. In a rat model of
neuroendocrine pancreatic tumor, radiolabelled peptide uptake was assessed in conjunction
with measurement of tumor perfusion using DCE-MRI. A substantial correlation between

tumor uptake of '

In-DTPA-octreotide and tumor perfusion parameters was observed (Fig. 2).
It was shown that even in tumor areas with high receptor expression no peptide uptake
occurred when perfusion was low, indicating that combined SPECT and MRI may be useful
in treatment planning and/or response prediction in patients treated with PRRT.

Imaging of cell trafficking has also been an area of interest in which SPECT in
combination with either CT or MRI has been employed, an approach that has already been
part of clinical routine for several decades for identifying infection or inflammation sites by
leucocyte scintigraphy [68]. Recently, the interest in in vivo cell tracking has received a
tremendous boost from the realization that knowledge about the in vivo fate of infused cells is
crucial to the development of safe and effective cell-based therapeutic strategies, including

15



The role of preclinical SPECT in oncological and neurological research in combination with either
CT or MRI

stem cell therapy [69, 70]. SPECT has largely been used to investigate the short-term fate of

transplanted cells labelled with radio- tracers such as '''In-oxine, ™

Tc-hexamethylpropylene
amine oxine (HMPAO) and '''In-tropolone as intracellular labels [71]. However, due to the
lack of anatomical information and the limited life-time of the radionuclides, preventing
longitudinal follow up, other imaging techniques such as MRI have been widely used as well
[72]. Since MRI also has some specific limitations for in vivo cell tracking such as low
sensitivity and specificity, and challenges in quantification of the MRI probe, alternative
approaches have been sought, with specific interest in reporter gene technology [70]. For
SPECT the sodium iodide symporter gene (NIS) and the herpes simplex virus type 1
thymidine kinase gene (HSV1-tk) are so far the most commonly used reporter genes in
combination with radioactive substrates [73, 74]. Reporter gene technology with these and
other reporter genes, e.g. norepinephrine transporter and the somatostatin receptor, is being
used not only in in vivo cell tracking applications for cell-based therapy [75, 76], but also to
monitor metastatic spread of tumor cells [77-79], as well as gene delivery and expression of
genes in targeted gene therapy approaches [80, 81].

Finally, in medical research, the successful choice of a target molecule that is a key
disease biomarker has the potential to lead to the development not only of a molecular
imaging probe, but also of a therapeutic agent to inhibit the disease process. Examples include
peptides [55, 82, 83], antibodies or fragments thereof [84-87], and nanoparticles [26, 88],
similar compounds or particles that can be labelled with radionuclides for either imaging or
therapy. Receptor targeting with small radiolabelled peptides for receptor-targeted tumor
imaging (PET and SPECT) as well as for radionuclide therapy [89] provide good examples of
such theranostic potential in nuclear oncology and have paved the way for further
developments in this field.

Overlay
Figure 2. Multimodality imaging of tumor uptake of targeted radiolabelled peptide and tumor
perfusion. Rats bearing a syngeneic, somatostatin receptor overexpressing, neuroendocrine
pancreatic tumor, were imaged by SPECT/CT and MRI to study tumor uptake of a '"'In-
labelled somatostatin analogue ("' In-DTPA]octreotide) and tumor perfusion by DCE-MRI
respectively. Left Tumor perfusion depicted by the AUC value over the first 60 s as assessed
by DCE-MRI; center tumor uptake of radiolabelled ['''In-DTPA] octreotide of the same
tumor section as imaged by MRI; right color-coded overlay of the MR image and the SPECT
image with MRI values depicted in red and SPECT values depicted in green. For correct
image registration, MRI data were resampled to match the lower resolution of the SPECT/CT
images (image courtesy of Joost Haeck and Karin Bol, Erasmus MC)
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2.2.2 Neuroscience

2.2.2.1 Preclinical SPECT studies in small laboratory animal models of
neurodegenerative diseases

Parkinson’s disease (PD) is a neurodegenerative disease characterized by loss of
neurons producing dopamine (DA), and consequently loss of the DA transporter (DAT) [90-
95]. Preclinical SPECT studies initially focused on the feasibility of detecting striatal DAT
binding in small laboratory animals per se [96, 97]. In the past decade, pinhole SPECT studies
have shown the possibility of detecting loss of striatal DAT binding in rodent models of PD
using ['ZIJFP-CIT and ['*T]B-CIT as radiotracers [98, 99]. Initially, single-pinhole SPECT
systems were used to image DAT [90, 100], and the SPECT images were coaligned with MR
images (or templates) acquired on clinical MRI scanners (using dedicated coils), with or
without the use of external markers [99, 101, 102]. Another recent study, however, used a
preclinical system with high-resolution parallel-hole collimators (X-SPECT system) to
evaluate DAT loss (using ['*I]altropane as a radiotracer) in a rat model of PD, and the
SPECT images were registered with CT images [103]. Another DAT (['*I]FP-CIT) SPECT
study in a mouse model of PD used a double-headed gamma camera equipped with a multi-
pinhole aperture. The SPECT images were not coaligned with CT or MR images [104, 105].
Finally, MRI is an important tool in the field of neuroimaging. In this regard, it is of interest
that Lee et al. proposed an image registration algorithm which can be used to register
individual DAT SPECT ([”’"Tc]TRODAT was used as a radiotracer on a NanoSPECT/CT
system) and brain MR images (acquired on a 3-T system) in rodent models of PD without
using external markers [106].

Neurodegenerative diseases like multiple system atrophy, progressive supranuclear
palsy and Huntington’s disease, are characterized by loss of striatal DA D, receptors [91]. A
study published in 2002 demonstrated the feasibility of pinhole SPECT for measuring striatal
DA Daj3 receptor binding in the mouse brain in vivo [107]. ['**IJIBF was used to assess striatal
D, receptor binding and SPECT images were not registered with CT or MR images. Not
long afterwards, another study in rats confirmed the feasibility of assessing DA Dy3 receptor
binding in vivo, using ['*I]IBZM as radiotracer and a dedicated small-animal SPECT system
[108]. In that study, SPECT images were not registered with CT or MR images, but a region
of interest template was constructed and used to evaluate receptor binding [108].

Scherfler et al. showed the ability of single-pinhole SPECT to detect loss of striatal
DA D,; receptors in a rat model of Huntington’s disease [109]. In that study, the ['*1]1BZM
SPECT images were registered on a MRI template. Importantly, in vivo ['**I]IBZM binding
was highly correlated with the loss of medium-sized spiny neurons that express DA D,
receptors demonstrated ex vivo [110].

Alzheimer’s disease (AD) is the most common dementia in humans, and is
characterized by the deposition of B-amyloid plaques and neurofibrillary tangles. PET tracers
have been developed successfully to image this neuropathology [111]. The deposition of
amyloid has also been evaluated in micro-PET studies in animal models of AD [112, 113].
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SPECT tracers have also been developed for labelling of amyloid plaques [112]. Although
['"**1]IMPY shows high affinity for amyloid in vitro and amyloid plaques in post-mortem brain
tissue of AD patients and animal models of AD, the specific to nonspecific binding ratios are
too low to be of value for studies in animal models of AD [114, 115].

2.2.2.2 Preclinical SPECT studies in small laboratory animals relevant to
studies on psychosis or addiction

A consistent finding of imaging studies in drug addiction is loss of striatal DA Dy
receptors. An increase in D, receptor expression may therefore be beneficial in its treatment
[116]. Interestingly, some drugs may induce an increase in D3 receptors [117-119], which
has been supported by SPECT imaging in rats [117]. In the latter study an ultra-high-
resolution pinhole SPECT system was used (U-SPECT-II), but SPECT images were not
registered with CT or MR images. Due to the high spatial as well as temporal resolution of
this system, changes in DAT occupancy by cocaine over time can be studied in the mouse
invivo [120]. Alterations in the expression of DA Dy; receptors have been reported in
schizophrenia. In a recent study, in which the SPECT images were registered with CT images
(X-SPECT/CT system), decreases in DA D,; receptor availability in the striatum and
midbrain have been shown in a rat model of schizophrenia using ['*I]epidepride as
radiotracer [121]. DA Dy; receptor imaging can be used to evaluate DA release [122].
Increased DA release has been reported in schizophrenia, whereas DA release may be reduced
in cocaine dependency [123, 124]. Interestingly, recent pinhole SPECT studies in mice and
rats have also shown the ability to measure DA release [125, 126]. In both studies, SPECT
images were not registered with CT or MR images.

2.2.2.3 Preclinical SPECT studies focused on brain perfusion

Brain perfusion studies may be of relevance for the study of, for example, the
aetiology of stroke. Using a multi-pinhole SPECT system (NanoSPECT), the kinetics of the
perfusion tracers [’ Tc]JHMPAO and [*’"Tc]ECD were compared directly in control mice.
SPECT images were registered on a MRI template [127]. It was shown that [*™Tc¢]ECD
washout was much faster than that of [*“™Tc]JHMPAO. In another study,
['*I]iodoamphetamine was used to assess hypoperfusion in infarcted brain areas in mice
[128]. A single-pinhole collimator system was used, and CT and MRI images acquired on
other systems were used for the alignment of the SPECT images. Finally, Ceulemans et al.
performed brain perfusion SPECT studies ([*TcJHMPAO, 1-mm pinhole collimator
positioned on a dual-head gamma camera, coregistered on individual CT images) to quantify
the infarct size in rats [129].

Deep brain stimulation (DBS) is commonly used in the treatment of PD, but has
recently also been used in the treatment of other neuropsychiatric disorders [130].
Interestingly, Wyckhuys et al. studied the effects of DBS on brain perfusion in rats [131]. In
all rats, they acquired individual brain perfusion studies with SPECT (U-SPECT-II) after DBS
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(stimulator on and off), micro-CT scans and, after the animals were killed and the electrodes
removed, MRI scans on a clinical MRI scanner using a dedicated rat brain coil [131]. After
registration of the images and analysis of each voxel, hypoperfusion induced by DBS could be
located accurately in small brain areas (Fig. 3). This approach highlights the potential of
multimodality imaging to evaluate and locate the effects of interventions/treatments in small
brain areas of rodents.
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Figure 3. Coronal, sagittal and transverse anatomical T1-weighted MRI scans coregistered
with colored subtraction SPECT data illustrating the changes in regional cerebral blood flow
induced by deep brain stimulation (DBS). The white arrows indicate a DBS electrode artefact
in the hippocampus. The corresponding sections, modified from the rat brain atlas of Paxinos
and Watson [132] are shown on the right (CAI-CA3; DG dentate gyrus, Sub subiculum, Ent
entorhinal cortex). The different hippocampal structures are colored and the position of the
DBS electrode is indicated (courtesy Tine Wyckhuys [131])

2.2.2.4 Preclinical SPECT studies focused on neurooncology

Micro-SPECT studies have also been performed successfully in the field of
neurooncology. For example, Yang et al. recently showed the feasibility of using
[*™Ic]DTPA to study the integrity of the blood—brain barrier and tumor activity in glioma-
bearing rats [133]. A preclinical pinhole SPECT/CT system (FLEX Triumph) was used which
offers the ability to coalign the SPECT and CT images [133]. Angiogenesis is essential for
tumor growth. Furthermore, malignant cells can release vascular endothelial growth factors
(VEGFs) which are important promoters and regulators of angiogenesis. SPECT studies
showed the possibility of imaging VEGF receptors in rats. [*"Tc]HYNIC-VEGF uptake was
increased in glioma-bearing rats pretreated with a VEGR receptor tyrosine kinase inhibitor
[64]. In that study, SPECT images were acquired on a dedicated multiple-pinhole SPECT
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system (NanoSPECT), but the SPECT images were not registered with CT or MR images. In
addition, Huang et al. evaluated a 188Re-labelled liposome as a diagnostic and therapeutic
agent in glioma-bearing rats [60], using a preclinical multiple- pinhole SPECT/CT system
(NanoSPECT/CT). Importantly, uptake in the brain tumor could be visualized, and specific
binding was confirmed histopathologically [121]. Another study in glioma-bearing rats
evaluated new treatment strategies for glioma, and imaged **™Tc-labelled nanoparticles using
a clinical SPECT system [134]. Finally, SPECT/CT (parallel hole SPECT system) studies
were performed to examine successfully glioblastoma xenografts that were located

125

subcutaneously in mice using, for example, “I-labelled monoclonal antibodies against

chemokine receptor 4 [135].

2.3 Technology of SPECT combined with CT or MRI

2.3.1 Combined imaging approaches/systems, introduction

In order to fully benefit from multimodality imaging, accurate spatial registration of
the images is crucial. Below we address ways to adequately combine SPECT with CT or MRI.

2.3.1.1 Side-by-side systems

In contrast to clinical imaging of patients, small animals can be transported — including
the bed — between imaging devices with gentle fixation with tape preventing movement of the
animal on the bed. This requires beds that can be easily, rigidly and reproducibly mounted on
different scanners (Fig. 4). Multimodal fiducial markers attached to the animal (or bed) or a
premeasured transformation matrix can be used for spatial coregistration [136, 137]. Such
side-by-side use of separate scanners offers flexibility in adding and/or replacing individual
modalities while both systems can be used in parallel facilitating higher throughput. However,
maintaining anesthesia may be a challenge during transport, especially when the machines are
far apart.
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Figure 4. Example of the principle of a transferable bed system. Left: Schematic drawing of
an animal bed with tailored interfaces for mounting into compatible cradles in SPECT and
MRI scanners. Right: Step-by-step photo representation of the transfer from a SPECT
scanner to a MRI scanner: (a) at the end of SPECT/CT acquisition, (b) the animal bed is
unplugged, (c¢,d) the animal and bed are moved towards the MRI scanner ; (e,f) the bed is
docked and positioned inside the magnet followed by MRI acquisition (image courtesy of
Philippe Choquet)

2.3.1.2 In-line systems

A second approach to imaging with SPECT in combination with CT or MRI is to
mount the separate modalities in-line (i.e. back-to-back) on a single gantry (Fig. 5). When the
bed moves in the axial direction, images of the different modalities can be acquired shortly
after each other. With this approach it is easier to continuously provide anesthesia and no
animal handling between scans is required. However, simultaneous use of the separate
modalities is not possible, limiting flexibility and through-put. Furthermore, close proximity
of the SPECT and MRI systems limits the MRI field strengths that can be applied potentially
resulting in impractically long MRI acquisition times. MRI-compliant SPECT hardware will
most likely tack- le these problems in the future.
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Figure 5. Combined modality approaches. (a) Drawing of a SPECT/CT system in which the
SPECT part can also image 511 keV photons to perform simultaneous SPECT/PET (from
M.C. Goorden et al., JNM 2013). (b,c) Cross-sectional views of (b) a proposed SPECT/MRI
system and (c) a SPECT/CT system. For (b) and (c) the SPECT system is placed in front while
the MRI or CT system is placed at the back of the scanner ((b,c) courtesy of Mediso Medical
Imaging Systems)

2.3.1.3 Integrated systems

Figure 6 shows an example of a system where the SPECT and CT are mounted on the
same gantry. An advantage is that fast sequential SPECT and CT acquisition can be
performed with minimal or even without shifting of the bed. One of the drawbacks of this
approach is space constraints, since the number and/or size of detectors that can be used for
each modality is limited, preventing e.g. stationary and full angular SPECT approaches.

. (1) SPECT detectors
|

".\ (2) CT detector

s  om
li_._’JJ X-ray tube

Figure 6. Diagram of an integrated SPECT/CT system showing two SPECT detectors, a CT

detector and an X-ray tube, all rotating on the same gantry (image courtesy of Siemens
Healthcare)
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2.3.2 SPECT combined with CT

Implementation of multi-pinhole collimators with high pinhole magnification factors
in dedicated small-animal SPECT systems has helped overcome the limitation of poor
sensitivity and spatial resolution. Efforts have been made to keep the heavy SPECT detectors
stationary [16, 138-140] in order to obviate the need for regular geometric parameter
calibration and to enable fast dynamic imaging [5, 138], while sensitivity and resolution in
organ and tumor imaging have been increased [140-142].

CT systems currently used in preclinical SPECT/CT usually contain a variable energy
X-ray tube. Tube voltage and current are in the range of 20-80 kVp and 0.2-1 mA,
respectively. Tube current typically decreases with decreasing focal spot size. Reconstructed
resolutions of well below 100 pm are achieved using microfocus X-ray tubes with focal spot
sizes down to a few micrometers.

2.3.3 SPECT combined with MRI

Exposure to ionizing radiation from CT imaging may influence study outcomes [143-
147]. Furthermore, image contrast of CT is often suboptimal for soft tissues such as brain and
tumors. These two limitations have been strong incentives for the current efforts to integrate
SPECT and MRI. A combined SPECT/MRI platform was first proposed in 2007 by Breton et
al. who used a single pinhole SPECT system adjacent to a 0.1-T magnet [148]. The low MRI
field strength made this solution suboptimal for use in routine preclinical research. However,
since then systems combining SPECT and MRI have been introduced with both higher
SPECT sensitivity and resolution and higher MRI field strengths. One solution involves the
use of a robotic rotation/translation stage that automatically transfers the animal between the
separately spaced MRI system and other modalities (Fig. 7). Using such an approach the MRI
unit is still positioned in-line with the other modalities, while avoiding the effects of fringe
magnetic fields. Similar to hybrid SPECT/CT scanners, recent efforts also include an in-line
hybrid SPECT/MRI system, in which the SPECT subsystem is placed in front of the MRI
system (Fig. 5b). In attempts to perform simultaneous SPECT and MR imaging, SPECT
inserts for MRI systems have been developed [149, 150]. They have a stationary detector
set-up and MRI-compatible collimators and detectors, although today these systems are still in
early stages of development.
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Figure 7. One of the commercial side-by-side solutions for integrating 1.5-T or 3-T MRI with
SPECT and other modalities. In this example a robotic rotation/translation stage
automatically transfers the animal between the systems. In this set-up the MRI system is
integrated in-line with the other modalities, while avoiding possible interference of the fringe
magnetic field of the MRI system with the other modalities (image courtesy of MILabs B.V.)

2.3.4 Quantification in animal SPECT combined with CT or MRI

Preclinical SPECT systems are mostly based on the use of pinholes that magnify
projections of the radionuclide distribution on detectors. For proper quantification of
radioactivity, image-degrading factors such as distance-dependent collimator response and
sensitivity, as well as photon attenuation and scatter, need to be taken into account.

2.3.4.1 Distance-dependent collimator response and sensitivity

To maximize spatial resolution in SPECT, thereby minimizing partial volume effects,
and to reduce quantification errors, distance-dependent collimator resolution and sensitivity
need to be taken into account in image reconstruction (i.e. resolution recovery methods). In
this context it is also important to accurately calibrate the system’s geometrical parameters
[151-155]. Methods that also account for more complex effects, such as detector and
collimator imperfections include measurements of the system’s response with a point source
at many discrete locations in the field of view of the camera [156-158]. Such methods can
also be combined with advanced interpolation schemes [159] and have enabled very high
spatial resolution.

2.3.4.2 Attenuation and scatter

Since the likelihood of scatter events in small animals is much smaller than in humans,
the effects of photon attenuation and scatter in tissue are smaller than in clinical SPECT [160].
Simulation studies in mouse-sized phantoms have shown that attenuation can degrade
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quantitation accuracy by up to —18% (**™Tc or '''In) or —41% ('*’I) [161]. Accounting for
scatter and attenuation is especially important for imaging tracers that emit low gamma-ray
energies such as '°I [162, 163]. Several methods have been published for attenuation and
scatter correction [163-167]. First order attenuation correction methods as proposed in 1978
by Chang [168] seem to be sufficient for small-animal SPECT [167]. Attenuation correction
maps can be derived from CT images [163], optical images [167] and MR images [164].

Because of the low amount of scatter in small subjects, simple energy-window-based
corrections [169-171] are often sufficient for **™Tc, '*I and '''In [163, 165, 167]. However,
in the case of multipeak spectra and multiradionuclide imaging, it is important that many
scatter windows are available, or that data are acquired in list mode (i.e. that for each detected
photon its position, its energy and its detection time are stored). Scatter in pinhole apertures is
low [172], although in multienergy and in multiradionuclide SPECT, scatter and photon
penetration in the collimator can be a significant issue, e.g. with a combination of SPECT and
PET tracers used on a SPECT camera, although in such a case excellent quantitative images
have been recently obtained using a dedicated high-energy (clustered-)pinhole collimator and
window-based scatter corrections [14].

2.4 Concluding remarks and future perspectives

Recent advances in small-animal SPECT/CT and SPECT/MRI devices,

radiochemistry, probe development, target finding and suitable animal models have provided
more advanced and increased applications of these combined imaging strategies.
In most preclinical SPECT imaging studies to date, CT or MRI merely fulfil a supportive role
to provide anatomical reference and in some cases attenuation correction. In small laboratory
animals, acquisition of detailed anatomical information, performance of dynamic scans or
functional imaging with CT has specific challenges compared to imaging in humans. To reach
diagnostic image quality high CT radiation doses and/or large volumes of contrast agent are
necessary. These aspects are not compatible with longitudinal studies, since they may
severely affect the wellbeing of animals. New developments in small-animal CT [173-178]
and the use of new contrast agents for CT should provide better image quality at lower
radiation doses and/or with lower volumes of contrast agent.

MRI offers detailed anatomical imaging of soft tissues compatible with longitudinal
studies. Separately spaced SPECT and MRI systems can pose challenges with respect to
image registration, imaging times and anesthesia times; the effects of these issues can
potentially influence study results. On the other hand, physical integration of SPECT and MRI
technologies is hampered by various incompatibilities; the components and working
mechanisms of the separate modalities currently degrade the other’s performance.

A major benefit of higher magnetic field strengths is that more signal is provided
which can be used to shorten acquisition times, but higher magnetic field strengths do not
always guarantee higher image quality per se. Currently, most high-field magnets are cooled
with cryogenic liquids. One of the main drivers towards small MRI systems is the
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development of cryogen-free magnets or systems using helium gas instead of liquid helium.
This development could lead to significant reductions in the size, site requirements and cost of
high-field MRI systems. Today, such helium gas-based commercial MRI systems are limited
to 3-T.

While not covered in detail in this review, an extremely important aspect to consider
during imaging is animal welfare. Animal handling and especially anesthesia is demanding to
the animal and can severely affect the outcome of imaging studies [35, 179-181]. Also issues
regarding radiation doses will have to be taken into account [143, 144, 182, 183].

Taking these issues into account, further advances in technology and chemistry, for
example the development of new imaging procedures and promising new
radiopharmaceuticals, for imaging molecular targets as well as (patho)physiological processes
in vivo, the step from bench to bedside might become more successful and shorter; e.g.
accelerating the introduction of new imaging procedures and promising new
radiopharmaceuticals into clinical practice.
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Beekman, “Fast spiral SPECT with stationary gamma-cameras and focusing pinholes,”
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Abstract

Small-animal SPECT systems with stationary detectors and focusing multiple pinholes
(FMP-SPECT) can achieve excellent resolution-sensitivity trade-offs. These systems are able
to perform fast total-body scans by shifting the animal bed through the collimator using an
automated XYZ stage. However, so far, a large number of highly overlapping central-fields-
of-view were used, at the cost of overhead time needed for animal repositioning, and long
image reconstruction times due to high numbers of projections views.

In order to improve temporal resolution and reduce image reconstruction time for such
scans, we have developed and tested spiral trajectories of the animal bed (ST) requiring fewer
steps. In addition, we tested multiplane trajectories of the animal bed (MPT), which is the
standard acquisition method of the U-SPECT-II system that is used in this study
(MILabs B.V., Utrecht, The Netherlands). Both MPT and ST do not require rotation of the
animal. Computer simulations and physical phantom experiments were performed for a wide
range of number of bed positions. Furthermore, we tested ST in vivo for fast dynamic mouse
scans.

We found that ST require less than half the number of bed positions compared to MPT
in order to still achieve sufficient sampling. The reduced number of bed positions enabled by
ST made it possible to perform a dynamic total-body bone scan and a dynamic hepatobiliary
scan with time resolutions of 60 s and 15 s respectively. ST open up new possibilities for
high-throughput and fast dynamic radio-molecular imaging.
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3.1 Introduction

Single photon emission computed tomography (SPECT) is used to quantitatively and
visually assess the distribution of radioactive biological markers (tracers) in vivo in order to
e.g. study animal models of disease and test new pharmaceuticals. Most SPECT systems use
rotating detectors and collimators to scan an animal or patient. Alternatively, SPECT systems
have been developed which have 360° coverage and use stationary detectors and multi-
pinhole collimators, a full ring stationary system being first realized at the University of
Arizona [1, 2]. Combining stationary set-ups and focusing multiple pinholes with high
pinhole magnification has resulted in dedicated small-animal SPECT systems that have
overcome the limitation of poor spatial resolution and sensitivity: sub-half millimeter
resolutions over the entire mouse and very detailed images of tracer uptake in tiny sub-
compartments of organs and tumors have been achieved [3-16]. In such focusing multi-
pinhole SPECT systems (FMP-SPECT), all pinholes focus on a central-field-of-view (CFOV)
in order to maximize scan speed and count yield for imaging tumors or organs.

With FMP-SPECT, scans of volumes that are larger than the CFOV (such as total
body scans of mice and rats), are performed by gently stepping the animal through the
collimator with small steps using a high precision XYZ stage [12]; this warrants adequate
sampling (no artifacts in the reconstructed images). Image reconstruction is performed with a
dedicated iterative reconstruction algorithm that exploits all projections acquired from all
positions of the animal inside the collimator simultaneously, rather than stitching
reconstructions of separate sub-volumes (obtained from individual focus positions) together.
This combined acquisition and reconstruction method is called the scanning focus method,
(SFM [12, 14]). SFM enables both total-body and focused imaging, the latter is achieved by
selecting volumes of interest by means of a special graphical user interface that uses
radiographs or optical images of the animal.

FMP-SPECT systems that have stationary collimators and detectors are very well
suited to perform fast dynamic studies, because there are no heavy detectors and collimators
that need to be rotated during scanning. For fast scanning of volumes much larger than the
CFOV, the minimum possible scan time crucially depends on the number of bed positions
used; a significant fraction of acquisition time can be lost in bed movements when scan times
are short (scan time lost in a bed translation is ~0.7 s). However, up to now, acquisition
protocols have been relying on a conservatively high number of bed positions to ensure
proper sampling (e.g. 100-150 for total-body mouse scans), making these protocols too slow
for large-volume SPECT acquisitions with (sub-)minute time resolutions. These protocols use
a number of bed positions in the same transaxial plane, whereafter the bed is shifted along the
longitudinal axis until the object is scanned along its entire length. These bed trajectories are
denoted hereafter as multiplane trajectories (MPT). MPT combined with a conservatively
high number of bed positions as used until now guarantee sufficient sampling of the object,
because every part of the selected scan volume is positioned at least once inside the CFOV.
However, the entire field-of-view (FOV) of the collimator, at a single bed position, is much
larger than the CFOV; it extends over the entire tube diameter as is illustrated in Fig. la.
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Photons from activity outside the CFOV can therefore still be detected by a significant portion
of the pinholes. Because the image reconstruction algorithm uses the projection views of all
bed positions simultaneously to reconstruct the entire volume, even activity that is never
positioned within the CFOV may still be sampled sufficiently well. Therefore, investigating
other trajectories than those providing overlapping CFOVs can be very useful.

Main aims of this study are to determine if spiral trajectories (ST) can reduce the
required number of bed positions compared to MPT and to demonstrate that ST with low
numbers of bed positions can be used for ultra-fast dynamic mouse SPECT.

3.2 Materials and methods

This section starts with an introduction to the scanner and collimator geometry of the
U-SPECT-II system (MILabs B.V., Utrecht, The Netherlands) used in this study and a
description of the different types of bed trajectories that were tested. Subsequently, digital
phantom simulations and physical phantom experiments are described and experimental
details of in vivo dynamic animal studies are provided. Finally, the image reconstruction
algorithm is described.

3.2.1 Focusing multi-pinhole SPECT scanner

The collimator geometry of a U-SPECT-II focusing general-purpose mouse collimator
is shown in Fig. la. The system has three large FOV gamma cameras placed in a triangular
configuration with a focusing multi-pinhole collimator positioned at the center of the scanner.
In the present study a collimator tube for mouse-sized animals was used [12], both for
simulations and experiments. The 75 pinholes in this collimator are arranged in 5 rings of 15
pinholes. Each pinhole has a diameter of 0.6 mm and an opening angle of 30°. All pinholes
together observe a FOV that extends over the entire collimator tube diameter (44 mm) and the
FOV has the shape of an hourglass (Fig. 1a). The average longitudinal length of the collimator
FOV is 25 mm. A part of the FOV, referred to as the CFOV, is sampled by all pinholes
simultaneously. Within the CFOV, complete data acquisition is obtained without any
translation of the bed. For the mouse collimator used here, the CFOV has a diameter of
approx. 12 mm and a longitudinal length of approx. 8 mm. Equipped with this collimator the
system achieves a spatial image resolution of 0.45 mm, and 0.35 mm can be achieved when
the same collimator has 0.3-mm diameter pinholes [17].

3.2.2 Bed trajectories

In this study, images obtained with MPT and ST were compared. Both MPT and ST
do not require rotation of the animal. Note that the position of the bed is defined as the
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position of center of the selected scan volume in the coordinate system of the collimator. This
coordinate system has its origin at the center of the CFOV, and the x-axis and y-axis lie
perpendicular to the collimator’s longitudinal axis, which is the z-axis (Fig. la). Both MPT
and ST are step-and-shoot acquisition techniques, where the coordinates of successive bed
positions lie either in multiple planes perpendicular to the collimator’s longitudinal axis (MPT)
or on a spiral curve (ST). In order to maximize scan speed, the bed does not follow a curve if
the bed is repositioned, but rather the shortest path between successive bed positions. Both
types of bed trajectories were tested for a decreasing number of bed positions to see when
artifacts might appear in the reconstructed images. The MPT consist of longitudinally
repeating scan planes with each scan plane having four transaxial bed positions (no
longitudinal movement of the bed within a scan plane). Orientations of bed positions of
successive scan planes were transaxially rotated by 45°; this way bed positions of successive
scan planes minimally overlap especially when the longitudinal distance between subsequent
scan planes was small (Fig. 1b). By doing this, angular sampling of the scanned volume was
improved compared to successive scan planes that have the same transaxial position pattern.
In order to test acquisitions with different numbers of bed positions, the longitudinal distances
between subsequent scan planes were changed.

Transaxial Longitudinal
A ANMRE N4
£
8
| aamyaww'd 4 2 L &
B Mt{ltiplane trajectories (MPT)
C

Figure 1. (a) Illustration of mouse in collimator with focusing pinholes. (b) MPT with 4
transaxial CFOV positions (red dots) per longitudinal position. Orientation of CFOV
positions are rotated by 45° in successive planes. (¢) ST with 4.5 CFOV positions per
spiral pitch length (after 9 bed steps, or two pitch lengths, bed returns to same transaxial
position). Note that for both MPT and ST mouse bed is only shifted (not rotated) to
position mouse in CFOV.
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To explain this in a more precise mathematical way; for a scan of a cylindrical volume (radius
R and length L) that is performed with J >1 scan planes (4/ bed positions), the coordinates of
bed position 7 (i=1...4) in scan plane j (j=1...J) are defined as:

(i j) = (R— Rf)cos(;[(i - 1)}
for odd j
v, /)= (R-R f)sin[;[(i - 1)]
x(i, /) =R~ Rf)cos(”(i—l)+ ”]
: 2 4 _
for even | (1)
v, j)=(R-R, )Sin(;[(i —1)+Zj
z(i, j) = [.L]__fj(J —1)—[L2_5] for all j

Here Ry is the transaxial radius of the CFOV and ¢ is the longitudinal length of the CFOV.

Note that these equations are valid if R, <R and ¢ < L, which is the case for large-volume

scans such as total-body scans.

If MPT are used with fewer bed positions, the longitudinal distances between the scan
planes increase. In this case, the regions around the scan planes might be sampled sufficiently,
whereas there is insufficient sampling in between these regions, because the interplanar
distances are too large. If the bed follows a spiral trajectory, every bed position has a different
longitudinal coordinate resulting in more uniform sampling of the object in the longitudinal
direction compared to MPT. Therefore, ST might still achieve sufficient sampling for a lower
number of bed positions than MPT.

For the ST investigated here, the spiral pitch length was varied in order to vary the
number of bed positions. ST had 4.5 bed positions per spiral pitch and the bed returned to its
initial transaxial position after 9 bed steps (two times the spiral pitch, Fig. 1c). This way,
angular sampling of the scanned volume was improved compared to repeating the same
transaxial position pattern with 4 bed positions each spiral pitch, especially in cases where the
longitudinal step between successive bed positions was small. To put this description in
equations, for ST with N> 1 bed positions, the coordinates of bed position 7 in a scan of the
above mentioned volume are defined as:

2z
x(n)=(R-R,) 005[45 (n— 1))

y(m) = (R —Rf)sin(Z(n—l)] @)
z(n)=(fv‘_5lj(n_1)_[L;5]
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3.2.3 Phantom scans

In order to test the performance of MPT and ST for different numbers of bed positions,
scans of phantoms that are challenging for limited sampling were simulated and
experimentally performed.

3.2.3.1 Digital image quality phantom scan simulations

The digital phantom (Fig. 2a) has a cylindrical shape with a diameter of 24 mm and a
length of 90 mm (approximately the size of a mouse). This phantom addresses image
uniformity and data completeness and consists of a uniform section and two Defrise disk
phantom inserts with disk sets perpendicular and parallel to the long axis of the phantom
(thickness of the disks and spacing between disks are both 1.5 mm). Note that the Defrise
phantom is often used for studying the effects of incomplete data in various cone-beam-like
geometries (e.g. pinhole SPECT and multi-slice CT). In order to mimic a realistic continuous
activity distribution the voxel size of the phantom was 0.15 mm, half the size of the voxel size
in the reconstructed image. To investigate possible bias effects on reconstructed images
introduced by the sampling quality of the bed trajectories, high count projections were
required. Therefore, high activity concentrations of 51 MBg/ml and a scan time of 30 min
were assumed in the simulations [18].

The fast simulator used in this study is based on ray tracing to account for resolution-
degrading effects of pinhole diameter and pinhole edge penetration [19, 20]. The radionuclide

that was simulated is *™

Tc (140 keV gamma photons). The intrinsic resolution of the
detectors and detection efficiency for 140 keV photons was set in correspondence with
experimental data to a Gaussian response with a full-width-at-half-maximum (FWHM) of 3.5
mm and 89%, respectively. The simulator was used to simulate phantom projection data and
to pre-calculate the system matrix by simulating point sources. To emulate noise, Poisson
statistics were generated for the simulated projection data, taking into account administered
activity and scan duration.

The accuracy of the reconstructed phantom images was visually evaluated by image
profiles through longitudinal phantom slices and expressed in terms of the normalized mean
error (NME) and normalized mean square error (NMSE) between a volume-of-interest (VOI)
in the reconstructed images and the corresponding region in the digital phantom. The VOI
was a cylindrical region with diameter and length of 18 mm and 87 mm respectively, and was
centered and aligned with the digital phantom. In order to calculate both errors, the digital
phantom was resampled to the voxel size of the reconstructed images. Let A be the summed
activity over all M voxels inside the VOI of the digital phantom:

1= 1 3)
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Similarly, the summed activity X over all M voxels of the corresponding VOI in the
reconstructed image can be calculated. With the above definitions, the NME between the
digital phantom and reconstructed image can be written as:

s
nmE=Y| A A 4)
=4 A
The NMSE is expressed by:
~ 2
M
NMSE =Y ﬁ—ﬁ 3)

Al

3.2.3.2 Physical Defrise phantom scans

Experimental phantom scans were performed using a Defrise phantom consisting of a
set of parallel polymethylmethacrylate disks (Data Spectrum Corp.). The 20 mm diameter
disks were 1.5 mm thick and the spacing between them equals their thickness (equivalent to
the image quality phantom used in the scan simulations). The length of the phantom was 25.5
mm. Spaces between the disks were filled with 384 MBq °’"Tc-pertechnetate and the
phantom was scanned for 30 min. Because the longitudinal length of the physical Defrise
phantom was 3.5 times smaller than the length of the digital image quality phantom described
in the previous section, the scans performed here using N bed positions in the scan acquisition
can be compared with the scan simulations of the digital image quality phantom using 3.5 x N
bed positions in the scan acquisition.

3.2.4 Animal studies

The dynamic capabilities that come into reach with the development of ST were
illustrated by a dynamic total-body mouse bone scan and a dynamic hepatobiliary scan of the
mouse’s thorax and abdomen. All scans were obtained using ST that performed best in the
phantom scans (smallest number of bed positions and still adequate sampling). Animal studies
were conducted following protocols approved by the Animal Research Committee of the
University Medical Center Utrecht. During all procedures, the animals’ body temperatures
were kept at approximately 37 °C by a thin heating mat that was integrated in the bed.

3.2.4.1 Dynamic bone scan

A dynamic total-body bone scan of a mouse was performed using **™Tc-

hydroxymethylene diphosphonate (*”"Tc-HDP). A 29.5 g male mouse was anesthetized with
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isoflurane. An amount of 189 MBq **Tc-HDP was injected in the tail vein. Scanning started
right before radioligand injection and the mouse was scanned for 60 min in time frames of
1 minute.

From the reconstructed images, VOIs were selected covering the heart, the kidneys,
the left shoulder, the left knee and the bladder. For each organ or structure the VOI outline
was drawn in the reconstructed image where the organ or structure was most clearly visible.
From these VOlIs, time-activity-curves (TACs) were derived by measuring the average
activity concentration in each VOI for each time frame.

3.2.4.2 Dynamic hepatobiliary scan

A dynamic hepatobiliary scan of the mouse’s thorax and abdomen was performed.

9™ c-mebrofenin is indicated as an imaging agent for the evaluation of the hepatobiliary tract.

99mTc-mebrofenin was injected into the blood stream where it circulated to the liver and was
excreted into the bowel. The scan area that was selected stretched from the pelvis to the neck.

99
"Te-

A 25 g male mouse was anesthetized with isoflurane and an amount of 145 MBq
mebrofenin (Bridatec, GE-Amersham Health) was injected via the tail vein. Right before
radioligand injection, scanning started and the mouse was scanned for 5 min in time frames of
15 s. From the reconstructed images, VOIs were selected covering the vena cava inferior, the
heart, the liver, the gallbladder and the duodenum. Each VOI outline was drawn in the
reconstructed image where the organ was most clearly visible. TACs were derived by

measuring the average activity concentration in each VOI for each time frame.

3.2.5 Image Reconstruction

The images of the digital image quality phantom scan simulations and physical Defrise
phantom scans were reconstructed from the projections using the Pixel-based Ordered Subset
Expectation Maximization algorithm (POSEM) with 16 subsets and 10 iterations. POSEM
deviates from traditional OSEM image reconstruction in that subsets do not consist of
grouped projection views, but the pixels in each subset are spread out in a regular pattern over
the entire detector. At high acceleration factors (high numbers of subsets), images
reconstructed with POSEM are closer to equivalent images reconstructed with MLEM
compared to images reconstructed with OSEM with traditional selection of subsets [18]. The
images of the digital image quality phantom scan simulations were reconstructed on a 0.3 mm
voxel grid and these images were post-filtered with a Gaussian filter with a FWHM of 0.4 mm.
For the physical Defrise phantom scans a photopeak window with a width of 25% was set
around the **™Tc photopeak. Images were reconstructed on a 0.2 mm voxel grid and were also
post-filtered with a Gaussian filter with a FWHM of 0.4 mm.

For the dynamic bone scan, 60 images (from 60x1 min time frames) were
reconstructed. For the dynamic hepatobiliary scan, 20 images (from 20x15 s time frames)
were reconstructed. For both animal studies, a photopeak window with a width of 25% was
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set around the *”™Tc photopeak. Because of the low-count projection data resulting from the
short scan times per frame, only a low number of iterations were needed and the images were
therefore reconstructed using an MLEM algorithm with 10 iterations. The voxel size of the
reconstructed images was 0.4 mm. The reconstructed images were post-filtered using an edge
and flux preserving Perona-Malik nonlinear diffusion filter (parameters: gradient modulus
threshold = 10, integration constant = 3/44 and 2 iterations) [21].

3.3 Results

3.3.1 Phantom Scans

3.3.1.1 Digital image quality phantom scan simulations

Figure 2b shows longitudinal image profiles through the transaxial center of the
reconstructed phantom images together with the digital phantom profile (ground truth). Both
the slice thickness and the profile width were 3 mm. These image profiles show that the
accuracy of the reconstructed images acquired with MPT degrades significantly faster than
when using ST as the number of bed positions decreases; the image profile of MPT with 60
bed positions already shows a considerable mismatch in the middle section of the phantom,
while the image profile of ST with 28 bed positions shows only a slight degradation. Figure 3
shows the NME (Fig. 3a) and NMSE (Fig. 3b) of the images of the image quality phantom
scan simulations as a function of the number of bed positions, both for MPT and ST. ST
resulted in a lower NME and NMSE than MPT at an equal number of bed positions, for all
simulated bed trajectories. The increase in both errors for a decreasing number of bed
positions is significantly less for ST than for MPT.
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Figure 2. (a) Digital image quality phantom with longitudinal profile region between green
lines. (b) Image profiles through center of reconstructed phantom images for simulated scans
with MPT (left column) and ST (right column) relative to original digital image quality
phantom (dashed green line) for decreasing number of bed positions.
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Figure 3. (@) NME and (b) NMSE of reconstructed image quality phantom images as _function

of number of bed positions for MPT (red circles) and ST (blue diamonds).
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3.3.1.2 Physical Defrise phantom scans

Figure 4 shows 3 mm thick slices through the reconstructed images of the physical
Defrise phantom acquired with MPT and ST for a decreasing number of bed positions. The
experimental images convey the same message as the results of the scan simulations reported
in the previous paragraph: MPT lead to axial blurring artifacts when the number of bed
positions becomes 16 or less, corresponding to MPT with about 60 or less bed positions in the
phantom scan simulations. Images acquired with ST start to show slight image degradation
for 8 bed positions and still show no significant axial blurring artifacts. This result
corresponds to ST with 28 bed positions in the phantom scan simulations.

No. of positions 28 16 12 8
!
: B
1
MPT
ST

Figure 4. Longitudinal slices through disks of the reconstructed physical Defrise phantom
images for MPT (top row) and ST (bottom row) for decreasing number of bed positions.

3.3.2 Animal Studies

All in vivo scans were performed using ST with an average longitudinal bed step size
of 3.4 mm (equal to the bed step size of ST with 28 bed positions in the phantom scan
simulations or the bed step size of ST with 8 bed positions in the physical Defrise phantom
scans). This way, 23 bed positions were needed to scan the selected scan volume for the
dynamic total-body bone scan and 9 bed positions were needed to perform the dynamic
hepatobiliary scan.
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3.3.2.1 Dynamic bone scan

Figure 5a shows sagittal maximum-intensity-projections (MIPs) of the distribution of
%™T¢-HDP in a mouse at different time frames with a time resolution of 1 minute. Figure 5b
shows TACs of the tracer concentration in several organs and structures. In the first minutes
after injection, highest tracer concentrations were in the heart, the liver, the kidneys and the
bladder. From the tenth minute, uptake in the bone reached activity levels high enough so that

bony structures like the left shoulder, the spine and left knee became clearly visible.
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Figure 5. (@) Top-to-bottom, lefi-to-right: MIPs of reconstructed dynamic **"Tc-HDP scan
with I minute time frames at different time points. (b) Left: TACs for several organs and
structures. Each curve is normalized to its maximum. Right: Illustration of VOIs projected
onto sagittal and coronal MIPs of high count reconstruction of summed projection data of
last 30 frames (31-60 min).
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3.3.2.2 Dynamic hepatobiliary scan

Figure 6a shows a time series of coronal MIPs of the reconstructed dynamic **Tc-
Mibrofenin scan with 15 s time frames. Figure 6b shows TACs of the tracer concentration in
several organs. The tracer traveled via the vena cava inferior into the heart, went into the liver
and accumulated in the gallbladder. The tracer finally left the gallbladder via the duodenum.
Videos of both dynamic scans are available online as supplemental data at

http://jnm.snmjournals.org.
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Figure 6. (a) Lefi-to-right, top-to-bottom: MIPs of the reconstructed dynamic **"Tc-
Mibrofenin scan with 15 s time frames. (b) Left: TACs for several organs. Each curve is

normalized to its maximum. Right: Coronal projections of the VOIs.

3.4 Discussion

This study proposes fast acquisition protocols for total body SPECT with focusing
pinhole collimators. The conducted experiments indicate that ST are suitable for fast total-
body SPECT since the number of bed positions can be much smaller than with MPT. This
lowers the overhead time due to bed repositioning and allows for speeding up image

reconstruction.
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The geometry of different U-SPECT-II collimators for mouse and rat imaging is very
similar (cylindrical tubes with pinholes focusing on a central volume). Therefore, ST for fast
dynamic SPECT imaging may well be applicable to other purpose-build focusing multi-
pinhole collimators currently in use with this device (e.g. general-purpose rat collimator and
high-sensitivity mouse collimator with 1 mm pinholes). However, to confirm this, further
validation is required for these collimators.

In this paper, fast total-body mouse imaging with (sub-)minute resolutions was
enabled by diminishing the number of bed positions. One could think of bringing imaging
time further down by reducing the time that is lost per bed translation by increasing the speed
of the XYZ stage during bed movements. However, there is a trade-off between the speed and
accuracy of the XYZ stage; reduced positioning accuracy might lead to artifacts in the
reconstructed images [ 14].

Time resolutions of dynamic total-body mouse scans that can be achieved by FMP-
SPECT are also subject to collimator sensitivity. The higher a collimator’s sensitivity, the
faster a certain number of photons can be collected. However, increasing the collimator’s
sensitivity (e.g. by employing pinholes with larger diameters) may affect image resolution.
Here we improved overall count yield at a fixed resolution-sensitivity trade-off of the system
by significantly decreasing overhead times due to translations of the animal bed. However,
with lower administered activities and shorter scan times, higher sensitivity, accomplished by,
for example, the use of larger-diameter pinholes, may be beneficial. A high-sensitivity mouse
collimator with 1 mm pinholes was recently constructed for U-SPECT-II and has about 2.5
times higher sensitivity than the collimator used for the present studies (0.6 mm pinholes).
The ability to perform (fast) dynamic total-body small-animal SPECT may enable study types
like tracer kinetic modeling in large body volumes, a research area that is currently dominated
by small-animal PET.

ST allows for reducing the required number of bed positions by a factor of more than
two compared to MPT. Therefore, for scans performed with ST, the number of projection bins
used for image reconstruction can be more than halved compared to scans performed with
MPT. The time needed for the forward-projection step and back-projection step in the
reconstruction algorithm can therefore be reduced more than twofold compared to scans that
are performed with MPT [14]. This is desirable, especially in studies where many images
have to be reconstructed, like high-throughput studies or dynamic studies, where every scan
consists of many short time frames.

3.5 Conclusions

This paper introduces ST of the animal bed in order to perform fast dynamic imaging
with FMP-SPECT systems with a stationary detector set-up. Phantom studies show that ST
can be used with a more than twofold smaller number of bed positions than MPT. The
feasibility of applying ST to fast mouse scans was demonstrated, opening up new possibilities
for high-throughput and fast dynamic SPECT studies.
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Chapter 4

4. Simultaneous SPECT-PET imaging in rats

P. E. B. Vaissier, F. van der Have, M. C. Goorden, O. Ivashchenko, B. Vastenhouw, R. M.
Ramakers, and F. J. Beekman. “Simultaneous SPECT-PET imaging in rats,” in preparation.

Abstract

Single Photon Emission Computed Tomography (SPECT) and Positron Emission
Tomography (PET) are key modalities in preclinical imaging of small animals as they are
widely used to study molecular mechanisms in vivo or in the development of new
pharmaceuticals. Recently, SPECT and PET imaging have been combined in a novel versatile
emission computed tomography system (VECTor). VECTor enables simultaneous sub-mm
imaging of single-photon and positron emitting radio-labeled tracer molecules in mice by
means of a dedicated clustered multi-pinhole (CMP) collimator that can be mounted on
existing U-SPECT platforms. Here we present and validate the extended capability of
VECTor to also image rat-sized small animals with a newly developed CMP collimator. It
allows to perform simultaneous SPECT-PET by collimating gamma photons that are emitted
by single-photon emitters as well as those produced after positron-electron annihilation.
Compared to pinholes used in conventional SPECT collimators, the pinholes in the CMP
collimator have more narrow opening angles to reduce photon penetration through the pinhole
edges by high-energy annihilation photons. We validated our new collimator by performing
resolution phantom scans, sensitivity measurements and simultaneous SPECT-PET scans of
rats. For PET tracers (‘*F), the tomographic resolution obtained with a Jaszczak hot rod

phantom was 1.3 mm, while 1.1 mm resolution images of SPECT tracers (*™

Tc) were
acquired. Capabilities of the system were further illustrated by simultaneously acquired
SPECT-PET scans of rats (i.e. a cardiac scan, a brain scan and bone scans) including a fast
dynamic scan with a temporal resolution of 20 s. With a new larger-diameter CMP collimator,
VECTor now uniquely enables simultaneous SPECT-PET imaging of rats. Using VECTor,
scientists can select the most suitable combinations of radiotracers from the entire
complement of available SPECT and PET tracers to study the correlation between different

biological functions in the same animal at the same time with a single dose of anesthesia.
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4.1 Introduction

Single Photon Emission Computed Tomography (SPECT) and Positron Emission
Tomography (PET) imaging of small animals are key modalities in molecular imaging and are
applied to study animal models of disease and test new pharmaceuticals [1, 2].

Over the last decade, the resolution of preclinical SPECT has improved dramatically
[3-7]. Current state-of-the-art preclinical SPECT uses multiple pinholes that produce
magnified projections of the tracer distribution on the gamma detectors. This way, small
details can be resolved within small animals: reconstructed spatial resolutions of these
systems can reach well below 0.5 mm in mice [8, 9]. Due to the larger size of rats, lower
pinhole magnification factors are attained than with mice, which results in resolution
degradation, although resolutions in rats can still reach below 0.75 mm [8].

Traditionally, preclinical PET is based on electronic collimation to construct a line-of-
response between each detector pair that detected two 511 keV photons in coincidence. A 3-
dimensional image of the tracer distribution can be reconstructed from these lines-of-response.
However, a number of physical factors have a negative influence on PET spatial resolution,
like finite positron range and non-collinearity of the detected 511 keV photon pairs, factors
which are hard to correct. Additionally, compared to pinhole collimation, reconstructed
resolution with electronic collimation depends much stronger on the intrinsic resolution of the
detectors, including depth-of-interaction (DOI) effects. State-of-the-art preclinical
coincidence PET can reach spatial resolutions around 1 mm [10-15], while commercially
available coincidence PET systems generally reach resolutions that are a bit lower [16, 17].

In contrast to SPECT, simultaneous multi-tracer imaging with PET can be challenging
since annihilation photons always have an energy of 511 keV and it is therefore not possible
to distinguish between gamma-photons originating from different PET tracers based on their
energies. In order to enable multi-tracer PET imaging, effort is being spent in developing
techniques that attempt to separate the tracer signals based on prior knowledge about the
kinetics, distributions and decay rates of the injected tracers [18-21]. Next to adding
complexity to the image reconstruction process or to kinetic parameter estimation, the
reliability of the results that are obtained which such methods strongly depend on accuracy of
the models that are used.

Imaging platforms that can perform SPECT and PET can take advantage of the entire
complement of available SPECT and PET tracers. Most commercial imaging platforms that
are capable of SPECT and PET apply a tandem configuration of a pinhole SPECT system
with a coincidence PET system and these systems can therefore not perform truly
simultaneous SPECT-PET. However, images reconstructed from truly simultaneously
acquired SPECT and PET data are inherently registered in space and time, which allows for
correlating multiple biological functions in one animal at a single time point. Such a system
was recently introduced, namely the Versatile Emission Computed Tomography (VECTor)
system [22]. VECTor applies physical (pinhole) collimation for gamma photons resulting
from SPECT and PET tracer decay [23]. To decrease the effect of penetration of 511 keV
gamma photons through the pinhole edges, which could severely degrade image resolution,
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pinholes had relatively narrow opening angles. In order to compensate for the limited field-of-
view (FOV) of narrow pinholes, pinholes were clustered in groups of four and within a cluster
each pinhole sampled a different part of the FOV (Fig. 1a). This way, approximately the same
area could be sampled as with traditional pinholes that have larger opening angles. As a result,
the reconstructed spatial resolution of pinhole PET for '*F in mice was found to be 0.75 mm
[22]. It was also shown in [22] that SPECT images were hardly degraded by the simultaneous
presence of a PET tracer, even for cases in which the activity concentration of the PET tracer
exceeded the activity concentration of the SPECT tracer by up to a factor of 2.5.

The dedicated clustered multi-pinhole (CMP) collimator in [22] had a diameter
suitable for imaging mouse-sized animals. In this work we present and test a CMP collimator
that can also be used to image rat-sized animals. Compared to the CMP mouse collimator, the
tungsten cylindrical CMP rat collimator (Fig. 1b) has a larger bore-size to accommodate rats,
a larger FOV, and larger-diameter pinholes to compensate for reduced sensitivity due to the
average increase in source-to-pinhole distance. We evaluate the performance of VECTor
equipped with this collimator by sensitivity measurements, resolution-phantom scans and we
show results of simultaneously acquired multiple functional data obtained from rats that were
injected with a mix of a SPECT and a PET tracer.

A Traditional pinhole c

R

Figure 1. (a) Top: pinhole with opening angle o. Bottom: cluster of four pinholes with
approximately same field-of-view and pinhole opening angles of approximately o/2. (b) CMP
collimator optimized for SPECT-PET imaging of rats. (c) VECTor"/CT system. VECTor" is a
second-generation VECTor system.

57



Simultaneous SPECT-PET imaging in rats

4.2 Materials and methods

4.2.1 Pinhole geometry

The detector geometry and scanner design of VECTor are based on the U-SPECT
system (MILabs B.V. Utrecht, The Netherlands). In this work we used a second-generation
VECTor system, called VECTor" (Fig. 1c). Compared to VECTor, VECTor applies
additional reconstruction techniques to correct for DOI effects and various collimator-specific
effects. Since these improvements are software-based, first-generation VECTor systems can
be upgraded to VECTor" systems. For simplicity, we will only refer to the VECTor" system
in the rest of this paper. The tungsten CMP rat collimator that is presented in this work has 48
clusters of four pinholes (o 1.8 mm) placed in four rings (Fig. 1b). However, not all clusters
contained four pinholes; in some clusters pinholes were left out since they would have
projected largely outside the detector surface. The collimator contained 156 pinholes in total.
The pinholes in the inner two rings of the collimator have opening angles of 17°, while in the
outer rings opening angles of 15° were chosen in order to achieve a more uniform covering of
the detectors with pinhole projections. The collimator has an inner diameter of 98 mm, the
pinhole centers are placed at a diameter of 114 mm, and the collimator has a wall thickness of
37 mm.

All the clusters together observe a FOV which extends over the entire collimator tube
diameter (98 mm). The central FOV (CFOV) is the area that is observed by all clusters
together. The CFOV has a diameter of approximately 26 mm and a longitudinal length of
approximately 20 mm. Within the CFOV, sufficient data —which is required for image
reconstruction- is readily obtained without any translation of the bed. Larger areas can be
scanned by stepping the animal-bed through the collimator [24, 25].

4.2.2 System calibration and image reconstruction

The system matrices for SPECT and PET tracers, which contain energy-specific
models of photon transport from the source to the detectors (which are required for iterative
image reconstruction), were calculated using a ray tracing code [26]. Inputs to this code were
energy-specific photon attenuation coefficients of the collimator and detector materials and
the positions and orientations of the pinholes and detectors. The positions and orientations of
the pinholes and detectors were obtained from point-source measurements. The scanning
focus method was used for data acquisition [24] in combination with a spiral bed-positioning
protocol [25]. Pixel-based Ordered Subsets Expectation Maximization (POSEM; [27]) with
32 subsets was used for image reconstruction.
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4.2.3 Scatter correction

In all experiments, scatter was corrected for by a triple-energy-window technique [28]
and scatter was incorporated in the image reconstruction algorithm as described by Bowsher
et al. [29]. All photopeak windows were set to a width of 15%. A background window was set
adjacent to each side of the photopeak window. For 'F, the width of each background
window was 30% of the width of the photopeak window. For **™Tc and '*I, the width of each
background window was 50% of the width of the photopeak window.

4.2.4 Evaluation of system characteristics

4.2.4.1 Resolution for SPECT and PET tracers

To test the resolution of VECTor" for the new CMP rat collimator for the most
common SPECT and PET isotopes (*"Tc and 'F), a miniature resolution phantom
(“Jaszczak” phantom) with 6 sectors was scanned. Each sector contains a set of equally sized
capillaries with diameters of 1.7 mm (3 rods), 1.5 mm (3 rods), 1.3 mm (3 rods), 1.1 mm (3
rods), 0.95 mm (6 rods), and 0.85 mm (6 rods). The distance between the centers of
neighboring capillaries within a sector equaled twice the diameter of the capillaries. Two 60-
min scans were acquired, in one scan the phantom contained 59 MBq **™Tc, in the other scan
the phantom contained 31 MBq '*F.

4.2.4.2 Sensitivity

Two small point sources were made by enclosing 6 pL ™

Tc solution and 6 uL "°F
solution in separate small cylinders. Peak sensitivities of the system for **™Tc and '*F were
subsequently determined by positioning one of the sources in the center of the collimator.
Sensitivity was defined as the ratio of the number of detected gamma photons to the number
of (positron or gamma) emissions. Sensitivity was determined for photopeak windows with
widths of 30%, 25%, 20% and 15%.

4.2.5 Animal studies

Animal studies were carried out in accordance with the Dutch Law on Animal
Experimentation and conducted according to protocols approved by the Animal Research
Committee of the University Medical Center Utrecht. All animals were anesthetized with
isoflurane. For all scans radiotracers were administered via injection in the tail vein, except
for the cardiac scan, for which radiotracers were administered via a catheter in the penal vein.
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4.2.5.1 Rat cardiac scan

A 330 g male Wistar rat was anesthetized and an intravenous catheter was inserted in
the penal vein. A mix of 419 MBq *™Tc-sestamibi and 98 MBq '*F-deoxyglucose (‘*F-FDG)
was administered and a 70-minute SPECT-PET acquisition focused on the heart began just
before injection. The rat was scanned in frames of 20 s.

4.2.5.2 Rat brain scan

A 310 g male Wistar rat, which had been kept fasting for 12 hours, was injected with
33 MBq '#I-FP-CIT and 58 MBq "*F-FDG. It was anesthetized 45 minutes after injection of
the radiotracer. A 60-minute scan was made, starting 105 minutes post injection.

4.2.5.3 Rat bone scans

A 350 g male Wistar rat was anesthetized and injected with 75 MBq c-
methylenediphosphonate (*"Tc-MDP) and 44 MBq '“F-fluoride. A 60-minute whole-body
SPECT-PET acquisition was performed, starting 30 minutes post injection.

A 350 g male Wistar rat was anesthetized and injected with 288 MBq *™Tc-MDP and 96
MBq '"*F-fluoride. A 60-minute SPECT-PET acquisition of the lumbar spine and the pelvis
was performed, starting 30 minutes post injection.

99mT

4.3 Results

4.3.1 Evaluation of system characteristics

4.3.1.1 Resolution for SPECT and PET tracers

SPECT and PET images of the resolution phantom filled with either **"Tc or '°F are
shown in Fig. 2. Rods of 1.1 mm could be clearly distinguished in the **"Tc image. For '*F,
1.3 mm rods were clearly visible for '*F, which indicates a competitive spatial resolution
compared to commercially available preclinical coincidence PET systems.

4.3.1.2 Sensitivity

The peak sensitivity of the system for **™Tc and '°F for different photopeak window
widths is provided in Table 1. For a photopeak window width of 30%, *™Tc and "*F peak
sensitivities were 0.48% and 0.28% respectively. Sensitivity differed only slightly for
photopeak windows of 25%, 20% and 15%.
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These results indicate that for *"Tc, the CMP rat collimator reaches a higher
sensitivity but a lower resolution compared to U-SPECT’s general-purpose rat SPECT
collimator which employs less pinholes with smaller apertures (¢ 1.0 mm) [8]. For 8E, the
peak sensitivity of the CMP rat collimator is comparable to the peak sensitivity of the CMP
mouse collimator [22]. However, image resolution for '*F that is reached by the CMP rat
collimator is lower, which can be attributed to lower pinhole magnification factors and larger

pinhole apertures.

Rod sizes (mm) 90mi [e 18F
LR . »
15 > & » - .
13 1.7 - - .-e
1.1 0.85 ,
.

Figure 2. Image slices (thickness 3.6 mm) through reconstructions of a 60-min SPECT scan
(59 MBq *"Tc) and a 60min-PET scan (31 MBq "°F) of a phantom with 6 segments with
capillary diameters of 1.7, 1.5, 1.3, 1.1, 0.95 and 0.85 mm.

TABLE I. Measured peak sensitivity for ”*Tc and "*F
Photopeak Sensitivity ~ Sensitivity

window width me 18
30% 0.48% 0.28%
25% 0.48% 0.27%
20% 0.47% 0.26%
15% 0.44% 0.25%

4.3.2 Simultaneous SPECT-PET imaging in living rats

To demonstrate the in vivo capabilities of VECTor equipped with the new CMP rat
collimator, simultaneously acquired SPECT-PET scans were performed. Similar tracer
combinations as in [22] were used as these tracer combinations were selected with biological
applications in mind that require the ability to directly correlate different biological functions.

4.3.2.1 Rat cardiac scan

99mTc-sestamibi is a myocardial perfusion agent that is indicated for detecting
coronary artery disease by identifying myocardial ischemia (reversible defects) and infarction
(non-reversible defects). "*F-FDG is used to distinguish viable myocardial tissue from non-
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viable myocardial tissue in patients with coronary artery disease. The ability to measure both
perfusion and viability of the myocardium in the same subject enables to distinguish between
scarred and viable myocardium [30]. Moreover, the ability to acquire dynamic cardiac data
could provide exact tracer kinetics which would be informative in studies where there is a
mismatch between metabolism and perfusion in the myocardium [31].

For both tracers, images of the final hour of the 70-min scan were reconstructed.
Figure 3a shows perpendicular slices through these images. Furthermore, from these images a
volume-of-interest (VOI) for the heart was selected for each tracer. These VOIs were used to
measure the activity of each tracer in the heart in the images reconstructed from the separate
20s-frames of the first hour after injection. The corresponding time-activity-curves for **Tc-
sestamibi and "*F-FDG are presented in Figure 3b.

‘ ’ 99mTe-Sestamibi

(SPECT tracer)
-

BF-FDG
(PET tracer)
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v

— T .
AN i A '
] ANV VAL N

WYV

2075
=
©
<
E 0.8 blse rvssusstosssonsnss sas fusssnnasmysns fovagusaves s Son sessnos sand onvass cnponend
N
©
-
(=}
2 025H: e b,
‘ Tc99m-Sestamibi
: -==F18-FDG
O0 10 20 30 40 50 60

Time (min)

Figure 3. Simultaneous SPECT-PET cardiac scan. The rat was injected with 419 MBq *"Tc-
sestamibi and 98 MBq "*F-FDG and scanned for 70 min. (a) Perpendicular slices through the
rat-heart images reconstructed from the final 60 min of the scan. (b) Time-activity-curves of

PmTe-sestamibi and "*F-FDG measured inside a volume-of-interest centered on the heart.
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4.3.2.2 Rat brain scan

A simultaneously acquired SPECT-PET brain scan was performed, combining a probe
for dopamine transporters ('*’I-FP-CIT; SPECT tracer) and a glucose analogue ("*F-FDG;
PET tracer). In this example, simultaneous SPECT-PET imaging may enable to directly relate
the binding location of a drug of abuse that blocks dopamine transport, like cocaine [32], to
changes in metabolic brain activity, for which '"*F-FDG is indicated as a marker [33]. Figure 4
shows specific binding of '*I-FP-CIT to dopamine transporters and uptake of '*F-FDG in
small substructures of the brain (indicated by arrows).

12 FP.CIT
(SPECT tracer)

BE_FDG
(PET tracer)

Figure 4. Simultaneously acquired SPECT (top) and PET (bottom) images of the rat-brain
registered with a CT image. Rat was injected with a mix of 33 MBq '“I-FP-CIT and 58 MBgq
BE.FDG and imaged for 60 min starting 105 min after injection. From left to right,
transversal, sagittal and coronal slices are shown. Uptake of '**I-FP-CIT and '*F-FDG in
small brain structures such as striatum (1), olfactory tubercle (2) and Harderian glands (4).
BE-FDG uptake is also seen in cerebral cortex (5), cerebellum (6) and spinal cord (7).
Sagittal images show ' I-LFP-CIT and "*F-FDG uptake in thyroid (3).

4.3.2.3 Rat bone scans

Finally, rat bone-scans were performed to illustrate a SPECT and a PET tracer that
target the same biological function under exactly the same physiological conditions. Two 60-
min scans were performed and for each scan a rat was injected with a mix of *"Tc-MDP and
'8E_fluoride. One scan was a total-body scan, the other a focused scan of the lumbar-spine and
pelvis. Figure 5 shows coronal maximum-intensity-projections of SPECT and PET
reconstructions of the total-body scan. In Fig. 6 coronal and sagittal MIPs of the focused
bone-scan are provided. From these images it is clear that in the SPECT images small
structures are better resolved than in the PET images: e.g. in Fig. 5 individual ribs can be
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better distinguished in the SPECT image and in Fig. 6 the processes of the vertebrae are better
resolved in the SPECT image. This observation is in line with the resolution phantom images
which showed a higher resolution for SPECT than for PET tracers.

99mTc-MDP
(SPECT tracer)

18F fluoride
(PET tracer)

Figure 5. Example of simultaneous SPECT-PET scan (60 min) of two bone tracers:
Maximum-intensity-projections of rat injected with 75 MBgq **"Tc-MDP (top) and 44 MBq
F-fluoride (bottom).

- -
¢ ’
‘ 99mTc-MDP
‘ (SPECT tracer)
.

b

18F fluoride
(PET tracer)

bA"c

Figure 6. MIPs of simultaneous SPECT-PET bone-scan of lumbar spine and pelvis. The rat
was injected with 288 MBq *"Tc-MDP (top) and 96 MBq "*F-fluoride (bottom) and was
scanned for 60 min.
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4.4 Discussion

In this work we have demonstrated that VECTor' now also enables simultaneous
SPECT-PET imaging of rats. Furthermore, we have shown that fast dynamic simultaneous
SPECT-PET imaging is possible. The ability to scan fast may be necessary for tracer kinetic
modeling studies of rapidly changing biological processes. The dynamic focused cardiac scan
in this work was acquired using a spiral bed-positioning sequence and had a temporal
resolution of 20 s. The use of spiral bed-positioning sequences has been shown to enable sub-
min temporal resolutions for scanning larger areas of a mouse up to the whole body when
using a general-purpose mouse collimator [25]. A similar temporal resolution may be reached
for a dynamic total-body rat scan since the dimensions of the FOV of a rat collimator
compared to a mouse collimator scale with the larger size of a rat compared to a mouse. Even
higher temporal resolutions can be expected for total-body mouse SPECT-PET with the novel
CMP rat collimator since the large FOV will only require a few positions of the animal-bed in
the collimator. Moreover, sub-half-minute dynamic total-body mouse SPECT has already
been demonstrated for U-SPECT when using a SPECT collimator for rat-sized animals [34].

The VECTor" system that was used in this work employed 9 mm-thick Nal detector
crystals that are optimized for imaging SPECT tracers. However, at this thickness, the
detectors only have an intrinsic photopeak detection efficiency of about 10% for 511 keV
annihilation photons resulting from PET tracer decay. A strong increase in detection
efficiency could be attained by using thicker crystals [22]. This would allow to decrease PET
imaging times or allow for smaller pinholes -and therefore a higher spatial resolution- without
a decrease in PET sensitivity compared to the current system. This will certainly be a topic of
future investigations.

Compared to SPECT and PET scanners in a tandem configuration or to stand-alone
SPECT and PET scanners, a fully integrated approach to SPECT-PET imaging may offer cost
saving, a reduced scanner footprint, reduced imaging times and the ability to perform SPECT
and PET scans with a single dose of anesthesia. Moreover, since VECTor' is based on the
existing U-SPECT platform, any existing U-SPECT system can relatively easily be converted
to a VECTor" system.

4.5 Conclusions

In this work we have demonstrated that VECTor", next to simultaneous SPECT-PET
imaging of mice, also enables simultaneous (dynamic) SPECT-PET imaging of rats. With
VECTor", scientists can select the most suitable combinations of radiotracers from the entire
complement of available SPECT and PET tracers depending on the imaging task. The
acquired images are inherently spatially and temporally registered which makes it possible to
study the correlation between different biological functions in the same animal at the same
time with a single dose of anesthesia.
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5. Influence of respiratory gating, image filtering and
animal positioning on high-resolution ECG-gated murine
cardiac SPECT

C. Wu, P. E. B. Vaissier, B. Vastenhouw, J. R. de Jong, R. H. J. A. Slart, and F. J. Beekman.
“Influence of respiratory gating, image filtering and animal positioning on high-resolution
ECG-gated murine cardiac SPECT,” Submitted to Mol. Imaging, 2014.

Abstract

Cardiac parameters obtained from SPECT images can be affected by respiratory
motion, image filtering and animal positioning. Here we investigate the influence of these
factors on ultra-high-resolution murine myocardial perfusion SPECT. Five mice were injected
with *™Tc-tetrofosmin and each was scanned in supine and prone positions in a U-SPECT-II
scanner with respiratory and ECG gating. ECG-gated SPECT images were created without
applying respiratory-motion correction, or with two different respiratory-motion correction
strategies. The images were filtered with a range of 3D Gaussian kernels after which end-
diastolic volumes (EDVs), end-systolic volumes (ESVs), and left ventricular ejection
fractions (LVEFs) were calculated. No significant differences in the measured cardiac
parameters were detected when any strategy to reduce or correct for respiratory motion was
applied, while big differences (> 5%) in EDV and ESV were found with regard to different
positioning of animals. A linear relationship (p < 0.001) was found between the EDV or ESV
and the kernel size of the Gaussian filter. In short, respiratory gating did not significantly
affect cardiac parameters of mice obtained with ultra-high-resolution SPECT, while the
position of the animals and the image filters should be the same in a comparative study with
multiple scans to avoid systematic differences in measured cardiac parameters.
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5.1 Introduction

In addition to tissue properties of the myocardium such as perfusion or viability, ECG-
gated cardiac single-photon emission computed tomography (SPECT) can provide
quantitative information about ventricular volumes, ventricular ejection fractions as well as
myocardial wall-motion and thickness [1-4]. In such studies, image quality can degrade due to
respiratory motion. Respiratory gating has been applied in tomography studies too, e.g. for
imaging lung areas [5, 6]. It involves rebinning of the projection data into respiratory gates
that represent different breathing phases. As the position and orientation of the heart are also
affected by respiratory motion, it is prudent to investigate whether respiratory gating may also
reduce image blur in cardiac imaging and improve cardiac imaging quality. As early as 1998,
the scheme for simultaneous ECG and respiratory gating (“dual gating”) and an algorithm for
respiratory-motion compensation were already developed and tested with phantoms for
clinical positron emission tomography (PET) [7]. It was found that the magnitude of the
motion induced by respiration is close to the myocardial wall thickness [8, 9]. As a result of
this study, many clinical cardiac studies are performed with simultaneous ECG and
respiratory gating to obtain better resolved myocardial walls in the reconstructed images [10,
11].

ECG gating has been evaluated for small-animal SPECT for assessing left ventricular
function and has been applied in studies where new pharmaceuticals were tested [12-18].
Simultaneous ECG and respiratory gating has been assessed for a high-resolution (I mm)
micro-PET system [19]. In this study, it was found that although respiratory motion was
detectable in the images, its spatial extent and duration were small, and it could therefore
likely be ignored for most studies. However, whether the assessment of cardiac function in
SPECT with sub-half-millimeter resolution can benefit from simultaneous ECG and
respiratory gating has not yet been investigated.

Image filtering is another factor that may influence the assessment of cardiac function.
Cardiac quantification software usually fits a flexible 3D model of the left ventricle to the
reconstructed activity in the myocardium and calculates cardiac parameters via this model.
Image filtering changes the smoothness and thickness of the reconstructed activity in the
ventricular wall, which may result in changes in the fit of the 3D model to the left ventricle in
the image. Therefore, image filtering may change cardiac parameters that are calculated from
the fitted model. Effects of filtering have already been observed in many clinical studies [20-
24]. However, no investigations into filtering effects on murine cardiac SPECT have yet been
published.

The position of an animal (supine or prone) during scanning affects arterial filling,
which may result in differences in the cardiac parameters that are measured. This has already
been investigated in clinical studies [25-27]. In these studies, changes in the left ventricular
volume were detected but no significant differences in ejection fraction were found. However,
such a study has yet to be performed for small-animal cardiac SPECT. A change in animal
position may also change restrictions on thoracic movement, and thus may result in different
levels of heart motion due to respiration.
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The aim of the research presented in this chapter is to investigate the influence of
respiratory gating, post-reconstruction image filtering and mouse positioning on high-
resolution ECG-gated **Tc-tetrofosmin myocardial perfusion SPECT.

5.2 Materials and methods

Animal studies were conducted following protocols approved by the Animal Research
Committee of the University Medical Center Utrecht. All persons gave their informed consent
prior to their inclusion in the study.

5.2.1 In vivo myocardial perfusion SPECT of mice

The U-SPECT-II (MILabs B.V., Utrecht, the Netherlands) [28] multi-pinhole SPECT
scanner was used in the present studies. This dedicated small-animal SPECT system has
stationary detectors. The highest achievable spatial resolution of this system is < 0.4 mm for
9"T¢ imaging when using a general-purpose mouse collimator (as was used in the present
study and recommended by the manufacturer) with 75 pinholes (2 0.6 mm). The system
accepts three transistor—transistor logic (TTL) trigger signals for gated studies through three
Bayonet Neill-Concelman (BNC) connectors mounted on the side panel. Both trigger and
photon-counting events are recorded in list mode.

Five C57-BL6/J mice (about 30 grams each) were injected via the tail vein with 200—
250 MBq "™ Tec-tetrofosmin in 0.3-0.4 ml. For each mouse, two focused cardiac SPECT
scans were performed, the first scan starting about 30 min post injection. The first scan lasted
60 min, while the second scan lasted 70 minutes in order to obtain approximately equal

£ %™Tc). For each mouse,

numbers of counts in both scans (i.e. to compensate for the decay o
one scan was performed with the mouse in a supine position, while the other scan was
performed with the mouse in a prone position, and the position order was alternated for
different mice to avoid bias caused by the order of animal positioning. A heating pad was
placed between the mice and the animal bed. The mice were anesthetized with a mixture of
1.6-2.0% isoflurane in medical air (Univentor, UNO B.V., Zevenaar, the Netherlands). ECG
signals were measured by using three ECG leads (Neonatal Monitoring Electrode, 3M,
Maplewood, MN, USA) and the respiratory signal was measured by using a respiration sensor
(Graseby Respiration Sensor, Medicare, Kilmacanogue, Ireland). Both signals were sent to an
animal monitoring and gating module (BioVet, m2m Imaging, Cleveland, OH, USA). Two
channels of trigger signals were produced by this device (one channel for ECG signals and
one channel for respiratory signals) and these signals were sent to the U-SPECT-II system via
two BNC connectors.
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5.2.2 Image reconstruction and strategies for respiratory-motion
compensation

Trigger events were recovered during list-mode data processing. A histogram of the
time intervals between adjacent ECG trigger events was made for each scan and a window
was set to accept only the intervals in the main peak (width: about 12%) of the histogram.
This way most irregular heartbeats and spurious or missing trigger signals were rejected. The
same procedure was performed for the time intervals between adjacent respiratory trigger
events. Next, each accepted ECG interval was divided into eight cardiac phases, and each
accepted respiratory interval was split into eight respiratory phases. This resulted in 64
combinations of cardiac and respiratory phases. Each photon count in the list-mode data was
sorted into one of 64 projection data sets depending on how its time stamp located in the ECG
and respiratory intervals, as is illustrated in Fig. 1.

‘123456178‘12345673|

= R
® a gamma count

Respiratcry | | | | | | | | |

phase |

Respiratory phase

w

4 5 6 7 8
Cardiac phase

Figure 1. Dual gating scheme with 8 ECG and 8 respiratory gates. A count that is e.g. in the
2" cardiac phase and the 6" respiratory phase will be sorted into the projection data set
corresponding to this combination of phases. The reconstructed image for this combination of
phases is indicated by the white box.
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Images were reconstructed by a pixel-based ordered subset expectation maximization
algorithm (POSEM) [29] with 16 subsets, and 6 iterations were performed. The voxel size of
the reconstructions was 0.2 mm. In order to study the influence of respiratory motion, three
different strategies were applied to form eight ECG-gated heart images from the 64 dual-gated
images.

Firstly, the “standard strategy”: images of all eight respiratory gates that were in the
same cardiac phase were averaged directly. This way, the counts in all respiratory phases
were used and no respiratory-motion correction was applied.

Secondly, the “motion-reduced strategy”: images of 2™ up to 7™ respiratory gates that
were in the same cardiac phase were averaged directly. This strategy is based on a hypothesis
that significant respiratory motion only occurs when a respiratory trigger signal is created,
which was revealed in [19]. This way, counts acquired in respiratory gates that correspond to
the largest respiratory motions were excluded from image formation and the resulting images
may be less influenced by respiration.

Thirdly, the “motion-corrected strategy”: images of all eight respiratory gates that
were in the same cardiac phase were firstly registered to each other and then averaged. Details
of the registration procedure are discussed in the following section.

5.2.3 Image registration for respiratory motion correction

Contraction and relaxation of the heart (i.e. cardiac phases) mainly change the shape of
the heart, while respiratory motion primarily changes the position and orientation of the heart
as the diaphragm, the chest wall and the lungs move during breathing [7]. The influence of
respiratory motion on the cardiac images can therefore be corrected by using a rigid
registration procedure. In principle, any dual-gated image can serve as a reference image for
the registration of dual-gated images that correspond to the same cardiac phase but to
different respiratory phases. However, the noise level in the 64 individual dual-gated images
was relatively high, because of the relatively low number of counts with which each image
was reconstructed. Therefore, we did not determine the registration parameters from these
images directly, rather we calculated these parameters from eight respiratory-only-gated
images: each of these images was an average of eight dual-gated images that corresponded to
one respiratory phase but to different cardiac phases. The resulting image corresponding to
the Sth respiratory phase served as the reference image for registration of the images
corresponding to the other respiratory phases. As a result, seven transformation matrices were
obtained. These transformations were then applied to the 56 dual-gated images that
corresponded to the 1-4™ and 6™-8™ respiratory phases.

The transformation matrices were calculated using the elastix toolbox [30]. The
normalized correlation coefficient (NCC) between two images was selected as the metric for
registration. To avoid influence of high activity uptake in the liver and the gall bladder on the
registration procedure, a 3D elliptical mask that only covered the heart was used. This mask
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was fixed to the reference image and the transformation matrices were calculated using only
the voxels inside the mask region.

5.2.4 Image processing and analysis

All ECG-gated images that were obtained by the three strategies (standard, motion-
reduced and motion-corrected) were spatially filtered with Gaussian kernels of 0.5 mm, 0.6
mm, 0.7 mm, 0.8 mm, 0.9 mm and 1.0 mm full width at half maximum (FWHM) and then
filtered along temporal frames (cardiac phases) by means of a circular convolution with a
[0.25, 0.5, 0.25] kernel function. We analyzed these images with the Corridor4DM software
(INVIA, Ann Arbor, MI, USA) [31]. In order for the clinical Corridor4DM software to accept
mouse-heart images, the voxel size of the images was changed from 0.2 mm to 2 mm. The
cardiac volumes that were calculated by the software were rescaled afterwards to correspond
to the original voxel size.

After importing the images into Corridor4DM, an initial manual reorientation of each
image was performed to roughly align the heart’s short axis (SA), vertical long axis (VLA)
and horizontal long axis (HLA) with the three Cartesian axes, after which the software
automatically fine-tuned the orientation using a built-in algorithm. Next, a flexible 3D left
ventricle (LV) model was fitted to the LV walls in the images. The model uses gradient
operators, contiguity assumptions, and weighted spline interpolators to detect and refine the
LV endocardial and epicardial surfaces [31]. Using this model, the LV volume (LVV) in each
cardiac phase was calculated and the maximum and minimum LVVs of all cardiac phases
were respectively defined to be the end-diastolic volume (EDV) and end-systolic volume
(ESV). The left ventricular ejection fraction (LVEF) was also provided by the software.

In addition to cardiac parameters, images were directly compared by generating line
profiles along different positions and directions in the images. To this end, an extra rigid
registration was applied between the images.
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5.3.1 Respiratory motion and image profiles

Chapter 5

The transformation matrices that were obtained with the motion-corrected strategy

revealed that the largest heart motion (about 1 mm translation) occurred in the 8" respiratory

phase in which the respiratory trigger signal was created. The second largest heart motion

(about 0.4 mm) occurred in the 1* phase, while the heart motions in the rest of the respiratory

phases were generally less than 0.2 mm (Fig. 2), which is smaller than the highest resolution

that the imaging system can achieve (about 0.35 mm). This finding is consistent with the

hypothesis that significant respiratory motion only occurs when a respiratory trigger signal is

created, which is the justification for the motion-reduced strategy (i.e. only using the 2nd up to

the 7™ respiratory gate). Taking Mouse 2 and 5 as an example, almost no visual differences

were found between the cardiac image slices and profiles corresponding to the three motion

correction strategies (Fig. 3).

0.6

Translation (mm}

0.6

0.4
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Figure 2. Respiratory heart translations that were calculated
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by the rigid registration

procedure in the motion-corrected strategy. Relatively large translations were found only in

the I and 8" frames (average over all scans).
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Mouse 2

standard motion- motion-

standard motion- motion-
reduced corrected reduced corrected

SA VLA

standard motion- motion-
reduced corrected reduced corrected

standard

SA VLA SA VLA

standard strategy
motion-reduced strategy
motion-corrected strategy

Figure 3. SA and VLA slices and line profiles of Mouse 2 and Mouse 5 in supine and prone
positions at ED. Images are filtered with a Gaussian kernel (0.7 mm FWHM).

5.3.2 Cardiac parameters

The 180 ECG-gated heart images, resulting from all combinations between the five
mice, the two positions, the three respiratory-motion correction strategies and the six
Gaussian filter kernels, were analyzed by the CorridordDM software. The resulting cardiac
parameters are listed in Table 1 (all tables can be found at the end of this chapter, before the
bibliography section). The EDV, ESV and LVEF obtained from the images that were formed
by the “standard strategy” and that were filtered with a 0.7 mm FWHM kernel were
respectively 50+11 pl, 2248 pl and 0.57+0.07 (average over the ten scans). The mean values
corresponding to this strategy and filter kernel served as reference values for comparing
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cardiac parameters obtained by other combinations of motion correction strategies and filter
kernels. Note that in this work the values of LVEF are expressed as decimal fractions to
distinguish them from the relative changes in LVEF which are expressed as percentages.

The 180 ECG-gated heart images were separated into 36 different groups, each group
corresponding to a combination of one of the three motion correction strategies, one of the
two animal positions and one of the six filter kernels (each group contained reconstructions of
five mouse scans). The average EDVs, ESVs and LVEFs were calculated for each group. The
results are plotted in Fig. 4. This figure clearly shows that there were only slight changes in
cardiac parameters induced by the different motion correction strategies.

LVEF

' ' ' ' ' ' ' v ' ' '
04 p--ramms greensmes jeemansespansenss . et AsERasac) [Ieenaa gesessaEeensann Fomeees freseses qres=eass
' H ' ' H ' ' ' ' ' ' '

standard strategy N R—
motion-reduced strategy
motion-corrected strategy

05 OIS 0.7 OIS 0.9 1‘0 0‘5 0‘6 0.7 OIB 0I9 1.0
Filtter FWHM (mm) Filter FWHM (mm)

Figure 4. Effects of positioning, motion correction strategy and Gaussian filter size on left

ventricular EDVs, ESVs and LVEF's (average over all scans).

In order to investigate the effects of image filtering, animal positioning and motion
correction strategies on the measured cardiac parameters, we performed linear regression
analyses on the 180 images (i.e. observations). The variables are listed in Table 2. The
variable prone is a categorical dummy for animal positioning, and mr and mc are categorical
dummies for respiratory-motion correction strategies. The supine position and the “standard
strategy” were the reference categories in the regression. We also created categorical
dummies m2 to m5 to represent individual differences between the mice. We omitted any
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interaction terms between the variable filfer and the categorical dummies mentioned above,
because effects of image filtering should have no correlation with possible effects induced by
the other variables. Therefore the dummies contributed only in the intercepts of the regression.
The linear regression model is represented by:

dep; = B, + B, filter; + B, prone; + Bymr, + Byme; + fsm2; + fim3; + fym4; + fymS, +&; (1)

in which i denotes the index of observations, and dep represents the dependent variables (i.e.
edv, esv or lvef) in the three regressions. The estimates of the ordinary-least-squares
estimators (by Stata, StataCorp, College Station, TX, USA) are listed in Table 3.

The coefficient of determination (R’) of each regression was larger than 0.85, which
means that the data points fit the regression model quite well. Before any causal
interpretations of the results are made, the statistical significance of the estimates at a 5%
significance level is examined. Only if an estimated coefficient is statistically significant, one
can state that the effect of the corresponding parameter does exist. In this study, we found
strong evidence that filtering and animal positioning have influence on EDV, ESV and LVEF,

since the p-values for the estimated coefficients for filter ( [3]) and prone ([22) were 0.00
(<0.05) for all regressions. However, the p-values for the estimated coefficients for mr ( ,33)

and mc (f§,) were all larger than 0.05, except for f, in the LVEF-regression. Hence we can
conclude that compared to the “standard strategy”, the influence of the “motion-reduced” or
the “motion-corrected” strategies on the measured cardiac parameters are statistically
insignificant at a 5% significance level, however the “motion-corrected strategy” induced a
statistically significant change to the LVEF. The changes in cardiac parameters for each of the
significant OLS-estimates are listed in Table 4.

We also noticed that the estimated parameters for dummies m2 to m5 are significant
(their p-values are < 0.05). It means that the individual differences in the measured cardiac
parameters were much bigger than the differences that could be induced by the different
respiratory-motion correction strategies.

5.4 Discussion

In this study, three respiratory-motion correction strategies were examined in order to
study the influence and potential benefit of respiratory-motion compensating for high-
resolution ECG-gated myocardial perfusion SPECT in mice. Qualitatively, the line profiles
through the images and cardiac parameters that were derived from the images that were
formed using three different motion correction strategies showed no large differences.
Furthermore, we can discuss the influence of respiratory-motion correction, image filtering
and animal positioning on the measured cardiac parameters by using our statistical model.

Influence of strategies to correct for respiratory motion: Only the motion-corrected
strategy induced a statistically significant change to LVEF. However the absolute change was
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0.012, which is only 2.1% of the reference LVEF. Therefore we could state that the different
motion-correction strategies that were tested in this chapter have no big influence on the
standard strategy”,

113

measured cardiac parameters at all. In other words, compared to the
neither the “motion-reduced strategy” nor the “motion-corrected strategy” showed changes in
the cardiac parameters larger than 2.1%. Nevertheless, the “standard strategy” (i.e. ECG-
gating and no respiratory-motion compensation) is the simplest strategy since it does not
require recording and processing of respiratory signals.

Influence of image filtering: According to the estimated regression models,
5% changes to the reference EDV, ESV and LVEF could be induced by respectively 0.37 mm,
0.18 mm and 0.40 mm changes in the FWHM of the Gaussian filter, with other factors
remaining the same. In practice, researchers usually use the same filter for images from the
same dataset, but may unconsciously use different filters for e.g. images reconstructed on
different days in a longitudinal study before comparing them. One should be aware of this
issue, because e.g. once the difference of the FWHM of the filter exceeds 0.4 mm, there could
be errors of more than 5% in comparisons between the measured LVEFs.

Influence of animal positioning: An absolute change of about 3.1 pl (EDV), 2.5 pl
(ESV) and 0.018 (LVEF) occurred when the animal positioning was changed, with other
factors the same. These are 6.2%, 11% and 3.2% of the reference EDV, ESV and LVEF,
respectively. Although further experiments and analysis are needed to investigate the
underlying reasons causing the observed changes, it is wise that for the same group of cardiac
studies one keeps the animal position the same.

The mouse model that is used in this study may play an important role as a preclinical
model for evaluating effects of therapeutics on cardiac function in future studies. In the

99MT¢tetrofosmin was used. This tracer enables the quantification of myocardial

current study
perfusion and function in a single scan. In this study we determined the influence of
respiratory motion, image filtering and animal positioning on cardiac parameters. There are
still other effects such as scatter and attenuation that may influence the measurements,
although these effects are very small and can be easily corrected in small-animal imaging
when clinical tracers are used [32-36].

In short, even for sub-half-millimeter myocardial SPECT, our results indicate that
respiratory gating has no significant effect on measured cardiac parameters, while image
filtering and the position animal(s) should be kept the same for all scans in a comparative
study. Of course, it could be that when animals that are scanned under different anesthetic
regimes or have compromised pulmonary function, quite different ranges of respiratory
motion may occur. In such cases, simultaneous ECG and respiratory gating combined with
respiratory-motion correction may still be important and useful. Further investigations are
required in order to study possible effects on measured cardiac parameters under such
conditions.
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5.5 Conclusions

For high-resolution cardiac perfusion SPECT in mice, respiratory gating has no
significant influence on measured LV volumes and LVEFs. Image filtering and animal
positioning do have a big influence on these parameters and should therefore be kept the same
for all scans in a comparative study.
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TABLE I. Cardiac parameters measured from reconstructed images. S: standard strategy. MR:
motion-reduced strategy. MC: motion-corrected strategy.

Mouse 1 (31 g)

] EDV (ul) ESV (ul) LVEF
Filter - - -
(mm) Supine Prone Supine Prone Supine Prone
S MR MC S MR MC S MR MC S MR MC S MR MC S MR MC
0.5 59 59 58 50 51 48 26 27 25 18 19 18 56 540 58 6462 .63
0.6 58 58 57 49 50 47 25 25 24 17 19 17 56 .57 .58 .65 .63 .64
0.7 58 58 57 48 50 47 24 25 23 18 18 16 59 560 .59 63 .64 .65
0.8 57 58 56 47 48 46 24 24 23 17 18 16 57 .59 .59 .63 .62 .66
0.9 56 57 56 46 48 45 24 23 22 17 16 15 5759 .60 64 66 .66
1.0 55 56 55 45 47 44 22 23 22 15 16 15 59 .60 .60 .66 .65 .67
Mouse 2 (30 g)
] EDV (ul) ESV (ul) LVEF
Filter . . -
(mm) Supine Prone Supine Prone Supine Prone
S MR MC S MR MC S MR MC S MR MC S MR MC S MR MC
0.5 40 39 39 40 40 39 16 17 16 19 19 18 59 5759 S 520 54
0.6 39 39 39 39 39 38 16 16 15 18 19 17 .60 .58 .60 5453 55
0.7 39 39 38 39 39 38 16 16 15 17 19 17 .60 .59 .60 56 .52 56
0.8 38 38 38 39 38 37 14 16 14 16 17 16 62 59 .63 58 .55 57
0.9 38 38 37 38 37 37 13 15 13 15 17 16 64 61 .65 .60 .55 .58
1.0 37 37 37 37 36 36 13 13 13 15 16 15 65 .64 .65 59 56 .58
Mouse 3 (30 g)
] EDV (ul) ESV (ul) LVEF
Filter - - -
(mm) Supine Prone Supine Prone Supine Prone
S MR MC S MR MC S MR MC S MR MC S MR MC S MR MC
0.5 38 39 38 42 43 42 14 13 13 16 16 14 62 .68 .66 62 .62 .67
0.6 38 39 38 41 42 41 4 12 12 15 16 14 64 69 .68 62 .62 .65
0.7 37 38 37 41 42 40 1313 12 14 16 13 66 .67 .68 65 .63 .67
0.8 37 37 36 40 41 40 12 12 11 14 14 13 .68 .68 .68 65 .65 .67
0.9 36 37 35 40 40 39 12 11 11 13 14 12 67 .69 .69 .68 .65 1
1.0 35 36 34 39 40 37 1111 11 13 13 12 69 .69 .69 .67 .68 .68
Mouse 4 (30 g)
] EDV (ul) ESV (ul) LVEF
Filter T - -
(mm) Supine Prone Supine Prone Supine Prone
S MR MC S MR MC S MR MC S MR MC S MR MC S MR MC
0.5 58 61 56 65 65 65 24 27 24 31 31 31 58 56 .57 530052 53
0.6 58 6l 56 64 65 65 25 26 23 31 31 31 58 57 .60 S1.52 53
0.7 58 59 56 64 64 64 24 26 22 30 31 31 59 56 .60 530052 52
0.8 55 59 54 63 64 63 23 24 22 30 30 31 57 .59 .59 52 .52 51
0.9 54 56 52 63 63 63 23 23 21 30 30 30 58 58 .60 530052 52
1.0 53 56 52 62 62 63 22 23 21 28 29 29 59 .59 .60 55 54 .53
Mouse 5 (31 g)
] EDV (ul) ESV (ul) LVEF
Filter - - .
(mm) Supine Prone Supine Prone Supine Prone
S MR MC S MR MC S MR MC S MR MC N MR MC S MR MC
0.5 54 54 54 68 68 68 29 29 27 37 37 37 46 47 51 A6 45 46
0.6 54 53 54 68 67 67 28 28 26 37 37 36 48 47 51 46 45 .46
0.7 53 53 53 67 67 67 29 27 26 36 37 36 46 49 50 46 45 46
0.8 52 52 52 67 67 67 28 26 26 35 35 35 47 50 .50 A48 47 48
0.9 52 51 51 66 66 66 27 27 25 34 35 34 49 48 51 A8 48 48
1.0 51 51 50 65 66 66 25 25 24 34 33 33 52050 .52 A8 .50 .50
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TABLE II. Description of variables in regression analyses.

Dependent variables Description

edv EDV (in pl)

esv ESV (in pl)

lvef LVEF (expressed as decimal)

Independent variables Description

filter FWHM (in mm) of Gaussian filter

prone Dummy variable (= 1 for prone position and = 0 for supine position)
mr Dummy variable (= 1 for motion-reduced strategy and = 0 for others)
mc Dummy variable (= 1 for motion-corrected strategy and = 0 for others)
m2 Dummy variable (= 1 for Mouse 2 and = 0 for others)

m3 Dummy variable (= 1 for Mouse 3 and = 0 for others)

mé Dummy variable (= 1 for Mouse 4 and = 0 for others)

m5 Dummy variable (= 1 for Mouse 5 and = 0 for others)
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TABLE III. OLS estimates of regression of EDV, ESV and LVEF by using linear model (1).

EDV
Estimate Mean Standard Error p-value R’
B, (for filter) -6.70 1.81 0.000
B, (for prone) 3.13 0.62 0.000
B, (for mr) 0.57 0.76 0.456*
B, (for mc) ~0.65 0.76 0.393*
By (for m2) ~14.14 0.98 0.000 0.8552
B, (for m3) -13.58 0.98 0.000
B, (for m4) 7.69 0.98 0.000
By (for m5) 7.31 0.98 0.000
B, (constant) 55.82 1.62 0.000
ESV
Estimate Mean Standard Error p-value R
B, (for filter) —6.14 1.25 0.000
B, (for prone) 2.50 0.43 0.000
B, (for mr) 0.42 0.52 0.425*
B, (for mc) -0.77 0.52 0.143*
Bs (for m2) -4.53 0.67 0.000 0.8608
By (for m3) ~7.39 0.67 0.000
B, (for m4) 6.44 0.67 0.000
By (for m5) 10.67 0.67 0.000
B, (constant) 23.92 1.11 0.000
LVEF
Estimate Mean Standard Error p-value R
B, (for filter) 0.072 0.011 0.000
/}2 (for prone) —-0.018 0.004 0.000
B, (for mr) ~0.004 0.005 0.385%
B, (for mc) 0.012 0.005 0.017
Bs (for m2) -0.028 0.006 0.000 0.8605
By (for m3) 0.053 0.006 0.000
B, (for m4) -0.057 0.006 0.000
By (for m5) -0.131 0.006 0.000
B, (constant) 0.564 0.010 0.000

* insignificant (p > 0.05).
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TABLE IV. Interpretation of statistically significant coefficients.

Estimate Interpretation
For EDV:
- When FWHM of the Gaussian filter increases by 1 mm, EDV decreases by
p=-61 6.7 ul, ceteris paribus.
B -3 When position changes from supine to prone, EDV increases by 3.1 pl,
2 ceteris paribus.
For ESV:
ﬁ; - 61 When FWHM of the Gaussian filter increases by 1 mm, ESV decreases by
! ) 6.1 pl, ceteris paribus.
/} —95 When position changes from supine to prone, ESV increases by 2.5 pl,
L ceteris paribus.
For LVEF:
5 =0.072 When FWHM of the Gaussian filter increases by 1 mm, LVEF increases
A=0. by 0.072, ceteris paribus.
/} — 0018 When position changes from supine to prone, LVEF decreases by 0.018,
2 ’ ceteris paribus.
[} ~0012 When strategy changes from standard to motion-corrected, LVEF
4 increases by 0.012, ceteris paribus.
y p
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6. Fast count-regulated OSEM reconstruction with adaptive
resolution recovery

P. E. B. Vaissier, M. C. Goorden, A. B. Taylor, and F. J. Beekman, “Fast count-regulated
OSEM reconstruction with adaptive resolution recovery,” Published in /[EEE Trans. Med.
Imag., vol. 32, no. 12, pp. 2250-2261, 2013.

Abstract

Ordered Subsets Expectation Maximization (OSEM) is widely used to accelerate
tomographic reconstruction. Speed-up of OSEM over Maximum Likelihood Expectation
Maximization (MLEM) is close to the number of subsets (NS). Recently we significantly
increased the speed-up achievable with OSEM by specific subset choice (Pixel-based OSEM).
However, a high NS can cause undesirable noise levels, quantitative inaccuracy or even
disappearance of lesions in low-activity image regions, while a low NS leads to prohibitively
long reconstructions or unrecovered details in highly active regions.

Here we introduce Count-Regulated OSEM (CROSEM) that locally adapts the
effective NS based on the estimated amount of detected photons originating from individual
voxels. CROSEM was tested using multi-pinhole SPECT simulations and in vivo imaging.
With the maximum NS set to 128, CROSEM attained acceleration factors close to 128 in
high-activity regions and kept quantitative accuracy in low-activity regions close to that of
MLEM. At equal cold-lesion contrast in high-activity regions, CROSEM exhibited lower
noise than MLEM in low-activity regions. CROSEM is a fast and stable alternative to OSEM
preventing excessive image noise and quantitative errors in low-activity regions while
achieving high-resolution recovery in structures with high activity uptake.
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6.1 Introduction

In recent years, statistical iterative algorithms have become the method of choice for
reconstructing Single Photon Emission Computed Tomography (SPECT) and Positron
Emission Tomography (PET) images [1-5]. Additionally, significant interest is being shown
in accelerated versions of these algorithms for X-ray Computed Tomography [6-13].
Compared to analytical reconstruction methods, statistical iterative methods have been shown
to (i) be more robust to statistical noise, (ii) be applicable to complex detector- and collimator
geometries and (iii) allow better modeling of the physical detection process, which can be
used to correct for several image-degrading effects. Of these iterative methods, Maximum
Likelihood Expectation Maximization (MLEM, [14, 15]) has become the gold standard,
mostly due to its consistent and predictable convergence behavior, non-negativity constraint
and ease of implementation.

Despite the ever increasing computer speed, MLEM remains computationally costly as
the size of system matrices is also increasing over time. This trend is driven by, on the one
hand, the use of more refined models of photon transport which are desired for better
resolution recovery and quantitatively accurate images [16], and on the other hand by the
demand for finer voxel grids to accommodate the increasing resolution of modern (preclinical)
SPECT and PET [17]. A major breakthrough that has led to the widespread application of
statistical iterative algorithms in medical image reconstruction was the introduction of block-
iterative methods. These methods use ordered subsets (OS) of the projection data in each sub-
iteration of the algorithm to accelerate resolution recovery. This principle was applied to
MLEM to yield the Ordered Subsets Expectation Maximization algorithm (OSEM, [18]).
Despite the fact that OSEM has no theoretical convergence proof and that the approach is
heuristically motivated, OSEM is currently the most widely used iterative reconstruction
method in emission tomography: OSEM is fast, easy to implement and has been shown to
yield acceptable images for a large variety of imaging studies. Studies have shown that for
parallel hole-collimated SPECT, OSEM provides almost the same reconstructed images as
MLEM, when the number of subsets (NS) is not too high [19, 20] and that the acceleration
factor is roughly proportional to the NS [18, 19]. In most OSEM implementations, each subset
contains a number of complete SPECT projections. It was recently shown that it can be more
advantageous to use pixel-based subset schemes (Pixel-based OSEM; POSEM, [21]). These
schemes deviate from traditional subset schemes in that subsets do not consist of grouped
projection views, rather the detector pixels in each subset are spread out in a regular pattern
over the entire detector and therefore each subset contains detector pixels from all projection
views. This way, subset balance does not deteriorate as fast as with traditional subset schemes
as the NS increases. In a number of cases POSEM could achieve acceleration factors that
were an order of magnitude higher than those of traditional OSEM when applied to multi-
pinhole SPECT.

This paper addresses and solves a shortcoming of OSEM that, to our knowledge, has
not been reported previously in literature. The problems that can rise when OSEM is operated
at a high NS are illustrated in Fig. la. This figure shows maximum-intensity-projections
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(MIPs) of MLEM and OSEM reconstructions of a SPECT scan of a tumor-bearing mouse.
From the MLEM reconstruction it is clear that the tracer accumulated in the kidneys and to a
much lesser extent in the tumor. In OSEM reconstructed images activity in more and more
voxels was erased as the NS increased; e.g. for OSEM with 64 subsets activity in the tumor
completely disappeared and for OSEM with 128 subsets activity in the entire image was
erased. Note that the grayscale is the same for all MIPs in Fig. 1. These major reconstruction
artifacts occur if a large fraction of the (small) detector pixels in each subset contain no counts.
In such cases, it may happen that a subset exists in which all detector pixels that occur in the
update term of a certain voxel do not contain any counts and, as a consequence, the activity in
this voxel will be updated to zero in the sub-iteration that uses this subset. Due to the
multiplicative nature of the OSEM update step the activity in this voxel will then remain zero,
even if detector pixels in other subsets that are used to update the voxel do contain counts. As
shown in Fig. la, this can lead to the permanent erasure of activity. Furthermore, because
OSEM strives to make re-projected activity consistent with measured projections, extra
activity may accumulate in surrounding voxels. The occurrence of these effects becomes more
likely for a decreasing number of counts and/or an increase of the NS.

To prevent these reconstruction artifacts fewer subsets could be used. However, since
there is no general rule for selecting a low enough NS to avoid quantification errors and
tumor/lesion detection loss in regions with low activity, one needs to always select a low NS
and ends up with (i) very time consuming reconstructions and noisy low-activity regions due
to the high number of iterations that is required to achieve a high resolution in high-activity
regions, or (ii) a low resolution in the entire image if a low number of iterations is performed
to save reconstruction time. As a simple solution, one may also consider to only perform
nonzero activity updates (Fig. 1b) or to simply exclude detector pixels that contain no counts
(Fig. 1c). Although these two strategies may work for moderate/high count (PET) data, we
have tried these options and found reconstructions full of artifacts when applied to (low-count)
pinhole SPECT. Note that with pinhole SPECT it may regularly occur that the majority of the
detector pixels contain no counts. Therefore, leaving out the detector pixels that contain no
counts means not using a substantial amount of the detector pixels. These pixels do contain
information about the likelihood of a certain activity distribution as they indicate that the
voxels that project onto them probably contain low activities. Therefore, simply excluding
these pixels resulted in severe overestimation of the activity in all images presented in Fig. 1c
(i.e. overall black MIPs).
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Figure 1. Maximum-intensity-projections (MIPs) of SPECT reconstructions of mouse with
tumour  (16.7 MBg ~ *"Te-prostate-specific-membrane-antigen-targeted — (*"Tc-PSMA)
radioligand [22], scanned for 32 min starting 4 h post injection). The grayscale is the same
for all MIPs. MLEM and OSEM reconstructions (a) if voxel updates to zero activity are

allowed, (b) if voxel updates to zero activity are not allowed (c) if detector pixels with no

counts are simply excluded from the measured data.

These problems can be prevented by the use of an algorithm that adapts its
acceleration speed (i.e. the NS) automatically and locally depending on local activity
estimates. Such a type of EM algorithm was already introduced in [23] and referred to as
Statistically Regulated EM (StatREM). StatREM utilizes the concepts of statistically adaptive
subset formation and spatially adaptive voxel updates. StatREM closely resembles OSEM in
that subsets of the measured projection data are used for voxel updates. However, while
OSEM updates all voxels in each sub-iteration, StatREM only updates a voxel if it passes a
statistical hypothesis test which considers the differences between the simulated and measured
counts for those detector pixels that occur in the update term of a certain voxel; i.e. the system
matrix elements (sensitivities) corresponding to these voxel-pixel combinations are nonzero.
If the test passes (the difference is significant) the conclusion is drawn that this voxel is at
least partially responsible for the mismatch between the simulated and measured data and the
voxel is updated. It was shown that StatREM accelerated recovery of spatial resolution in
high-activity image regions, while noise artifacts in low-activity regions were reduced.
However, the voxel-wise test used within StatREM does not take into account how likely it is
that counts in a certain detector pixel originate from the voxel under consideration. For
example, a pixel may only be slightly sensitive to the photons originating from a certain voxel
(i.e. low value of the system matrix element) and therefore the voxel may not be expected to
contribute much to that detector pixel. Or, alternatively, a voxel may be estimated to have a
low activity and therefore it will not contribute many counts to any detector pixel. This may
result in suboptimal images, as we will show later in this paper. To overcome these problems
we introduce a new Count-Regulated version of the OSEM algorithm (CROSEM): CROSEM
also uses adaptive subset formation and spatially adaptive voxel updates by means of a voxel-
wise test, however the test used within CROSEM is based on the estimated contribution (i.e.
counts) of individual voxels to the detector pixels taking into account (i) the probability that a
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photon from that voxel ends up being detected in a certain detector pixel (i.e. the value of the
system matrix element) and, (ii) the estimated activity level of the voxel under consideration.

The aim of this paper is to introduce and validate CROSEM and to show that it
automatically achieves a locally adapted resolution-noise trade-off, prevents erasure of
activity and noise over-amplification in low-activity image regions while still enabling fast
resolution recovery in high-activity regions. We compare CROSEM to MLEM, OSEM and
StatREM for multi-pinhole SPECT and illustrate the benefit of CROSEM with
reconstructions of in vivo data.

6.2 Materials and methods

6.2.1 Image Reconstruction Algorithms

6.2.1.1 MLEM

In this study we used an implementation of MLEM according to [14] as a basis for
OSEM, StatREM and CROSEM. The MLEM update equation is given by:

~(k-1)

Fli(k) :7§M Mij ;2) 1
J h !
= mat @)

Here, " is the estimated activity in voxel 7 at the K™ iteration, p ; and ﬁ;k} are the measured

and estimated (simulated) number of gamma photon counts in detector pixel j with an energy
that lies within the selected photopeak window and M, is the system matrix element

ij
representing the probability that a photon emitted from voxel 7 is detected in detector pixel ;.
In this study the start image is a cylinder with uniform activity.

6.2.1.2 OSEM

OSEM uses the same equation as MLEM to update the image estimate but for each
update only a subset of the projection data is used. Such an update step is called a sub-
iteration. Only after all subsets have been traversed sequentially, a single OSEM iteration is
defined to be completed (full iteration). The OSEM image update is defined by:
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In (3), @*" represents the activity in voxel i after processing subset / of iteration k and S

contains the detector pixels of subset /.

6.2.1.3 StatREM

We implemented StatREM with voxel-wise statistical hypothesis testing according to
[23]. The test (paired-sample two-tailed t-test) considers the differences between the
measured and simulated counts for the detector pixels that occur in the update term of a
certain voxel and assumes that these differences are normally distributed. To make sure that
the statistical test is also meaningful in the first iteration, the initial (uniform) start image is
scaled such that the total activity in the image is consistent with the total number of counts in
the projection data.

The test statistic 77" for voxel i in sub-iteration (k) is calculated as follows: the
sum of weighted differences d*” between the measured and estimated detector counts that

occur in the correction term of voxel 7 in sub-iteration (k,/) is defined as:

v =y (1’,/ _1751{’[))

A B B 4
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The variable #*" is a running sum that increases each sub-iteration by " :
1 =g 4 g ®)
The test statistic 77" is then calculated by:
1 '
TT*D = — (gt*) (6)
L)

Note that in (4) d*" only includes those detector pixels that occur in the update term
of voxel i (i.e. M; #0)and U in (6) is the number of detector pixels that are considered in the

" At the same time, both the correction term C/* and the normalization

calculation of ¢
term N/, which respectively multiply and normalize the voxel value in each update, are also

running sums: each sub-iteration, a new correction and normalization term are defined, which
are the correction and normalization term acquired in the current subset added to the terms
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acquired in all previous sub-iterations of the current iteration that have been traversed since
the last update of voxel i:

P;

(kD) _ (k=1
CHr =N+ Y M, (7
Jjes; Jj
)y _ py-1
NP =N +>M, ®)

jes,

If the t-test demonstrates a statistically significant difference between the measured
and simulated projection counts for a specified statistical test level a (i.e. the value of the test

statistic 77" that is calculated in (6) lies outside the confidence interval for a confidence
level of 100(1-a)% ), the null-hypothesis that the current activity estimates resulted in the

measured data is rejected and voxel 7 is updated:

g kD
a‘i(k,l) _ i 0 C[(k,l) (9)
Ni

After the update, #"",C*" and N are reset to zero. Note that StatREM might still
allow activity updates to zero: in case the test passes (i.e. there is a significant difference

. . . k) - .
between the simulated and measured projection counts) and C*" is zero (i.e. zero measured

counts in the pixels that contributed to C'*") voxel i is updated to zero.

6.2.1.4 CROSEM

Like StatREM, CROSEM uses update equations (7)-(9) and only updates voxels that
pass a test. However, with CROSEM a different test is performed that is based on the current
activity estimate of the voxel under consideration. In order to obtain an initial estimate of each
voxel’s activity the CROSEM algorithm commences with a single MLEM iteration:

) ! Z P
a0 =M, L (10)
ZM - y p;])

i J

Here, @ and p are respectively the (uniform) start image and its estimated projection.

Further iterations are, like StatREM, performed, using a fixed (high) NS, in this work denoted
by NS™, Starting from the second iteration, in each sub-iteration one determines the number
of counts that a certain voxel is expected to contribute to the detector pixels of the current
subset based on the current activity estimate of the voxel. This number, added to the number
of counts that this voxel was expected to contribute to all previous subsets since its last update,
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determines if the voxel will be updated or not: the voxel is only updated when this number is
higher than a certain Count Threshold Value (CTV). To put this in equations, consider the test

Z(kD)
ti

for voxel 7 in sub-iteration (k,/): define as the estimated (simulated) number of photons

originating from voxel 7 that is detected in the detector pixels of subset /:

=kl ~ (k-1
f,-( ):ZMijai( ) (11)
Jes,

The value 7 is a running sum that increases each sub-iteration by 7" :

Ti(kJ) — Ti(kJ*D +Z~(k’” (12)

Once the running test value Tl.(k’l) exceeds the CTV and the correction term in (7) is nonzero
(i.e. C*" >0), the contribution of voxel i to the projection data is deemed high enough to

justify an update and the voxel is updated as in (9). Note that requiring C'*" > 0 serves as an

extra safety measure in preventing the voxel activity from being updated to zero, which might
occur if the voxel’s activity estimate is much higher than the actual activity (e.g. activity
estimates in early iterations), while there are no measured counts in the detector pixels that

occur in its correction term (C*" =0). After the update, 7", C*" and N” are reset to

i

zero. Furthermore, if voxel i was updated in a certain sub-iteration, but was not updated in all

(k.1)

consecutive sub-iterations of the full iteration, 7", C*" and N are carried into the next

full iteration until the test passes. However, if a voxel was not updated over a number of sub-

iterations equal to NS™*

, an update for that voxel is forced by using detector pixels from all
subsets. Thus, the total number of individual voxel updates in a full CROSEM iteration can
range from 1 (MLEM-like update) up to NS™. With CROSEM, the activity in a voxel can
still be updated to zero if none of the detector pixels in all subsets that are associated with that
voxel contain any counts. In such case, MLEM would also update the corresponding voxel
activity to zero. Since CROSEM automatically reduces the effective NS to update low-

S max

activity regions in an image, CROSEM can always be used with a high N irrespective of
the details of a scan.

To make the CTV independent of the reconstructed voxel size, the CTV is in units of
the number of (estimated) counts per milliliter. Before image reconstruction commences, the
CTV is scaled to the number of counts per voxel, a number that depends on voxel size. The
CTV is closely related to the count levels in the image as it functions as a regulation
parameter for the minimum counts that a voxel has to contribute to the projection data before
an update of that voxel is performed. Low-count image voxels are less likely to meet this
requirement each sub-iteration; only after projection pixels from a number of subsets are
added together to form a larger subset this requirement is met. The contribution from a high-

activity voxel to each subset of the projection data can be larger than the CTV for every
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subset and therefore these voxels can be updated every sub-iteration. To illustrate how
CROSEM updates voxels depending on their activity estimate, assume that CROSEM
reconstruction is performed on 0.5 mm voxels with the NS™ =128 and the
CTV =40,000 counts/ml. These reconstruction parameters imply that each voxel has to
contribute at least 5 counts to the projection data before it is updated (the volume of a single
voxel is 1/8,000 ml; a CTV of 40,000 counts/ml corresponds to a CTV of 5 counts/voxel). As
a result, a voxel that contributed >5 counts to the projection data of each subset would be
updated every sub-iteration , while a voxel that contributed less than 5 counts to the entire
projection data would be updated only once every full iteration, thereby using detector pixels
from all subsets.

Note that OSEM requires that each voxel is seen by every subset. If not,
reconstruction artifacts arise because voxels that are not seen in a certain subset have zero-
valued normalization terms in that subset. In most OSEM implementations this is overcome
by not updating voxels that have zero-valued normalization terms or by allocating zero
activity to these voxels, however these strategies may still result in artifacts. CROSEM
inherently prevents these artifacts by its requirement that a voxel must contribute counts to the
subset with which it is updated, which implies that normalization terms are never zero.

In this work, OSEM, StatREM and CROSEM were applied with pixel-based subset
schemes [21] and StatREM and CROSEM were always operated with NS™ = 128 subsets. In
the remainder of this work, k iterations MLEM is denoted as “kit MLEM”, k iterations OSEM
applied with L subsets as “kit OSEM-L”, k iterations StatREM with a statistical test level o as
“kit StatREM-a” and £ iterations CROSEM with a CTV f as “kit CROSEM-5”.

6.2.2 Focusing multi-pinhole SPECT scanner

In this study we used the U-SPECT-II/CT scanner (MILabs B.V., Utrecht, The
Netherlands) which is dedicated to ultra-fast, ultra-sensitive and ultra-high-resolution imaging
of rodents [17]. It has three large-area gamma cameras (595 x 472 mm Nal(T1)) and each
camera is subdivided into pixels of about 1 mm?®. The energy and spatial resolution of these
cameras are about 10% and 3.5 mm full-width-at-half-maximum (FWHM), respectively. The
cameras are placed in a triangular configuration with a focusing multi-pinhole collimator
positioned at the center of the scanner. In the present study a collimator tube for mouse-sized
animals was used [17], both for simulations and experiments. The 75 pinholes in this
collimator all have an opening angle of 30° and together create a field-of-view (FOV) that
encompasses the entire collimator tube diameter (44 mm) and has the shape of an hourglass.
A central part of the FOV (CFOV; transaxial diameter 12 mm, axial length 8 mm) is sampled
by all pinholes simultaneously and within the CFOV complete data is readily obtained.
Imaging of larger volumes is performed by translating the animal through the collimator along
a spiral trajectory [24]. Evaluations show that the spatial resolution that can be achieved with
this collimator can reach 0.4 mm (0.6 mm pinholes), while <0.3 mm can be achieved when
using smaller pinholes. The system matrix M is obtained through PSF measurements,
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modeling and interpolations [25]. The image reconstruction algorithm exploits all projections,
acquired from all positions of the animal inside the collimator, simultaneously, rather than
stitching together reconstructions of sub-volumes that each correspond to a single position of
the animal inside the collimator. This method of combined acquisition and reconstruction is
called the scanning focus method (SFM, [26]).

6.2.3 Digital image quality phantom SPECT simulation

To evaluate the quantitative accuracy and the rate of convergence (the iterative
recovery of image features) of MLEM, OSEM, StatREM and CROSEM, SPECT simulations
of a digital image quality phantom were performed. The cylindrical phantom was mouse-sized
(Fig. 2; diameter 24 mm, length 100 mm) and it contained 5 spheres (diameter 10 mm) filled
with different activity concentrations. To simulate both low- and high-count projection data,
every consecutive sphere contained a 10 times lower activity concentration (highest for
sphere 1, lowest for sphere 5). While such large differences in activity concentration might
not commonly occur in a single scan, it may represent count levels from different scans with a
large difference in activity concentration and/or scan time (since the number of counts
depends on both activity and scan time). The center of each sphere contained a small spherical
cold-lesion for contrast measurements (diameter 2 mm, no activity). The activity
concentration in the remainder of the phantom was uniform and 10 times lower than the
activity concentration inside sphere 5. To mimic a realistic continuous activity distribution,
the voxel size of the phantom was 0.15 mm, half the size of the voxels in the reconstructed
images.

The fast simulator that was used in this study is based on ray tracing to account for
resolution-degrading effects of pinhole diameter and pinhole edge penetration [27, 28]. The
radionuclide that was simulated is **"Tc (140 keV gamma photons). The intrinsic resolution
of the detectors and detection efficiency for 140 keV gamma photons were set in
correspondence with experimental data to a Gaussian response with a FWHM of 3.5 mm and
a value of 89%, respectively. The simulator was used to simulate noiseless phantom
projection data and to pre-calculate the system matrix. From the noiseless projections, 10
noise realizations were created by generating Poisson statistics, taking into account total
administered activity and scan duration (57.7 MBq and 60 min respectively, resulting in
19.5M counts in each noise realization).

All noise realizations were reconstructed with MLEM, with OSEM for a range of NS
(NS=16, 32, 64 and 128 subsets), with StatREM for a range of statistical test levels
(NS™* = 128; statistical test level = 0.01, 0.05, 0.1 and 0.2) and with CROSEM for a range of
CTVs (NS™ = 128; CTV =40k, 20k, 10k and 5k counts/ml). All reconstructions were post-
filtered with a 3D Gaussian kernel with a FWHM of 0.4 mm.

To evaluate the quantitative accuracy of each algorithm, a mean reconstructed image
was determined by averaging images over all noise realizations. From this mean image
longitudinal image slices through the transaxial centers of the spheres were made.
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Furthermore, reconstructed activities inside 11 mm diameter spherical volumes-of-interest
(VOIs; centered on the spheres) were determined in each of the noise realizations. This
resulted in a mean and standard deviation of the reconstructed activity in each sphere,
expressed in terms of percentage reconstructed activity relative to the true sphere activity.

To assess differences in iterative convergence speed and compare contrast and noise
characteristics between the algorithms, cold-lesion contrast and noise were calculated. The
average contrast inside a sphere at iteration k£ was defined to be the cold-lesion contrast at that
iteration averaged over all noise realizations, with the contrast in noise realization r at
iteration k being defined as:

Contrast"*) =W (13)

hot

Here <Af,,f,’j)> is the average reconstructed activity per voxel inside a | mm diameter spherical

VOI centered on the cold-lesion and <A}l;;"’> is the average reconstructed activity per voxel in

a spherical annulus surrounding the cold-lesion (inner and outer diameter 4 mm and 8 mm
respectively).

As a measure of the noise in each sphere, the normalized standard deviation inside the
cold-lesion region was averaged over all noise realizations, with the noise in noise realization
r at iteration k being defined as:
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Here A47},(q) is the reconstructed activity in voxel ¢ inside the cold-lesion VOI, which

consisted of O voxels. If due to reconstruction artifacts (i.e. erasure of activity) contrast and/or
noise for one of the spheres could not be calculated, contrast and/or noise for that sphere were
defined to be zero.

Figure 2. Longitudinal slice through center of digital image quality phantom containing 5

activity-filled spheres (diameter = 10 mm) with spherical cold-lesions (diameter =2 mm) at
their centers. Each consecutive sphere contains a factor 10 lower activity. Image is presented
on log-grayscale.
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6.2.4 In vivo SPECT

To illustrate the performance of CROSEM on experimental data, in vivo data was
reconstructed. We compared these reconstructions to MLEM reconstructions (gold standard)
and also performed OSEM and StatREM reconstructions. Considering the performance of
StatREM and CROSEM in the phantom SPECT simulation study, a test level of 0.05
(StatREM) and a CTV of 20k counts/ml (CROSEM) were used and 8 iterations were
performed with both algorithms. The number of OSEM iterations at which OSEM
reconstructions were compared to MLEM reconstructions was based on the rule of thumb that
performing & iterations OSEM with L subsets leads to a resolution and contrast approximately
equivalent to applying k*L iterations MLEM [18, 19]. From this rule of thumb follows that
128 MLEM iterations are required to compare MLEM to OSEM with up to 128 subsets (16,
32, 64 and 128 subsets were tested).

6.2.4.1 Scan of a Tumor-bearing Mouse

A 20 g male mouse was inoculated in the shoulder with 22Rv/ human prostatic
carcinoma cells. The tumor developed for 3 weeks and the mouse was then intravenously
injected with 16.7 MBq of a proprietary **Tc-prostate-specific-membrane-antigen-targeted
(*™Tc-PSMA) radioligand [22]. Four hours post-injection the mouse was sacrificed and a
SPECT scan was performed for 32 min. For the generation of the projection data a 20%

energy window was set around the *™

Tc-photopeak. Images were reconstructed on 0.375 mm
voxels and the images were post-filtered with a 3D Gaussian kernel with a FWHM of 1.0 mm.
From these images MIPs, image slices and image slice profiles were generated. Furthermore,
VOIs were selected for the kidneys and the tumor from the MLEM reconstructed image.
Using these VOIs reconstructed activities were determined in the OSEM, StatREM and
CROSEM images, expressed as percentages of the activities that were reconstructed with
MLEM. This experiment was conducted in accordance with Purdue University Animal Care

and Use Committee guidelines.

6.2.4.2 Bone-scan of a Mouse

A 30 g male mouse was anesthetized with isoflurane. An amount of 189 MBq **™Tc-
hydroxymethylene diphosphonate (" Tc-HDP) was injected in the tail vein. Scanning started
right before radioligand injection and the mouse was scanned for 60 min in frames of 1 min.
Low-count projection data was obtained from the last scan frame using a 25% energy window
set around the *’"Tc-photopeak. Images were reconstructed on 0.4 mm voxels and the images
were post-filtered with a 3D Gaussian kernel with a FWHM of 1.0 mm. From the same scan,
projection data containing more counts was obtained by summing the projection data of the
final 50 min of the scan. Images from this high-count data were reconstructed on 0.2 mm
voxels and the images were post-filtered with a 3D Gaussian kernel with a FWHM of 0.4 mm.
For all reconstructions MIPs were generated. Furthermore, VOIs were selected for the bladder
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and a section of the spine from the MLEM reconstructed images. Using these VOIs
reconstructed activities were determined in the OSEM, StatREM and CROSEM images,
expressed as percentages of the activities that were reconstructed with MLEM. This
experiment was conducted following protocols approved by the Animal Research Committee
of the University Medical Center Utrecht.

6.3 Results

6.3.1 Digital Image Quality Phantom SPECT Simulation

Figure 3 shows longitudinal slices (thickness: 1.2 mm) through the mean reconstructed
phantom images (average over 10 noise realizations) for (a) MLEM, (b) OSEM, (c¢) StatREM
and (d) CROSEM. The MLEM reconstructed image is shown for 128 iterations, OSEM
reconstructions are shown at an iteration number approximately equivalent to 128 MLEM
iterations and both StatREM and CROSEM reconstructions are shown for iteration #8. To
adequately visualize all spheres with strongly varying activity between them, the spheres are
displayed one by one with a different grayscale for each sphere.

For MLEM as well as for all tested CROSEM reconstructions, all spheres were clearly
visible. However, OSEM reconstructions increasingly deviated from MLEM as the NS
increased; more and more activity in spheres 4 and 5 was erased until their activity completely
disappeared in the reconstruction with 128 subsets. For all tested StatREM reconstructions
spheres 1 to 4 were clearly visible, but the reconstructions of sphere 5 showed considerable
artifacts as activity in many voxels was erased in the reconstructions of the individual noise
realizations, although these artifacts were found to be not as severe as in the OSEM
reconstructions.

Table 1 shows for each algorithm the percentage of reconstructed activity in spheres 1
to 5 relative to the true activity. All algorithms recovered >95% of the activity in spheres 1, 2
and 3. For sphere 4, MLEM still performed well in quantifying the activity and CROSEM
performed almost as well for all tested CTVs. OSEM showed increasing quantification errors
for reconstruction with an increasing NS. StatREM preformed approximately as good as
CROSEM, except for the strictest (lowest) test level. For sphere 5, MLEM and CROSEM still
performed very similar in terms of quantification, whereas all of the tested OSEM
reconstructions performed significantly worse; for OSEM-32, OSEM-64 and OSEM-128 even
all activity was erased. All tested StatREM reconstructions showed severe quantification
errors in terms of large standard deviations, which increased with less strict (higher) test
levels. For the lowest and highest test level not only high standard deviations were observed
but also large errors in mean reconstructed activity. These results indicate that for
quantification of activity, CROSEM performs significantly better than OSEM and StatREM
and that CROSEM almost matches MLEM.
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Figure 3. Reconstructions (average over 10 noise realizations) of simulated image quality
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phantom scan (57.7 MBq **"Tc, 60 min scan time). Longitudinal image slices through centers
of spheres (different grayscale per sphere) for (a) MLEM, (b) OSEM, (c¢) StatREM and (d)
CROSEM.
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TABLE I. Reconstructed activities (% of gold standard)
Sphere #

Algorithm 1 2 3 4 5
128it MLEM  99.840.0  99.9+0.1  99.7+#0.3  99.4+1.2  88.6+2.5
8it OSEM-16  99.8+0.1  99.840.3  99.3+1.2  99.1£3.0 72.4+47.3
4it OSEM-32  99.840.2 100.0+0.5 98.9+1.3 101.3+4.4 0.0+0.0
2it OSEM-64  99.8£0.2  99.9+0.5 98.44+2.0 77.6+4.7 0.0+0.0

1it OSEM-128  99.9+0.3 100.0+£0.7  99.94+2.8 0.0+0.0 0.0+0.0

8it StatREM-0.01  99.9+0.0  99.5+0.1  96.5+0.3  86.9£0.8  68.849.1
8it StatREM-0.05  99.9+0.0  99.8+0.1  98.3+0.2  95.0+1.0 82.1+£10.4
8it StatREM-0.1  100.0£0.0 100.0£0.1  99.4+0.3  98.6+1.7 85.3%£14.0
8it StatREM-0.2  100.0+£0.0 100.3+£0.1 100.6+0.4  94.5+2.8 41.1+14.4
8it CROSEM-40k  99.9£0.3  99.6£0.4 98.2+0.5 96.7+1.1  85.8+£2.2
8it CROSEM-20k  99.9+0.3  99.840.4 98.0+0.8 97.1+1.2  85.6+2.3
8it CROSEM-10k  99.9+0.3  99.840.6 97.8£1.1 96.1+1.6  84.842.4
8it CROSEM-5k 100.0+£0.3  99.9+0.6 97.9+1.4 944423 84.7£2.6

Figure 4 shows average contrast versus average noise (average over 10 noise
realizations) inside sphere 1 and sphere 5 for OSEM, StatREM and CROSEM. The graphs
also display the corresponding MLEM curves (solid lines).

For OSEM, contrast and noise characteristics inside sphere 1 were found to be
comparable to MLEM (Fig. 4a). The contrast recovery speed-up of OSEM over MLEM in
sphere 1 was found to be approximately equal to the NS, which can be deduced from the
MLEM and OSEM iteration numbers at approximately equal contrast and noise which are
also displayed in the figure. For sphere 5, all OSEM reconstructions showed large artifacts
and the average noise could therefore not be calculated and was defined to be zero (Fig. 4b).
Furthermore, because of these artifacts all OSEM reconstructions resulted in zero contrast,
except for OSEM-16 where an unrealistically high contrast was calculated. Figure 4b only
shows the first iteration for each tested OSEM since contrast-noise characteristics did not
improve at later iterations.

For sphere 1, all tested StatREM reconstructions resulted in a lower contrast than
MLEM at approximately equal noise levels (Fig. 4c). It can also be seen that higher (less strict)
test levels resulted in faster convergence in high-activity regions: e.g. 23it StatREM-0.01, 15it
StatREM-0.05, 13it StatREM-0.1 and 10it StatREM-0.2 were required to obtain a contrast
and noise level approximately equivalent to 384it MLEM. For all test levels of StatREM,
activities in many voxels of sphere 5 were erased in individual noise realizations and the
average noise could therefore not be calculated and was defined to be zero (Fig. 4d).
Furthermore, negative contrasts were found for some test levels of StatREM, because in some
of the noise realizations the average activity in the cold lesion was higher than the average
activity in the hot region. Figure 4d only shows the first iteration for each test level of
StatREM since contrast-noise characteristics did not improve at later iterations. For CROSEM,
contrast and noise characteristics inside sphere 1 were found to be comparable to MLEM
(Fig. 4e). CROSEM attained high speed-up over MLEM for sphere 1: e.g. 4it CROSEM-40k,
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2it CROSEM-20k, 2it CROSEM-10k and 2it CROSEM-5k resulted in a contrast and noise
level approximately equivalent to 128it MLEM (Note that the first CROSEM iteration was an
ordinary MLEM iteration so there was no speed-up over MLEM in this iteration). It can also
be seen that a lower CTV resulted in faster convergence in high-activity regions: e.g. 13it
CROSEM-40k, 8it CROSEM-20k, 5it CROSEM-10k and 4it CROSEM-5k were required to
obtain a contrast and noise level approximately equivalent to 384it MLEM. For sphere 5
(Fig. 4f), CROSEM-40k and CROSEM-20k behaved approximately MLEM-like in terms of
contrast and noise characteristics and speed, although their contrast at higher iterations was
slightly worse than MLEM. CROSEM operated with CTVs lower than 20k counts/ml
behaved approximately MLEM-like in early iterations, however at higher iterations more
iterations than MLEM were required to arrive at a similar contrast-noise as MLEM, which
indicates that these CTVs are suboptimal (e.g. 41it CROSEM-10k resulted in a similar
contrast-noise as 24it MLEM). Figure 4e-f clearly illustrate that CROSEM achieves a local
contrast-noise tradeoff: CROSEM attained high speed-up factors over MLEM inside high-
activity regions (sphere 1) and at the same time no speed-up over MLEM in very low-activity
regions (sphere 5): 8it CROSEM-20k resulted in a contrast and noise equivalent to 384it
MLEM inside sphere 1 and resulted in a contrast and noise equivalent to 8it MLEM inside
sphere 5.

These results indicate that CROSEM (for CTVs > 20k counts/ml) can achieve very
high speed-up over MLEM and that CROSEM is comparable to MLEM in terms of local
contrast and noise characteristics, whereas OSEM and StatREM resulted in severe
reconstruction artifacts in low-activity regions.
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Figure 4. Graphs of average contrast vs. average noise (average over 10 noise realizations)
in sphere 1 (left graphs) and sphere 5 (right graphs) for (a,b) OSEM, (c,d) StatREM and (e,f)
CROSEM. The graphs also show corresponding MLEM curves (solid lines).
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6.3.2 In vivo SPECT

6.3.2.1 Scan of a tumor-bearing mouse

Fig. 5 shows the reconstructed SPECT images of a tumor-bearing mouse for (a)
MLEM, (b) OSEM, (c) StatREM and (d) CROSEM. Similar to the phantom studies discussed
above, activity in more and more voxels was being erased in OSEM reconstructions as the NS
increased: for OSEM-128 activity inside the kidneys and tumor even completely disappeared.
The image profiles (thickness and width: 1.875 mm) clearly show deviations between MLEM
(dashed black line) and OSEM (solid magenta lines), which became larger for an increase in
the NS. The StatREM-0.05 image and profile are much closer to the MLEM image and profile,
although the MIP looks noisier and the profile deviates in some places. The MIP of the
CROSEM-20k reconstruction appears to be less noisy than the one of StatREM-0.05 and the
profile of CROSEM-20k almost perfectly matches the one of MLEM.

Table 2 shows the percentages of reconstructed activity in the kidneys and the tumor
(VOIs indicated in Fig. 5a) obtained with OSEM, StatREM-0.05 and CROSEM-20k relative
to the activities obtained with MLEM. StatREM-0.05 and CROSEM-20k show the smallest
deviations from MLEM, while for OSEM the deviations from MLEM increased for an
increase in the NS.

TABLE II. Reconstructed activities (% of 128it MLEM-reconstructed activities)
Algorithm Kidneys Tumor
8it OSEM-16  102.4 97.4

4it OSEM-32  102.8 86.5
2it OSEM-64 92.3 0.0
1it OSEM-128 0.0 0.0

8it StatREM-0.05 98.3 102.0
8it CROSEM-20k 98.8 98.4
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MIP Slice Slice Profile
(a) 128it MLEM

Figure 5. MIPs, slices and profiles of same SPECT scan as shown in Fig 1. Image profiles of
(a) MLEM (dashed black line) are compared to (b) OSEM, (c) StatREM-0.05 and (d)
CROSEM-20k (solid magenta lines): CROSEM-20k deviates very little from MLEM. MIP in
(a) indicates VOIs for kidneys (red) and tumor (blue).
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6.3.2.2 Bone-scan of a Mouse

Figure 6 shows the results for 1-min and 50-min mouse bone-scan reconstructions
with (a) MLEM, (b) OSEM, (c) StatREM and (d) CROSEM. For the OSEM reconstructions
of the 1-min scan (Fig. 6b, left) large parts of the image were erased as the NS increased: in
the image that was reconstructed with OSEM-128 only high-activity regions of the liver and
bladder had nonzero activity. StatREM-0.05 resulted in a very noisy reconstruction and bony
structures are only vaguely visible (Fig. 6¢, left). In contrast, CROSEM-20k clearly shows all
structures that are visible in the MLEM image (Fig. 6d, left).

The OSEM reconstructions of the 50-min scan (Fig. 6b, right) also show artifacts as
the NS increased; the MIPs look increasingly noisy and again activity in parts of the OSEM-
128 image was erased (e.g. parts of the jaw and tail), although these artifacts were not as
severe as in the OSEM reconstructions of the 1-min scan. The StatREM-0.05 reconstruction
(Fig. 6¢, right) looks very similar to the one of MLEM. The CROSEM-20k reconstruction
(Fig. 6d, right) shows a high level of detail in high-activity regions and less noisy low-activity
regions compared to MLEM.

Table 3 shows the percentages of reconstructed activities in the bladder and a part of
the spine (VOlIs are indicated in Fig. 6a) relative to the activities obtained with 128it MLEM
for the 1-min and 50-min acquisitions. For the 1-min scan reconstructions OSEM increasingly
underestimated the activity in the spinal region as the NS increased, while for the 50-min scan
all tested OSEM performed similar to MLEM. For the 1-min scan reconstruction, StatREM-
0.05 resulted in underestimation of the activity in the spine by about 10%, while for the 50-
min scan StatREM-0.05 deviated little from MLEM. For the 1-min scan, CROSEM-20k
underestimated the activities maximally about 5%, while for the 50-min scan CROSEM-20k
recovered about the same activity as MLEM.

TABLE III. Reconstructed activities (% of 128it MLEM-reconstructed activities)
1-min scan 50-min scan
Algorithm  Bladder Spine Bladder Spine
8it OSEM-16 99.5 88.3 100.0 101.0
4it OSEM-32 99.3 409 100.1 101.1
2it OSEM-64 99.9 1.3 100.6 101.4
lit OSEM-128 89.3 0.0 98.4 1043
8it StatREM-0.05 98.8 89.6 99.1 98.0
8it CROSEM-20k 96.3 94.7 98.5 100.4
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1-min scan 50-min scan
(a) 128it MLEM
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Figure 6. MIPs of mouse bone-scan reconstructions (189 MBq e HDP) of 1-min (left)
and 50-min (right) scans for (a) MLEM, (b) OSEM, (c¢) StatREM-0.05 and (d) CROSEM-20k.
Right MIP in (a) indicates VOIs for bladder (red) and spine (blue).
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6.4 Discussion

In this study we have shown that CROSEM applied with a single setting of the
reconstruction parameters (NS™ and CTV) achieves high image resolution in highly active
regions while still yielding quantitatively accurate images in regions with low activity uptake.
In this study we have also shown that OSEM reconstruction could result in major
reconstruction artifacts in regions with low activity and that these artifacts become more
severe as the NS increases. Although StatREM generally outperformed OSEM in terms of
quantifying activity in low-activity regions, we still found significant reconstruction artifacts
in low-activity regions.

With CROSEM, the number of voxel updates is nonuniform over the image because it
depends on the reconstructed activity distribution and, as a result, a spatially variant
regularization is imposed: high-activity regions tend to recover more spatial resolution and
contrast to better match the measured projections, whereas a high resolution cannot be
achieved in low-activity regions and therefore less updates, resulting in more smoothness, can
be preferable in these regions to avoid amplification of noise. However, users need to be
aware of nonuniform spatial resolution since this could introduce errors into quantitative
comparisons since partial volume effects will depend on local activity levels.

In this study we tested CROSEM for image reconstruction of SPECT data. In general,
PET has higher sensitivity than SPECT and low-count induced OSEM artifacts may therefore
be less important in PET. On the other hand, dose reduction in PET is still desirable and many
new screening protocols or longitudinal studies would come into reach when very low-dose
PET can be performed. We believe that for such low-dose PET (or dynamic PET studies with
low counts per time frame) CROSEM may also improve contrast-noise characteristics over
OSEM. Furthermore, as long as CROSEM is operated with balanced subsets, we see no
reason why CROSEM could not be applied with (traditional) projection-based subsets that are
mostly used in clinical SPECT and PET.

The extra reconstruction time that is needed for a full CROSEM iteration over an
MLEM iteration is small; e.g., the reconstruction time of the mouse bone-scan acquired over
1 min (voxel size: 0.4 mm) was 1.5 min per iteration for MLEM (performed on 4 AMD
processors using in total 16 cores; Opteron 6174, 2.19 GHz), while CROSEM required only <
15 s extra time per full iteration. Note that this is extra time per iteration and that CROSEM
requires many fewer iterations than MLEM to achieve a high resolution in highly active
image regions.

Besides CROSEM, other accelerated reconstruction algorithms may also prevent
erasure of low-activity image regions. One way to accelerate reconstruction and prevent
activity erasure is by applying a power factor in the MLEM update step to obtain an
accelerated MLEM algorithm [29]. However, the speed-up of this algorithm over MLEM is
still limited. There are also convergent OS methods which can be divided into relaxed- and
incremental OS methods. A well-known relaxed OS algorithm is RAMLA [30]. RAMLA uses
relaxation within a modified version of OSEM. Since there are no general rules for finding
relaxation schedules that result in high reconstruction speed-up factors over MLEM, a
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separate optimization study is required, and a comparison between the performance of
optimized RAMLA and optimized CROSEM remains a topic for future research. A well-
known incremental OS algorithm is COSEM [31]. COSEM does not require a user-specified
and object-dependent relaxation schedule; however, the speed-up of COSEM lies between
MLEM and optimized RAMLA. Faster convergence may be achieved by starting with OSEM
and switching to a convergent OS algorithm at later iterations. However, for low-count (multi-
pinhole) SPECT, a relatively low number of subsets can already result in activity erasure in a
large fraction of the voxels.

6.5 Conclusions

CROSEM is a fast and stable alternative to OSEM that prevents excessive image noise
and quantitative errors in low-activity regions while achieving high resolution recovery in
structures with high activity uptake. A single setting of the reconstruction parameters (NS™*
and CTV) leads to images with high resolution where possible and good quantitative accuracy
for all imaging studies presented here in which we covered a wide range of doses and activity
distributions. In addition our results clearly indicate that CROSEM can help prevent users
having to compromise between resolution and quantitative accuracy.
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7. Regulated OSEM reconstruction and its application to
pinhole emission tomography

P. E. B. Vaissier, M. C. Goorden, and F.J. Beekman. “Regulated OSEM reconstruction and its
application to pinhole emission tomography,” in preparation.

Abstract

Ordered Subsets Expectation Maximization (OSEM) is widely used to accelerate
tomographic reconstruction. Speed-up of OSEM over Maximum Likelihood Expectation
Maximization (MLEM) is close to the number of subsets in which the projection data is
divided. Although a high number of subsets is desired to prevent prohibitively long
reconstructions, a high number of subsets can cause severe quantitative inaccuracies or even
disappearance of tissue with low activity from images. To overcome such problems, we
recently introduced Count-Regulated OSEM (CR-OSEM). It was shown that for pinhole
SPECT, CR-OSEM prevents erasure of activity in regions with low-activity, displays fast
contrast recovery in high-activity regions, while contrast and noise in low-activity regions
remain relatively low. In this work we extend the validation of CR-OSEM to the
reconstruction of pinhole-collimated imaging of both SPECT and PET tracers. We show that
reconstruction speed of CR-OSEM in image regions with low-activity can sometimes still be
rather slow. Moreover, at higher iterations contrast does not always reach the same level as is
reached with MLEM after many iterations. To overcome these problems we introduce
Similarity-Regulated OSEM (SR-OSEM). Like CR-OSEM, SR-OSEM also shows high
reconstruction speed-up over MLEM in high-activity regions. However, in regions with lower
activity SR-OSEM generally displays significantly higher reconstruction speeds than CR-
OSEM, in some cases an order of magnitude higher. Cases of compromised performance with
respect to contrast recovery with CR-OSEM were not observed with SR-OSEM. We conclude
that SR-OSEM is fast and can be used with a single setting of reconstruction parameters for
image reconstruction in pinhole emission tomography.
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7.1 Introduction

Statistical iterative image reconstruction methods gain increasing interest for the
reconstruction of Single Photon Emission Computed Tomography (SPECT) and Positron
Emission Tomography (PET) images [1-5]. In contrast to analytic reconstruction methods,
like filtered back-projection, iterative methods allow for accurate modeling of the physical
detection process and for application to complex scanner geometries like those found in multi-
pinhole SPECT. An important standard for statistical iterative reconstruction in emission
tomography is the Maximum Likelihood Expectation Maximization algorithm (MLEM, [6,
71), mostly due to its consistent and predictable convergence behavior, non-negativity
constraint and ease of implementation.

Despite these desirable properties, the widespread application of MLEM in medical
image reconstruction is hampered by its computational cost. MLEM has a slow convergence
speed, which means that many iterations are required to obtain an acceptable image.
Moreover, with increasingly refined models of photon transport and scanners that can achieve
higher spatial resolutions, the size of system matrices that describe photon transport also
increases over time, which lengthens the reconstruction time per iteration. Therefore,
additional computational power may be largely used to compensate for the increased demands
of photon transport modeling. In order to shorten reconstruction times block-iterative methods
were introduced. With these methods, an iteration of the algorithm is subdivided into a
number of subsequent sub-iterations. Each sub-iteration uses a different subset of the
projection data to find a new estimate of the activity distribution. A widely used block-
iterative version of MLEM is the Ordered Subsets Expectation Maximization algorithm
(OSEM, [8]). Despite the absence of convergence, OSEM has shown to very often yield
almost the same reconstructed images as MLEM if the number of subsets is not too high [9,
10]. In such cases, the acceleration factor of OSEM over MLEM in terms of resolved image
resolution is roughly proportional to the number of subsets [8, 9].

Traditionally, subsets are selected in such a way that each subset contains a number of
complete SPECT projections. However, it can be more advantageous to use subset schemes in
which each subset contains detector pixels from all projections (Pixel-based OSEM; POSEM,
[11]). This way, the requirement that OSEM is operated with balanced subsets (i.e. each
subset is equally sensitive to a particular voxel) can still be met for higher numbers of subsets
compared to traditional OSEM. As a result, for a sufficiently high number of detected photons,
POSEM can reach acceleration factors that are an order of magnitude higher than those of
traditional OSEM without significant image degradation [11].

In the case of high-count projection data and strong subset balance, the number of
counts in each subset is approximately equal. However, the variance in the number of counts
that are contained in different subsets grows if the number of counts in the projections is
lower. In projections with fewer counts, the likelihood that all detector pixels in a subset that
are associated with a certain voxel have not received any counts increases, even if this voxel
contains some activity. As a consequence, the activity in this voxel can be set to zero in the
corresponding sub-iteration. Due to the multiplicative nature of the OSEM update, the activity
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in this voxel will remain zero, even if other subsets do contain detector pixels with counts that
are associated with this particular voxel. As shown in the mouse bone-scan of Fig. 1, this can
lead to the permanent erasure of activity. Generally, the chance of generating such an artifact
becomes higher if the number of subsets is larger and/or the number of counts in the
projections is lower. Apparently obvious solutions, such as only allowing nonzero activity
updates or to simply exclude detector pixels that have no counts do not solve the problem but
can even lead to more severe reconstruction artifacts as we have demonstrated for pinhole
SPECT in [12].

MLEM 32 subsets OSEM 128 subsets OSEM
(128 |terat|ons) (4 iterations) (1 iteration)
1-min B s \' 4 "“ .
scan ' . 4

50-min
scan

Figure 1. Maximum-intensity-projections (MIPs) of MLEM and OSEM (32 and 128 subsets)
reconstructions of mouse bone-scan (189 MBq **"Tc-HDP) of 1 min (top row) and 50 min
(bottom row). OSEM reconstruction can result in quantitative inaccuracies and even in
erasure of activity. The severity of these artifacts strongly depends on the number of counts in
the projections and on the number of subsets.

Erasure of activity from the image can be prevented by using fewer subsets. However,
no guideline exists to establish the highest number of subsets that can still be safely used. To
minimize the risk of inducing such artifacts one can always select a low number of subsets,
but this can lead to too time consuming noisy reconstructions if many iterations are required
to reconstruct a high-resolution image. Alternatively, a low number of subsets can lead to a
low-resolution image if only a few iterations are performed to save reconstruction time.

In order to prevent erasure of activity by OSEM in case of low count statistics and still
enable accelerated image reconstruction in case of higher count statistics, we recently
developed a Count-Regulated OSEM algorithm (CR-OSEM; [12]). CR-OSEM uses the
concepts of adaptive subset formation and spatially adaptive voxel updates [13]. CR-OSEM
applies these concepts by grouping together subsets of subsequent sub-iterations before an
update is performed. The number of subsets that are grouped together is voxel-specific and
depends on the estimated activity in that voxel. To decide when a specific voxel is updated,
CR-OSEM uses a Count Threshold Value (CTV): a voxel is only updated if the estimated
number of counts that it has contributed to the subset with which it is updated is larger than
the selected CTV. This way, low-activity voxels will not be updated every sub-iteration,
rather they are updated fewer times, each time using a larger subset of the projection data. In
[12], we validated CR-OSEM for pinhole SPECT of mice in which we covered a large range
of activity distributions and numbers of counts. It was found that CR-OSEM could safely be
operated with a single setting of the reconstruction parameters (i.e. high number of subsets
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and CTV): CR-OSEM prevented erasure of activity in regions with low-activity, while at the
same time CR-OSEM could reach speed-up factors over MLEM close to the maximum
number of subsets in high-activity regions. In this work we extend our validation of CR-
OSEM to the reconstruction of pinhole-collimated imaging of both SPECT and PET tracers
(including scatter correction). However, we will show that reconstruction speed of CR-OSEM
in image regions with low activity can sometimes still be rather slow. Moreover, after many
iterations contrast does not always reach the same level as is reached with MLEM after many
iterations.

To overcome drawbacks of CR-OSEM, we here propose Similarity-Regulated OSEM
(SR-OSEM). SR-OSEM regulates the amount of individual voxel updates with a different
criterion than CR-OSEM. In SR-OSEM, the decision whether or not to update a certain voxel
is based on the level of similarity between the update factors for that voxel that are acquired in
different subsets. This way, SR-OSEM groups together subsets until a certain level of
similarity between the update factors for a certain voxel is reached. The level of similarity is
specified by a Similarity Threshold Value (STV). STV is a number between 0% and 100%
indicating how much update factors from different subsets are allowed to vary from the
corresponding MLEM update factor.

The aim of this work is to introduce and validate SR-OSEM as a fast and safe
algorithm that can be used with a single setting of the reconstruction parameters (number of
subsets and STV) for image reconstruction in pinhole-collimated emission tomography of
SPECT and PET tracers.

7.2 Materials and methods

7.2.1 Image reconstruction algorithms

Note that in this work OSEM, CR-OSEM and SR-OSEM are all applied with 128 pixel-based
subsets.

7.2.1.1 MLEM
An MLEM update of the activity estimate @ in voxel i at the A" iteration can be

~(k-1)

expressed as a multiplication of a; with an update factor. The update factor consists of a

correction factor C'*'that is divided by a normalization factor N, which are defined as:
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. P,
(k) _ J
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The update equation of MLEM then reads:

: c®
~(k)y _ ~(k-1) i
a"”’ =a;"" —— 2)
Ni
In (1), M, is the system matrix element representing the probability that a non-scattered

photon emitted from voxel i is detected in detector pixel j. Furthermore, p; and f?ﬁ-k) are the
measured and expected (simulated) number of gamma photon counts in detector pixel j with
an energy that lies within the selected photopeak window. The parameter s, denotes the
estimated number of scattered photons within the photopeak window that is detected in

detector pixel j. For all experiments in this work s; is obtained by a triple-energy-window

technique [14].

7.21.2 OSEM

OSEM uses the same equations as MLEM to update the image, but for each update
only a subset S; of the detector pixels is used in each sub-iteration / (1 </ < L) of iteration k.
A single OSEM iteration % is defined to be completed (i.e. full iteration) after all L subsets
have been traversed. Correction- and normalization factors for voxel i in sub-iteration (k,/) are
defined as:

(k) _
Ci ZMU ~(A 1) +s,
JjEeS, (3)

N =>M,

Jjes;
The OSEM image update in sub-iteration (k,/) then reads:
(k,0)
ai(k,l) ~(kl 1) C (4)

4 N(l)
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7.2.1.3 CR-OSEM

CR-OSEM, unlike OSEM, commences with a single MLEM iteration in order to
obtain an initial estimate of the activity of individual voxels. Furthermore, while OSEM
updates all voxels in each sub-iteration, CR-OSEM only updates a voxel i if a user-specified
Count Threshold Value (CTV) is exceeded for that voxel. To this end, CR-OSEM uses the
activity estimate of voxel i to estimate the number of counts € that voxel i has contributed

to the detector pixels of the current subset S;:

~(k1) _ ~(k,I-1)
gt =% M,z ()

JeS

If 2" exceeds the CTV, voxel i is updated as in (4). However, if ¢ does not exceed the
CTV, voxel i is not updated. Rather, &*" and the correction factor and the normalization

factor accumulate during x additional sub-iterations (1 < x < L—1):

F(kd+x) _ ~(kD) ~(k.I+x)
E =e +..+e

sum,i

ChD = CR 4 G if  x<L-l

sum,i

(kl+x) _ () (I+x)
N; =N,"+..+N;

sum,i

(6)
Es(:nj,lfl_LH) _ Ei(k,l) +m+a(k,L) +Ei(k+l,1) +m+gi(k+1,1-L+x)
CUtiLon — D o cb L ¢ o CE L s ]

Nl - N L NO L NO g NI

sum,i

Voxel i is only updated once the estimated number of counts that voxel i has contributed to
the accumulated x+1 subsets exceeds the CTV:

C 1+
ai(k,Hx) — cfz(k,l—l) sum,i lf x < L _l
N(k,l+x) E
sum,i (7)
(k+1,/-L+x)
~(k+Ll-L+x) _ ~(k,/-1) ~sum,i . _
@ =4 (k+1,1=L+x) if x>L-1

sum,i

We implemented (7) with the additional requirement of a nonzero update factor to prevent
that low-activity voxels can be updated to zero activity. With CR-OSEM, low-activity voxels
will not be updated every sub-iteration, rather they are updated fewer times, each time using a
larger subset (which consists of x+1 original subsets) of the projection data. If a voxel is not
updated during L subsequent sub-iterations, a forced update is performed for that voxel. This
way, the number of individual voxel updates in every full iteration of CR-OSEM lies between
1 and L. To make the CTV independent of the reconstructed voxel size, it is in units of
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counts/ml/subset. Before image reconstruction commences, the CTV is scaled to
counts/voxel/subset.

7.2.1.4 SR-OSEM

In the case of pixel-based subset schemes, every subset contains detector pixels from
all projection views and different subsets are rather equally spread out over the detectors.
Projections of the activity distribution in different subsets will therefore be approximately
equal in the noise-free case. As a consequence, it can be expected that for the same activity
estimate, the update factors acquired in different subsets are very similar for a specific voxel.
These update factors will also be similar to the corresponding MLEM update factor. However,
differences between subset- and MLEM update factors will grow if the number of counts in
the projections is lower due to increased variance in the number of counts. The level of
similarity between the update factors of different subsets for a certain voxel may therefore be
an indicator of how many updates can safely be performed on that voxel. SR-OSEM is based
on this idea, namely of attaining a certain level of similarity between subset update factors for
each voxel before it is updated. To this end, SR-OSEM groups together subsets to a level that
the maximum deviations from the subset update factors with respect to the MLEM update
factor are smaller than a user-specified Similarity Threshold Value (STV). STV is a number
between 0% and 100% indicating how much update factors from different subsets are allowed
to vary from the corresponding MLEM update factor.

Like CR-OSEM, SR-OSEM also commences with a single MLEM iteration. While
calculating the MLEM update factor for each voxel, the correction- and normalization factors
of the individual subsets are calculated as well (for the same uniform start image). These

factors are used to determine the value of the deviation D" (%) of the update factor for each

voxel i and subset / relative to the corresponding MLEM update factor for voxel i:

1./ (O]
_ ‘C,-( ) _ CMLEMJ
VO
‘ Ni NMLEM,i

O]
CMLEM,i

/

DM x100% (8)

MLEM i

If deviations D" for all subsets are smaller than the STV, similarity between subset update

factors is deemed sufficiently high to justify updates in every sub-iteration for all subsequent
full iterations of SR-OSEM. However, if the deviation for one or more subsets is larger than
the STV, subsets are paired to form L/2 new larger subsets and the corresponding correction-
and normalization factors are calculated. The update factors corresponding to these newly
formed subsets are then again compared to the MLEM update factor and percentage
deviations are determined as in (8). This process continues until update factors of all
individual subsets deviate less than the STV. This way, a voxel will be updated either L, L/2,
L/A,...4, 2 or 1 times per full iteration of SR-OSEM in all subsequent iterations. Note that if
subsets are paired to form new subsets, L has to be a power of 2. One may also choose to
group larger numbers of subsets together to form new subsets (e.g. grouping together 4
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subsets at a time). However, this may hamper reconstruction speed in cases where grouping
fewer subsets together (and therefore more voxel updates per full iteration of SR-OSEM)
would already yield high enough similarity between update factors of different subsets.

Note that with SR-OSEM the update scheme of voxels is only determined once in the
first MLEM iteration. As a result, correction- and normalization factors for a voxel will never
accumulate in a subsequent full iteration, which can be the case for CR-OSEM (i.e. formula
(6)) which has a dynamic update scheme that may change depending on new activity
estimates.

7.2.2 U-SPECT-Il and VECTor

Two scanners, namely U-SPECT-II and VECTor (MILabs B.V., The Netherlands),
have been used to acquire the data presented in this paper.

U-SPECT-II is a dedicated small-animal SPECT system comprising three stationary
detectors with multi-pinhole collimators optimized for differently sized rodents. In this work,
the general-purpose mouse collimator was used for the in vivo scan of a mouse. The
collimator used in this work has 75 focused pinholes (¢ 0.6 mm) and U-SPECT-II can achieve
resolutions of <0.4 mm when equipped with this collimator [15]. The corresponding system
matrix was obtained using the method described in [16]. Digital phantom simulations in this
paper were based on the same collimator and detector geometry. Details of the SPECT
simulator are provided in the next section.

The recently introduced VECTor system, which is based on the U-SPECT-II platform,
uses a high-energy collimator with clustered multi-pinholes to enable (simultaneous) imaging
of SPECT and PET radiotracers [17]. The VECTor collimator that is optimized for imaging
rats was used to acquire the resolution phantom scans in this paper. The collimator has 156
pinholes (o 1.8 mm). When equipped with this collimator, VECTor can achieve resolutions of
approximately 1.1 mm for *™Tc (140 keV photons) and approximately 1.3 mm for '°F
(511 keV photons). The system matrices for SPECT and PET tracers for VECTor were
calculated using a ray tracing code [18]. Inputs to this code were energy-specific photon
attenuation coefficients of the collimator and detector materials and the positions and
orientations of the pinholes and detectors. The positions and orientations of the pinholes and
detectors were obtained from point-source measurements.

All scans in this work were acquired using the scanning focus method [19] in
combination with a spiral bed-positioning protocol [20].

7.2.3 Simulated SPECT scan of a digital image quality phantom

In order to evaluate the reconstruction speed of CR-OSEM and SR-OSEM, SPECT
simulations of a digital image quality phantom that was filled with a *™Tc solution were
performed. The mouse-sized cylindrical phantom (Fig. 2a) contained 5 spheres filled with
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different activity concentrations. Every consecutive sphere contained a factor 10 lower
activity concentration than the previous one (highest for sphere #1, lowest for sphere #5). In
the center of each sphere a small spherical cold-lesion was placed for contrast measurements
(diameter 2 mm, no activity). The voxel size of the phantom (0.15 mm) was half the size of
the voxels in the reconstructed images in order to mimic a continuous activity distribution.
Ray tracing was used to simulate noiseless phantom projections and to pre-calculate the
system matrix. The simulator accounted for resolution-degrading effects of pinhole diameter,
pinhole edge penetration and the intrinsic resolution of the detectors [18, 21]. Poisson
statistics were applied to generate 10 noise realizations from the noiseless projections taking
into account the total administered activity (57.7 MBq), scan duration (60 min) and detection
efficiency of the detectors (89%).

All noise realizations were reconstructed with MLEM, CR-OSEM (128 subsets) for
different CTVs (40k and 20k counts/ml/subset) and with SR-OSEM (128 subsets) for
different STVs (10% and 20%). We also performed reconstructions with OSEM with 128
subsets in order to illustrate the severity of OSEM reconstruction artifacts in low-activity
regions. From the reconstructed images cold-lesion contrast and noise were calculated: Cold-
lesion contrast inside a sphere was defined to be the contrast between the average
reconstructed activity per voxel in a spherical annulus surrounding the cold-lesion (inner and
outer diameter 4 mm and 8 mm respectively) and the average reconstructed activity per voxel
inside a 1 mm diameter spherical VOI centered on the cold-lesion. The average contrast in
each sphere at iteration & was defined as the cold-lesion contrast averaged over all noise
realizations. The normalized standard deviation over all voxels inside the cold-lesion VOI was
averaged over all noise realizations to obtain a measure of the average noise in each sphere at
iteration £.

7.2.4 Bone-scan of a mouse (SPECT)

A 30 g male mouse was anesthetized with isoflurane. An amount of 189 MBq **™Tc-
99m,

hydroxymethylene diphosphonate (""" Tc-HDP) was injected in the tail vein. Scanning started
right before injection. The mouse was scanned for 60 min in frames of 1 min. Low-count
projection data was obtained from the last frame (1-min scan). Projection data with more
counts was obtained by summing the projection data of the final 50 frames (50-min scan). For
both sets of projection data the photopeak window was set to a width of 20%. A background
window was set to each side of each photopeak window. Each background window had a
width of 33% compared to the width of the photopeak window. This experiment was
conducted following protocols approved by the Animal Research Committee of the University
Medical Center Utrecht.

Both sets of projection data were reconstructed by MLEM (128 iterations), OSEM
(128 subsets, 1 iteration), CR-OSEM (128 subsets, CTV=20k counts/ml/subset, 8 iterations)
and SR-OSEM (128 subsets, STV=20%, 8 iterations). The reconstructed voxel size of the 1-
min scan was 0.4 mm. The reconstructed voxel size of the 50-min scan was 0.2 mm. The
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FWHM of the 3D Gaussian post-filter was 1 mm for the 1-min scan and 0.6 mm for the 50-
min scan.

As a measure of the deviation of CR-OSEM and SR-OSEM reconstructions from the
MLEM reconstruction, the normalized mean error (NME) and the normalized mean square
error (NMSE) between the images were calculated:

E“‘) 5(128)
_ i YMLEM,i
NME = z ~ (k) ~(128)
i|a MLEM

)

~(k)  ~(128)
a MLEM

2
~ (k) ~(128)
a.; a i
NMSE — Z( i MLEM i ]
In (9), @ is the reconstructed activity in voxel i of the CR-OSEM or SR-OSEM image after

k iterations and @“'is the total activity contained within the image. @ e and @ ux) are the

corresponding activities in the MLEM image after 128 iterations.

7.2.5 Scans of a resolution phantom (SPECT and PET)

To evaluate the performance (i.e. contrast recovery speed and noise characteristics) of
CR-OSEM and SR-OSEM for different gamma-photon energies and different numbers of
counts, scans of a miniature resolution phantom (“Jaszczak” phantom) were reconstructed and
analyzed.

Each sector of the phantom contained a set of equally sized capillaries with diameters
of 1.7 mm (3 rods), 1.5 mm (3 rods), 1.3 mm (3 rods), 1.1 mm (3 rods), 0.95 mm (6 rods), and
0.85 mm (6 rods). The distance between the centers of neighboring capillaries within a sector
equaled twice the diameter of the capillaries. Two 60-min scans were made, in one scan the
phantom was filled with 59 MBq **™Tc¢ solution (140 keV photons), in the other scan the
phantom was filled with 31 MBq "®F solution (511 keV annihilation photons). For each scan,
two sets of projection data were obtained from the list mode data, one with 100M counts, the
other with 1M counts. This corresponds for *™Tc to 60-min scans with approximately
11 MBq and 0.11 MBq in the phantom. For '*F this corresponds to 60-min scans of phantoms
filled with approximately 17 MBq and 0.17 MBq. For all scans a photopeak window with a
width of 15% was selected and a background window was set to each side of the photopeak

9MTe, each background window had a width of 50% compared to the width of

window. For
the photopeak window. For '*F, each background window had a width of 30% compared to
the width of the photopeak window.

All four sets of projection data were reconstructed by MLEM, OSEM (128 subsets),
CR-OSEM (128 subsets, CTV=20k counts/ml/subset) and SR-OSEM (128 subsets,
STV=20%). The reconstructed voxel size of the *"Tc-scan was 0.4 mm. The reconstructed

voxel size of the "F-scan was 0.6 mm. The FWHM of the 3D Gaussian post-filter was
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M gcan and 1.0 mm for the 'SF-scan. Three of the six sectors of the

0.8 mm for the
phantom were separately considered for the contrast-noise analysis (1.7mm rods, 1.5mm rods
and 1.3mm rods). In each sector hot and cold circular VOIs were selected in every axial
image slice that was located within the central 3.6 mm along the axial direction of the rods.
These VOIs had a radius equal to 90% of the radius of the rods. The hot VOIs were centered
on the rods, the cold VOIs in between the rods (Fig. 2b). The average reconstructed activity
per voxel in each VOI was calculated. From these numbers the average activity over all hot
VOIs and the average activity over all cold VOIs were calculated to determine the contrast
between the hot and the cold VOIs. As a measure of the noise in a sector, the normalized
standard deviation over all voxels inside each of the cold VOIs was calculated. The noise was

expressed as the average of these values.

(a)

®) m ...o.o. .. .Q:o:o? .oo'o.

Figure 2. (a) Image quality phantom containing 5 activity-filled spheres with spherical cold-

A

lesions at their centers. Each consecutive sphere contained a factor 10 lower activity. (b)
Left: 6 sectors of ‘Jaszczak’ resolution phantom. Rods in different sectors have different
diameters (1,7, 1.5, 1.3, 1.1, 0.95 and 0.85 mm). Middle: Example reconstruction of
resolution phantom SPECT scan " Te). Right: Hot (red) and cold (blue) regions in 3 of 6
sectors used for contrast-noise analysis.

7.3 Results

7.3.1 Simulated SPECT scan of a digital image quality phantom

Figure 3b-f displays graphs of cold-lesion contrast vs. noise in spheres #1 to #5 of the
image quality phantom (Fig. 3a) reconstructed with MLEM, OSEM-128, CR-OSEM
(CTV=40k and 20k counts/ml/subset) and SR-OSEM (STV = 10% and 20%). The results are
averages over 10 noise realizations. Acceleration factors of CR-OSEM and SR-OSEM over
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MLEM discussed below do not consider the first (MLEM) iteration of CR-OSEM and SR-
OSEM since there is no speed-up over MLEM in this iteration.

The speed-up of OSEM-128 over MLEM in spheres #1 and #2 was found to be
approximately equal to the number of subsets, which can be deduced from the MLEM and
OSEM-128 iteration numbers at approximately equal contrast and noise. The observed speed-
up of OSEM-128 over MLEM in sphere #3 was even higher than the number of subsets.
However, the observed additional speed increase is likely caused by erasure of activity just
below the sphere surface in the reconstructions of the individual noise realizations (this is not
visible in Fig. 3a; these images are averages over all noise realizations). For spheres #4 and #5,
OSEM-128 led to even more severe artifacts since the activity in these spheres was
completely erased and corresponding contrast and noise were defined zero. Results of the
phantom scan for OSEM operated with less than 128 subsets (i.e. 16, 32 and 64 subsets) —
which also led to severe reconstruction artifacts- can be found in chapter 6 (e.g. Fig. 3 and 4).

It is clear that CR-OSEM reconstruction resulted in accelerated contrast recovery over
MLEM in high-activity spheres #1 and #2. It can also be seen that acceleration over MLEM
decreased with increasing iterations: e.g. for sphere #2, 17 iterations CR-OSEM-40k resulted
in equivalent contrast as 128 iterations MLEM while an additional 36 iterations of CR-
OSEM-40k (i.e. 53 iterations CR-OSEM-40k) resulted in a contrast equivalent to only 128
additional MLEM iterations (i.e. 256 iterations MLEM). As would be logically expected, the
acceleration of CR-OSEM over MLEM was higher for a lower CTV since a lower CTV
allows for more updates and should therefore result in faster reconstruction speeds. However,
while there is initial speed-up of CR-OSEM over MLEM in sphere #3, for higher iterations
this is certainly not the case, rather CR-OSEM displays slower contrast recovery speed than
MLEM: 69 iterations CR-OSEM-40k (i.e. from 33 to 102 iterations) and 105 iterations CR-
OSEM-20k (i.e. from 22 to 127 iterations) were required to achieve approximately the same
gain in contrast that is achieved by MLEM within 64 iterations (i.e. from 64 to 128 iterations).
Similar observations are made for sphere #4. Moreover, these numbers indicate that a higher
CTV results in an increased speed, which is a counter-intuitive result since a lower CTV
allows for more updates and should therefore result in faster reconstruction speeds. These
findings indicate that although CR-OSEM demonstrated speed-up over MLEM in early
iterations, CR-OSEM reconstruction can result in compromised performance at higher
iterations.

SR-OSEM generally achieved considerably higher acceleration factors over MLEM
than CR-OSEM. For SR-OSEM, a higher STV resulted in higher reconstruction speeds: In
sphere #1 acceleration factors of 128 are attained by SR-OSEM for both STVs, in sphere #2
acceleration factors of about 64 and 20 are attained by respectively SR-OSEM-20 and SR-
OSEM-10, in sphere #3 acceleration factors of about 13 and 5 are attained for respectively
SR-OSEM-20 and SR-OSEM-10, in sphere #4 SR-OSEM acceleration is still more than twice
as fast as MLEM for both STVs. The acceleration factor over MLEM in sphere #5 lies
between 1 and 2 for both STVs.
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Figure 3. Results for reconstructions of MLEM, OSEM, CR-OSEM and SR-OSEM (results
are averages over 10 noise realizations) of simulated image quality phantom scan (57.7 MBq
#"Te, 60 min scan time). (a) Longitudinal image slices through centers of each sphere

(different grayscale per sphere). (b-f) Graphs of average contrast vs. average noise in

spheres #1 to #5.
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7.3.2 Bone-scan of a mouse (SPECT)

Figures 4 and 5 show results for CR-OSEM-20k and SR-OSEM-20 reconstructions of
the same mouse bone-scan as Fig. 1, which led to severe reconstruction artifacts for OSEM.

Fig. 4a displays maximum-intensity-projections (MIPs), image slices and image
profiles for the reconstructions of the 1-min scan. Results for MLEM and OSEM-128 are
shown for respectively 128 and 1 iterations. Results for CR-OSEM-20k and SR-OSEM-20 are
shown for 8 iterations, as this allows to study differences in reconstruction speed and accuracy
between these algorithms.

OSEM-128 led to serious artifacts since activity in most voxels was erased. From the
image profiles it can be seen that the SR-OSEM-20 profile is closer to the MLEM profile than
the CR-OSEM-20k profile. Fig. 4b shows the NME (log10 scale) and NMSE (log10 scale) of
the images reconstructed with CR-OSEM-20k and SR-OSEM-20 with respect to the MLEM
image (128 iterations) as a function of the number of iterations of CR-OSEM and SR-OSEM.
It can be seen that SR-OSEM-20 results in considerably faster reconstruction than CR-
OSEM-20k since the difference with the MLEM image diminishes much more quickly with
SR-OSEM-20.

Figure 5 displays similar results for the 50-min scan: in the reconstruction by OSEM-
128 there were still visible artifacts; e.g. part of the activity in the jawbone was erased.
Furthermore, the image profile through the OSEM-128 image visibly deviated from the
MLEM profile in some places. The image profiles of the CR-OSEM-20k and SR-OSEM-20
images are both close to the MLEM-profile although the CR-OSEM-20k-profile deviates a
little more. Figure 5b conveys the same message as Fig. 4b: the difference with the MLEM
image (128 iterations) diminishes significantly more quickly with SR-OSEM-20 than with
CR-OSEM-20k.
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Figure 4. (a) MIPs, image slices and image profiles of I1-min mouse bone-scan
reconstructions of the same scan as in Fig. 1 (189 MBq " Te-HDP) with MLEM, OSEM-128,
CR-OSEM-20k and SR-OSEM-20. (b)) NME and NMSE of reconstructions of CR-OSEM-20k
(solid red) and SR-OSEM-20 (dashed blue) with respect to MLEM image (128 iterations) as
function of number of iterations of CR-OSEM-20k and SR-OSEM-20).
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Figure 5. Like Fig. 4, but now for a 50-min mouse bone-scan.

7.3.3 Scans of a resolution phantom (SPECT and PET)

Figure 6a displays graphs of contrast vs. noise in different sectors of the resolution
phantom that was filled with 9MT¢ and that was reconstructed with MLEM, OSEM-128, CR-
OSEM-20k and SR-OSEM-20.

For the reconstruction with 100M counts, CR-OSEM-20k and SR-OSEM-20
displayed similar reconstruction speeds after their first (MLEM) iteration, namely
approximately equal to OSEM-128 and about 128 times faster than MLEM. For the
reconstruction of the projection data with 1M counts, SR-OSEM-20 attained reconstruction
speeds that were about 100 times faster than MLEM for the sectors with 1.7mm and 1.5mm
rods and a speed of about 80 times faster than MLEM in the sector with 1.3mm rods. The
initial reconstruction speed of CR-OSEM-20k was much lower. Moreover, the observed
reconstruction speed at higher iterations was even lower than MLEM: CR-OSEM-20k did not
attain the same contrast as MLEM for the same number of iterations (i.e. 896 iterations) in the
sector with 1.3 mm rods.

128



Chapter 7

Figure 6b shows image slices (thickness 3.6 mm) through the reconstructed images.
For each algorithm, the reconstructions of the projections with 100M and 1M counts are
shown at the same iteration number. At these numbers all tested algorithms had
approximately equal contrast in the sector with 1.7 mm rods in the reconstructions of the
projections with 100M counts. It can be readily seen that the 1.1 mm rods can be visually
distinguished in all reconstructions of the projections with 100M counts. However, for the
reconstruction of the projections with 1M counts this is not the case for CR-OSEM-20k.
Moreover, the CR-OSEM-20k image shows a higher background activity.

Figure 7a shows the results of the scan of the phantom that was filled with '*F. Similar
observations are made as for the reconstructions of the scan of the phantom that was filled
with *™Tc: The reconstruction speed-up of SR-OSEM-20 and CR-OSEM-20k over MLEM
after their first (MLEM) iteration were approximately equal to OSEM-128, namely about 128
times faster than MLEM. For the reconstruction of the projection data with 1M counts, SR-
OSEM-20 still attained a similar speed-up over MLEM as OSEM-128. However, the initial
reconstruction speed of CR-OSEM-20k was much lower and CR-OSEM-20k did not attain
the same contrast as MLEM at higher iterations. Moreover, in the sector with 1.3 mm rods,
noise is higher at the same contrast compared to MLEM.

Figure 7b shows image slices through the reconstructed images. The 1.3 mm rods can
be visually distinguished in all images that were reconstructed from the projections with
100M counts. This is also the case for the images that were reconstructed from the projections
with 1M counts, except for the image reconstructed by CR-OSEM-20k in which the 1.3 mm
rods have not been resolved.

129



@

®)

Regulated OSEM reconstruction and its application to pinhole emission tomography

1.7 mm rods 1.5 mm rods 1.3 mm rods
1 ~ - 1r - - ~ 1c - -
256it MLEM
2it OSEM-128 . 256it MLEM
| 3it CR-OSEM-20k § | 2ssituiem B tosem12s
Eon 3itsrosem. B orsf 2itosEm-128 - g,
8 g 3it CR-OSEM-20k: 8 3it SR-OSEM-20
100M counts H g | 3itSR-OSEM-20 s -
< os 896it MLEM' < o5 896it MLEM| < o5 {896it MLEM|
L 7itOSEM-128 Z 7itOSEM-128 Z 7itOSEM-128
8it CR-OSEM-20k 8it CR-OSEM-20k 8it CR-OSEM-20k
i 8it SR-OSEM-20 58 8it SR-OSEM-20 028 8it SR-OSEM-20
0125 025 0375 (] 01 02 03 (] 0075 015 0225
Averagenoise Averagenoise Averagenoise
' [256it MLEM ' [256it MLEM T ] '[256it MLEM
2it OSEM-128 2it OSEM-128 2it OSEM-128
®  |46it CR-OSEM-20k ®  |15it CR-OSEM-20k i ® | 17itCR-0SEM-20k
£ 075 3it SR-OSEM-20 £ 075{3it SR-QSEM-20 £ 075/4it SR-OSEM-20
° =] =]
1M counts g M H
o o o
< o5 896it MLEM: < osf 896it MLEM! < o8 896it MLEM-
S 7itOSEM-128 S 7itOSEM-128 S 7itOSEM-128
< 896it CR-OSEM-20k < 896it CR-OSEM-20k < 896it CR-OSEM-20k
254 10it SR-OSEM-20 - 10it SR-OSEM-20 - 12it SR-OSEM-20 |
) 0125 026 0375 05 ] 0125 026 0375 ““o 0.125 025 0375 05
Averagenoise Averagenoise Average noise
896it MLEM Zit OSEM-128 8it CR-OSEM-20k 8it SR-OSEM-20
- . -—» . LR . -» .
A -—» R - » v . R - »
100M counts .-» -» .» - -»
" . . ’
I I » » v »
w $ LR » LR ™ LA
YYes e L e
.
1M counts g .9
- . . ." :,' '-‘:
. » \ \ri
- S | | - - Neae <L

Figure 6. Results of reconstruction by MLEM, OSEM-128, CR-OSEM-20k and SR-OSEM-20
of resolution phantom scan filled with **"Tc. (a) Graphs of average contrast vs. average noise
in different sectors of phantom. Graphs correspond to reconstructions of projection data
containing 100M counts (top row) and IM counts (bottom row). CR-OSEM-20k displays
compromised contrast recovery for the reconstruction of the projections with IM counts. (b)
Image slices through reconstructions of projections with 100M counts (top row) and with 1M

counts (bottom row) shown at the same iteration number for each algorithm. For these

iteration numbers all tested algorithms had approximately equal contrast in the sector with
1.7 mm rods in reconstructions of projections with 100M counts. CR-OSEM-20k does not
recover 1.1 mm rods in reconstruction of IM counts, SR-OSEM-20 does (dashed red circles).
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Figure 7. Like Fig. 6, but now for a scan of resolution phantom filled with *°F. (a) CR-OSEM-
20k displays compromised contrast recovery for the reconstruction of the projections with 1M
counts. (b) CR-OSEM-20k does not recover 1.3 mm rods in reconstruction of IM counts, SR-

OSEM-20 does (dashed red circles).

7.4 Discussion

In [12] we introduced CR-OSEM and found that it could achieve fast reconstruction -
and therefore high resolution recovery- in highly active regions while preventing erasure of
activity in regions with low activity. In this work we extended the validation of CR-OSEM to
the reconstruction of pinhole-collimated imaging of both SPECT and PET tracers. We showed
that reconstruction speed of CR-OSEM in image regions with low-activity can sometimes still
be rather slow. Moreover, at higher iterations contrast did not always reach the same level as
is reached with MLEM after many iterations. As a faster alternative to CR-OSEM we
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introduced SR-OSEM in this work. In regions with lower activities SR-OSEM generally
displayed significantly faster reconstruction speeds than CR-OSEM. The compromised
performance with respect to contrast recovery that was observed with CR-OSEM was not
observed with SR-OSEM.

The compromised performance of CR-OSEM with respect to cold-lesion contrast
recovery at later iterations is likely due to the fact that in these iterations the estimated activity
in the cold-lesion is reduced to a level that the cold voxels are only updated a few/one time(s)
per full iteration, while neighboring hot voxels are still updated many times per full iteration.
Therefore, image noise in hot voxels increases fast, which may have a negative effect on new
activity estimates of the cold voxels since their update factors are (partly) based on detector
pixels onto which noisy hot voxels also project. In contrast, with SR-OSEM the number of
updates of a voxel does not directly depend on its activity estimate, rather it is directly related
to the quality of the projection data which is comparable for neighboring cold and hot voxels.
As a result, cold and hot voxels that lie in the same neighborhood are updated at a similar rate.

CR-OSEM and SR-OSEM use the concepts of adaptive subset formation and spatially
adaptive voxel updates: The number of voxel updates can be non-uniform over the image and,
as a consequence, resolution and noise can also vary over the image. Non-uniform image
resolution can introduce errors in quantitative comparisons since the extend of partial-volume
effects may vary over the image. As we showed in this work, in regions with low activity SR-
OSEM generally resulted in considerable higher reconstruction speeds than CR-OSEM. As a
result, for the same number of iterations, partial-volume-effects can be strongly reduced with
SR-OSEM compared to CR-OSEM.

7.5 Conclusions

CR-OSEM and SR-OSEM both display high speed-up over MLEM in highly active
image regions. However, in regions with lower activity SR-OSEM generally displayed
significantly faster reconstruction speeds than CR-OSEM. The compromised performance in
contrast recovery that was observed with CR-OSEM in later iterations was not observed with
SR-OSEM. We conclude that SR-OSEM is fast, safe and can be used with a single setting of
reconstruction parameters for the reconstruction of pinhole-collimated emission tomography
of SPECT and PET tracers.

Acknowledgements

This work was supported by Grant PID06015 under the program “Pieken in de Delta
Zuidvleugel” of the Dutch Ministry of Economic Affairs and the province of Zuid-Holland,
The Netherlands.

132



Chapter 7

Bibliography

[1] F. J. Beekman, H. W. A. M. De Jong, and S. Van Geloven, “Efficient fully 3-D iterative
SPECT reconstruction with Monte Carlo-based scatter compensation,” IEEE Trans. Med.
Imag., vol. 21, no. 8, pp. 867-877, 2002.

[2] B. F. Hutton, H. M. Hudson, and F. J. Beekman, “A clinical perspective of accelerated
statistical reconstruction,” Eur. J. Nucl. Med., vol. 24, no. 7, pp. 797-808, 1997.

[3] R. Leahy, and C. Byrne, “Recent developments in iterative image reconstruction for PET and
SPECT,” IEEE Trans. Med. Imag., vol. 19, no. 4, pp. 257-260, 2000.

[4] R. M. Leahy, and J. Y. Qi, “Statistical approaches in quantitative positron emission
tomography,” Stat. Comput., vol. 10, no. 2, pp. 147-165, 2000.

[5] J. Qi, and R. M. Leahy, “Iterative reconstruction techniques in emission computed
tomography,” Phys. Med. Biol., vol. 51, no. 15, pp. R541-78, 2006.
[6] K. Lange, and R. Carson, “EM reconstruction algorithms for emission and transmission

tomography,” J. Comput. Assist. Tomogr., vol. 8, pp. 306-316, 1984.

[7] L. A. Shepp, and Y. Vardi, “Maximum likelihood reconstruction for emission tomography,”
IEEE Trans. Med. Imag., vol. 1, no. 2, pp. 113-22, 1982.

[8] H. M. Hudson, and R. S. Larkin, “Accelerated image-reconstruction using ordered subsets of
projection data,” I[EEE Trans. Med. Imag., vol. 13, no. 4, pp. 601-609, 1994.

[9] C. Kamphuis, F. J. Beekman, and M. A. Viergever, “Evaluation of OS-EM vs ML-EM for 1D,
2D and fully 3D SPECT reconstruction,” IEEE Trans. Nucl. Sci., vol. 43, no. 3, pp. 2018-2024,
1996.

[10]  D.S. Lalush, and B. M. Tsui, “Performance of ordered-subset reconstruction algorithms under
conditions of extreme attenuation and truncation in myocardial SPECT,” J. Nucl. Med., vol.
41, no. 4, pp. 737-44, 2000.

[11]  W. Branderhorst, B. Vastenhouw, and F. J. Beekman, “Pixel-based subsets for rapid multi-
pinhole SPECT reconstruction,” Phys. Med. Biol., vol. 55, no. 7, pp. 2023-34, 2010.

[12]  P. E. B. Vaissier, M. C. Goorden, A. B. Taylor, and F. J. Beckman, “Fast count-regulated
OSEM reconstruction with adaptive resolution recovery,” IEEE Trans. Med. Imag., vol. 32, no.
12, pp. 2250-2261, 2013.

[13]  D.J. Kadrmas, “Statistically regulated and adaptive EM reconstruction for emission computed
tomography,” IEEE Trans. Nucl. Sci., vol. 48, no. 3, pp. 790-798, 2001.

[14] K. Ogawa, Y. Harata, T. Ichihara, A. Kubo, and S. Hashimoto, “A practical method for
position-dependent Compton-scatter correction in single photon emission CT,” I[EEE Trans.
Med. Imag., vol. 10, no. 3, pp. 408-12, 1991.

[15] F. Van der Have, B. Vastenhouw, R. M. Ramakers, W. Branderhorst, J. O. Krah, C. Ji, S. G.
Staelens, and F. J. Beekman, “U-SPECT-II: An Ultra-High-Resolution Device for Molecular
Small-Animal Imaging,” J. Nucl. Med., vol. 50, no. 4, pp. 599-605, 2009.

[16] F. Van der Have, B. Vastenhouw, M. Rentmeester, and F. J. Beekman, “System calibration
and statistical image reconstruction for ultra-high resolution stationary pinhole SPECT,” /[EEE
Trans. Med. Imag., vol. 27, no. 7, pp. 960-71, 2008.

[17] M. C. Goorden, F. van der Have, R. Kreuger, R. M. Ramakers, B. Vastenhouw, J. P. Burbach,
J. Booij, C. F. Molthoff, and F. J. Beekman, “VECTor: a preclinical imaging system for
simultaneous submillimeter SPECT and PET,” J. Nucl. Med., vol. 54, no. 2, pp. 306-12, 2013.

[18] M. C. Goorden, F. Van der Have, R. Kreuger, and F. J. Beekman, “An efficient simulator for
pinhole imaging of PET isotopes,” Phys. Med. Biol., vol. 56, no. 6, pp. 1617-34,2011.

[19]  B. Vastenhouw, and F. Beekman, “Submillimeter total-body murine imaging with U-SPECT-
1,” J. Nucl. Med., vol. 48, no. 3, pp. 487-93, 2007.

[20]  P. E. B. Vaissier, M. C. Goorden, B. Vastenhouw, F. van der Have, R. M. Ramakers, and F. J.
Beekman, “Fast spiral SPECT with stationary gamma-cameras and focusing pinholes,” J. Nucl.
Med., vol. 53, no. 8§, pp. 1292-9, 2012.

[21] M. Gieles, H. W. de Jong, and F. J. Beeckman, “Monte Carlo simulations of pinhole imaging
accelerated by kernel-based forced detection,” Phys. Med. Biol., vol. 47, no. 11, pp. 1853-67,
2002.

133



Summary

134



Chapter 8

8. Summary

Single photon emission computed tomography (SPECT) is a key modality in
preclinical imaging of small animals. Dedicated high-resolution small-animal SPECT systems
are used to quantitatively and visually assess the distribution of radioactive biological markers
(tracers) in vivo in order to e.g. study disease and test new pharmaceuticals. These systems
usually apply multi-pinhole collimators with high pinhole magnification factors to achieve
high resolution and sensitivity to enable the visualization of small details within small animals.
Recently, the application of high-energy collimators has opened up the possibility of imaging
positron emitting tracers (511 keV annihilation photons) with sub-mm resolutions, even
simultaneously with single photon emitting tracers. This thesis described the development and
validation of novel image acquisition and reconstruction techniques for multi-pinhole
emission tomography of single-photon and positron emitting tracers.

Preclinical imaging with SPECT combined with either X-ray computed tomography
(CT) or magnetic resonance imaging (MRI) has proven to be very useful in translational
research. Today, CT and MRI are still mainly applied to anatomically localize tracer binding
and to improve SPECT quantification, although both CT and MRI have additional potential.
While preclinical SPECT/CT is most widely applied in oncology research, SPECT-MRI
offers special potential for both neuroscience applications and oncological applications. Until
now, SPECT and CT systems are often integrated into a single device, whereas at present
combined SPECT and MRI is almost always catried out with separate systems. Chapter 2
provided an overview of current preclinical research applications and trends of SPECT/CT
and SPECT-MRI, which are mainly in tumor imaging and neuroscience imaging and
discusses advantages and disadvantages of different hybrid imaging approaches.

Multi-pinhole SPECT systems with stationary detectors are able to perform fast total-
body scans by shifting the animal bed through the collimator. However, a large number of
highly overlapping scan positions results in long overhead times due to animal repositioning
which hampers temporal resolutions that can be achieved with these systems. In chapter 3 we
developed and tested spiral trajectories (ST) of the animal bed with fewer bed positions in
order to improve temporal resolutions of SPECT scans. In addition, we tested ‘traditional’
multiplane trajectories of the animal bed (MPT). We found that ST required less than half the
number of bed positions compared to MPT in order to still achieve sufficient sampling. The
reduced number of bed positions enabled by ST made it possible to perform a dynamic total-
body bone scan and a dynamic hepatobiliary scan with time resolutions of 60 s and 15 s
respectively. We conclude that ST open up new possibilities for high-throughput and fast
dynamic radio-molecular imaging.

Recently, SPECT and PET imaging has been combined in a novel versatile emission
computed tomography system (VECTor). VECTor enables simultaneous sub-mm imaging of
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single-photon and positron emitting tracers in mice. VECTor enables scientists to select the
most suitable combinations of radiotracers from the entire complement of available SPECT
and PET tracers to study the correlation between different biological functions in the same
animal at the same time with a single dose of anesthesia. To this end VECTor applies a
dedicated clustered multi-pinhole (CMP) collimator that can be mounted on existing SPECT
platforms. Compared to pinholes used in conventional SPECT collimators, the pinholes in the
CMP collimator have more narrow opening angles to reduce photon penetration through the
pinhole edges by the high-energy annihilation photons. In chapter 4 we presented and
validated the extended capability of VECTor to also enable simultaneous SPECT-PET
imaging in rat-sized small animals using a newly developed CMP collimator. The
tomographic resolution achieved for SPECT and PET tracers was found to be competitive
with those attained by dedicated multi-pinhole SPECT and coincidence PET systems. The
capabilities of VECTor were further illustrated by simultaneously acquired (dynamic)
SPECT-PET scans of rats.

Cardiac parameters obtained from cardiac SPECT images can be affected by
respiratory motion, image filtering and animal positioning. In chapter 5 we investigated the
influence of these factors on high-resolution murine myocardial perfusion SPECT. The results
indicated that there is no significant difference in the measured cardiac parameters when
respiratory motion correction was applied, while significant differences in left ventricular
volumes were found with regard to different positioning of animals. A linear relationship was
found between left ventricular volumes and the kernel size of the Gaussian filter. These
finding indicate that respiratory gating does not improve high-resolution cardiac SPECT
images, while the position of the animals and the image filters should be the same in a
comparative study with multiple scans to avoid systematic differences in measured cardiac
parameters.

Ordered Subsets Expectation Maximization (OSEM) is widely used to accelerate
tomographic image reconstruction. Significant additional speed-up is achievable if OSEM is
applied with pixel-based subset schemes. However, a high number of subsets can cause
quantitative inaccuracy or even disappearance of lesions in low-activity image regions, while
a low number of subsets leads to prohibitively long reconstructions or unrecovered details in
highly active regions. In chapter 6 we proposed Count-Regulated OSEM (CR-OSEM) to
overcome these problems. CR-OSEM regulates the number of individual voxel updates —and
therefore the size of voxel-wise subsets— based on local activity estimates, which depend on
the number of counts in the projection data. It was shown for pinhole SPECT that CR-OSEM
prevented erasure of activity in regions with low-activity, it displayed fast contrast recovery in
high-activity regions, while contrast and noise in low-activity regions remained relatively low.

In chapter 7 we extended the validation of CR-OSEM to the reconstruction of

pinhole-collimated imaging of both SPECT and PET tracers. We showed that reconstruction
speed of CR-OSEM in image regions with low-activity can sometimes still be rather slow.
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Moreover, after a many iterations of CR-OSEM, contrast does not always reach the same
level as is reached with MLEM after many iterations. To overcome these problems, we
proposed and validated a novel algorithm, dubbed Similarity-Regulated OSEM (SR-OSEM).
Like CR-OSEM, SR-OSEM also automatically and locally adapts the number of voxel
updates. SR-OSEM does this based on a similarity criterion regarding the update factors for a
voxel that are acquired in different subsets. SR-OSEM was compared to MLEM and
CR-OSEM by reconstructions of simulated and experimental pinhole-collimated SPECT and
PET data. Whereas both algorithms displayed high reconstruction speed-up over MLEM in
highly active image regions, in low-activity regions SR-OSEM generally resulted in
significantly faster reconstruction speeds than CR-OSEM. The compromised performance in
contrast recovery that was observed with CR-OSEM was not observed with SR-OSEM. We
conclude that SR-OSEM is fast, safe and can be used with a single setting of reconstruction
parameters for image reconstruction in pinhole-collimated emission tomography of SPECT
and PET tracers.
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9. Samenvatting

Single photon emission computed tomography (SPECT) is een belangrijke
beeldvormende techniek die onder meer gebruikt wordt in proefdieronderzoek naar ziekten en
voor het testen van farmaceutica. Hoge-resolutie SPECT systemen die speciaal zijn
ontwikkeld voor kleine proefdieren zoals muizen en ratten worden gebruikt om in vivo de
driedimensionale verdeling van radioactieve biologische zoekstoffen (‘tracers’) te visualiseren
en te kwantificeren. Meestal maken deze systemen gebruik van multi-pinhole collimatoren
met grote vergrotingsfactoren om een hoge resolutie en gevoeligheid te bereiken. Op deze
manier kunnen details in kleine proefdieren worden gevisualiseerd. De toepassing van
speciale hoge-energie collimatoren maakt het mogelijk om ook tracers die met positron
emission tomography (PET) gebruikt worden met sub-millimeter resolutie te visualiseren.
Zulke PET scans kunnen zelfs gelijktijdig met ‘traditionele’ SPECT scans gedaan worden.
Deze thesis beschrijft de ontwikkeling en validatie van nieuwe beeldacquisitiemethoden en
beeldreconstructietechnieken voor multi-pinhole emission tomography van SPECT and PET
tracers.

Preklinische beeldvorming met SPECT in combinatie met X-ray computed
tomography (CT) of magnetic resonance imaging (MRI) kent veel nuttige toepassingen in
translationeel onderzoek. CT en MRI worden vandaag de dag vooral gebruikt voor
anatomische lokalisering van tracers en voor de verbetering van SPECT kwantificatie. CT en
MRI hebben echter meer potentie. Terwijl SPECT/CT vooral toepassingen kent in
oncologisch onderzoek, biedt SPECT-MRI speciale mogelijkheden in neurologisch en
oncologisch onderzoek. Tot dusver worden SPECT en CT vaak geintegreerd in één apparaat,
terwijl gecombineerde beeldvorming met SPECT en MRI meestal wordt uitgevoerd met
losstaande  scanners. Hoofdstuk 2 gaf een overzicht van de preklinische
onderzoektoepassingen en trends met betrekking tot SPECT/CT en SPECT-MRI in oncologie
en neurologie. De voor- en nadelen van verschillende benaderingen van hybride
beeldvorming werden ook besproken.

Multi-pinhole SPECT systemen met stationaire detectoren maken het mogelijk snelle
scans van het gehele proefdierlichaam uit te voeren door het bed waarop het proefdier ligt in
een aantal stappen door de collimator te verplaatsen. Echter, een groot aantal sterk
overlappende scan posities resulteert in relatief veel verloren scan tijd als gevolg van de vele
herpositioneringen van het dierbed. Dit is een belangrijke beperkende factor voor de
temporele resoluties die met dit soort systemen gehaald kunnen worden. Om de temporele
resoluties van SPECT scans te verbeteren werden in hoofdstuk 3 scans met spiraalvormige
banen van het dierbed (spiral trajectories; ST) met veel minder scan posities getest en
gevalideerd. Daarnaast werd ‘traditionele’ multi-planaire positionering van het dierbed getest
(multi-plane trajectories; MPT). We vonden dat ST minder dan de helft van het aantal
bedposities vergde vergeleken met MPT om voldoende sampling te bereiken. Het relatief
lage aantal bedposities met ST maakte een dynamische total-body botscan en een dynamische
hepatobiliaire scan met tijdsresoluties van respectievelijk 60s en 15s mogelijk. We
concluderen dat het gebruik van ST nieuwe mogelijkheden creéert voor high-throughput
SPECT en snelle dynamische SPECT scans.

Onlangs zijn de mogelijkheden van SPECT en PET gecombineerd in een nieuw versatile
emission computed tomography systeem (VECTor). VECTor maakt simultane beeldvorming
van SPECT en PET tracers in muizen mogelijk met sub-millimeter resolutie. Hierdoor kunnen
onderzoekers de meest geschikte tracercombinaties kiezen uit het totale complement van
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beschikbare SPECT en PET tracers, waardoor de correlatie tussen verschillende biologische
functies gelijktijdig in hetzelfde dier bestudeerd kan worden en er slechts een enkele dosis
anesthetica nodig is. VECTor maakt gebruik van een speciale geclusterde multi-pinhole
collimator (clustered multi-pinhole; CMP) die in bestaande SPECT systemen gemonteerd kan
worden. Vergeleken met de pinholes in conventionele SPECT collimatoren hebben de
pinholes in de CMP collimator kleinere openingshoeken om penetratie van de hoge-energie
annihilatiefotonen door de pinholeranden te reduceren. In hoofdstuk 4 presenteerden en
valideerden we de mogelijkheid om met VECTor ook gelijktijdige SPECT-PET beeldvorming
in proefdieren ter grootte van een rat te kunnen doen met behulp van een nieuw ontwikkelde
CMP collimator. De tomografische resolutie met de nieuwe CMP ratcollimator voor SPECT
en PET tracers is concurrerend met die van multi-pinhole SPECT en coincidence PET
systemen die speciaal voor proefdieren zijn ontwikkeld. De mogelijkheden van VECTor
werden verder geillustreerd door simultaan verworven (dynamische) SPECT-PET-scans van
ratten.

Cardiale parameters van proefdieren die verkregen zijn met SPECT kunnen worden
beinvloed door ademhalingsbeweging, beeldfiltering en positionering van de dieren in de
scanner. In hoofdstuk S onderzochten we de invloed van deze factoren op hoge-resolutie
myocard perfusie SPECT van muizen. De resultaten gaven aan dat het toepassen van
adembhalingscorrectie geen significant verschil in de gemeten cardiale parameters opleverde
ten opzichte van het niet toepassen van ademhalingscorrectie. Echter, grote verschillen in
linker ventriculaire volumes werden geobserveerd als de dieren anders gepositioneerd werden.
Er werd een lineair verband geobserveerd tussen gemeten linker ventriculaire volumes en de
grootte van het Gaussiaanse beeldfilter. Deze bevindingen geven aan dat het toepassen van
adembhalingscorrectie geen verbetering oplevert voor hoge-resolutie cardiale SPECT, terwijl
positionering van dieren en het gebruikte beeldfilter in een vergelijkende studie met meerdere
scans gelijk gehouden moeten worden om systematische verschillen in cardiale parameters te
voorkomen.

Ordered Subsets Expectation Maximization (OSEM) wordt veel gebruikt om
tomografische reconstructie te versnellen. Aanzienlijke extra versnelling is haalbaar als
OSEM wordt toegepast met pixel-based subsets. Echter, een groot aantal subsets kan
resulteren in kwantitatieve beeldfouten of zelfs verdwijning van de laesies in gebieden met
een lage activiteit. Aan de andere kant kan een (veilig) laag aantal subsets leiden tot
buitensporig lange reconstructies of tot een suboptimale resolutie in gebieden met een hoge
activiteit. Om deze problemen te overwinnen werd in hoofdstuk 6 Count-Regulated OSEM
(CR-OSEM) geintroduceerd. CR-OSEM reguleert het aantal individuele voxel-updates —en
daarmee de grootte van de corresponderende subsets— op basis van de schatting van de lokale
activiteit, hetgeen athangt van het aantal detecties in de projectiedata. Voor pinhole SPECT
lieten we zien dat CR-OSEM voorkomt dat activiteit in gebieden met een lage activiteit
verdwijnt en dat CR-OSEM resulteert in snelle contrast-recovery in gebieden met een hoge
activiteit, terwijl contrast en ruis in gebieden met weinig activiteit relatief laag gehouden
worden.

In hoofdstuk 7 breidden we de validatie van CR-OSEM uit naar beeldreconstructie
van pinhole SPECT data en pinhole PET data. We lieten zien dat de reconstructiesnelheid van
de CR-OSEM in gebieden met een lage activiteit soms nogal traag kan zijn. Bovendien werd
door CR-OSEM na een groot aantal iteraties niet altijd hetzelfde contrast bereikt als met
MLEM na vele iteraties. Om deze problemen te verhelpen introduceerden en valideerden we
een nieuw algoritme, genaamd Similarity-Regulated OSEM (SR-OSEM). Net als CR-OSEM
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past ook SR-OSEM automatisch en lokaal het aantal voxel-updates aan. SR-OSEM doet dit
op basis van de overeenkomst tussen de updatefactoren voor een voxel die verkregen zijn in
verschillende subsets. SR-OSEM werd vergeleken met MLEM en CR-OSEM door middel
van reconstructies van gesimuleerde en experimentele pinhole SPECT data en pinhole PET
data. Beide algoritmen lieten grote reconstructieversnelling zien ten opzichte van MLEM in
gebieden met hoge activiteit. In het algemeen was de reconstructiesnelheid van SR-OSEM in
gebieden met een lage activiteit significant hoger dan die van CR-OSEM. De problemen met
betrekking tot contrast-recovery die werden waargenomen voor CR-OSEM werden niet
waargenomen met SR-OSEM. De conclusie is dat SR-OSEM snel en veilig is en kan worden
gebruikt met een enkele instelling van de reconstructieparameters voor beeldreconstructie van
pinhole SPECT data en pinhole PET data.
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