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Single Photon Emission Computed Tomography (SPECT) is one of the major clinical 
radionuclide imaging techniques. In radionuclide imaging, radioactively labeled 
tracer molecules are used to noninvasively image biological and biochemical processes 
in organs and tissues of living subjects. Radionuclide techniques, including also 
Positron Emission Tomography (PET), are invaluable as highly sensitive molecular 
imaging techniques in the study of human disease, testing of new pharmaceuticals, 
development of new imaging tracers and unravelling of biological mechanisms in 
vivo[1-3]. Important areas where SPECT is applied include neurology, psychiatry, 
orthopaedics, cardiology and oncology.

In order to investigate disease mechanisms and to validate drug targeting, safety, 
and therapeutic efficacy, many preclinical studies make use of small-animal models 
of human disease[4-6]. For many years, small-animal studies have relied on ex vivo 
techniques like histology, protein staining, in-situ hybridization and autoradiography 
to assess various biomarkers or to show the distribution of certain proteins in the body. 
These techniques are very time-consuming and since they require the animal - or often 
groups of animals - to be sacrificed, they have the disadvantage that they show only 
one snapshot in time. In order to study a continuous molecular process, multiple 
snapshots from different animals must be assembled, which introduces substantial 
variation in longitudinal studies. Using SPECT or PET, it is possible to perform 
multiple in vivo assays on the same subject. However, SPECT has until recently lacked 
the resolution necessary to accurately image organs of small animals such as mice and 
rats.

Over the past decade, small-animal SPECT has undergone considerable development 
and improvements in performance[7, 8]. Today, dedicated small animal SPECT systems 
achieve a high (sub-half-mm) spatial resolution while still being sensitive enough to 
detect small tracer amounts[9, 10]. As a result, biological processes can now be studied 
in small animals over a period of time[11-13]. This has the potential to partially or 
completely replace the standard ex vivo techniques in the future, and in several cases 
can also significantly reduce the number of animals that are required in some studies.

To achieve sub-half-mm spatial resolution with high sensitivity, recent scanners 
employ pinhole collimation with high magnification factors (which improves spatial 
resolution), using a high number of pinholes that are focused on a central scan volume 
(to increase sensitivity). This combination is referred to as focused multi-pinhole 
SPECT.

This thesis aims to improve aspects of instrumentation, image acquisition and image 
reconstruction in ultra-high resolution focused multi-pinhole SPECT systems 
dedicated to imaging small laboratory animals such as mice and rats. In addition, 

initial validations and applications of a focused SPECT system (U-SPECT-II) in 
biomedical research will be shown.

1.1. Radionuclide imaging 
In 1943, the Hungarian scientist Hevesy György (George de Hevesy) was awarded 
the Nobel Prize in Chemistry for his discovery of the radiotracer principle, which 
states that a radioactive isotope behaves chemically in exactly the same way as a stable 
isotope of the same element. This principle can be exploited to track the localization of 
a specific compound: if a radioactive tracer that is identical in chemical composition 
to that specific compound is administered in an amount that is small enough to 
not perturb the system under study, the tracer behaves in exactly the same way as 
an unlabeled molecule would, but at the same time it emits radiation that can be 
detected. Instead of simply replacing an element by one of its radioactive isotopes, it 
is also possible to incorporate a radioisotope into a larger molecule, which can then 
be localized by detecting the radiation. Both constructs are referred to as radioactive 
tracers or radioactive labels.

A specific radioactive tracer that has been injected into a patient must accumulate 
at one or more target locations in order to achieve a good signal, e.g. by binding to 
certain receptors that are expressed in the tissue to be imaged. All radioactive tracers 
developed for SPECT emit radiation in the form of gamma photons. These gamma 
photons have a relatively high energy, which enables them to pass through tissue and 
escape the human body. Gamma photons are emitted randomly in all directions, and 
they travel in straight lines as long as there is no interaction with the material they 
traverse. The photons can be detected by positioning the subject under study next to 
one or more gamma cameras.

Gamma cameras typically consist of a special type of dense crystal which, upon 
interaction with a gamma photon, produces a light flash (called scintillation) that 
can be converted into an electrical current by a photomultiplier tube (PMT)[11]. 
If multiple PMTs are positioned behind a scintillation crystal, their signals can be 
combined. Together with the information about the locations of the PMTs, the 
combined signals provide the information necessary to determine the location and 
energy of the scintillation. By recording all detected scintillations or “counts” over a 
certain period of time, and creating a two-dimensional (2D) histogram of the counts 
based on their calculated positions, a gamma camera can construct a 2D image of 
the radiotracer distribution. Most gamma cameras in use today are still based on this 
principle, which was first proposed by Hal Anger[12]. The typical intrinsic resolution 
of gamma cameras currently employed in the clinic is about 3.5 mm Full Width at 
Half Maximum (FWHM).
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Today, a large variety of different radiotracers is available, each developed for a specific 
imaging system (e.g., SPECT or PET) and for a specific imaging task, including 
imaging of myocardial perfusion and tissue viability[13], bone turnover, dopamine 
transporters and receptors, and imaging of a large variety of tumor characteristics, such 
as receptor expression, tumor blood perfusion, hypoxia, and apoptosis[14, 15]. Many 
new SPECT tracers are currently under development. For SPECT, commonly used 
radio-isotopes are 99mTc, 123I, 201Tl, 111In and 67Ga, which emit radiation in the form 
of gamma photons with energies ranging from 60 to 300 keV. This is a convenient 
energy range since it is high enough to allow most photons to exit the body, but not 
too high, to have most of the photons stopped by a scintillator crystal of reasonable 
thickness for detection or by a practical amount of lead for shielding. Most of these 
isotopes have a relatively short half-life (typically several hours to several days), which 
is sufficient for studying most biological processes in the body without presenting an 
unnecessarily high radiation dose to the patient.

1.1.1. SPECT and PET
A gamma camera can determine the position of an incident gamma photon, but 
obtains no information about the direction of incidence. For this reason, images 
acquired with a gamma camera alone provide little information about the origin of 
the detected gamma photons. To address this problem, a collimator is positioned 
between the subject and the camera, usually adjacent to the crystal. Collimators 
are constructions made of dense material like lead or tungsten that stop a certain 
(large) fraction of all incoming gamma photons in order to provide information on 
the direction of the remaining photons. The result is that essentially only photons 
which originate from specific directions can continue their path to the crystal. The 
most frequently used collimator for clinical SPECT is the parallel-hole collimator 
(Figure 1.1, right). It consists of a slab of dense material containing a large number 
of small parallel holes, which allow only photons perpendicular to the crystal to 
pass. A parallel-hole collimator leaves an image on the gamma camera that closely 
approximates a 2D parallel projection of the three-dimensional (3D) distribution 
of the radioactive tracer.

Since 2D projection images alone can already provide very useful information, such 
planar gamma camera images are routinely obtained in the clinic. However, structures 
at various depths may overlap and thus obscure each other in the projection image. 
To solve this problem, SPECT can be employed to reconstruct a 3D image of the 
tracer distribution. In SPECT, in most cases the gamma camera is rotated around 
the subject or the patient is surrounded by gamma cameras to acquire a number 
of projections (gamma camera images), each from a different angle. Based on this 

set of projections, it is possible to reconstruct a 3D image of the tracer distribution 
inside the subject using tomographic image reconstruction techniques, which are 
discussed later in this chapter. 

Like SPECT, Positron Emission Tomography (PET) also reconstructs 3D images of 
radioactive tracer distributions. PET differs from SPECT in the fact that PET relies 
on positron-emitting tracers. When a PET isotope decays, a positron is emitted, 
which after traveling a short distance annihilates with a low-energy electron. This 
results in the production of a pair of 511 keV annihilation (gamma) photons, which 
move away from each other approximately along the same line but in opposite 
directions. In a PET scanner, gamma detectors are positioned in a ring around the 
patient. When both annihilation photons are detected, the two points of detection 
define a line on which the annihilation approximately took place. This so-called 
coincidence detection allows the generation of projection images for tomographic 
reconstruction of PET tracer distributions without making use of a collimator. 

1.2. Small-animal SPECT
SPECT and PET were originally developed for clinical use, and the subsequent 
adaptation of these techniques to allow longitudinal radionuclide imaging of 
small laboratory animals is not completely straightforward. A mouse is about 
4000 times as small in volume compared to an average human. Therefore, in 
order to visualize radiotracer distributions in mice with the same level of detail 
relative to the organ sizes as achieved in humans, the spatial resolution must 
be approximately a factor of 
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higher. Since the typical resolution 
of clinical SPECT is about 10 mm, this means that a resolution of around 0.6 
mm is desirable. Current dedicated small-animal PET systems achieve a spatial 
resolution of about 1 mm[16]. The predominant factor limiting the image resolution 
of coincidence detection systems is the intrinsic spatial resolution of the available 
gamma detectors[17]. Interestingly, small-animal SPECT is less restricted by this 
limitation, and a dedicated system achieving a spatial resolution of 0.35 mm has 
recently been built[10]. SPECT systems can achieve this high spatial resolution by 
exploiting the principle of pinhole collimation.

A pinhole collimator consists of a piece of dense material containing only a single 
hole, which typically has the shape of a double cone. The exact size, shape and 
material of the pinhole are important to obtain good imaging characteristics, 
which is an interesting subject that can be studied and optimized e.g. using Monte 
Carlo simulations[18, 19]. A general overview of pinhole imaging can be found in [8].
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Figure 1.1. Parallel-hole projection compared to pinhole projection.

Figure 1.1 compares the projection obtained with a parallel-hole collimator 
(shown on the right) with the projection from a pinhole collimator (shown on 
the left). Whereas the size of the parallel-hole projection is almost independent of 
the distance to the collimator, for the pinhole collimator the size of the projection 
on the gamma detector relative to the object size is determined by the ratio of the 
pinhole-to-detector distance to the object-to-pinhole distance. As a consequence, 
a pinhole collimator can be used to collect magnified projections. This is an 
important property, since a projection acquired with magnification factor of M is 
equivalent to a non-magnified projection acquired with a detector having an M 
times better resolution. Based on this principle, high-resolution imaging can be 
performed using standard (clinical) gamma cameras.

Another important property of the pinhole collimator is that the sensitivity is 
inversely proportional to the square of the object-to-pinhole distance[20]. Since 
small objects like mice or rats can be positioned close to the pinhole, it is possible 
to achieve both a high magnification factor and a high sensitivity. 

To increase the sensitivity of a pinhole SPECT system even more, multiple 
pinholes can be used that simultaneously capture projections from multiple 
different angles. Each pinhole projection may be captured by a separate gamma 

camera, but it is also possible to capture the projections of multiple pinholes 
using one gamma camera. Further improvements in sensitivity can be obtained by 
focusing all pinholes to a small volume of interest, e.g. by tilting certain pinholes 
such that all pinholes image the same central scan volume.

Many multi-pinhole SPECT designs have been proposed, all differing over a range 
of properties[9, 10, 21-36]. Some scanners rotate the detectors around the object, some 
rotate the animal instead, and some have a completely stationary design in which a 
large number of pinhole cameras surround the animal and simultaneously acquire 
projections from sufficient angles to make a good reconstruction. These stationary 
systems are very well suited to perform dynamic scans with very short acquisition 
times. Whereas some scanners are standalone systems, others are implemented 
as add-ons to existing clinical scanners. Furthermore, the design of the multi-
pinhole collimator leaves many options to be chosen, such as the number of the 
pinholes, acceptance angle, pinhole diameter, the degree of focusing, the amount 
of projection magnification, and the amount of overlapping (multiplexing) of 
the pinhole projections on the detector. The number of possible configurations 
is enormous, and although optimization studies have been performed that may 
guide the designer in certain choices[37-40], many factors are interrelated. Currently, 
the best way to determine with certainty how well a certain design performs is to 
actually build and validate it.

1.3. U-SPECT-II
A focused multi-pinhole small-animal SPECT scanner that has recently been 
built is the U-SPECT-II, which was developed by the University Medical 
Center Utrecht (UMC Utrecht), Delft University of Technology (TU Delft) and 
Molecular Imaging Laboratories (MILabs). Details about the design, development 
and initial application of the U-SPECT-II and its predecessor, the U-SPECT-I, 
have been described in two previously published dissertations[41, 42].

The U-SPECT-I was implemented as an add-on to a clinical SPECT system with 
three gamma cameras. It employed a custom-designed collimator tube insert with 
75 pinholes and an XYZ stage that was mounted in front of the system. Overlap 
between the pinholes was prevented by lead shielding. Images with a resolution 
of 0.45 mm in all dimensions have been obtained using 0.6 mm pinholes, while 
0.35 mm resolutions have been achieved with 0.3 mm pinholes[9].

The U-SPECT-II[10] (Figure 1.2a) has been developed based on a similar design, 
but incorporates a large number of improvements and additions. The standalone 
U-SPECT-II system employs three stationary gamma cameras (Figure 1.2b), 
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exchangeable collimators for different sized animals or for specific organs, and 
an animal bed that is mounted on a motor-controlled XYZ stage, allowing 
accurate positioning of the animal. The available collimators consist of a tungsten 
cylinder containing five rings of 15 micro-pinhole apertures each (Figure 1.2c), 
that together provide a field-of-view (FOV) the shape of which is illustrated in 
Figure 1.2d. The pinhole geometry is highly focused: the four outer rings are 
tilted such that the pinholes in all rings point to the same region in the center of 
the collimator. For this part of the FOV, referred to as the central FOV (CFOV, 
Figure 1.2d) and a small area around it, complete data are acquired without any 
translation of the bed. For the general-purpose mouse collimators, the CFOV is 
approximately a cylinder of length 7 mm and diameter 12 mm. For rat collimators 
these dimensions are about twice as large.

Activity outside the CFOV also contributes to the projection data, but in order to 
obtain complete data from a volume that is significantly larger than the CFOV, the 
system uses the XYZ stage to automatically translate the animal stepwise through 
the collimator, thereby effectively moving the focus over the pre-selected volume 
of interest[43]. Since the movements can be done very quickly, fast dynamic and 
gated imaging is possible even for total body imaging[44].

CT imaging can be performed using the U-CT, which is available either separately 
or integrated with the SPECT system (U-SPECT-II/CT). The U-CT is a fast 
circular cone beam X-ray CT system dedicated for high-throughput low-dose in 
vivo scanning of small animals.

 1.4. Image reconstruction
A 3D image reconstruction algorithm is a sequence of calculations that, based on 
a set of 2D projection images and a model describing how they were acquired, 
provides a 3D image that is consistent with the projection images. In practice, 
owing to various reasons such as noise in the projections, the measured projection 
images generally do not perfectly match any projection image predicted by the 
model. However, most reconstruction algorithms can provide an image estimate 
that is a close approximation of the original 3D distribution. Reconstruction 
algorithms are often classified as either analytic or iterative[45]. Analytic methods 
aim to apply mathematical formulas to directly obtain a solution, whereas iterative 
algorithms calculate a series of estimations in which each estimation is an updated 
and more accurate version of the previous one.

Analytic approaches typically depend on the line-integral model, which assumes 
that the number of detected photons in each point on the detector is linearly 

proportional to the integral of the tracer density along a line through that point 
along the collimation direction. The transform which maps a function (in this 
case the tracer distribution) into the set of its line integrals is called the Radon 
transform[46]. Most analytic methods are based on the application of direct 
mathematical formulas to calculate the inversion of this Radon transform[47]. 
Perhaps the most well-known analytic method, which is still applied widely in 
the clinic, is filtered backprojection (FBP)[11]. While most analytic methods have 
traditionally been applied to reconstruct 2D slices that can subsequently be stacked 
to create a 3D reconstructed volume, much progress has recently been made on 
direct analytic inversion methods for inherently 3D reconstruction problems such 
as helical cone-beam geometries[48].

Analytic reconstruction algorithms are generally very fast, but their accuracy 
depends on how well the line integral model approximates the acquisition process. 
SPECT collimators, in particular pinhole collimators, produce considerable 
depth-dependent variation in resolution which is not included in the line-integral 
model. Pinhole collimators also exhibit distance-dependent sensitivity (which is 
proportional to the square of the object-to-pinhole distance[20]). Furthermore, 
resolution is degraded due to photon interactions with the collimator, such as 
scatter and pinhole edge penetration in pinhole collimators[18, 19]. Finally, photon 
attenuation and scatter in the body cause loss of image contrast and inaccuracies 
in quantitation[11, 49], although this effect is less pronounced in small animals. For 
FBP, approximate correction methods for these SPECT image-degrading factors 
have been proposed[50]. However, iterative methods are much better able to correct 
for these effects. Iterative methods employ a transition matrix that contains a 
model of how gamma photons travel from the source distribution to the detector. 
The transition matrix is not limited to line-integral models, and can include all 
image-degrading effects mentioned above. This makes iterative methods very 
appropriate for complex acquisition geometries typically encountered in focused 
multi-pinhole SPECT scanners. The image reconstruction software employed 
in the U-SPECT-II is based on the iterative Maximum Likelihood Expectation 
Maximization (MLEM) algorithm.

1.4.1. MLEM
The statistically-based Maximum Likelihood Expectation Maximization (MLEM)
[51, 52] algorithm has become an important standard of iterative reconstruction[53]. It 
is based on the assumption that the noise in the measured projection data follows 
Poisson statistics. This applies very well to projections obtained in nuclear medicine, 
since the radioactive decay of atoms is known to be well-modeled as a Poisson 
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process. In a tracer distribution reconstructed by MLEM, the variance due to 
noise fluctuations is approximately proportional to the mean reconstructed counts. 
Therefore, unlike in FBP reconstructions, the noise level in an MLEM image is lower 
in regions of lower image intensity[54, 55]. As a result, MLEM provides much better 
reconstructions than FBP-type algorithms for the typically noisy acquisitions in 
nuclear medicine. Additional advantages are that MLEM guarantees non-negativity 
of the reconstructed counts and has a predictable convergence behavior. It is also easy 
to implement.

MLEM provably converges to the maximum likelihood estimate, but this estimate is 
generally too noisy to be useful in practice. The algorithm is therefore usually stopped 
at a point where most low-frequency components are sufficiently converged and 
further iteration only seems to amplify noise. If the model in the transition matrix is 
sufficiently accurate, better image estimates are obtained by iterating slightly further 
and then applying a smoothing gaussian postfilter to reduce the noise[56].

1.4.2. OSEM
Despite the big advantages of MLEM, its application in the clinic has been 
hampered by the fact that its convergence is notoriously slow. A major breakthrough 
was therefore the introduction of block-iterative methods such as Ordered Subsets 
Expectation Maximization (OSEM)[57]. OSEM is based on the fact that favorable 
updates can already be achieved using only a part of all projection data. It employs 
exactly the same update algorithm as MLEM, but then applied only to subsets of 
the projection data. After performing all calculations on one subset, the activity 
estimate is updated and the algorithm continues with another subset. An iteration 
of the OSEM algorithm is defined as one pass through all subsets. Since the subsets 
are mutually exclusive, an iteration of OSEM still processes all projection data only 
once. As a result, one OSEM iteration takes about the same processing time as one 
MLEM iteration. However, one OSEM iteration performs as many updates as there 
are subsets, and the acceleration factor of OSEM over MLEM is approximately equal 
to the number of subsets[57, 58].

OSEM can greatly accelerate the reconstruction and still lead to accurate images, 
but good and predictable convergence is not guaranteed. To prevent quantitative 
inaccuracies or even divergence, the subsets must be chosen such that the activity 
in each voxel contributes about equally to all subsets, or in other words, that for 
all voxels i, the probability that a photon originating from i is detected by one of 
the detector pixels in subset s is the same for all s. This condition, known as subset 
balance, is usually ensured by choosing the subsets such that they consist of a number 
of complete projection images obtained at the various angles of the gamma camera.

Figure 1.2. (a) U-SPECT-II/CT system. (b) U-SPECT-II with housing removed, 
showing setup with three clinical gamma detectors. (c) Three-dimensional illustration of 
general-purpose mouse collimator. (d) Schematic cross-sections of field-of-view (FOV) 
and central field-of-view (CFOV) in U-SPECT-II general-purpose collimators.

1.4.3. Projection truncation
Classical computed tomography states that an object can be reconstructed from 
its projections if these projections sample the object over an orbit of at least 180° 
at sufficiently small angular intervals, and the complete object is visible in all 
projections. If parts of the object are outside the FOV of the detector for certain 
projection angles, these projections are said to be truncated. In many cases, this 
results in artifacts in both analytic and iterative SPECT image reconstruction[59-62]. 
However, as iterative reconstruction algorithms simply aim to approximate the 
most likely solution given the data that are measured, it has been shown that 
they can provide reliable reconstructions for some truncation situations where 
traditional analytic methods fail[63-65]. Since the pinholes in the U-SPECT-II 
are all focused on a relatively small region, in most focused animal scans the 
obtained projections are unavoidably truncated. Therefore, although the iterative 
reconstruction results in visually adequate images, their quantitative accuracy of 
these images may be affected due to truncation artifacts. This is the subject of one 
of the chapters in this thesis.
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1.5. Thesis outline
Building upon the work of two previous dissertations[41, 42], this thesis describes 
further developments of, and investigations into the design, implementation and 
initial application of the U-SPECT-II. Chapters 2-5 each present and validate one 
aspect of the scanner design. The final chapter provides a general summary and 
discussion.

Chapter 2 demonstrates that focused multi-pinhole SPECT images can be improved 
when scans are better targeted to the organ or tissue of interest. New tools are 
presented that facilitate targeted imaging of specific organs and tumors and a study 
was conducted to validate the effects of improved targeting of the pinhole focus.

Chapter 3 addresses an issue that was encountered while implementing OSEM 
on the U-SPECT-II. With traditional subsets, consisting of complete projection 
views, it occurred that even moderate acceleration factors lead to inaccurate 
reconstructions. This chapter therefore proposes Pixel-based Ordered Subsets 
Expectation Maximization (POSEM), which is based on an alternative subset 
choice. Performance was compared with traditional OSEM and MLEM for a 
rat total body bone scan, a gated mouse myocardial perfusion scan and a Defrise 
phantom scan.

Chapter 4 investigates the influence of projection truncation on the reconstructed 
tracer distributions inside the scan volume for 99mTc-tetrofosmin myocardial 
perfusion scanning in mice. In this type of study, some other organs such as the liver 
and gall bladder typically exhibit a high tracer uptake that is not sampled by the 
CFOV. Projections of a digital mouse phantom were simulated and reconstructed, 
for various scan volumes with increasing levels of truncation. Differences in the 
reconstructed myocardium were assessed based on circumferential profiles and 
bull’s eye plots.

Chapter 5 presents a study that validates the accuracy of images of intratumoral 
antibody distributions obtained with focused multi-pinhole SPECT. Zalutumumab, 
a human monoclonal EGFr-targeting antibody was radiolabeled with 111In and 
administered to a mouse with a xenografted A431 tumor. Total-body and focused 
tumor 3D SPECT images were acquired at multiple time points, and a full 3D 
histological analysis was performed in order to validate the morphology of the 
reconstructed SPECT distribution.
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Abstract
Purpose Small-animal single photon emission computed tomography (SPECT) 
with focused multi-pinhole collimation geometries allows scanning modes in 
which large amounts of photons can be collected from specific volumes of interest. 
Here we present new tools that improve targeted imaging of specific organs and 
tumors, and validate the effects of improved targeting of the pinhole focus.

Methods A SPECT system with 75 pinholes and stationary detectors was used 
(U-SPECT-II). An XYZ stage automatically translates the animal bed with a 
specific sequence in order to scan a selected volume of interest. Prior to stepping 
the animal through the collimator, integrated webcams acquire images of the 
animal. Using sliders, the user designates the desired volume to be scanned (e.g. 
a xenograft or specific organ) on these optical images. Optionally projections of 
an atlas are overlaid semiautomatically to locate specific organs. In order to assess 
effects of more targeted imaging, scans of a resolution phantom and a mouse 
myocardial phantom, as well as in vivo mouse cardiac and tumor scans, were 
acquired with increased levels of targeting. Differences were evaluated in terms of 
count yield, hot rod visibility and contrast-to-noise ratio.

Results By restricting focused SPECT scans to a 1.13-ml resolution phantom, 
count yield was increased by a factor 3.6, and visibility of small structures was 
significantly enhanced. At equal noise levels, the small-lesion contrast measured 
in the myocardial phantom was increased by 42%. Noise in in vivo images of a 
tumor and the mouse heart was significantly reduced.

Conclusions Targeted pinhole SPECT improves images and can be used to shorten 
scan times. Scan planning with optical cameras provides an effective tool to exploit 
this principle without requiring additional X-ray CT imaging.

http://dx.doi.org/10.1007/s00259-010-1637-4
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2.1. Introduction
Molecular imaging has proven to be extremely valuable in studying animal 
models of human disease and in the development of new pharmaceuticals and 
tracers. Many molecular mechanisms can be assessed quantitatively in vivo using 
radionuclide techniques such as single photon emission computed tomography 
(SPECT) and positron emission tomography (PET). In the past, SPECT lacked 
the resolution necessary to accurately image organs of small animals such as mice 
and rats. Several newly developed dedicated small-animal SPECT systems have 
overcome this limitation[9, 10, 20-22, 26, 28, 29, 66-69].

Recently, sub-half-millimeter image resolution has been achieved in SPECT, 
using multi-pinhole collimators combined with high pinhole magnification 
factors[8-10, 43, 70]. As these systems are equipped with collimators that have pinholes 
that focus on a central area in the imaging cavity, the fraction of detected photons 
from specific organs or tissue of interest is very high. This can result in improved 
noise resolution trade-offs over systems with a lower level of focusing, and the 
possibility of reducing the tracer dose or the acquisition time. Using focused 
pinhole geometries, detailed images of mouse and rat organs (e.g. beating heart, 
kidney and the brain) and tumors have been acquired[8-10, 70-73].

Multi-pinhole collimators with focused geometries are also able to scan larger 
volumes – up to the total body of mice and rats. This is accomplished by translating 
the animal through the collimator in concert with specially adapted reconstruction 
methods that use projections from all bed positions simultaneously[10, 43]. To 
increase count yield from a specific organ or a tumor, the field-of-view (FOV) 
of a system with a highly focused geometry and an XYZ stage can be confined 
to a region that mainly contains the tissue of interest (“sensitivity painting”). 
This requires making an estimate of the location of these tissues. Disadvantages 
to performing this estimation based on X-ray CT images include additional 
radiation dose, hardware, and scan time. Localization based on MRI, which is 
currently an area of active research, also requires additional hardware and scan 
time. Furthermore, using pinhole projection images combined with a persistence 
scope, accurate localization is difficult to achieve since there is a small FOV, few 
gamma photons can be detected in a limited time and the tissue being localized 
may have a very low uptake. The aim of the present study was to explore the 
alternative possibility of using low-cost optical cameras for tissue localization and 
FOV selection, and to empirically investigate the effects of targeting on sensitivity 
and the quality of reconstructed images.

2.2. Materials and Methods

2.2.1. SPECT system with optical cameras
U-SPECT-II[10, 74] (Figure 2.1a) is a multi-pinhole SPECT scanner for imaging 
rodents. It consists of three stationary detector arrays and exchangeable collimators 
for different sized animals or for specific organs such as the brain[75]. Available 
collimators consist of a tungsten cylinder containing 75 micro-pinhole apertures 
that together provide a FOV the shape of which is illustrated in Figure 2.1c. The 
pinhole geometry is chosen such that the region observed through all pinholes 
simultaneously is located in the center of the collimator. For this part of the FOV, 
referred to as the central FOV (CFOV, Figure 2.1c) and a small area around it, 
complete data are acquired without any translation of the bed during scanning. 
For the mouse collimators in this study, such as the general purpose mouse 
collimator (MILabs BV, Utrecht, The Netherlands), the CFOV is approximately 
a cylinder of length 7 mm and diameter 12 mm. For the rat collimators these 
dimensions are about twice as large.

The FOV outside the CFOV also contributes to the projection data, but in order 
to correctly reconstruct volumes significantly larger than the CFOV, the system 
must move the focus over the region of interest. This scanning focus method[43], 
enables sensitivity painting similar to dose painting in radiotherapy. The bed is 
mounted on a motor-controlled XYZ stage, which allows accurate positioning of 
the animal. During SPECT acquisition, the XYZ stage automatically moves the 
animal stepwise through the collimator, thereby effectively moving the CFOV 
within the animal in order to obtain complete data for any part of the animal that 
is selected by the user. The bed is transparent and has a half-cylindrical shape. It 
contains a transparent heater pad to control the temperature of the animal (Figure 
2.1a).

2.2.2. Description of the FOV selection tool

2.2.2.1. Optical image-based positioning
Prior to acquiring SPECT data, three optical cameras, which are integrated with 
the U-SPECT-II system, take photographs of the animal from the left, top and 
right (Figure 2.1a). The cameras (DFK 21F04; The Imaging Source, Germany) 
are equipped with a quarter-inch CCD detector with a resolution of 640x480 
pixels. The photographs are displayed on a graphical user interface, on which the 
user can define a box to be scanned (Figure 2.1a, b). Next, the software calculates 
a sequence of bed positions in such a way that the volume within the box will be 
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Figure 2.1. (a) U-SPECT-II system with close-ups of a mouse on the animal bed with 
a transparent heater pad in front of optical cameras and the graphical user interface 
with optical images and three real-time projection images. (b) Example of various FOV 
selection boundaries in three dimensions. (c) Schematic cross-sections of FOV and CFOV 
in U-SPECT-II general-purpose collimators

sampled by the CFOV in at least one of the bed positions. The user can optionally 
check and fine-tune the position of the FOV using real-time gamma photon 
projection images of the center of the selected FOV, obtained through pinholes 
that provide views of the animal at approximately the same angles as the optical 
cameras. Depending on the size of the selection, the number of positions can 
range from one or two positions (for organs such as the heart, the brain or a 
tumor) up to tens of positions for total-body scanning. Since changing the bed 
position takes only 0.7 s on average, even for total-body studies fast dynamic 
acquisitions are possible using the scanning focus method[70, 76].

Figure 2.2. Different volume selections applied to obtain a specific SPECT acquisition 
of (a) a resolution phantom, (b) a mouse myocardial phantom, (c) a mouse tumor, and 
(d) a mouse heart using an atlas. Red (large) box: nontargeted selection, orange (center) 
box: selection targeted in one dimension only, yellow (small) box: selection targeted in 
three dimensions

2.2.2.2. Atlas overlay
Our optical image-based FOV selection allows targeting SPECT to a joint, a 
xenograft (Figure 2.2c) or any other part of the animal. To further aid localization 
of organs, projections of an anatomical atlas that shows the different organs of 
an animal can be projected onto the optical images (Figure 2.2d). The overlay 
is based on projections of a manually segmented MR image. It can be manually 
scaled to register it to the optical images, for example using the nose, the eyes, 
the shoulders, the root of the tail and the skin contour as reference features. To 



26      Chapter 2 Targeted multi-pinhole SPECT      27

account for different animal shapes and positioning, the atlas projections can also 
be deformed in the transaxial directions by repositioning markers on the skin 
contour. This method provides an approximation of the organ positions, which 
can be very useful as a guideline during scan planning since the (rough) location 
of organs can easily be mistaken.

2.2.3. Aligning optical images to SPECT images
The mapping of the optical images (and consequently also the FOV selection) 
to the SPECT reconstructed voxel grid is determined by calibration. Before 
calibration, the optical cameras were corrected for rotation, scaling and barrel 
distortions based on optical images of a millimeter grid. In order to reduce 
perspective errors and approximate parallel projections, the optical images were 
acquired as a set of small image strips that were stitched together. The calibration 
was performed by scanning a phantom containing several point sources and 
registering its optical images to maximum intensity projections of the SPECT 
volume. To create the point sources, ion exchange resin beads with a diameter of 
approximately 0.2 mm were dipped in a mixture of 99mTc-pertechnetate and ink, 
to make them visible in both modalities.

The optical-to-SPECT registration was performed by applying a rigid 
transformation that minimizes the mean distance between the optical point sources 
and their corresponding point sources in the maximum intensity projection of the 
SPECT volume. After applying this transformation to our system, the maximum 
distance between any of the point sources in the optical and SPECT images was 
0.25 mm.

2.2.4. Validation
Improvements due to restricting the scan area, in terms of sensitivity and 
resolution, were determined with a resolution phantom, whereas improvements 
in contrast-to-noise ratio were measured in scans of a mouse myocardial phantom 
containing a cold lesion. Finally, in vivo studies illustrate the effects of scan area 
size in mouse tumor and myocardial perfusion imaging.

All scans discussed here were performed three times, each time employing a 
different FOV selection: (1) a non-targeted scan, (2) a 1D-targeted scan (with the 
FOV only restricted in the z-dimension), emulating a system that can only target 
in the axial direction, and (3) a 3D-targeted scan with the FOV restricted in the 
x-, y- and z-dimensions (Figure 2.2). 

2.2.4.1. Resolution phantom study
In order to assess the visibility of small details, a Jaszczak-style resolution phantom 
(ultra-high-resolution micro-phantom 850.100; VANDERWILT techniques, 
Boxtel, The Netherlands) with six sections containing capillaries with diameters 
of 0.35, 0.40, 0.45, 0.50, 0.60 and 0.75 mm was imaged. In this phantom, the 
distance between the capillaries in each section equals the capillary diameter in 
that section. The phantom was filled with 145 MBq 99mTc-pertechnetate. The 
resolution phantom and the selected volumes for the different protocols are 
shown in Figure 2.2a.

A 10-min acquisition was performed for each of the protocols (ultra-high-resolution 
study) and a second acquisition series with the same phantom was performed 
with lower activity by repeating the three scans after 20 h (high-resolution study). 
The ultra-high-resolution and high-resolution studies were performed with, 
respectively, the 0.35-mm and 0.6-mm diameter pinhole mouse collimators[10]. 
Images were reconstructed on a 0.1875 mm isotropic voxel grid with ten iterations 
pixel-based ordered subset expectation maximization (POSEM) with 16 subsets 
(Chapter 3 of this thesis). Furthermore, the total number of detected photons was 
determined for each scan in a 20% energy window around 140 keV to estimate 
the sensitivity gain achieved by restricting the scan volume. The count totals were 
corrected for background radiation by subtracting the number of counts detected 
in a separate background acquisition.

2.2.4.2. Mouse myocardial phantom study
In order to quantify improvements in signal-to-noise ratio by restricting the scan 
volume, a physical cardiac phantom was used. This phantom, made of polymethyl 
methacrylate, modeled perfusion of the left ventricular myocardium of a mouse 
(Figure 2.3a). It contained a cavity into which a polymethyl methacrylate insert 
mimicking an infarct could be placed. The cavity resembled the left ventricular 
myocardial wall, which was filled with 7.2 MBq 99mTc-pertechnetate. The 
dimensions of the myocardium in the phantom (Figure 2.3b) represented the 
average end-diastolic dimensions reported by Wiesmann et al.[77], which were 
measured in MRI data from 15 adult C57BL/6 mice at rest. The FOV selections 
for the applied scan protocols are shown in Figure 2.2b.

The phantom was scanned using each of the three FOV selection protocols. The 
duration of the first scan was 60 min, and the next scans were slightly extended 
to correct for decay. Each of the three list-mode data-sets was split into 60 noise 
realizations each containing the same number of list-mode events, which were 
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spread out regularly over the entire scan time. This emulates 3 × 60 acquisitions 
with a left ventricular uptake of 0.12 MBq. 

Because the projections obtained each contained only 1/60 of the usual amount of 
background counts, projections from 60 separate 60-min background acquisitions 
without a phantom were added to the noisy phantom projections before 
reconstruction. The uptake value of 0.12 MBq was the average reconstructed left 
ventricular uptake measured in two mouse 99mTc-tetrofosmin scans after applying 
attenuation correction as described previously[78]. For each targeting level, ten 

Figure 2.3. (a) Photograph of a mouse myocardial phantom with lesion. (b) Schematic 
drawing of the phantom showing the dimensions of the left ventricle and lesion in 
millimeters. (c) Reconstructed short-axis slice with profile range used for circumferential 
profiles. (d) Different regions used for calculation of noise and contrast (solid areas “non-
infarcted” regions, dashed area “infarcted” region)

noise realizations were reconstructed on a 0.1875-mm isotropic voxel grid. 
Maximum likelihood expectation maximization instead of POSEM was used for 
reconstruction because the former updates the image with smaller increments, 
and therefore allows for constructing plots of contrast-to-noise ratios based on a 
higher number of stages of convergence.

2.2.4.3. In vivo animal studies
Figure 2.2c, d shows the three FOV selection protocols applied to, respectively, a 
mouse tumor scan and a myocardial perfusion scan. All procedures employed in 
these studies were approved by the local ethics committee and were performed in 
accordance with international guidelines on handling laboratory animals.

For the tumor scan, a 21-g female mouse (CB17/SCID) was used which had a 
0.5–1.0 ml A431 human carcinoma on its right flank. The scans were acquired 
under isoflurane anesthesia 3 days after injection of 49 MBq 111In-labeled 
Unibody (Genmab, The Netherlands) using the 0.6-mm diameter pinhole mouse 
collimator tube[10]. The duration of each acquisition was 45 min. The images 
were reconstructed on a 0.1875-mm isotropic voxel grid employing six iterations 
POSEM with 16 subsets (Chapter 3 of this thesis). The reconstructed images 
were post-filtered using a gaussian filter with σ = 0.1875 mm.

For the mouse cardiac perfusion study, a 29-g male mouse (C57BL/6J) was 
anesthetized with isoflurane and injected with 134 MBq 99mTc-tetrofosmin. At 30 
min after injection, the first SPECT scan of 45 min was acquired. The other two 
scans were corrected for decay of the isotope by adjusting the duration of each 
acquisition. The scans were acquired using the 0.6-mm diameter pinhole mouse 
collimator tube[10] and reconstructed on a 0.1875-mm isotropic voxel grid using 
four iterations POSEM with 16 subsets (Chapter 3 of this thesis), employing 
cardiac gating with 16 intervals. The reconstructed images were post-filtered with 
a gaussian filter in time (σ = 1.27 time intervals) and space (σ = 0.32 mm).

2.2.4.4. Data analysis of the mouse myocardial phantom
To assess differences in contrast-to-noise ratio, small-lesion contrast and noise 
were measured in the reconstructed myocardial phantom images after each 
iteration. Contrast was then plotted as a function of noise for each targeting level. 
Eleven volumetric regions of interest of equal size were defined (Figure 2.3d), 
one within the lesion and ten within the “fully perfused myocardial tissue”. The 
average contrast was defined as the average contrast over all noise realizations, 
with the contrast C of one noise realization defined as:
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where A(k) represents the average intensity of the region in noise realization k, 

A  is the intensity of the region averaged over all noise realizations and N is the 
number of noise realizations. Average noise over the non-infarcted myocardium 
was calculated by averaging these NSD values.

Reconstructed images of the mouse myocardial phantom were post-filtered with 
a gaussian filter (σ = 0.1875 mm) and profiles were generated by dividing the 
profile range (depicted in Figure 2.3c) into 36 segments and calculating the mean 
voxel value for each segment. In addition to plotting the profiles separately, the 
profiles for all ten noise realizations were also averaged into a mean profile. The 
variation from the mean was visualized by including two profiles denoting the 
mean plus and minus one standard deviation.

2.3. Results

2.3.1. Resolution phantom study
Figure 2.4 presents reconstructed image slices from the resolution phantom 
scans. No post-filter was applied. The displayed slice thickness is 0.75 mm for 
the high-resolution scans and 0.375 mm for the ultra-high-resolution scans. In 
both the high- and the ultra-high-resolution scans, restricting the FOV resulted 
in reduced noise and more sections having visually distinguishable rods. In the 
images obtained with the 0.6-mm pinholes and non-targeted scanning, the 0.6-
mm rods were hardly visible. One-dimensional targeting made all 0.5-mm rods 
clearly visible. With 3D-targeting, the 0.45-mm rods seemed to be much better 
separated. In the ultra-high-resolution study (0.35-mm pinholes), the 0.35-mm 

segment could be resolved in the 3D-targeted image whereas in the 1D-targeted 
image it appeared less clear. In the non-targeted image, even some of the 0.45-
mm rods were hardly distinguishable.

Table 2.1 shows the number of counts measured within a 20% energy window 
around 140 keV for each of the targeting levels. The number of recorded counts 
increased with better volume targeting as the phantom was positioned inside the 
CFOV more often. Since there was no 99mTc-pertechnetate outside the phantom, 
the increase in scan sensitivity can be estimated by comparing the total number of 
detected photons obtained using each of the FOV selection protocols. Compared 
to a non-targeted scan, 3D targeting was able to increase the number of counts 
detected from a specific volume of interest by a factor of approximately 3.6.

Figure 2.4. Reconstructed images of micro-hot-rod phantom scans with high-resolution 
(top) and ultra-high-resolution (bottom) collimators for three different levels of targeting.

Nontargeted 1D targeted 3D targeted
High-resolution study
     Number of counts 2,807,510 6,584,623 9,754,798
     Sensitivity increase factor 1 2.3 3.5
Ultra-high-resolution study

9,994,441 23,382,374 35,687,641
    Number of counts
     Sensitivity increase factor 1 2.3 3.6

Table 2.1. Sensitivity estimates for phantom scans using various FOV selection protocols 
and activity levels. Increases in sensitivity are expressed as a sensitivity increase factor, 
defined as the number of counts divided by the number of counts measured in the 
nontargeted scan.
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Figure 2.5. Average defect contrast as a function of average noise in the mouse myocardial 
phantom. Curves were generated by interpolating values found at different iterations (dash-
dots nontargeted, dashes 1D-targeted, solid 3D-targeted). Comparisons at equal contrast 
and at equal noise, as described in the text, are illustrated using markers connected by dotted 
lines.

Figure 2.6. Images and circumferential profiles of reconstructed short-axis slices of the mouse 
myocardial phantom for nontargeted acquisition (left), 1D-targeted acquisition (center) 
and 3D-targeted acquisition (right) show stronger noise reduction with a higher degree of 
targeting. (a) Short-axis slices from reconstruction of one noise realization. (b) Profiles of 
mean (solid) and mean ± 1 SD (dashed), both calculated over ten noise realizations. (c) 
Example profiles from reconstructions of three different noise realizations.

2.3.2. Mouse myocardial phantom study
To provide an additional measure of improvement in image quality, Figure 2.5 
compares contrast-to-noise ratio curves for each of the three targeting levels. 
For all targeting levels, average contrast improved with an increasing number of 
iterations, but average noise was also increased. Compared at an equal noise level 
of 0.076, the contrast-to-noise level achieved with 1D targeting was improved by 
19% over the non-targeted reconstruction, whereas 3D targeting resulted in an 
improvement of 42% over the non-targeted reconstruction. Comparing images 
at an equal average contrast level of 0.75, 1D and 3D targeting improved the 
contrast-to-noise level by, respectively, 37% and 167% over the level measured in 
the non-targeted reconstruction. This noise reduction is illustrated in Figure 2.6. 
The profiles in the middle row show that the variance over the ten reconstructions 
was reduced with more targeting, which implies improved reproducibility of 
intensity in individual segments. This effect is also apparent in the bottom row, 
which shows three examples of circular profiles. Better targeting reduced the 
differences between these reconstructions. In addition, the bottom row shows 
that better targeting resulted in less erroneous intensity variations within the 
myocardial wall. This is also reflected in the images in the top row, which appear 
much less noisy with more accurate targeting.

2.3.3. In vivo animal studies
Slices through the reconstructed volumes from the myocardial perfusion and 
tumor scans are shown in Figure 2.7. Displayed slice thicknesses are 0.56 mm and 
0.75 mm for, respectively, the myocardial and the tumor study. The 3D-targeted 
scans appeared to have less noise than the 1D-targeted and non-targeted images. 
This effect was most apparent in the myocardial perfusion study, where the 
number of counts in individual frames was low because of gating. The myocardial 
images from the 3D-targeted scan best revealed the structure of the papillary 
muscles and the right ventricular wall.

2.4. Discussion
A navigation and selection tool for SPECT acquisition based on optical imaging 
was developed to increase count yield from specific organs and tissues of interest. 
The results reported here show that targeting in three dimensions is important, 
because it improves count yield and contrast-to-noise trade-off.
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Figure 2.7. Reconstructed end-diastolic short-axis slices from gated myocardial perfusion 
scans (top) and transaxial slices from the mouse tumor scans (bottom) for three different 
levels of targeting.

 
When a large FOV is required, such as in total-body scanning, the level of 
targeting may become low. This results in reduced sensitivity as the total scan time 
is distributed over a large number of CFOV positions. Previously we and others 
have shown that in such situations the count rate can still be high enough to 
obtain excellent images[43] even for gated total-body SPECT or for studies which 
employ low doses[10]. Furthermore, although the overall sensitivity in total body 
scanning may then become similar to non-focused geometries, the combination 
of focusing and moving the bed in three dimensions effectively translates the 
axis of rotation and may therefore have the advantage of acquiring more angle 
information compared to detectors rotating around one longitudinal axis. In the 
recently launched U-SPECT-II/CT and VECTor/CT (a combined SPECT/PET/
CT device with sub-millimeter resolution[79, 80]), FOV selection can alternatively 
be performed based on X-ray planar images, with or without the option of 
registering projections of an atlas to them. It should, however, be noted that these 
devices are also equipped with webcams for, for example, FOV selection.

Using optical cameras with the option of registering projections of an atlas to 
the optical images is a cost-effective method and has many advantages over scan 
planning using an additional CT scan. First, the limited tissue contrast in a CT 
scan may hamper accurate localization for many organs, whereas our atlas images 
are already pre-segmented. Furthermore, X-ray imaging exposes the animal to 
an extra radiation dose[81-83]. Another advantage of recording optical images is 
that, after correcting for differences in positioning and distortion of the lens, 

they can be related directly to images obtained using other optical modalities 
such as bioluminescence or fluorescence. Additional CT scans or scans from other 
anatomic modalities can be useful in particular for the localization of activity in 
unknown internal structures such as a tumor. 

In this study we used a basic atlas containing brain, heart, lungs, liver, spleen, and 
kidneys, based on a mouse MRI scan. In practice, the localization of the organs 
worked well in most scans, especially since the posture of the animal was chosen 
to be close to that of the mouse in the MRI scan. More extensive in vivo position 
verification may be an interesting subject for future studies. In addition, atlases 
and anatomical images based on MRI or other modalities are being created, in 
which the animals can be placed in many different postures. Furthermore, other 
atlases of mice and rats are available[84-89]. Even when using accurate atlases, small 
localization errors may remain as a result of individual differences or pathologies. 
An atlas that can be automatically deformed to match the optical image, based on 
thin-plate spline deformations, is currently being investigated[90, 91].

2.5. Conclusion
Focused multi-pinhole geometries combined with an XYZ translation stage give 
the opportunity to acquire a high number of counts from the organ of interest. As 
a result, much smaller pinholes can be used to obtain ultra-high-resolution SPECT 
images or images with reduced noise. The results of the present study show that 
count yield increases dramatically when targeting is applied, which results in new 
opportunities for fast dynamic imaging of tumors or organs. This new method 
could also be applied to increasing throughput or to reducing radiation doses. 
We have developed a fast and user-friendly tool for estimating organ positions 
based on optical images and optional atlases. This tool allows maximal benefit to 
be obtained from the unique advantages of SPECT with focused multi-pinhole 
collimators.
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Abstract
Block-iterative image reconstruction methods, such as Ordered Subset 
Expectation Maximization (OSEM), are commonly used to accelerate image 
reconstruction. In OSEM, the speed-up factor over Maximum Likelihood 
Expectation Maximization (MLEM) is approximately equal to the number 
of subsets in which the projection data are divided. Traditionally, each subset 
consists of a couple of projection views, and the more subsets that are used, the 
more the solution deviates from MLEM solutions. We found for multi-pinhole 
Single Photon Emission Computed Tomography (SPECT) that even moderate 
acceleration factors in OSEM lead to inaccurate reconstructions. Therefore we 
introduce Pixel-based Ordered Subsets Expectation Maximization (POSEM), 
which is based on an alternative subset choice. Pixels in each subset are spread 
out regularly over projections and are spatially separated as much as possible. 
We validated POSEM for data acquired with a focusing multi-pinhole SPECT 
system. Performance was compared with traditional OSEM and MLEM for a 
rat total body bone scan, a gated mouse myocardial perfusion scan and a Defrise 
phantom scan. We found that POSEM can be operated at acceleration factors 
that are often an order of magnitude higher than in traditional OSEM.

http://dx.doi.org/10.1088/0031-9155/55/7/015
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3.1. 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[53, 92-95], while they also 
receive strong interest for reconstruction of X-ray Computed Tomography (CT) 
images[96-103]. Compared to analytic methods of reconstruction, iterative methods 
have been shown to be more robust to statistical noise and 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)[51] has become the gold standard, mostly due to its 
consistent and predictable convergence behavior, its non-negativity constraints 
and its ease of implementation. A major drawback of MLEM is that it is 
computationally very costly. In addition to the introduction of faster computers, 
a major breakthrough that led to its widespread application in medical image 
reconstruction was the introduction of block-iterative methods like Ordered 
Subsets Expectation-Maximization (OSEM)[57]. A primer to principles and 
clinical applications of ordered-subset reconstruction can be found in [92].

Empiric studies have shown that for many SPECT collimation geometries OSEM 
provides almost the same reconstructed images as MLEM, when the acceleration 
is not pushed too much[58, 60]. The acceleration factor of OSEM is roughly 
proportional to the number of subsets used[57, 58]. In most implementations, each 
subset contains a number of complete SPECT projections. Traditionally, the 
acceleration factor is increased by lowering the number of projections per subset, 
but this can have adverse effects on reconstructed image noise and quantitative 
accuracy if too few projections are used per subset.

To our knowledge, only little has been published on block-iterative methods in 
which subsets do not each consist of a number of complete SPECT projections. In 
the context of list-mode block-iterative image reconstruction for PET, Levkovitz 
et al[104] proposed their COSEM algorithm. In this algorithm, subsets are chosen 
by combining list-mode events acquired during a certain time interval, at certain 
angles, or completely random. However, the study did not elaborate on the 
effect of the various subset choices. Kadrmas[105] has reported interesting results 
using dynamic subsets based on the distribution of tomographic and statistical 
information in the measured data. For dynamic studies, Rahmim et al[106] propose 
to anticipate the changes in activity distribution over time by dividing time 
intervals into portions and assigning one portion from each time interval to each 
subset.

Important to get OSEM solutions that are close to MLEM images is the 
preservation of subset balance, which according to Hudson and Larkin[57] means 
that voxel activity contributes about equally to all subsets. The issue of subset 
choice turns out to be of particular concern in multi-pinhole SPECT systems 
(e.g. [9, 10, 21, 107]). For these systems, OSEM images exhibit artifacts already at a 
low number of subsets, as we will show in the next sections. The most important 
reason may be that subset balance is very difficult to achieve in complex pinhole 
geometries with inherently voxel-position dependent sensitivities, a different 
number of pixels per projection, and truncated projections. The goal of this 
paper is to propose and experimentally validate a new subset choice (“pixel-based 
subsets”) which is easy to implement and enables very high acceleration factors, 
even on stationary focusing multi-pinhole SPECT systems with complex pinhole 
geometries and severely truncated projection views.

3.2. Methods
We implemented and validated our method on a U-SPECT-II system[10] 
(MILabs, Utrecht, The Netherlands), an ultra-high resolution focusing multi-
pinhole SPECT system for small animals. This section first introduces the 
pinhole geometry of U-SPECT-II. Next, a description of the implementation 
of the traditional ordered subset algorithm and the Pixel-based Ordered Subsets 
Expectation-Maximization (POSEM) for U-SPECT-II is given. Finally, we 
describe how POSEM was validated.

3.2.1. Focusing multi-pinhole SPECT scanner
U-SPECT-II employs exchangeable cylindrical collimators containing 75 pinholes 
that can be mounted in the center of three stationary NaI gamma cameras that 
are placed in a triangle. Without moving any parts of the scanner, this setup 
allows collecting complete data from the central-field-of-view (CFOV), which 
is the area that is observed by all pinholes simultaneously. Optical photos are 
acquired by three webcams for volume-of-interest selection before SPECT 
acquisition. Data is acquired in list-mode format, which stores position, energy 
and detection time for each scintillation on the detector. With an XYZ translation 
stage, an animal can be moved inside the collimator during imaging. This can be 
used for optimal imaging of objects larger than the CFOV. Using this dedicated 
acquisition method, entitled Scanning Focus Method (SFM)[43], the pinholes can 
collect gamma photons from different parts of the object. SFM only leads to 
good images when a reconstruction algorithm is used that simultaneously uses 
projection data from all bed positions to reconstruct the entire volume[43], instead 
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of stitching separate reconstructions of sub-volumes obtained from individual 
focus positions.

3.2.2. Image reconstruction
We have implemented the MLEM algorithm according to the formulation in [51]: 
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probability that voxel i is detected in projection bin j, and pj are the projection 
measurements. U-SPECT-II employs a system matrix c that is derived from a 
number of point-spread-function measurements and stored on disk[108].

OSEM[57] is a relatively simple adaptation to MLEM. In OSEM, the projection 
data are typically grouped into subsets each consisting of different projection 
images. While iterating, each image estimate is updated after applying the MLEM 
algorithm on a different subset. One iteration is defined to be completed when 
all subsets of projections have been used. The OSEM algorithm is given by 
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+λ  represents the image update after processing subset n, Sn contains 

the projection angles of subset n, and k represents the iteration number.

To reconstruct the data from multiple bed positions, the above described MLEM 
and OSEM algorithms were adapted according to[43].

3.2.3. Selection of traditional OSEM subsets
Each of the three large-field-of-view detectors of the U-SPECT-II is divided into 
non-overlapping pinhole projections (see figure 3.1a). To implement traditional 
OSEM, these complete projections were distributed over the subsets as follows. 
The 75 pinholes in the U-SPECT-II are located in 5 pinhole rings. We defined 
15 subsets consisting of 5 pinhole projections, one from each ring. Within one 
subset, the projections were chosen such that the angular separation of projections 
from neighboring rings was as close as possible to 90 degrees. To approximate 

maximal angular separation between subsequently processed subsets, the subsets 
were ordered using a method similar to that proposed by Li et al[109]. Acceleration 
factors higher than 15 were obtained by exploiting the fact that all scans in this 
study were acquired using multiple bed positions. The bed positions result in 
different sets of projection data, each corresponding to a different position of the 
CFOV within the volume to be reconstructed. Based on this correspondence, the 
projection data in each of the 15 subsets were further subdivided into groups. 
The CFOV positions corresponding to each group were distributed regularly over 
the volume to be scanned, and separated maximally from the positions in other 
groups. Defining 2, 4 and 8 groups of CFOV positions, we obtained respectively 
30, 60 and 120 subsets.

Figure 3.1. Example subset distributions for traditional OSEM and POSEM. Pixels 
having the same gray shade belong to the same subset. (a) 15 traditional OSEM subsets. 
(b) 16 POSEM subsets (simplified; in reality the detector contains many more pixels). A 
detail of the repeating pattern used to create 16 POSEM subsets is magnified.
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3.2.4. Selection of subsets for POSEM
In POSEM, all detector pixels are distributed into subsets independently of the 
pinhole projections (figure 3.1b). Detector pixels are assigned to subsets according 
to a pattern which is repeated over the entire detector surface. The pattern, defined 
on a rectangular sub-area of the detector, bijectively maps the pixels in that area 
onto subsets. The number of pixels in the pattern equals the number of resulting 
subsets. Patterns were chosen such that subsequent subsets were well separated. 
As a result of this approach, the pixels in each POSEM subset are spread out 
regularly over the detector surface. Since a pre-computed transfer matrix is used, 
this choice of subsets does not influence the system response modeling and the 
computation time required for one iteration. Figure 3.1b displays the pattern for 
16 subsets.

We used the 16-subset pattern as a building block to create patterns for higher 
numbers of subsets. To describe this, the patterns can be represented more 
conveniently as matrices in which the elements are integer numbers denoting 
to which subset the corresponding pixel is mapped. For example, the matrix 
representation of the 16-subset pattern shown in figure 3.1b is:
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99m
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myocardial scan, a 29 g male mouse (C57BL/6JO1aHsd) was anesthetized 

with isoflurane anesthesia and injected with 0.3 ml 
99m

Tc-tetrafosmin (580 

MBq). At 1 h 30 min after radioligand injection, an acquisition of 1 hour was 

performed using the 0.35-mm-diameter pinhole mouse collimator tube [10]. 
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3.2.5. Evaluation
To test the performance of POSEM, we reconstructed rat total body bone images, 
mouse myocardial perfusion images, and images of a Defrise phantom. Animal 
studies were conducted following protocols as approved by the Animal Research 

Committee of the University Medical Center Utrecht. In the rat bone scan, a 
rat was injected with 99mTc-hydroxymethylene diphosphonate (99mTc-HDP). 
Details can be found in [10]. For the mouse myocardial scan, a 29 g male mouse 
(C57BL/6JO1aHsd) was anesthetized with isoflurane anesthesia and injected with 
0.3 ml 99mTc-tetrafosmin (580 MBq). At 1 h 30 min after radioligand injection, 
an acquisition of 1 hour was performed using the 0.35-mm-diameter pinhole 
mouse collimator tube[10].

The Defrise phantom used in this study consists of a set of parallel 
polymethylmethacrylate discs. The space between the discs was filled with 
activity. The 20-mm-diameter discs are 1.5 mm thick and the spacing between 
them equals their thickness. The length of the phantom is 25.5 mm. The Defrise 
phantom has been proven useful for investigating the effects of incomplete data 
that occur in cone-beam-like imaging geometries and was chosen for the present 
study since incompleteness of data plays a role during each OSEM sub-iteration. 
The phantom was filled with 306 MBq 99mTc-pertechnetate and scanned for 30 
minutes using the 0.6-mm-diameter pinhole mouse collimator tube[10].

Images were reconstructed using traditional OSEM with 15, 30, 60, and 120 
subsets, and using 120 iterations MLEM (the gold standard). The number of 
iterations used in traditional OSEM was respectively 8, 4, 2, and 1. This is based 
on the rule of thumb that applying x iterations OSEM with y subsets leads to an 
approximately equivalent resolution and contrast as when xy iterations MLEM are 
applied[57]. POSEM reconstructions were run using 16, 32, 64, and 128 subsets 
with the number of iterations set to respectively 8, 4, 2, and 1. Because with 
POSEM it was not possible to exactly end up in the equivalent of 120 iterations, 
images reconstructed using 128 iterations MLEM were used as the gold standard.

Voxel grids of the rat bone scan, the mouse myocardial perfusion scan and the 
Defrise phantom scan were isotropic, with voxel sizes of respectively 0.375 
mm, 0.125 mm and 0.1875 mm. The reconstruction of the mouse myocardial 
perfusion scan employed cardiac gating with 8 gates.

3.3. Results
Figure 3.2 presents the traditional OSEM and POSEM reconstructed images 
from the rat bone scan, on which a Gaussian post-filter with sigma = 0.375 mm 
was applied. We extracted transaxial image profiles through the sternum from a 
coronal slice through the thorax. The profile width was 1.125 mm (3 voxels) and 
the slice thickness was 0.375 mm.

Whereas the image obtained using 15 traditional OSEM subsets still corresponds 
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well to its MLEM equivalent, the images resulting from 30 or more traditional 
OSEM subsets are completely distorted by artifacts. POSEM remains very close 
to the MLEM image shape as the number of subsets is increased.

Figure 3.2. (a) Coronal slices and profiles from rat bone scan, reconstructed using 
traditional OSEM (dashed), compared to the corresponding MLEM reconstructed 
image profile after 120 iterations (solid). From top to bottom: 15, 30, 60, and 120 
traditional OSEM subsets. (b) Same as in (a), but for POSEM (dashed) compared to the 
corresponding MLEM reconstructed image profile after 128 iterations (solid). From top 
to bottom: 16, 32, 64, and 128 POSEM subsets.

Table 3.1 quantifies the intensity deviations of the image profiles from the 
corresponding MLEM estimate for the rat bone scan. The intensity differences for 
32 and 64 POSEM subsets are of the same order as in the case of 15 traditional 
OSEM subsets. Although we measured a relatively large maximum deviation 
in the 128-subset POSEM image, the mean deviations are almost an order of 
magnitude smaller than in the case of 30 traditional OSEM subsets.

Traditional OSEM POSEM

mean max mean max

15 subsets 1.12 % 3.88 % 16 subsets 0.50 % 2.54 %

30 subsets 23.96 % 92.98 % 32 subsets 1.06 % 5.01 %

60 subsets 19.48 % 78.23 % 64 subsets 1.85 % 8.01 %

120 subsets 24.18 % 88.95 % 128 subsets 3.42 % 23.82 %

Values are percentages of the maximum value in the profile of the MLEM image.

Table 3.1. Mean and maximum deviations from MLEM bone scan image profiles.

 

Figure 3.3. Short-axis image of mouse myocardium with example of circumferential 
profile over the left ventricular wall. 

Figure 3.4 presents the images of the myocardial perfusion scan, reconstructed 
using traditional OSEM and POSEM. The mouse myocardial reconstructions 
were post-filtered spatially using a 3D Gaussian filter with sigma = 0.3 mm and 
temporally using a Gaussian with sigma = 0.85 gating intervals. We generated 
circumferential profiles from a short-axial slice at the center of the heart by 
dividing the profile range (depicted in figure 3.3) into 18 segments and calculating, 
for each segment, the mean voxel value after summing the images of all gating 
intervals. The profile width was 0.75 mm and the slice thickness was 0.375 mm.

Already at 15 traditional OSEM subsets, the reconstructed images show significant 
differences in image intensity compared to the MLEM equivalent, whereas the 
myocardium becomes indistinguishable when using 30 or more subsets. Visually, 
POSEM retains almost the same image, even when 128 subsets and cardiac gating 
are employed. Details such as the papillary muscles and right ventricle wall remain 
visible in all POSEM images, although the ventricle walls appear slightly noisier 
in the 64- and 128-subset cases.

We have quantified the deviations of the myocardial image profiles from their 
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MLEM equivalents in Table 3.2. Even the 128-subset POSEM reconstruction 
shows a smaller maximum deviation from the MLEM profile than the 15-subset 
traditional OSEM reconstruction. This means that a speed increase of almost an 
order of magnitude is possible using POSEM, compared to traditional OSEM. 

In the myocardial perfusion images, contrast was calculated as (m – c) / m, 
where m equals the mean voxel value in a region-of-interest (ROI) within the 
left ventricular wall and c the mean voxel value in a ROI within the ventricular 
cavity. ROI means were calculated on the summed images of all gating intervals. 
Opposed to traditional OSEM, POSEM maintains image contrast even with very 
high speed-up factors (see Table 3.2).

 
Traditional OSEM POSEM
mean max contrast mean max contrast

1 subset  
(MLEM) 0 % 0 % 0.7620

1 subset 
(MLEM) 0 % 0 % 0.7620

15 subsets 9.08 % 18.68 % 0.8050 16 subsets 1.01 % 2.25 % 0.7630
30 subsets 27.01 % 54.57 % 0.2692 32 subsets 1.57 % 3.99 % 0.7634
60 subsets 27.30 % 50.81 % 0.3333 64 subsets 2.63 % 6.85 % 0.7629
120 subsets 49.73 % 144.55 % 0.3972 128 subsets 4.29 % 12.70 % 0.7672
Mean and max values are percentages of the maximum value in the profile of 
the MLEM image.
 
Table 3.2. Mean and maximum deviations from MLEM myocardial perfusion scan image 
profiles and contrast between left ventricle en left ventricular wall. 

Figure 3.5 presents the traditional OSEM and POSEM reconstructed images of 
the Defrise phantom after applying a Gaussian post-filter with sigma = 0.1875 
mm. Longitudinal image profiles are shown from sagittal slices, perpendicular 
to the direction of the discs. Both the profile width and the slice thickness were 
0.1875 mm. The traditional OSEM approach performs reasonably well, but for 
high numbers of subsets, the images are much noisier than the corresponding 
POSEM images and the image profiles show much larger deviations from MLEM.

Table 3.3 shows how much the Defrise phantom image profiles deviate in 
intensity from their MLEM equivalents for various numbers of subsets. The 
maximum deviations resulting from 32 and 64 POSEM subsets are smaller than 
those resulting from respectively 15 and 30 traditional OSEM subsets. Although 
the maximum deviation using 128 POSEM subsets is larger than the maximum 
deviation obtained using 60 traditional OSEM subsets, the mean deviation is 

lower and the mean deviation obtained using 64 POSEM subsets is even smaller 
than the mean deviation using 15 traditional OSEM subsets. 

Traditional OSEM POSEM

mean max mean max

15 subsets 1.22 % 5.32 % 16 subsets 0.38 % 1.93 %

30 subsets 1.94 % 9.97 % 32 subsets 0.60 % 3.91 %

60 subsets 2.82 % 12.04 % 64 subsets 1.19 % 7.64 %

120 subsets 5.59 % 27.02 % 128 subsets 2.21 % 13.34 %

Values are percentages of the maximum value in the profile of the MLEM image.
 
Table 3.3. Mean and maximum deviations from MLEM Defrise phantom scan image 
profiles. 

3.4. Conclusion and discussion
This paper presents a novel method for choosing ordered subsets (POSEM), which 
was tested on a focusing multi-pinhole SPECT device dedicated to imaging small 
animals with sub-half-mm resolution. For this SPECT system employing a pre-
computed transfer matrix, POSEM allows significant improvements in image 
reconstruction speed-up compared to traditional selection of ordered subsets. As 
we showed both in physical phantoms and in animal experiments, POSEM can 
be very valuable in pinhole SPECT imaging. When ordered subset methods are 
applied to truncated projections, a common problem is that some voxels are not 
sampled by any of the elements of a certain subset, in which case the normalization 
term of the update equation equals zero. This situation, in which the voxel value 
is left unchanged to suppress artifacts[57], may occur less often in POSEM than in 
OSEM. This may be one of the causes that POSEM performs very well to severely 
truncated SPECT projections.

Several multi-pinhole SPECT devices for clinical imaging have been proposed 
over the last decades[8, 24, 25, 110, 111]. Based on initial tests on several other simulated 
clinical and pre-clinical pinhole SPECT systems as described in [39] and[79], we 
believe that POSEM works well over a wide range of multi-pinhole systems. 
Iterative PET reconstruction may also benefit from the POSEM approach 
proposed in here, and further research needs to be performed to see what kind 
of acceleration factor can be obtained. When reconstruction algorithms are 
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being used which calculate re-projections on-the-fly, for example such as used 
in 3D Monte Carlo-based reconstruction (e.g. [95, 112-114]) POSEM may become 
complicated and inefficient.
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Figure 3.4. (a) Short-axis slices and circumferential profiles from mouse myocardial scan, 
reconstructed using traditional OSEM (dashed), compared to the corresponding MLEM 
reconstructed image profile after 120 iterations (solid). From top to bottom: 15, 30, 
60, and 120 traditional OSEM subsets. (b) Same as in (a), but for POSEM (dashed) 
compared to the corresponding MLEM reconstructed image profile after 128 iterations 
(solid). From top to bottom: 16, 32, 64, and 128 POSEM subsets.

 

Figure 3.5. (a) Sagittal slices and profiles from Defrise phantom scan, reconstructed 
using traditional OSEM (dashed), compared to the corresponding MLEM reconstructed 
image profile after 120 iterations (solid). From top to bottom: 15, 30, 60, and 120 
traditional OSEM subsets. (b) Same as in (a), but for POSEM (dashed) compared to the 
corresponding MLEM reconstructed image profile after 128 iterations (solid). From top 
to bottom: 16, 32, 64, and 128 POSEM subsets.
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Abstract
Objectives Ultra-high-resolution SPECT images can be obtained with focused 
multi-pinhole collimators. Here we investigate the influence of unwanted high 
tracer uptake outside the scan volume on reconstructed tracer distributions inside 
the scan volume, for 99mTc-tetrofosmin myocardial perfusion scanning in mice.

Methods Simulated projections of a digital mouse phantom (MOBY) in a focusing 
multi-pinhole SPECT system (U-SPECT-II, MILabs, The Netherlands) were 
generated. With this system differently sized user-defined scan volumes can be 
selected, by translating the animal in 3D through the focusing collimators. Scan 
volume selections were set to (i) a minimal volume containing just the heart, 
acquired without translating the animal during scanning, (ii) a slightly larger scan 
volume as is typically applied for the heart, requiring only small XYZ translations 
during scanning, (iii) same as (ii), but extended further transaxially, and (iv) same 
as (ii), but extended transaxially to cover the full thorax width (gold standard).

Results Despite an overall negative bias that is significant for the minimal scan 
volume, all selected volumes resulted in visually similar images. Quantitative 
differences in the reconstructed myocardium between gold standard and the 
results from the smaller scan volume selections were small; the 17 standardized 
myocardial segments of a bull’s eye plot, normalized to the myocardial mean of 
the gold standard, deviated on average 6.0%, 2.5% and 1.9% for respectively the 
minimal, the typical and the extended scan volume, while maximum absolute 
deviations were respectively 18.6%, 9.0% and 5.2%. Averaged over 10 low-count 
noisy simulations, the mean absolute deviations were respectively 7.9%, 3.2% 
and 1.9%. In low-count noisy simulations, the mean and maximum absolute 
deviations for the minimal scan volume could be reduced to respectively 4.2% 
and 12.5% by performing a short survey scan of the exterior activity and focusing 
the remaining scan time at the organ of interest.

Conclusion We conclude that reconstructed tracer distribution in the myocardium 
can be influenced by activity in surrounding organs when a too narrow scan 
volume is used. With slightly larger scan volumes this problem is adequately 
suppressed. This approach produced a smaller mean deviation and may be more 
effective than employing a narrow scan volume with an additional survey scan.
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4.1. Introduction
Molecular imaging has proven to be very valuable in studying human disease and 
development of new pharmaceuticals and tracers[1-3]. With the goal of translation 
to clinical medicine, radionuclide techniques such as Single Photon Emission 
Computed Tomography (SPECT) and Positron Emission Tomography (PET) 
can be used to quantitatively study many molecular mechanisms in small animals 
(King et al 2002, Rowland and Cherry 2008, Franc et al 2008, Golestani et al 
2010, Tsui and Kraitchman 2009). Over the past decade, small-animal SPECT 
has undergone rapid development and improvements in performance[7, 8]. In 
particular, spatial resolution has reached the sub-half-millimeter range, using 
multi-pinhole collimators exploiting high magnification factors[9, 10], while high 
quantitative accuracy has been reached[78, 115, 116].

Strong increase of multi-pinhole sensitivity in SPECT in organs or tumours can 
be reached when pinholes are focused on a central scan volume (e.g. [9, 10, 30, 31, 34, 

40]). Such multi-pinhole geometries, with pinholes focused on a relatively small 
central scan volume, can also be used to scan larger volumes – up to total body 
imaging[43]. Count yield from a specific organ or a tumour can be increased by 
confining the scan volume to the region that contains the tissue of interest[9, 70, 

117]. Special tools for targeting the focus accurately to tissues of interest have been 
proposed in [91, 117].

In many cases, a consequence of truncating projections are artifacts that can appear 
in both analytical and iterative SPECT image reconstruction[59-62]. However, in 
some circumstances it has been shown that if truncated projections sample a 
small region-of-interest (ROI) sufficiently, that ROI can still be reconstructed 
accurately[118]. Some evidence suggests that iterative reconstruction methods 
can recover larger ROIs than analytic algorithms[119], and that they can provide 
reliable reconstructions for some truncation situations where traditional analytical 
methods fail[63-65]. However, quantification of the uptake inside an iteratively 
reconstructed ROI in SPECT may contain a bias depending on the amount of 
activity that is present outside the ROI[120, 121]. A general theory for how much a 
reconstruction from truncated pinhole projections will be quantitatively affected 
has not been established yet. The aim of the present paper is to investigate 
empirically how severely focused multi-pinhole cardiac mouse SPECT scans are 
affected by truncation.

4.2. Methods
Simulations were performed of a digital mouse phantom in a focusing multi-pinhole 
SPECT system. The use of a digital phantom enables the emulation of activity 
distributions with realistic organ shapes, in which the uptake concentrations can 
be easily changed. This section first explains the simulated SPECT system. Next, 
details are provided on how the projection data and the phantom were generated. 
Then the reconstruction and analysis of the images are described.

4.2.1. Multi-pinhole SPECT system
The simulations were based on the geometry of the U-SPECT-II[10], a multi-
pinhole SPECT scanner for imaging rodents. It employs a stationary detector 
array with exchangeable collimators for differently sized animals or for specific 
organs[10, 75].

 

Figure 4.1. (a) three-dimensional illustration of simulated general-purpose mouse 
collimator with heart in focus area of collimator. (b) collimator with outer shielding tube 
that avoids overlapping projections on the detector. (c) schematic cross sections of field-
of-view (FOV) and central-field-of-view (CFOV) in simulated collimator, showing how 
MOBY phantom is truncated in various pinhole projections (1: myocardium, 2: liver, 3: 
gallbladder).
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In this study, a mouse collimator was simulated consisting of a tungsten cylinder 
with 75 pinhole apertures (0.6 mm) that together observe a field-of-view (FOV) 
of which the shape is illustrated in Figures 4.1a and 4.1c.

The pinhole geometry is chosen such that the region observed through all pinholes 
simultaneously is located in the center of the collimator. For this relatively small 
part of the entire FOV and a small margin around it, together referred to as the 
central field-of-view (CFOV, Figure 4.1c), complete data acquisition is obtained 
without translation of the bed. In the U-SPECT-II general-purpose mouse 
collimator, the region observed through almost all pinholes simultaneously, and 
therefore providing complete data, is approximately a cylinder of length 7.5 mm 
and diameter 12 mm. In addition, an outer tube with square holes is used (Figures 
4.1b and 4.1c), which results in trapezium-shaped gamma radiation beams. Both 
the inner and the outer tube are made of tungsten (thickness of each tube is 7.5 
mm).

The combination of the cylindrical collimator and the outer tube determines the 
truncation, which is illustrated in Figure 4.1c. A transaxial cross section through 
the central ring of pinholes is shown together with a representative longitudinal 
cross section, which slightly deviates from reality since the pinhole positions in 
the rings are rotated 8° as opposed to each other (Figures 4.1a and 4.1b). Pinholes 
in the second and in the fourth ring are tilted by 18° and in the outer rings by 34°. 
From Figure 4.1c it is clear that activity from parts of organs such as the liver and 
gallbladder can be projected through some but not all pinholes.

Activity outside the CFOV also contributes to the projection data, but in order to 
obtain complete data from a volume that is significantly larger than the CFOV, 
the system automatically translates the focus over the pre-selected volume of 
interest using a motor-controlled XYZ stage[117]. Using multiple bed positions is 
the standard procedure with a U-SPECT system and the effect of FOV size on 
signal-to-noise ratio has been investigated in [117]. Since the movements can be 
done very quickly, fast dynamic and gated imaging is possible even for total body 
imaging[44].

4.2.2. Phantom
The MOBY digital mouse phantom[84] was used as a realistic model of a laboratory 
mouse. For this study, the MOBY phantom was adapted to also incorporate the 
gallbladder. The phantom was resized to 0.89 times the default size, such that the 
resulting mouse model had a heart that has average dimensions for mature C57BL/6 
mice[77]. Activity uptake in the various phantom organs was set corresponding to 

the biodistribution reported by Amano et al.[122], who estimated the average 99mTc-
tetrofosmin concentration per organ at three hours after injection based on gamma 
well counter measurements for five BALB/c nude mice. Relative tracer uptake 
concentration ratios between the heart and other organs were set equal to the 
ratios between the %ID/g values measured by Amano et al. Since no studies could 
be found reporting reliable data on 99mTc-tetrofosmin uptake in the gall bladder, 
we estimated the gallbladder/heart ratio from a volume of interest (VOI) analysis 
in three previously acquired 99mTc-tetrofosmin mouse myocardial perfusion scans, 
which were performed in accordance with international guidelines on handling 
laboratory animals under approval by the local ethical committee. To prevent 
segmentation inaccuracies due to motion of the heart, the gallbladder/heart ratio 
was obtained indirectly by measuring the gallbladder/liver ratio. The resulting 
biodistribution is listed in Table 4.1. Uptake in all non-mentioned organs was 
assumed to be uniformly distributed, with the same concentration as set for 
muscle tissue. The phantom was generated on a 0.09375 mm isotropic voxel grid. 
Three lesions were introduced into the left ventricular myocardium, one in each 
of the apical, mid and basal regions. These lesions, affecting respectively 1.3, 1.7 
and 2.3 μl of myocardial tissue, were modeled as pie-shaped wedges in which all 
myocardial voxels were reduced to 40% of the normal myocardial uptake.

 

Ratio Value
Liver / Heart 0.16
Gallbladder / Heart 7.63
Intestine / Heart 2.26
Lung / Heart 0.11
Kidney / Heart 0.71
Spleen / Heart 0.06
Stomach / Heart 0.94
Blood / Heart 0.04
Bone / Heart 0.11
Muscle / Heart 0.34

 
Table 4.1. Tracer uptake concentration relative to heart for various tissues in phantom. 
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4.2.3. Scan volume selections
To study the influence of truncation, the following scan volume selections 
were tested: (i) Minimal: a minimal volume containing just the heart, acquired 
without translating the animal during scanning (ii) Typical: a slightly larger scan 
volume as is typically used for imaging the heart, requiring only small XYZ 
translations during scanning, (iii) Extended: same as (ii), but extended slightly in 
the transaxial directions, and (iv) Maximal: same as (ii), but extended maximally 
in the transaxial directions, covering the full thorax width. As the scan volume 
selection is extended, some otherwise truncated parts become sampled by the 
CFOV, which decreases the level of truncation. The resulting CFOV locations for 
each of the scan protocols are shown in Figure 4.3a, ordered by increasing level 
of truncation. Figure 4.3b shows an additional scan protocol, which is similar 
to the minimal scan protocol but sacrifices 18% of the scan time to perform 
a short survey scan that samples most of the truncated activity. During image 
reconstruction, the projections are weighted according to the time spent in the 
corresponding bed positions. Figure 4.2 shows an example result from a real 
99mTc-tetrofosmin scan in which a typical scan volume with four CFOV positions 
was employed, similar to the typical volume shown in Figure 4.3.

 

Figure 4.2. Typical images from example ECG-gated 99mTc-tetrofosmin U-SPECT-II scan 
of mouse heart in end-diastole, showing myocardial perfusion even in papillary muscles 
and right ventricular wall.

Figure 4.3. (a) CFOV locations overlaid onto maximum-intensity projections of the 
phantom for various scan protocols with increasing level of truncation. From top to 
bottom: sagittal view, coronal view, transaxial view. Heart is shown in red for clarity. (b) 
Like (a) but for minimal scan protocol with survey scan. Solid line denotes main CFOV 
location and dashed lines denote exterior CFOV locations that are scanned only shortly.

 
4.2.4. Simulation of acquisitions
Emission projection data from the digital phantom were simulated using the 
system matrix. Because the system matrix was derived from a large series of 
point-spread-function (PSF) measurements[108], it includes the effects of distance-
dependent detector and pinhole response including pinhole edge penetration. The 
activity in the phantom was scaled such that the total number of counts simulated 
for the minimal FOV selection was approximately equal to that obtained in 
the 3D-targeted scan described in [117], for which 134 MBq 99mTc-tetrofosmin 
was injected and the scan duration was 45 minutes. From the resulting activity 
distribution, emission projection data were generated using each of the five FOV 
selections. Simulations were performed with and without addition of Poisson-
distributed random noise to the generated emission data. Since the aim was to 
study the effects of projection truncation, noise fluctuations in the noisy data sets 
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were suppressed by generating ten different noise realizations for each simulation 
and averaging over the results. All simulations were also repeated using a low-
count phantom, which was created by downscaling the activity in the high-count 
phantom by a factor of four, representing a four-fold reduction in injected dose 
or scan duration. Translation of the XYZ stage was simulated by positioning 
the phantom at different locations within the support of the system matrix and 
computing one forward projection for each bed position. The same system matrix 
can be used for all bed positions by restricting all bed shifts to an integer times 
the voxel size[43].

4.2.5. Image reconstruction
Images were reconstructed using Pixel-based Ordered Subset Expectation 
Maximization (POSEM) incorporating an accurate system matrix[108]. POSEM 
iteratively updates the activity estimate according to[57] but using a subset choice 
that is more robust than standard OSEM for multi-pinhole SPECT reconstruction, 
in particular when high acceleration factors are used[123]. Reconstructions were 
performed on a 0.1875 mm isotropic voxel grid, using a system matrix that was 
different from the matrix used for simulating the acquisitions (which was based 
on 0.09375 mm isotropic voxels). This approximately simulates the continuous 
character of real data. 36 POSEM iterations with 16 subsets were used for all 
reconstructions in this study, with the start image set to a uniformly filled cylinder 
with inner diameter 26 mm (which equals the diameter of the animal bed) and 
length 29.25 mm (which equals the length of the system matrix support in the Z 
(longitudinal) direction).

4.2.6. Image assessment
To investigate the influence of truncated projections on (pre)clinical myocardial 
perfusion scoring, the results were assessed visually by inspecting short-axis slices 
(slice thickness 0.375 mm) with corresponding maximum-count circumferential 
profiles. In addition, 2D polar maps were constructed. All image volumes were 
reoriented, resampled using tri-linear interpolation, and then smoothed using 
an isotropic 3D Gaussian kernel with σ=0.28 mm except for the low-count 
images, which were smoothed with σ=0.32 mm. The Gaussian kernel parameters 
were chosen such that the lesions were still clearly visible. The same procedure 
of reorienting, resampling and smoothing with σ=0.28 mm was applied also 
directly to the phantom, in order to obtain a true image that was used to judge 
whether the reconstruction obtained with the maximal scan protocol replicated 
the phantom accurately enough to be used as a gold standard. Circumferential 

profiles were automatically generated using a distance-weighted 2-part sampling 
scheme that samples the basal part of the myocardium cylindrically, and the 
apical part spherically[124]. The 2D polar (“bull’s eye”) maps were constructed by 
mapping sequential circumferential profiles, extending from the apex to the base, 
into successive rings on the polar map. Differences in the polar maps between 
each reconstructed image and the gold standard (the maximal FOV selection) 
were calculated for the mean pixel values in the 17 standardized myocardial 
segments shown in Figure 4.4.

Figure 4.4. Display, on a circumferential polar plot, of the 17 myocardial segments as 
recommended in [125].

 

4.3. Results
Figure 4.5 shows that there is an influence of truncated extra-cardiac activity on 
the reconstructed myocardium. When performing simulations with surrounding 
activity present, the myocardial activity reconstructed using the minimal scan 
protocol is negatively biased and the resulting short-axis slice and bull’s eye plot 
are significantly distorted, compared to the maximal and true phantom images. 
However, when performing the same simulations on the myocardial activity only, 
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with all other activity set to zero, the minimal, maximal and true images are 
mutually nearly identical, and almost equal to the maximal and true phantom 
images obtained from the complete phantom. This clearly demonstrates that 
the distortions in the images obtained with the minimal scan volume are caused 
predominantly by the surrounding activity, whereas the influence of other 
parameters such as differences in angular sampling is minimal.

The reconstruction obtained with the maximal scan volume is very similar to the 
corresponding true phantom image, both with and without extra-cardiac activity 
present. This supports its use as a gold standard which, compared to using the true 
phantom image directly, has the advantage that it anticipates deviations due to 
inaccurate system modeling and round-off errors during reconstruction.

 

 

Figure 4.5. Short-axis slices (top), bull’s eye plots (middle) and circumferential profiles 
(bottom) of slightly blurred true phantom image (left) and of images obtained from 
noise-free simulations using maximal and minimal scan protocols (center and right). 
Left: simulations with complete phantom showing distortion for minimal FOV selection. 
Right: simulations with all extra-cardiac activity set to zero showing no distortion when 
selected area is very small.

Figure 4.6. Representative reconstructed short-axis slices for each of the five scan 
protocols, with infarct visible in inferior myocardium. Top: noiseless, high-count noisy 
and low-count noisy images normalized to myocardial maximum. Bottom: same as top 
but normalized to myocardial mean.
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Figures 4.6, 4.7 and 4.8 illustrate the effect of varying the level of truncation on 
the reconstructed activity in the left ventricular myocardium. Figure 4.6 shows 
that the noiseless images obtained with the extended and typical protocols appear 
visually almost identical to the gold standard, although the right ventricular wall 
appears slightly thinner in the typical case. The minimal protocol, introducing the 
highest degree of truncation, produced strong visual distortions in the noiseless 
reconstructed images. These distortions disappeared almost completely when the 
minimal protocol was augmented with the survey scan. Figure 4.7 demonstrates 
that the reconstructions become more negatively biased when the level of 
truncation is increased. However, the different results obtained at the various 
truncation levels were very similar after normalization to the mean of the gold 
standard (the maximal protocol).

The bull’s eye plots in Figure 4.8 show that these observations also apply to other 
parts of the myocardium. The corresponding quantitative data in table 4.2 report 
that the results obtained with the minimal + survey scan protocol were the closest 
to the gold standard, with average and maximum deviations of respectively 1.8% 
and 4.4%. This is also reflected in Figures 4.6 and 4.8, in which the noiseless 
minimal + survey images are visually the most similar to the gold standard.

The observations made from the noiseless images in Figure 4.6 seem to apply also 
to the noisy images, although the truncation effects are less evident because of the 
noise artifacts, especially in the low-count images. Figure 4.7 shows that when 
averaged, the noisy profiles show a negative general bias depending on the degree 
of truncation, which is similar to the noiseless case. Furthermore, the average 
noisy profiles resulting from the different scan protocols are again very similar 
after normalization.

For low-count noisy projection data, table 4.3 shows that the typical protocol 
produced bull’s eye plots that were on average the most similar to the gold 
standard (the noiseless maximal protocol), with average and maximum deviations 
of respectively 3.2% and 10.0%. Interestingly, these deviations are even lower 
than those measured for the minimal + survey protocol. It should also be noted 
that even the protocol with the maximum field-of-view resulted in small average 
and maximal deviations from the gold standard, which suggests that the deviations 
reported for the noisy case may be at least partly caused by noise. 

Extended Typical Minimal Minimal 
+ survey

1. basal anterior 0.7% 1.4% 2.9% 0.6%
2. basal anteroseptal 1.3% 2.2% -4.2% 0.3%
3. basal inferoseptal -1.4% -3.6% -5.3% 2.1%
4. basal inferior 1.5% -3.5% 18.6% 3.4%
5. basal inferolateral -5.2% -2.9% -0.6% 0.3%
6. basal anterolateral -1.1% 1.5% 1.5% 1.4%
7. mid anterior 1.6% 3.1% 12.1% -0.4%
8. mid anteroseptal 3.3% 1.4% -1.7% -2.6%
9. mid inferoseptal -0.1% 2.6% -14.9% -0.2%
10. mid inferior -3.4% -9.0% 10.9% 2.1%
11. mid inferolateral -1.1% 1.4% 2.7% 2.1%
12. mid anterolateral -2.3% 0.9% -9.2% -2.3%
13. apical anterior 2.5% 0.1% 2.2% -4.4%
14. apical septal -1.1% 2.3% -3.2% -4.3%
15. apical inferior -0.6% -1.3% 1.4% 1.4%
16. apical lateral 3.7% 3.0% -4.0% 0.8%
17. apex 0.7% -2.5% -6.1% -1.5%
Mean absolute deviation 1.9% 2.5% 6.0% 1.8%

 
Table 4.2. Differences in noiseless bull’s eye plot myocardial regions between maximal 
protocol (gold standard) and all other scan protocols. Values shown are deviations in 
average pixel-counts expressed as percentage of average pixel-counts in corresponding 
region in gold standard. All bull’s eye plots were first normalized to myocardial mean. 
Maximum absolute percentage differences are marked in bold italics.
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Figure 4.7. Circumferential profiles corresponding to reconstructed slices shown in Figure 
4.6. Left: absolute values. Right: values normalized to myocardial mean. Top: noiseless 
reconstructions. Middle: Averaged from ten noisy simulations with error bars representing 
standard error. Bottom: like middle row but for noisy simulations with only one-fourth 
of the counts.

 

Figure 4.8. Bull’s eye plots for each of the five scan protocols. Top: noiseless, high-count 
noisy and low-count noisy images normalized to myocardial maximum. Bottom: same as 
top but normalized to myocardial mean.
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Maximal Extended Typical Minimal Minimal 
+ survey

1. basal anterior -0.2% 2.3% 3.9% 7.0% 3.0%
2. basal anteroseptal -1.2% -0.5% 3.7% 0.0% 0.5%
3. basal inferoseptal -1.6% 0.6% -5.8% -10.2% 3.0%
4. basal inferior 1.8% 2.3% -2.0% 28.4% 12.5%
5. basal inferolateral 1.7% -4.3% 0.0% 6.0% -0.1%
6. basal anterolateral 4.1% -2.0% 0.4% -5.9% -4.9%
7. mid anterior 3.4% 1.9% 5.5% 11.6% 5.8%
8. mid anteroseptal -4.2% 2.5% 2.9% -0.6% 2.1%
9. mid inferoseptal -2.4% -1.2% 2.4% -21.5% -0.1%
10. mid inferior 0.5% 0.1% -10.0% 7.1% 6.2%
11. mid inferolateral -0.2% -0.8% 2.5% 4.4% 1.4%
12. mid anterolateral 0.1% -2.6% -1.2% -6.5% -7.5%
13. apical anterior 0.3% 2.7% -0.8% -1.8% -4.8%
14. apical septal 2.7% -1.7% -0.9% -10.7% -6.1%
15. apical inferior -1.1% -0.4% -0.4% -3.3% -3.6%
16. apical lateral 1.0% 3.3% 3.1% -1.3% -1.7%
17. apex -3.5% -2.8% -8.3% -8.3% -8.7%
Mean absolute deviation 1.8% 1.9% 3.2% 7.9% 4.2%

 
Table 4.3. Like table 4.2 but showing deviations per region averaged over ten noisy low-
count simulations, using noiseless maximal protocol as gold standard. 

4.4. Discussion
We have investigated the influence of extra-cardiac activity on the reconstruction 
of myocardial uptake distributions in a focusing multi-pinhole SPECT geometry. 
Our results demonstrate that if extra-cardiac activity is truncated from the 
acquired projections, the amount of reconstructed myocardial uptake is negatively 
biased depending on the degree of truncation. This finding is consistent with 
previous literature[120]. The bias appears to be approximately constant over the 
entire myocardium and the differences between the reconstructions obtained 
with various levels of truncation largely disappear after normalization to the 
mean myocardial activity.

We have also explored the possibility of reducing the bias by sacrificing a small 
part of the scan time to perform a short survey scan of the truncated activity. 
Although this strategy produced the best results in the noiseless simulations, in 
the presence of noise the survey scan seems to be less effective in reducing the 

truncation bias, even after a very high number of OS-EM iterations. A possible 
cause may be that if the number of counts acquired in a survey scan is below a 
certain threshold, its reconstruction is dominated too much by noise artifacts to 
allow an accurate truncation bias correction. Yet, in our low-count simulations 
the survey scan was still able to reduce approximately 75% of the difference in 
reconstructed uptake between the highest and the lowest levels of truncation.

An alternative method to reduce artifacts resulting from local tomography and 
truncated projections is employing a support prior[63]. However, this method 
makes the reconstructions dependent on the user-defined size and shape of the 
support prior. Our proposed method of using a fast survey scan is more robust 
since its correction is automatically adapted to the activity distribution of each 
scan individually. Another advantage is that when the survey scan is performed 
first, it can also be used for scan planning of the main scan.

In our simulations we accurately modeled distance-dependent detector response 
and sensitivity, as it is very accurately incorporated into the system matrix that 
was used for simulation. The small contribution of scatter (5-10% (Meikle et al 
2005, Vanhove et al 2009, Chen et al 2009)) that is present in 99mTc projections 
of small objects such as mice, which we normally correct with the triple-energy-
window method, was not modeled in the projection and therefore no correction 
for this effect was applied either. By both not modeling and not correcting for 
detected scatter we minimize the already small bias with real (measured) data. 
Attenuation was not modeled since it is complex to combine with a realistic 
measured system matrix. Effects of attenuation in mice at 140 keV are small 
however: when assuming a conservative average photon path length of 1 cm 
water, the amount of attenuation is < 14%. This relatively small effect, compared 
to attenuation in humans, only results in a small quite global decrease of activity, 
and a relatively simple Chang correction was proven to be quite accurate for 
99mTc, even in larger rodents such as rats (Wu et al 2010). However, since we 
did not model attenuation during simulation we did not correct for it either 
to minimize the net difference between simulation and reality. As a result, our 
study accurately mimics images that are corrected for attenuation and scatter 
with commercially available correction methods (Chang 1978, Ogawa et al 
1991, Wu et al 2010). Due to count losses caused by attenuation and count 
increase resulting from detection of scatter, the simulations performed in this 
study underestimate the number of detected photons by about 4-9%, which may 
slightly affect the image noise.

Since our simulation employed a static tracer distribution, the sampling of the 
exterior bed positions during the survey scan was always consistent with the 
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appearance of the exterior activity in the projections of the heart. In case of quickly 
changing tracer kinetics, the exterior activity may need to be scanned once for 
each time frame. On the other hand, for a long static scan of a slowly changing 
but dynamic distribution, a good truncation correction may be obtained using 
the average of one pre- and one post-scan of the exterior activity.

In this research, the application under study was myocardial perfusion scanning 
using a preclinical focusing multi-pinhole SPECT scanner. Although this is a 
rather specific application, our results and recommendations may be generalized 
to other scan types where uptake outside the organ of interest is a concern, such 
as tumour studies, kidney scans and investigations of the gastro-intestinal tract. 
In addition, an increasing number of preclinical and clinical scanners employ 
a focusing multi-pinhole SPECT design to obtain increased sensitivity and 
resolution (e.g. [8, 30, 31, 34, 39, 40, 110, 126, 127]).

4.5. Conclusion
Our results indicate that in focused multi-pinhole SPECT, the reconstructed tracer 
distribution in the myocardium is influenced by high activity in surrounding 
organs, and imaging tasks that rely on absolute quantification may be adversely 
affected. However, the classification of myocardial infarcts is influenced only 
slightly for typical scan volumes as long as the results are normalized to the 
mean myocardial activity. Influence of external tracer uptake can be reduced by 
extending the scan volume in the transaxial directions using a very short additional 
survey scan.
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Abstract
Introduction The ability to perform three-dimensional (3D) quantitative and 
longitudinal imaging of intratumoral distributions of antibodies in vivo in mouse 
cancer models is of great importance for developing cancer therapies. A novel 
sub-half-mm resolution SPECT device (U-SPECT-II) was tested for exploring 
the 3D intratumoral distribution of radiolabeled antibodies directed towards the 
epidermal growth factor receptor (EGFr).

Methods Zalutumumab, a human monoclonal EGFr-targeting antibody was 
radiolabeled with 111In and administered at non-saturating dose to mice with 
xenografted A431 tumors exhibiting high EGFr expression. Total-body and 
focused tumor 3D SPECT images were acquired at 0h and 48h after injection. 
Full 3D histological analysis was performed for comparison with SPECT. To this 
end, a tumor was snap-frozen after the last SPECT imaging session, cryosectioned 
and each section was stained for EGFr target expression distribution using 
immunohistochemistry. The immunostained histological slices were registered 
and stacked. The thus obtained histological volume was registered to the high-
resolution SPECT tumor image.

Results Total-body SPECT imaging showed that at 48h after injection, activity 
was predominantly concentrated in the tumor (9.1% of the total body activity, 
25.2 %ID/mL). High-resolution focused SPECT imaging showed that 111In-
labeled EGFr-targeting antibody was distributed heterogeneously throughout the 
tumor with low activity in central tumor regions and higher activity at the tumor 
rim. Some hot spots were observed near the tumor rim. Immunohistochemistry 
indicated that the SPECT distribution was morphologically very similar to the 
ex vivo EGFr expression distribution and regions showing little SPECT activity 
were necrotic or exhibited low EGFr expression. However, all 111In hot spots were 
found to be located outside the region of high EGFr expression.

Conclusion This study indicates that focused pinhole SPECT allows high-
resolution quantitative visualization of the heterogeneity of radiolabeled antibody 
concentration in vivo and the presence of intratumoral necrosis in small parts 
of xenografts. This provides researchers with a powerful tool to longitudinally 
monitor experimental antibody therapies.
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5.1. Introduction
The development of molecular imaging opens up exciting opportunities for 
advancing the detection, diagnosis and treatment of cancer[14, 128]. In recent 
years, there has been considerable interest in the development and imaging of 
monoclonal antibody therapies[129, 130]. Furthermore, a significant amount of 
research is aimed at achieving targeted anti-cancer drug delivery by conjugating 
monoclonal antibodies to highly toxic agents[131-133].

Zalutumumab is a recently developed human IgG1 monoclonal antibody which 
is currently undergoing several phase I to III clinical trials. It is directed to the 
epidermal growth factor receptor (EGFr). EGFr is overexpressed in a variety of 
cancers, and is associated with inhibition of apoptosis, cell-cycle progression, 
angiogenesis, cell motility, and metastasis, resulting in a more aggressive 
malignant phenotype and poor prognosis[134]. Zalutumumab has two mechanisms 
of action. Next to the blockade of ligand binding there is as also an induction 
of an Fc receptor mediated antibody-dependent cell-mediated cytotoxicity at 
lower dosage, which is typical for IgG1 monoclonal antibodies[135]. The efficacy 
of zalutumumab upon binding to EGFr has been shown both in vitro and in 
vivo[136], but limited information is available on tumor penetration. Radionuclide 
imaging techniques such as positron emission tomography (PET) and single 
photon emission computed tomography (SPECT) can be used to noninvasively 
monitor targeting of a specific tumor and its metastases.

Figure 5.1. Examples of quantitative sub-half-millimeter SPECT imaging using 111In. 
(a) Capillary phantom reconstruction. (b) Uniform cylindrical phantom with line profile. 
Slice thickness is 3 mm for both images. Details about quantitative protocols can be found 
in [10, 138].

Although PET has been successfully applied to image the typically heterogeneous 
intratumoral distribution in human solid tumors[137], preclinical application has 
been limited by the achieved spatial resolution[6]. In addition, most PET labels 
have a short half-life time and PET employs different (often complementary) 
sets of tracers than are available for SPECT. Contrarily, recent improvements in 
SPECT provide sub-half-millimeter spatial resolution, which can be achieved by 
exploiting focused multi-pinhole SPECT designs ([10], Figure 5.1a). This opens 
the possibility to image intratumoral immunoconjugate distributions even in 
small-sized xenografts in mice. Various studies have demonstrated that small-
animal SPECT results in highly quantitative images[78, 138, 139]. Figure 5.1b shows 
a reconstructed U-SPECT-II image of a uniform 111In distribution, resulting in 
desirable block-shaped image profiles.

Most SPECT studies on the relationship between radiolabeled antibody uptake 
and target receptor expression in a mouse xenograft assume that these constructs 
are proportionally related (e.g. [140, 141]). However, experiments aimed at validating 
this assumption against histology have been limited to comparisons involving two-
dimensional (2D) autoradiography[140] or comparisons with only a single histology 
slice[142]. To our knowledge, no work has yet been reported comparing SPECT 
imaging of xenograft antibody uptake against histology in three dimensions.

The main goal of this study is to validate the use of sub-half-mm resolution multi-
pinhole SPECT for three-dimensional (3D) imaging of the heterogeneous tumor 
uptake of radiolabeled immunoconjugates by comparing the 3D reconstructed 
SPECT tracer distribution in vivo to the ex vivo EGFr expression distribution 
as obtained by 3D immunohistochemistry. For this comparison a 3D stack of 
histology sections was constructed in order to provide a thorough comparison. 

5.2. Materials and methods

5.2.1. Antibody generation and labeling with 111In
A human monoclonal EGFr-targeting antibody (zalutumumab, mAb 2F8, 
Genmab, The Netherlands) was generated as described in [143]. For labeling of 
zalutumumab with 111In the antibody was conjugated with p-benzyl isothiocyanate-
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (p-SCN-Bz-DOTA), as 
described previously[144]. In short, a buffer exchange of the antibody to 0.1M 
NaHCO3 (pH=9) was performed. Antibody (6 mg) was incubated with 0.2 mg 
DOTA (30 minutes at 37°C), after which the premodified antibody was purified 
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using a prewashed PD-10 column and 0.25 M ammonium acetate with 5 mg/
mL ascorbic acid (pH 5.5) as eluent. The antibody-DOTA complex (3 mg) was 
labeled with 750 MBq 111In in 2 mL (30 minutes at 45°C). After labeling, the 
mixture was incubated for 5 min with 50 μl EDTA, 0.05 mol/L, and the 111In-p-
SCN-DOTA-zalutumumab was purified using a prewashed PD-10 column and 
0.9% NaCl with 5 mg/mL ascorbic acid as eluent. For quality control ITLC 
and cell binding assays were performed as described previously[144]. ITLC analyses 
revealed a radiochemical purity of the labeled antibody of 99.9%. The immune 
reactive fraction was 88%.

5.2.2. Mouse xenograft tumor model
All animal procedures were approved by the Utrecht University animal ethics 
committee and were performed in accordance with international guidelines on 
handling laboratory animals. A well-characterized subcutaneous xenograft tumor 
model was used[145]. Briefly, 8-12 weeks old female SCID mice (C.B-17/IcrPrkdc-
scid/CRL, n=3) were purchased from Charles River Laboratories (Maastricht, 
The Netherlands) and housed in the Central Laboratory Animal Facility (Utrecht, 
the Netherlands), in a sterile filter-top cage with water and food provided ad 
libitum. Throughout the experiment, the mice were checked at least twice a week 
for signs of toxicity and discomfort. A431 cells (an EGFr overexpressing human 
epidermoid cancer cell line) were obtained from the Deutsche Sammlung von 
Mikroorganismen und Zellkulturen (Braunschweig, Germany; cell line number 
ACC 91). The cells were cultured in RPMI 1640 medium (BioWhittaker, 
Verviers, Belgium), supplemented with 10% heat-inactivated FCS (Wisend, St-
Bruno, Canada), 50 IU/mL penicillin and 50 μg/mL streptomycin. Cells were 
detached by using trypsin-EDTA in PBS, harvested in the log phase (confluency 
approximately 70%) and tested for EGFr expression and potential mycoplasm 
contamination before the experiment. Five million tumor cells were inoculated 
subcutaneously in the right flanks of each of the three mice after removal of hair, 
using a 29G needle. The tumors were measured by Vernier calipers and volumes 
were estimated as 0.52 × length × width2 (in mm3). From the three mice that 
all underwent the same SPECT protocol, one tumor was selected for the labor-
intensive process of histological validation. The selected tumor had a volume of 
330 mm3 and the associated mouse had a body weight of 24 g on the day of the 
first SPECT imaging session.

 

5.2.3. Ultra-high-resolution SPECT
SPECT imaging was performed with an ultra-high-resolution focused multi-
pinhole SPECT system dedicated for imaging small animals (U-SPECT-II, 
MILabs, the Netherlands). It employs a stationary detector array with exchangeable 
collimators for differently sized animals or for specific organs[10]. In this study, a 
mouse collimator was used consisting of a tungsten cylinder with 75 pinhole 
apertures (0.6 mm) that together observe a field-of-view (FOV) of which the 
shape is illustrated in Figure 5.2. The collimator observes a central area through 
all pinholes simultaneously. For this part of the entire FOV and a small margin 
around it, together referred to as the central field-of-view (CFOV, Figure 5.2b), 
complete data acquisition is obtained without translation of the bed. The CFOV 
of the U-SPECT-II general-purpose mouse collimator is approximately a cylinder 
of length 7.5 mm and diameter 12 mm.

  

 

 

Figure 5.2. (a) three-dimensional illustration of simulated general-purpose mouse 
collimator with tumor in focus area. (b) schematic cross-sections of field-of-view (FOV) 
and central-field-of-view (CFOV) in simulated collimator
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To scan larger volumes, the system automatically translates the CFOV over the 
pre-selected volume of interest using a motor-controlled XYZ stage[117]. Since the 
movements can be done very quickly, fast dynamic and gated imaging is possible 
even for total-body imaging[44]. CT imaging was performed using the U-CT 
(MILabs, The Netherlands), a fast circular cone beam X-ray CT system dedicated 
for high-throughput low-dose in vivo scanning of small animals. It uses an air-
cooled metalloceramic tube with a voltage range of 20–65 kV and a 1280 × 1024 
pixel, 12-bit semiconductor digital camera as a detector. The U-SPECT-II and 
U-CT images were registered using a method based on Ji et al.[146].

5.2.4. Imaging protocols
Nineteen days after tumor cell inoculation, the mice were anesthetized using 
isoflurane (1-2% in air) and a non-therapeutic effective dosage of 5 mg/kg 
body weight 111In-labeled zalutumumab (~30 MBq, 28.6 MBq for the selected 
mouse) was injected into the tail vein. The time point of injection is referred to 
as t = 0h. Immediately after injection, a 45 min total-body SPECT/CT scan 
was performed while anesthesia was maintained. Body temperature, heart rate 
and breathing frequency of the mouse were monitored continuously and kept 
at normal physiological values. At 48h after injection, anesthesia was re-initiated 
and a 45 min in vivo focused SPECT scan of the tumor was performed, followed 
by a second 45 min total-body SPECT/CT scan. Subsequently, the mice were 
euthanized by anesthetic overdose. Immediately after each last scan, the entire 
mouse carcass was snap-frozen by immersion in -80°C isopentane. To avoid tissue 
repositioning and deformation, the carcasses were immersed while still situated 
on the animal bed. The activity in the mouse carcasses was measured using a dose 
calibrator and the carcasses were stored in a -80°C freezer until further use. Both 
the total-body and the focused tumor SPECT images were reconstructed using 6 
iterations POSEM with 16 subsets[123] on a 0.1875 mm isotropic 3D voxel grid. 
Triple-energy-window-based scatter correction was applied similarly to[138].

5.2.5. Tissue sectioning
After the radioactivity was sufficiently decayed, the selected tumor was removed 
from the carcass, including a small margin of surrounding tissue. A cryostat 
(Microm HM560, Thermo Fisher Scientific, USA) was used to obtain serial 
10-μm-thick transaxial tissue sections from the resulting tissue block, at a chamber 
temperature of -16°C. Serial sections were obtained approximately at 0.1875 mm 
intervals, which equals the reconstructed SPECT voxel size. At the beginning of 
each interval, a digital photograph of the tissue block face was acquired to capture 

the shape of the tissue prior to any deformations resulting from the sectioning 
and subsequent immunohistochemical staining. The camera (EOS 550D with EF 
100mm f/2.8 Macro lens (Canon, Japan) and a Teleplus PRO 300 DG (Kenko, 
Japan)) was mounted onto a tripod standing on the floor close to the cryostat. 
Despite careful sectioning, some tissue sections were partially torn apart or folded 
in the process. In this case, occurring at an incidence of 7 out of 45 intervals, the 
section was discarded and replaced by an adjacent section. All eventually used 
sections were at a maximum physical distance of 40 μm away from the start of the 
interval at which the corresponding photograph was taken. The morphological 
changes over this short distance were negligible.

5.2.6. Immunohistochemistry
The tissue sections (10 μm) were fixed in 2% (v/v) formaldehyde (PBS) for 30 
seconds to ensure optimal tissue morphology and limited EGFr epitope masking. 
Endogenous peroxidase and aspecific binding to endogenous Fc receptors 
and / or endogenous mouse Ig(M) were blocked by citrate/phosphate buffer 
(pH 5.8) and normal human / mouse serum respectively. Tissue sections were 
immunostained for assessment of EGFr expression by ex vivo preincubation 
of the sections with a predetermined optimal (=optimal signal of background) 
concentration of zalutumumab (1 μg/mL). Zalutumumab was detected with 
polyclonal rabbit IgG against human IgG (kappa) (DAKO, Denmark) at a 
concentration of 1 μg/mL (30 min at room temperature (RT)). The rabbit anti-
human antibodies were subsequently detected with a peroxidase (horseradish 
peroxidase (HRP)) conjugated goat anti-rabbit IgG dextran-polymer (undiluted, 
RT, Immunologic, The Netherlands). Presence of HRP was visualized by adding 
3,3’-diaminobenzidine (Sigma-Aldrich, USA) development solution, resulting in 
a brown staining. Sections were counterstained with hematoxylin (blue nuclear 
staining) and coverslipped in glycergel. All immunostained tissue sections were 
captured and digitized using the Ariol slide scanning system (Leica Microsystems, 
Germany) at 20x magnification, using the software module “Gensight visual 
only”. Furthermore, a selection of adjacent sections was stained for the detection 
and visualization of the in vivo administered zalutumumab biodistribution. 
The employed IHC protocol was the same, with the exceptions that acetone 
fixation (10 min, 4C) was used, that sections were not ex vivo preincubated with 
zalutumumab, and that a concentration of 5 μg/mL (instead of 1 μg/mL) of the 
polyclonal rabbit IgG against human IgG (kappa) was used.
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5.2.7. Construction of 3D histology stack
A 3D stack of stained histological sections was created by first stacking the 
block face photographs, and then registering each histological section to its 
corresponding image in the stack. The stacked block face images were first 
aligned by registering each 2D image to its adjacent image using StackReg[147], 
allowing only rigid in-plane transformations and in-plane isotropic scaling. In the 
resulting stack, four markers that were fixed with respect to the tissue mounting 
table were aligned within a maximum deviation of one pixel (size 0.05 x 0.05 
mm). All further processing of the block face photographs as well as the digitized 
histology images was performed on the intensities in the blue color channel, 
which showed the largest contrast between various tumor structures for both 
image types. Each of the digitized stained histology images was registered to its 
corresponding photograph in the 3D block face stack using Elastix[148], employing 
an iterative gradient-descent algorithm. An affine transformation model was used 
for the registration, since the main deformation encountered in the sections was a 
compression of the tissue along the cutting direction and all significantly torn or 
folded sections were discarded during the sectioning. 

The registration was performed by first manually defining a set of corresponding 
landmark points at the boundaries of clearly distinguishable structures within 
the tumor, such as shown in Figures 5.3a and 5.3b, and then performing an 
automatic registration with the similarity measure set to a weighted combination 
of the Euclidian distance between these points (weight 0.25) and mutual 
information between the original images (weight 0.75). Mutual information was 
only calculated over the image pixels that contain xenograft tissue, as defined by 
tumor masks that were manually delineated for each 2D block face image (Figure 
5.3c). The resulting registered stained histology images (an example registration 
is displayed in Figure 5.3d) were each assigned a thickness of 0.1875 mm and 
stacked to create the 3D EGFr-stained histology image volume.

5.2.8. Registering SPECT to histology
The in vivo SPECT image was registered directly to the stained histology stack, 
without any reference to the block face photographs used to create the stack. 
First, the SPECT image was resampled to the voxel grid of the histology stack. 
Then the tumor tissue masks that were defined on the 2D block face images 
were employed to set all non-tumor voxels in the histology stack to zero. Finally, 
the SPECT image was registered to the resulting masked volume by maximizing 
mutual information using Elastix[148], employing an iterative gradient-descent 
algorithm and allowing only rigid 3D transformations.

Figure 5.3. Example in-plane 2D registration of EGFr-stained histology image to 
corresponding tissue block photograph. (a) Block face image with yellow dots denoting 
manually selected landmarks. (b) Blue color channel extracted from original histology 
image, with yellow dots denoting points corresponding to landmarks in (a). (c) Tumor 
EGFr mask used during in-plane 2D registration as well as 3D registration of entire 
SPECT volume to 3D histology stack. (d) Edges of registered histology image (detected 
using Canny edge detector) overlaid onto block face photograph. 
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5.2.9. Image visualization and analysis
The total-body and focused SPECT volumes were smoothed using 3D isotropic 
Gaussian post-filters with full widths at half maximum (FWHM) of respectively 
1.0 and 0.4 mm.

Maximum-intensity projections of the total-body SPECT/CT volumes were 
generated using PMOD (PMOD Technologies, Switzerland). The consecutive 
histology sections were fused with 0.1875 mm thick slices from the registered 
focused SPECT volume. To determine the percentage of injected dose (%ID) 
taken up by the tumor, 3D regions of interest (ROIs) were drawn manually over 
the tumor and the total body, and their reconstructed voxel intensity sums were 
related to dose calibrator measurements.

5.3. Results

5.3.1. Total-body images
For the mouse with the tumor that was selected for histological validation, Figure 
5.4 compares the total-body SPECT/CT image obtained within one hour after 
administration of 111In-labeled zalutumumab (t=0h) with the total-body image 
obtained 48h later (t=48h). At t=0h, the activity was mainly present in the blood 
vessels, the heart, the bladder and the injection site. At t=48h, apart from some 
accumulation in the snout and ears (not encountered in the other two mice), the 
activity was mainly located in the tumor, showing anticipated specific on-target 
(EGFr) binding. Region-of-interest (ROI) analysis revealed that at t=48h the 
tumor contained 9.1% of the total body activity (1.4 MBq) which, correcting for 
radioactive decay, corresponds to 2.37 MBq at the time of injection. This constitutes 
8.3% of the injected dose (%ID), or 25.2 %ID/mL.

5.3.2. Focused tumor SPECT and histology images
Consecutive tumor slices from the reconstruction of the focused SPECT scan at 
t=48h are displayed in Figure 5.5, together with corresponding images from the 
registered histology stack. Consecutive tumor slices in three different orthogonal 
directions are shown in (supplemental) Figure 5.S1, allowing visual assessment 
of the correspondence in 3D. The high resolution of the SPECT images enables 
small substructures within the tumor to be distinguished. As a result, the images 
clearly visualize that activity was distributed heterogeneously throughout the tumor, 
exhibiting substantial internal regions containing almost no tracer and some small 

hot spots with relatively high concentrations.

Comparing the SPECT volume to the EGFr-stained histology volume, many 
corresponding morphological details can be identified. In general, regions of very 
low uptake in the SPECT slices are characterized by necrosis or low EGFr expression 
in histology. Interestingly, the co-registration with the histology stack reveals that 
some spots exhibiting a relatively high 111In concentration in SPECT, such as the 
one pointed out by the arrows in Figure 5.5, are mostly located at the outer rim or 
even outside the highly EGFr-expressing tumor region. It seems that these small hot 
spots are associated with small morphological indentations in the otherwise smooth 
edge of the region characterized by high EGFr expression. However, histological 
examination of the zalutumumab distribution, as shown in Figure 5.6, reveals 
that the zalutumumab distribution differs from the 111In distribution and that no 
antibodies were detected outside the regions of high ex vivo EGFr expression.

5.4. Discussion
The results from this study show that within 48h, 111In-labeled zalutumumab 
accumulated in a mouse A431 xenograft to such an extent that its in vivo 
intratumoral distribution could be noninvasively imaged at a very high resolution 
using SPECT with a focused multi-pinhole setup. The SPECT images reflect a 
heterogeneous antibody uptake inside the tumor, which was also encountered in 
studies employing 2D autoradiography (e.g. [149]). By co-registration of the focused 
SPECT tumor image with histological sections, we found that the heterogeneity 
of the reconstructed radioactive tracer distribution showed many morphological 
similarities to the ex vivo target receptor density distribution.

Almost all regions exhibiting low tracer uptake could be matched with a 
morphologically similar region of low or absent EGFr expression. The larger regions 
exhibiting low EGFr expression were largely necrotic, as could be inferred from 
impaired cellular integrity and/or absence of nuclei in hematoxylin-eosin stained 
tissue sections and immunohistologically confirmed absence of microvessels 
(data not shown). These observations strongly suggest that the low SPECT tracer 
content in certain parts of the tumor is not an indication that the antibody did 
not reach the tumor cells, but is simply due to the lack of viable target-expressing 
cells. This demonstrates that SPECT can be used to obtain information about 
the micro-anatomy of a solid tumor, in a noninvasive way and from the complete 
tumor in 3D at once.
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Figure 5.4. Total-body fused SPECT/CT maximum intensity projections showing the 
biodistribution of 111In-labeled zalutumumab directly (a) and 2 days after injection (b).

Figure 5.5. High-resolution in vivo SPECT slices of 111In distribution in A431 xenograft 
compared with cross-sections through registered 3D immunohistochemistry (IHC) stack. 
Top row: equidistant consecutive SPECT slices Middle row: SPECT images fused with 
registered IHC slices stained for EGFr expression Bottom row: non-fused IHC slices. 
Arrows point to hot spots located mostly outside EGFr regions.

 
Figure 5.6. Comparing antibody, target receptor and radiolabel distributions. (a) Tissue 
section stained for presence of zalutumumab. (b) Adjacent tissue section stained for EGFr 
expression (ex vivo incubation with zalutumumab). (c) Grayscale EGFr image fused with 
registered SPECT slice showing 111In distribution. Arrow points to location of 111In hot 
spot in region with neither zalutumumab uptake nor EGFr expression.

Although the applied method of co-registration maps many SPECT patterns 
onto morphologically similar EGFr patterns, some 111In is mapped onto low 
EGFr expressing regions, which is unexpected since a non-saturating dose of 
zalutumumab was injected. It is unlikely that this discrepancy mainly reflects 
registration error or resolution effects, since these small hot spots in the SPECT 
images (arrows in Figure 5.5) are consistently mapped to morphological 
indentations in the EGFr region borders. It is of interest that during histological 
analysis of the zalutumumab distribution, zalutumumab was only encountered 
in high EGFr-expressing regions. This disagreement between SPECT and 
IHC likely reflects the partly different routing of 111In and zalutumumab upon 
binding to the EGFr. The small hot spots could be a result of dead tumor cells 
containing residualized 111In [150, 151] being phagocytosed by inflammatory cells 
during the 48h following the injection of labeled zalutumumab, causing the 111In 
to be transported to and accumulated at sites that can be located outside the 
EGFr-expressing tumor mass, as shown by our data (Figure 5.6). Indeed dense 
populations of macrophages at the rim of the the tumor, outside the EGFr area, 
have been observed earlier in this model (data provided in (supplemental) Figure 
5.S2).

To investigate such mechanisms, future studies may also require the extra 
information available from a registered 3D stack of IHC slices, such as the one 
constructed for this study. Although the procedure described in this paper resulted 
in a sufficiently accurate SPECT/IHC registration even for tissue sections with 
substantial staining artifacts, it is labor-intensive and depends on the presence of 
shared morphological details between the optical photographs and the stained 
IHC tissue sections. In addition, the application of an affine transformation 
model requires the tissue to be fixated by careful snap-freezing, since chemical 
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fixatives typically introduce substantial heterogeneous deformation of the tissue 
which is not easily restored[152]. Several methods were proposed that perform 
automatic alignment of 3D histology stacks based on block-face photographs 
(e.g. [153-155]). However, none of these methods could be applied here because the 
tissue processing deformations are not negligible (as was assumed in [153]), inserting 
fiducial rods (as in [154]) is not very practical in a snap-frozen tissue block, and 
registrations based on mutual information alone[155] only succeeded for a small 
fraction of the tissue sections. Furthermore, the shape of a tumor is subject to 
substantial random variation, which undermines the possibility to use a template 
as prior. More research is needed to devise a fully automatic validation method, 
which should not only be able to restore tissue processing deformations, but also 
be robust to staining artifacts.

Radionuclide techniques have been successfully applied to discriminate between 
tumors with different levels of EGFr expression in vivo[140, 141, 156-158], although 
not all studies report good correlations between EGFr expression and antibody 
binding[157, 159, 160]. Hoeben et al.[140] suggests a possible explanation for this 
by presenting evidence from 2D autoradiography, showing that high-EGFr-
expressing tumors may exhibit subcompartments in which EGFr expression is 
locally low compared to its surrounding tissue. Employing ultra-high-resolution 
focusing multi-pinhole SPECT, these results could now be replicated and 
validated in vivo and in 3D. Moreover, this study showed that the heterogeneity 
of target receptor distributions can be monitored in the same animal over time, 
under non-target-saturating conditions. This 4D imaging capability may provide 
indispensible new evidence in future studies aimed at explaining the encountered 
disparity between EGFr expression and antibody uptake in mouse tumors. Such 
knowledge can potentially be useful in deciding whether or not to commence 
immunotherapeutic treatment.

5.5. Conclusion
This study showed that ultra-high resolution focused multi-pinhole SPECT 
noninvasively acquires high-resolution 3D in vivo images that allow clear 
visualization of the heterogeneous distribution of antibodies in subcompartments 
of small tumors in mice. The reconstructed tracer distribution was found to 
be morphologically very similar to the target receptor expression distribution. 
However, the apparent differences between the two distributions accentuate the fact 
that the SPECT images reflect end point 111In accumulation of the dynamic process 
of antibody binding to EGFr and subsequent EGFr-Ab complex internalization 
and catabolism. This may be important for future studies employing radiolabeled 
antibodies, in particular in the context of antibody-drug conjugates, since their 
efficacy is dependent on antibody-target kinetics with subsequent intracellular 
routing and accumulation in the lysosomal compartment. In summary, the 
focused multi-pinhole setup with high pinhole magnification provides researchers 
with a powerful tool to further optimize future anti-cancer medication.
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Supplemental figures

Figure 5.S1. High-resolution in vivo SPECT slices of 111In distribution in A431 xenograft 
compared with cross-sections through registered 3D immunohistochemistry (IHC) stack. 
Top rows: equidistant consecutive SPECT slices, middle rows: registered IHC slices 
stained for EGFr expression with voxels outside EGFr region set to zero, bottom rows: 
fused SPECT/IHC images. (a) Transaxial slices, (b) sagittal slices, (c) coronal slices. 
Arrows point to hot spots located mostly outside EGFr regions. The sagittal and coronal 
cross sections through the EGFr-stained histology volume, which are perpendicular to 
the sectioning plane, show that the employed registration method generally results in 
reasonably smooth edges, allowing a clear differentiation between high- and low-EGFr-
expressing regions. The slightly jagged appearance of the top boundary in the sagittal view 
is caused by staining artifacts. Missing sections at the far ends of the tumor were too small 
or too homogeneous to be matched to the blockface photographs.

Figure 5.S2. Presence of mouse macrophages in outer rim of A431 xenograft tumors. 
Figure shows results from a parallel study in which A431 xenografts were analyzed after 
zalutumumab dosing. (a) EGFr expression in a freeze section from a 600 mm3 tumor 
excised two days after in vivo treatment with 1 mg/kg zalutumumab, immunostained 
by preincubation with zalutumumab (1 μg/mL). (b) Presence of mouse macrophages 
in a parallel section, detected using rat-anti-mouse macrophage mAb F4/80 (Serotec, 
Germany) as primary antibody. Macrophages were typically observed in stromal tissue in 
outer rim of tumors, just outside EGFr-expressing tumor mass.
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This thesis describes the development and validation of image acquisition methods 
and reconstruction techniques for focused small-animal multi-pinhole Single 
Photon Emission Computed Tomography (SPECT). Multi-pinhole SPECT can 
achieve sub-half-millimeter resolution with very high sensitivity by employing 
collimators with multiple pinholes that are focused at the same centrally located 
region. The U-SPECT-II, a small-animal SPECT scanner developed at UMC 
Utrecht, TU Delft and MILabs, employs such multi-pinhole geometries, and is 
used in all studies described in this thesis.

Chapter 2 demonstrates that focused multi-pinhole SPECT images can be 
improved when scans are better targeted to the organ or tissue of interest. New 
tools are presented that facilitate targeted imaging of specific organs and tumors 
and a study was conducted to validate the effects of improved targeting of the 
pinhole focus. By restricting focused SPECT scans to a small volume, count yield 
was increased, and visibility of small structures was significantly enhanced. At 
equal noise levels, small-lesion contrast measured in a mouse myocardial phantom 
was increased substantially, and noise in in vivo images of a tumor and the mouse 
heart was reduced.

Ordered Subset Expectation Maximization (OSEM) can be used to accelerate 
iterative image reconstruction in SPECT. When subsets consist of complete 
projection views, as is common in clinical SPECT with parallel hole collimators, 
even moderate acceleration factors lead to inaccurate reconstructions. Chapter 
3 introduces Pixel-based Ordered Subsets Expectation Maximization (POSEM), 
which is based on an alternative subset choice. Performance was compared 
with traditional OSEM and Maximum Likelihood Expectation Maximization 
(MLEM) for a rat total body bone scan, a gated mouse myocardial perfusion scan 
and a Defrise phantom scan. The results show that in many cases POSEM can 
be operated at acceleration factors that are an order of magnitude higher than in 
traditional OSEM.

Chapter 4 investigates the influence of unwanted high tracer uptake outside the 
scan volume on reconstructed tracer distributions inside the scan volume, for 
99mTc-tetrofosmin myocardial perfusion scanning in mice. Simulated projections 
of a digital mouse phantom in a focusing multi-pinhole SPECT system were 
generated. Various scan volumes were tested with increasing levels of truncation. 
Despite an overall negative bias, all selected volumes resulted in visually similar 
images. After normalization to the mean, quantitative differences were small. 
Absolute deviations could also be reduced by performing a short survey scan of 
the exterior activity and focusing the remaining scan time at the organ of interest.

Chapter 5 presents a study that validates accuracy of images of intratumoral 
antibody distributions obtained with focused multi-pinhole SPECT. 
Zalutumumab, a human monoclonal EGFr-targeting antibody was radiolabeled 
with 111In and administered to a mouse with a xenografted A431 tumor. Total-
body and focused tumor 3D SPECT images were acquired at 1hr and 48 hrs 
after injection. Global SPECT imaging showed that at 48 hrs after injection, 
activity was predominantly located in the tumor. Full 3D histological analysis 
was performed, indicating that the SPECT distribution was morphologically very 
similar to the ex vivo EGFr distribution and that regions showing little SPECT 
activity were necrotic or exhibited low EGFr expression.

This dissertation builds upon the work described in two earlier dissertations on 
focused pinhole small-animal SPECT[41, 42], which describe the development and 
first results of the U-SPECT scanner design.. The three dissertations combine into 
a detailed description of the design, implementation and initial application of a 
focused multi-pinhole SPECT scanner that is able to achieve sub-half-millimeter 
resolution with good dynamic imaging capabilities. Furthermore, since the 
experiments at high spatial resolution revealed many details that were not previously 
encountered in SPECT, the images were carefully checked for consistence with 
various other imaging modalities such as X-ray CT[10], autoradiography[70] and 
immunohistochemistry (Chapter 5 of this thesis). The specific contribution of 
this thesis in the complete U-SPECT design process comprises development and 
validations of (i) tools for targeting the pinhole focus, (ii) a method allowing 
ordered subset acceleration of image reconstruction, (iii) image reconstruction 
from truncated projections, and (iv) the application of focused multi-pinhole 
SPECT to tumor antibody imaging.

An increasing number of SPECT scanner designs employ multi-pinhole collimation 
to obtain increased sensitivity and resolution (e.g. [30-34, 40]). Interestingly, recent 
research has shown that focused multi-pinhole collimation can also be applied to 
image PET tracers, by focusing clusters of pinholes to the center of the collimator, 
in a setup otherwise similar to the U-SPECT design[79]. This technology results 
in sub-millimeter spatial resolution in mice and can be used to image SPECT 
and PET tracers simultaneously. Additional validation of POSEM for clustered 
pinholes may be needed since count levels and pinhole geometry can affect the 
behaviour of such an algorithm.

For a number of the issues addressed by this thesis, opportunities for further 
improvement are evident. As was shown in Chapter 2, the atlas overlay tool 
that facilitates optical-image-based organ localization, provides an efficient way 
of estimating the locations of internal organs. However, in this thesis only one 
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atlas has been used based on the segmentation of an MRI scan of a mouse. To 
make the method more accurate, additional atlases should be available based on 
scans of different animal species (e.g. mice, rats) and representing various postures 
(e.g. prone, supine). In the current implementation the atlas can be quickly, but 
manually, registered to the optical images. An automatic method that warps the 
atlas non-rigidly to the optical images would be beneficial, particularly with 
respect to reproducibility. Efforts have already been aimed at achieving this goal[91]. 
Ideally, the method should require only one input from the user, viz. the choice of 
which organ(s) need(s) to be scanned. However, some practical challenges must 
first be overcome, such as dealing with biological variations and pathologies, and 
with difficulties in distinguishing the body contour due to the presence of heating 
pads, various probes, and fixation materials. Employing information from one or 
more planar X-ray images may be beneficial to achieve a fully automatic method 
that is highly robust to all these issues.

An open challenge that is less straightforwardly implicated by the results in this 
thesis relates to the POSEM method. Although POSEM was shown in Chapter 3 
to be very robust for multi-pinhole SPECT, at the time of publication it had only 
been applied to studies that employed a relatively high amount of radioactivity. 
Recently, some low-count studies revealed that when the measured projection 
images contain pixels without any counts, POSEM and OSEM may update 
the activity in certain regions to zero as the numerator of the update equation 
becomes zero (see Chapter 3, paragraph 2.2). These artefacts, which occur mainly 
with high acceleration factors, and which may be suppressed by choosing fewer 
subsets, are an interesting topic to be addressed in future research.

In the SPECT immunoconjugate imaging study in Chapter 5, many sub-
millimeter morphological SPECT details could be validated against the receptor 
expression distribution. Although the method described in Chapter 5 could be 
employed for validation against immunohistochemistry, this semi-automatic 
method is very time-consuming. The development of a fully automatic method is 
therefore highly desirable in order to accelerate future validation studies.

Pinhole SPECT is currently mostly applied in small-animal imaging, thereby 
facilitating the study of many molecular mechanisms underlying human disease 
and the development of new pharmaceuticals and tracers[11-13]. Pinhole collimators 
have also been employed directly in the clinic, for example for imaging small 
organs like the thyroid, but it seems that the advantages over other collimation 
types are smaller when imaging large body parts. Still, highly focused multi-
pinhole SPECT setups are able to at least partly compensate for the distance-
related sensitivity drop that hampers clinical pinhole SPECT imaging. Some 

studies provide promising results obtained with multi-pinhole SPECT setups 
dedicated to specific organs in the human body such as the heart[8, 110, 126, 127] and 
brain [24, 39]. The techniques validated in this thesis may therefore in the future be 
valuable in the development of clinical systems as well.



Addendum
References

Nederlandse samenvatting 

Curriculum Vitae

Dankwoord



96      Addendum

References
[1] M. A. Pysz, S. S. Gambhir, and J. K. Willmann, “Molecular imaging: current 

status and emerging strategies”, Clinical Radiology, vol. 65, nr. 7, pp. 500-516, 
jul. 2010.

[2] T. F. Massoud en S. S. Gambhir, “Molecular imaging in living subjects: seeing 
fundamental biological processes in a new light”, Genes & Development, vol. 17, 
nr. 5, pp. 545-580, mrt. 2003.

[3] J. M. Hoffman en S. S. Gambhir, “Molecular Imaging: The Vision and 
Opportunity for Radiology in the Future”, Radiology, vol. 244, nr. 1, pp. 39-47, 
jul. 2007.

[4] S. Mather, “Molecular imaging with bioconjugates in mouse models of cancer”, 
Bioconjugate Chemistry, vol. 20, nr. 4, pp. 631-643, apr. 2009.

[5] M. Rudin en R. Weissleder, “Molecular imaging in drug discovery and 
development”, Nature Reviews. Drug Discovery, vol. 2, nr. 2, pp. 123-131, feb. 
2003.

[6] R. Weissleder, “Scaling down imaging: molecular mapping of cancer in mice”, 
Nature Reviews. Cancer, vol. 2, nr. 1, pp. 11-18, jan. 2002.

[7] S. R. Meikle, P. Kench, M. Kassiou, and R. B. Banati, “Small animal SPECT 
and its place in the matrix of molecular imaging technologies”, Physics in 
Medicine and Biology, vol. 50, nr. 22, p. R45-R61, nov. 2005.

[8] F. Beekman en F. van der Have, “The pinhole: gateway to ultra-high-resolution 
three-dimensional radionuclide imaging”, European Journal of Nuclear Medicine 
and Molecular Imaging, vol. 34, nr. 2, pp. 151-161, feb. 2007.

[9] F. J. Beekman et al., “U-SPECT-I: A Novel System for Submillimeter-
Resolution Tomography with Radiolabeled Molecules in Mice”, Journal of 
Nuclear Medicine, vol. 46, nr. 7, pp. 1194-1200, jul. 2005.

[10] F. van der Have et al., “U-SPECT-II: An Ultra-High-Resolution Device for 
Molecular Small-Animal Imaging”, Journal of Nuclear Medicine, vol. 50, nr. 4, 
pp. 599-605, apr. 2009.

[11] S. R. Cherry, J. Sorenson, and M. Phelps, Physics in Nuclear Medicine, 3rd ed. 
Saunders, 2003.

[12] H. O. Anger, “Scintillation Camera”, Review of Scientific Instruments, vol. 29, 
nr. 1, p. 27, jan. 1958.

[13] R. Golestani et al., “Small-animal SPECT and SPECT/CT: application in 
cardiovascular research”, European Journal of Nuclear Medicine and Molecular 
Imaging, vol. 37, nr. 9, pp. 1766-1777, aug. 2010.

[14] K. Brindle, “New approaches for imaging tumour responses to treatment”, 
Nature Reviews Cancer, vol. 8, nr. 2, pp. 94-107, feb. 2008.

[15] J. K. Willmann, N. van Bruggen, L. M. Dinkelborg, and S. S. Gambhir, 
“Molecular imaging in drug development”, Nature Reviews Drug Discovery, vol. 
7, nr. 7, pp. 591-607, jul. 2008.

[16] M. E. Phelps, “Positron emission tomography provides molecular imaging 

of biological processes”, Proceedings of the National Academy of Sciences of the 
United States of America, vol. 97, nr. 16, pp. 9226-9233, aug. 2000.

[17] J. R. Stickel en S. R. Cherry, “High-resolution PET detector design: modelling 
components of intrinsic spatial resolution”, Physics in Medicine and Biology, vol. 
50, nr. 2, pp. 179-195, jan. 2005.

[18] F. van der Have en F. J. Beekman, “Photon penetration and scatter in micro-
pinhole imaging: a Monte Carlo investigation”, Physics in Medicine and Biology, 
vol. 49, nr. 8, pp. 1369-1386, apr. 2004.

[19] F. van der Have en F. J. Beekman, “Penetration, Scatter and Sensitivity in 
Channel Micro-Pinholes for SPECT: A Monte Carlo Investigation”, IEEE 
Transactions on Nuclear Science, vol. 53, nr. 5, pp. 2635-2645, okt. 2006.

[20] R. J. Jaszczak, J. Li, H. Wang, M. R. Zalutsky, and R. E. Coleman, “Pinhole 
collimation for ultra-high-resolution, small-field-of-view SPECT”, Physics in 
Medicine and Biology, vol. 39, nr. 3, pp. 425-437, mrt. 1994.

[21] L. R. Furenlid et al., “FastSPECT II: a second-generation high-resolution 
dynamic SPECT imager”, IEEE Transactions on Nuclear Science, vol. 51, nr. 3, 
pp. 631-635, jun. 2004.

[22] D. P. McElroy et al., “Performance evaluation of A-SPECT: a high resolution 
desktop pinhole SPECT system for imaging small animals”, IEEE Transactions 
on Nuclear Science, vol. 49, nr. 5, pp. 2139-2147, okt. 2002.

[23] C. Lackas, N. U. Schramm, J. W. Hoppin, U. Engeland, A. Wirrwar, and H. 
Halling, “T-SPECT: a novel imaging technique for small animal research”, 
IEEE Transactions on Nuclear Science, vol. 52, nr. 1, pp. 181- 187, feb. 2005.

[24] R. K. Rowe et al., “A Stationary Hemispherical SPECT Imager for Three-
Dimensional Brain Imaging”, Journal of Nuclear Medicine, vol. 34, nr. 3, pp. 
474-480, mrt. 1993.

[25] R. A. Vogel, D. Kirch, M. LeFree, and P. Steele, “A new method of multiplanar 
emission tomography using a seven pinhole collimator and an Anger 
scintillation camera”, Journal of Nuclear Medicine, vol. 19, nr. 6, pp. 648-654, 
jun. 1978.

[26] K. Ishizu et al., “Ultra-high resolution SPECT system using four pinhole 
collimators for small animal studies”, Journal of Nuclear Medicine, vol. 36, nr. 
12, pp. 2282-2287, dec. 1995.

[27] M. C. Wu, B. H. Hasegawa, and M. W. Dae, “Performance evaluation of a 
pinhole SPECT system for myocardial perfusion imaging of mice”, Medical 
Physics, vol. 29, nr. 12, pp. 2830-2839, dec. 2002.

[28] N. U. Schramm, G. Ebel, U. Engeland, T. Schurrat, M. Behe, and T. M. Behr, 
“High-resolution SPECT using multipinhole collimation”, IEEE Transactions on 
Nuclear Science, vol. 50, nr. 3, pp. 315-320, jun. 2003.

[29] A. L. Goertzen, D. W. Jones, J. Seidel, K. Li, and M. V. Green, “First results 
from the high-resolution mouseSPECT annular scintillation camera”, IEEE 
Transactions on Medical Imaging, vol. 24, nr. 7, pp. 863-867, jul. 2005.

[30] T. Funk, P. Després, W. C. Barber, K. S. Shah, and B. H. Hasegawa, “A 

References      97



98      Addendum

multipinhole small animal SPECT system with submillimeter spatial 
resolution”, Medical Physics, vol. 33, nr. 5, pp. 1259-1268, mei 2006.

[31] F. P. DiFilippo, “Design and performance of a multi-pinhole collimation device 
for small animal imaging with clinical SPECT and SPECT-CT scanners”, 
Physics in Medicine and Biology, vol. 53, nr. 15, pp. 4185-4201, aug. 2008.

[32] B. W. Miller, L. R. Furenlid, S. K. Moore, H. B. Barber, V. V. Nagarkar, and 
H. H. Barrett, “System Integration of FastSPECT III, a Dedicated SPECT 
Rodent-Brain Imager Based on BazookaSPECT Detector Technology”, IEEE 
Nuclear Science Symposium Conference Record (NSS/MIC), pp. 4004-4008, nov. 
2009.

[33] T. E. Peterson, S. Shokouhi, L. R. Furenlid, and D. W. Wilson, “Multi-Pinhole 
SPECT Imaging With Silicon Strip Detectors”, IEEE Transactions on Nuclear 
Science, vol. 56, nr. 3, pp. 646-652, jun. 2009.

[34] S. Shokouhi, S. D. Metzler, D. W. Wilson, and T. E. Peterson, “Multi-pinhole 
collimator design for small-object imaging with SiliSPECT: a high-resolution 
SPECT”, Physics in Medicine and Biology, vol. 54, nr. 2, pp. 207-225, jan. 2009.

[35] S. Shokouhi, D. W. Wilson, S. D. Metzler, and T. E. Peterson, “Evaluation of 
image reconstruction for mouse brain imaging with synthetic collimation from 
highly multiplexed SiliSPECT projections”, Physics in Medicine and Biology, vol. 
55, nr. 17, pp. 5151-5168, sep. 2010.

[36] C. Vanhove, M. Defrise, T. Lahoutte, and A. Bossuyt, “Three-pinhole 
collimator to improve axial spatial resolution and sensitivity in pinhole 
SPECT”, European Journal of Nuclear Medicine and Molecular Imaging, vol. 35, 
nr. 2, pp. 407-415, feb. 2008.

[37] Z. Cao, G. Bal, R. Accorsi, and P. D. Acton, “Optimal number of pinholes in 
multi-pinhole SPECT for mouse brain imaging—a simulation study”, Physics in 
Medicine and Biology, vol. 50, nr. 19, pp. 4609-4624, okt. 2005.

[38] M. C. M. Rentmeester, F. van der Have, and F. J. Beekman, “Optimizing multi-
pinhole SPECT geometries using an analytical model”, Physics in Medicine and 
Biology, vol. 52, nr. 9, pp. 2567-2581, mei 2007.

[39] M. C. Goorden, M. C. M. Rentmeester, and F. J. Beekman, “Theoretical 
analysis of full-ring multi-pinhole brain SPECT”, Physics in Medicine and 
Biology, vol. 54, nr. 21, pp. 6593-6610, nov. 2009.

[40] K. Vunckx et al., “Optimized Multipinhole Design for Mouse Imaging”, IEEE 
Transactions on Nuclear Science, vol. 56, nr. 5, pp. 2696-2705, okt. 2009.

[41] F. van der Have, Ultra-high-resolution small-animal SPECT imaging. Utrecht 
University, 2007.

[42] B. Vastenhouw, Simulation, construction and application of focused pinhole small 
animal SPECT. Utrecht University, 2008.

[43] B. Vastenhouw en F. Beekman, “Submillimeter Total-Body Murine Imaging 
with U-SPECT-I”, Jounal of Nuclear Medicine, vol. 48, nr. 3, pp. 487-493, mrt. 
2007.

[44] P. E. B. Vaissier, M. C. Goorden, B. Vastenhouw, F. van der Have, and F. J. 

Beekman, “Ultra-fast total-body mouse imaging with U-SPECT-II”, Proceedings 
of the 2011 IEEE Nuclear Science Symposium and Medical Imaging Conference, 
Valencia, Spain, 2011.

[45] P. P. Bruyant, “Analytic and iterative reconstruction algorithms in SPECT”, 
Journal of Nuclear Medicine, vol. 43, nr. 10, pp. 1343-1358, okt. 2002.

[46] J. Radon, “Über die Bestimmung von Funktionen durch ihre Integralwerte 
längs gewisser Mannigfaltigkeiten”, Berichte über die Verhandlungen der 
Sächsischen Akademie der Wissenschaft zu Leipzig, vol. 69, pp. 262-278, apr. 
1917.

[47] F. Natterer, The Mathematics of Computerized Tomography. SIAM: Society for 
Industrial and Applied Mathematics, 1986.

[48] A. Katsevich, “Analysis of an exact inversion algorithm for spiral cone-beam 
CT”, Physics in Medicine and Biology, vol. 47, nr. 15, pp. 2583-2597, aug. 
2002.

[49] F. J. Beekman, C. Kamphuis, M. A. King, P. P. van Rijk, and M. A. Viergever, 
“Improvement of image resolution and quantitative accuracy in clinical Single 
Photon Emission Computed Tomography”, Computerized Medical Imaging and 
Graphics, vol. 25, nr. 2, pp. 135-146, apr. 2001.

[50] B. M. Tsui, X. Zhao, E. C. Frey, and W. H. McCartney, “Quantitative single-
photon emission computed tomography: basics and clinical considerations”, 
Seminars in Nuclear Medicine, vol. 24, nr. 1, pp. 38-65, jan. 1994.

[51] L. A. Shepp en Y. Vardi, “Maximum likelihood reconstruction for emission 
tomography”, IEEE Transactions on Medical Imaging, vol. 1, nr. 2, pp. 113-122, 
okt. 1982.

[52] K. Lange en R. Carson, “EM reconstruction algorithms for emission and 
transmission tomography”, Journal of Computer Assisted Tomography, vol. 8, nr. 
2, pp. 306-316, apr. 1984.

[53] J. Qi en R. M. Leahy, “Iterative reconstruction techniques in emission 
computed tomography”, Physics in Medicine and Biology, vol. 51, nr. 15, pp. 
R541-578, aug. 2006.

[54] H. H. Barrett, D. W. Wilson, and B. M. Tsui, “Noise properties of the EM 
algorithm: I. Theory”, Physics in Medicine and Biology, vol. 39, nr. 5, pp. 833-
846, mei 1994.

[55] D. W. Wilson, B. M. Tsui, and H. H. Barrett, “Noise properties of the EM 
algorithm: II. Monte Carlo simulations”, Physics in Medicine and Biology, vol. 
39, nr. 5, pp. 847-871, mei 1994.

[56] F. J. Beekman, E. T. Slijpen, and W. J. Niessen, “Selection of task-dependent 
diffusion filters for the post-processing of SPECT images”, Physics in Medicine 
and Biology, vol. 43, nr. 6, pp. 1713-1730, jun. 1998.

[57] H. M. Hudson en R. S. Larkin, “Accelerated image reconstruction using 
ordered subsets of projection data”, IEEE Transactions on Medical Imaging, vol. 
13, nr. 4, pp. 601-609, dec. 1994.

[58] C. Kamphuis, F. J. Beekman, and M. A. Viergever, “Evaluation of OS-EM vs. 

References      99



100      Addendum

ML-EM for 1D, 2D and fully 3D SPECT reconstruction”, IEEE Transactions 
on Nuclear Science, vol. 43, nr. 3, pp. 2018-2024, jun. 1996.

[59] G. L. Zeng en G. T. Gullberg, “A study of reconstruction artifacts in cone beam 
tomography using filtered backprojection and iterative EM algorithms”, IEEE 
Transactions on Nuclear Science, vol. 37, nr. 2, pp. 759-767, apr. 1990.

[60] D. S. Lalush en B. M. W. Tsui, “Performance of Ordered-Subset Reconstruction 
Algorithms Under Conditions of Extreme Attenuation and Truncation in 
Myocardial SPECT”, Jounal of Nuclear Medicine, vol. 41, nr. 4, pp. 737-744, 
apr. 2000.

[61] J. Xiao, F. J. Verzijlbergen, M. A. Viergever, and F. J. Beekman, “Small field-
of-view dedicated cardiac SPECT systems: impact of projection truncation”, 
European Journal of Nuclear Medicine and Molecular Imaging, vol. 37, nr. 3, pp. 
528-536, mrt. 2010.

[62] G. K. Gregoriou, B. M. . Tsui, E. C. Frey, and D. S. Lalush, “Artifacts and 
sampling requirement in transmission CT reconstruction with truncated 
projection data”, in Nuclear Science Symposium and Medical Imaging Conference 
Record, San Francisco, CA , USA, 1995, vol. 3, pp. 1336-1340 vol.3.

[63] S. H. Manglos, G. M. Gagne, and D. A. Bassano, “Quantitative analysis of 
image truncation in focal-beam CT”, Physics in Medicine and Biology, vol. 38, 
nr. 10, pp. 1443-1457, okt. 1993.

[64] D. J. Kadrmas, R. J. Jaszczak, J. W. McCormick, R. E. Coleman, and C. B. 
Lim, “Truncation artifact reduction in transmission CT for improved SPECT 
attenuation compensation”, Physics in Medicine and Biology, vol. 40, nr. 6, pp. 
1085-1104, jun. 1995.

[65] B. Zhang en G. L. Zeng, “Two-dimensional iterative region-of-interest (ROI) 
reconstruction from truncated projection data”, Medical Physics, vol. 34, nr. 3, 
pp. 935-944, mrt. 2007.

[66] M. A. King, P. H. Pretorius, T. Farncombe, and F. J. Beekman, “Introduction 
to the physics of molecular imaging with radioactive tracers in small animals”, 
Journal of Cellular Biochemistry, vol. 87, nr. 39, pp. 221-230, dec. 2002.

[67] S. R. Meikle et al., “A prototype coded aperture detector for small animal 
SPECT”, IEEE Transactions on Nuclear Science, vol. 49, nr. 5, pp. 2167-2171, 
okt. 2002.

[68] J. Palmer en P. Wollmer, “Pinhole emission computed tomography: method 
and experimental evaluation”, Physics in Medicine and Biology, vol. 35, nr. 3, pp. 
339-350, mrt. 1990.

[69] M. C. Wu et al., “ECG-gated pinhole SPECT in mice with millimeter spatial 
resolution”, IEEE Transactions on Nuclear Science, vol. 47, nr. 3, pp. 1218-1221, 
jun. 2000.

[70] B. Vastenhouw et al., “Movies of dopamine transporter occupancy with ultra-
high resolution focusing pinhole SPECT”, Molecular Psychiatry, vol. 12, nr. 11, 
pp. 984-987, jul. 2007.

[71] T. Wyckhuys et al., “Hippocampal deep brain stimulation induces decreased 

rCBF in the hippocampal formation of the rat”, NeuroImage, vol. 52, nr. 1, pp. 
55-61, aug. 2010.

[72] S. De Bruyne et al., “In vivo evaluation of [123I]-4-(2-(bis(4-fluorophenyl)
methoxy)ethyl)-1-(4-iodobenzyl)piperidine, an iodinated SPECT tracer for 
imaging the P-gp transporter”, Nuclear Medicine and Biology, vol. 37, nr. 4, pp. 
469-477, mei 2010.

[73] C. Van Steenkiste et al., “Measurement of porto-systemic shunting in mice by 
novel three-dimensional micro-single photon emission computed tomography 
imaging enabling longitudinal follow-up”, Liver International, vol. 30, nr. 8, pp. 
1211-1220, sep. 2010.

[74] F. J. Beekman, “Radiation detection device, scintillation device and detection 
method, as well as multiple image-forming device”. 19-apr-2007.

[75] F. J. Beekman et al., “3-D Rat Brain Phantom for High-Resolution Molecular 
Imaging”, Proceedings of the IEEE, vol. 97, nr. 12, pp. 1997-2005, dec. 2009.

[76] B. Vastenhouw, R. Ramakers, and F. Beekman, “High resolution dynamic total-
body animal imaging with U-SPECT-II”, Journal of Nuclear Medicine, vol. 50 
(Supplement 2), p. 526, 2009.

[77] F. Wiesmann et al., “Dobutamine-Stress Magnetic Resonance Microimaging 
in Mice: Acute Changes of Cardiac Geometry and Function in Normal and 
Failing Murine Hearts”, Circulation Research, vol. 88, nr. 6, pp. 563-569, mrt. 
2001.

[78] C. Wu, F. Have, B. Vastenhouw, R. A. J. O. Dierckx, A. M. J. Paans, and F. J. 
Beekman, “Absolute quantitative total-body small-animal SPECT with focusing 
pinholes”, European Journal of Nuclear Medicine and Molecular Imaging, vol. 37, 
nr. 11, pp. 2127-2135, jun. 2010.

[79] M. C. Goorden en F. J. Beekman, “High-resolution tomography of positron 
emitters with clustered pinhole SPECT”, Physics in Medicine and Biology, vol. 
55, nr. 5, pp. 1265-1277, mrt. 2010.

[80] F. J. Beekman, F. van der Have, R. Kreuger, and M. C. Goorden, “Simultaneous 
sub-millimetre PET and SPECT with a dedicated multi-pinhole geometry”, 
2010 World Molecular Imaging Congress, Kyoto, Japan, 2010.

[81] S. Carlson, K. Classic, C. Bender, and S. Russell, “Small Animal Absorbed 
Radiation Dose from Serial Micro-Computed Tomography Imaging”, Molecular 
Imaging and Biology, vol. 9, nr. 2, pp. 78-82, mrt. 2007.

[82] J. M. Boone, O. Velazquez, and S. R. Cherry, “Small-animal X-ray dose from 
micro-CT”, Molecular Imaging, vol. 3, nr. 3, pp. 149-158, jul. 2004.

[83] S. D. Figueroa, C. T. Winkelmann, H. W. Miller, W. A. Volkert, and T. J. 
Hoffman, “TLD assessment of mouse dosimetry during microCT imaging”, 
Medical Physics, vol. 35, nr. 9, pp. 3866-3874, sep. 2008.

[84] W. P. Segars, B. M. W. Tsui, E. C. Frey, G. A. Johnson, and S. S. Berr, 
“Development of a 4-D digital mouse phantom for molecular imaging 
research”, Molecular Imaging and Biology, vol. 6, nr. 3, pp. 149-159, jun. 2004.

[85] B. Dogdas, D. Stout, A. F. Chatziioannou, and R. M. Leahy, “Digimouse: a 3D 

References      101



102      Addendum

whole body mouse atlas from CT and cryosection data”, Physics in Medicine and 
Biology, vol. 52, nr. 3, pp. 577-587, feb. 2007.

[86] M. G. Stabin, T. E. Peterson, G. E. Holburn, and M. A. Emmons, “Voxel-
Based Mouse and Rat Models for Internal Dose Calculations”, Journal of 
Nuclear Medicine, vol. 47, nr. 4, pp. 655-659, apr. 2006.

[87] X. Bai et al., “A high-resolution anatomical rat atlas”, Journal of Anatomy, vol. 
209, nr. 5, pp. 707-708, nov. 2006.

[88] L. Wu, G. Zhang, Q. Luo, and Q. Liu, “An image-based rat model for Monte 
Carlo organ dose calculations”, Medical Physics, vol. 35, nr. 8, p. 3759, jul. 
2008.

[89] M. A. Keenan, M. G. Stabin, W. P. Segars, and M. J. Fernald, “RADAR 
Realistic Animal Model Series for Dose Assessment”, Journal of Nuclear 
Medicine, vol. 51, nr. 3, pp. 471-476, mrt. 2010.

[90] M. Baiker, J. Dijkstra, I. Que, C. W. G. M. Löwik, J. H. C. Reiber, and B. 
P. F. Lelieveldt, “Organ approximation in micro-CT data with low soft tissue 
contrast using an articulated whole-body atlas”, Proceedings of the 5th IEEE 
International Symposium on Biomedical Imaging, Paris, France, 2008, pp. 1267-
1270.

[91] M. Baiker, B. Vastenhouw, W. Branderhorst, J. H. C. Reiber, F. Beekman, and 
B. P. F. Lelieveldt, “Atlas-driven scan planning for high-resolution μSPECT 
scanning from multi-view photographs: a pilot study”, Proceedings of SPIE 
Medical Imaging 2009, Lake Buena Vista, FL, USA, 2009, p. 72611L (8 pages).

[92] B. F. Hutton, H. M. Hudson, and F. J. Beekman, “A clinical perspective of 
accelerated statistical reconstruction”, European Journal of Nuclear Medicine, vol. 
24, nr. 7, pp. 797-808, jul. 1997.

[93] R. Leahy en C. Byrne, “Recent developments in iterative image reconstruction 
for PET and SPECT”, IEEE Transactions on Medical Imaging, vol. 19, nr. 4, pp. 
257-260, apr. 2000.

[94] R. M. Leahy en J. Qi, “Statistical approaches in quantitative positron emission 
tomography”, Statistics and Computing, vol. 10, nr. 2, pp. 147-165, apr. 2000.

[95] 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 Transactions on Medical Imaging, vol. 21, nr. 8, pp. 867-877, aug. 2002.

[96] S. H. Manglos, G. M. Gagne, A. Krol, F. D. Thomas, and R. Narayanaswamy, 
“Transmission maximum-likelihood reconstruction with ordered subsets for 
cone beam CT”, Physics in Medicine and Biology, vol. 40, nr. 7, pp. 1225-1241, 
jul. 1995.

[97] J. Nuyts, B. De Man, P. Dupont, M. Defrise, P. Suetens, and L. Mortelmans, 
“Iterative reconstruction for helical CT: a simulation study”, Physics in Medicine 
and Biology, vol. 43, nr. 4, pp. 729-737, apr. 1998.

[98] H. Erdogan en J. A. Fessler, “Ordered subsets algorithms for transmission 
tomography”, Physics in Medicine and Biology, vol. 44, nr. 11, pp. 2835-2851, 
nov. 1999.

[99] F. J. Beekman en C. Kamphuis, “Ordered subset reconstruction for x-ray CT”, 
Physics in Medicine and Biology, vol. 46, nr. 7, pp. 1835-1844, jul. 2001.

[100] B. De Man, J. Nuyts, P. Dupont, G. Marchal, and P. Suetens, “An iterative 
maximum-likelihood polychromatic algorithm for CT”, IEEE Transactions on 
Medical Imaging, vol. 20, nr. 10, pp. 999-1008, okt. 2001.

[101] J. S. Kole en F. J. Beekman, “Evaluation of the ordered subset convex algorithm 
for cone-beam CT”, Physics in Medicine and Biology, vol. 50, nr. 4, pp. 613-623, 
feb. 2005.

[102] W. Zbijewski en F. J. Beekman, “Efficient Monte Carlo based scatter artifact 
reduction in cone-beam micro-CT”, IEEE Transactions on Medical Imaging, vol. 
25, nr. 7, pp. 817-827, jul. 2006.

[103] W. Zbijewski, M. Defrise, M. A. Viergever, and F. J. Beekman, “Statistical 
reconstruction for x-ray CT systems with non-continuous detectors”, Physics in 
Medicine and Biology, vol. 52, nr. 2, pp. 403-418, jan. 2007.

[104] R. Levkovitz, D. Falikman, M. Zibulevsky, A. Ben-Tal, and A. Nemirovski, 
“The design and implementation of COSEM, an iterative algorithm for fully 
3-D listmode data”, IEEE Transactions on Medical Imaging, vol. 20, nr. 7, pp. 
633-642, jul. 2001.

[105] D. J. Kadrmas, “Statistically regulated and adaptive EM reconstruction for 
emission computed tomography”, IEEE Transactions on Nuclear Science, vol. 48, 
nr. 3, pp. 790-798, jun. 2001.

[106] A. Rahmim, J.-C. Cheng, S. Blinder, M.-L. Camborde, and V. Sossi, “Statistical 
dynamic image reconstruction in state-of-the-art high-resolution PET”, Physics 
in Medicine and Biology, vol. 50, nr. 20, pp. 4887-4912, okt. 2005.

[107] F. J. Beekman en B. Vastenhouw, “Design and simulation of a high-resolution 
stationary SPECT system for small animals”, Physics in Medicine and Biology, 
vol. 49, nr. 19, pp. 4579-4592, okt. 2004.

[108] 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”, IEEE Transactions on Medical Imaging, vol. 27, nr. 
7, pp. 960-971, jul. 2008.

[109] J. Li, R. J. Jaszczak, K. L. Greer, and R. E. Coleman, “Implementation of an 
accelerated iterative algorithm for cone-beam SPECT”, Physics in Medicine and 
Biology, vol. 39, nr. 3, pp. 643-653, mrt. 1994.

[110] T. Funk, D. L. Kirch, J. E. Koss, E. Botvinick, and B. H. Hasegawa, “A Novel 
Approach to Multipinhole SPECT for Myocardial Perfusion Imaging”, Jounal of 
Nuclear Medicine, vol. 47, nr. 4, pp. 595-602, apr. 2006.

[111] P. P. Steele, D. L. Kirch, and J. E. Koss, “Comparison of simultaneous dual-
isotope multipinhole SPECT with rotational SPECT in a group of patients 
with coronary artery disease”, Journal of Nuclear Medicine, vol. 49, nr. 7, pp. 
1080-1089, jul. 2008.

[112] J. Xiao, T. C. de Wit, S. G. Staelens, and F. J. Beekman, “Evaluation of 3D 
Monte Carlo-based scatter correction for 99mTc cardiac perfusion SPECT”, 

References      103



104      Addendum

Journal of Nuclear Medicine, vol. 47, nr. 10, pp. 1662-1669, okt. 2006.
[113] J. Xiao, T. C. de Wit, W. Zbijewski, S. G. Staelens, and F. J. Beekman, 

“Evaluation of 3D Monte Carlo-based scatter correction for 201Tl cardiac 
perfusion SPECT”, Journal of Nuclear Medicine, vol. 48, nr. 4, pp. 637-644, 
apr. 2007.

[114] A. Sohlberg, H. Watabe, and H. Iida, “Acceleration of Monte Carlo-based 
scatter compensation for cardiac SPECT”, Physics in Medicine and Biology, vol. 
53, nr. 14, pp. N277-285, jul. 2008.

[115] C. Vanhove, M. Defrise, A. Bossuyt, and T. Lahoutte, “Improved quantification 
in single-pinhole and multiple-pinhole SPECT using micro-CT information”, 
European Journal of Nuclear Medicine and Molecular Imaging, vol. 36, nr. 7, pp. 
1049-1063, feb. 2009.

[116] C. Vanhove, M. Defrise, A. Bossuyt, and T. Lahoutte, “Improved quantification 
in multiple-pinhole SPECT by anatomy-based reconstruction using microCT 
information”, European Journal of Nuclear Medicine and Molecular Imaging, vol. 
38, nr. 1, pp. 153-165, sep. 2010.

[117] W. Branderhorst, B. Vastenhouw, F. van der Have, E. L. A. Blezer, W. K. 
Bleeker, and F. J. Beekman, “Targeted multi-pinhole SPECT”, European Journal 
of Nuclear Medicine and Molecular Imaging, vol. 38, nr. 3, pp. 552-561, mrt. 
2011.

[118] R. Clackdoyle en M. Defrise, “Tomographic Reconstruction in the 21st 
Century”, IEEE Signal Processing Magazine, vol. 27, nr. 4, pp. 60-80, jul. 2010.

[119] R. Clackdoyle, F. Noo, J. Guo, and J. A. Roberts, “Quantitative reconstruction 
from truncated projections in classical tomography”, IEEE Transactions on 
Nuclear Science, vol. 51, nr. 5, pp. 2570-2578, okt. 2004.

[120] G. L. Zeng, G. T. Gullberg, and D. J. Kadrmas, “Closed-form kinetic 
parameter estimation solution to the truncated data problem”, Physics in 
Medicine and Biology, vol. 55, nr. 24, pp. 7453-7468, dec. 2010.

[121] P. Maass, “The Interior Radon Transform”, SIAM Journal on Applied 
Mathematics, vol. 52, nr. 3, pp. 710-724, jun. 1992.

[122] S. Amano, T. Inoue, K. Tomiyoshi, T. Ando, and K. Endo, “In vivo comparison 
of PET and SPECT radiopharmaceuticals in detecting breast cancer”, Journal of 
Nuclear Medicine, vol. 39, nr. 8, pp. 1424-1427, aug. 1998.

[123] W. Branderhorst, B. Vastenhouw, and F. J. Beekman, “Pixel-based subsets for 
rapid multi-pinhole SPECT reconstruction”, Physics in Medicine and Biology, 
vol. 55, nr. 7, pp. 2023-2034, apr. 2010.

[124] E. V. Garcia et al., “Technical aspects of myocardial spect imaging with 
technetium-99m sestamibi”, The American Journal of Cardiology, vol. 66, nr. 13, 
p. E23-E31, okt. 1990.

[125] M. D. Cerqueira et al., “Standardized myocardial segmentation and 
nomenclature for tomographic imaging of the heart: a statement for healthcare 
professionals from the Cardiac Imaging Committee of the Council on Clinical 
Cardiology of the American Heart Association”, Circulation, vol. 105, nr. 4, pp. 

539-542, jan. 2002.
[126] Q. Huang, R. Boutchko, B. Reutter, and G. Gullberg, “Dynamic imaging with 

a novel dedicated cardiac SPECT system”, Jounal of Nuclear Medicine, vol. 50 
(Supplement 2), p. 525, 2007.

[127] M. Bocher, I. M. Blevis, L. Tsukerman, Y. Shrem, G. Kovalski, and L. Volokh, 
“A fast cardiac gamma camera with dynamic SPECT capabilities: design, system 
validation and future potential”, European Journal of Nuclear Medicine and 
Molecular Imaging, vol. 37, nr. 10, pp. 1887-1902, okt. 2010.

[128] D. Hanahan en R. A. Weinberg, “Hallmarks of cancer: the next generation”, 
Cell, vol. 144, nr. 5, pp. 646-674, mrt. 2011.

[129] G. P. Adams en L. M. Weiner, “Monoclonal antibody therapy of cancer”, 
Nature Biotechnology, vol. 23, nr. 9, pp. 1147-1157, sep. 2005.

[130] G. A. M. S. van Dongen, G. W. M. Visser, M. N. Lub-de Hooge, E. G. de 
Vries, and L. R. Perk, “Immuno-PET: a navigator in monoclonal antibody 
development and applications”, The Oncologist, vol. 12, nr. 12, pp. 1379-1389, 
dec. 2007.

[131] A. M. Wu en P. D. Senter, “Arming antibodies: prospects and challenges for 
immunoconjugates”, Nature Biotechnology, vol. 23, nr. 9, pp. 1137-1146, sep. 
2005.

[132] A. D. Ricart, “Immunoconjugates against solid tumors: mind the gap”, Clinical 
Pharmacology and Therapeutics, vol. 89, nr. 4, pp. 513-523, apr. 2011.

[133] M. Das, C. Mohanty, and S. K. Sahoo, “Ligand-based targeted therapy for 
cancer tissue”, Expert Opinion on Drug Delivery, vol. 6, nr. 3, pp. 285-304, mrt. 
2009.

[134] R. S. Herbst, “Review of epidermal growth factor receptor biology”, 
International Journal of Radiation Oncology, Biology, Physics, vol. 59, nr. 2, pp. 
21-26, 2004.

[135] F. Rivera, M. E. Vega-Villegas, M. F. Lopez-Brea, and R. Marquez, “Current 
situation of Panitumumab, Matuzumab, Nimotuzumab and Zalutumumab”, 
Acta Oncologica, vol. 47, nr. 1, pp. 9-19, jan. 2008.

[136] J. J. Lammerts van Bueren et al., “Effect of target dynamics on 
pharmacokinetics of a novel therapeutic antibody against the epidermal growth 
factor receptor: implications for the mechanisms of action”, Cancer Research, 
vol. 66, nr. 15, pp. 7630-7638, aug. 2006.

[137] S. Basu, T. C. Kwee, R. Gatenby, B. Saboury, D. A. Torigian, and A. Alavi, 
“Evolving role of molecular imaging with PET in detecting and characterizing 
heterogeneity of cancer tissue at the primary and metastatic sites, a plausible 
explanation for failed attempts to cure malignant disorders”, European Journal of 
Nuclear Medicine and Molecular Imaging, vol. 38, nr. 6, pp. 987-991, jun. 2011.

[138] C. Wu et al., “Quantitative multi-pinhole small-animal SPECT: uniform versus 
non-uniform Chang attenuation correction”, Physics in Medicine and Biology, 
vol. 56, nr. 18, pp. N183-193, sep. 2011.

[139] C.-L. Chen, Y. Wang, J. J. S. Lee, and B. M. W. Tsui, “Toward Quantitative 

References      105



106      Addendum

Small Animal Pinhole SPECT: Assessment of Quantitation Accuracy Prior to 
Image Compensations”, Molecular Imaging and Biology, vol. 11, nr. 3, pp. 195-
203, jun. 2009.

[140] B. A. W. Hoeben et al., “Radiolabeled cetuximab: Dose optimization for 
epidermal growth factor receptor imaging in a head-and-neck squamous cell 
carcinoma model”, International Journal of Cancer, vol. 129, nr. 4, pp. 870-878, 
aug. 2011.

[141] S. Heskamp et al., “ImmunoSPECT and immunoPET of IGF-1R expression 
with the radiolabeled antibody R1507 in a triple-negative breast cancer model”, 
Journal of Nuclear Medicine, vol. 51, nr. 10, pp. 1565-1572, okt. 2010.

[142] H. Kim, T. R. Chaudhuri, D. J. Buchsbaum, D. Wang, and K. R. Zinn, “High-
resolution single-photon emission computed tomography and X-ray computed 
tomography imaging of Tc-99m-labeled anti-DR5 antibody in breast tumor 
xenografts”, Molecular Cancer Therapeutics, vol. 6, nr. 3, pp. 866-875, mrt. 
2007.

[143] W. K. Bleeker et al., “Dual mode of action of a human anti-epidermal 
growth factor receptor monoclonal antibody for cancer therapy”, Journal of 
Immunology, vol. 173, nr. 7, pp. 4699-4707, okt. 2004.

[144] L. R. Perk et al., “(89)Zr as a PET surrogate radioisotope for scouting 
biodistribution of the therapeutic radiometals (90)Y and (177)Lu in tumor-
bearing nude mice after coupling to the internalizing antibody cetuximab”, 
Journal of Nuclear Medicine, vol. 46, nr. 11, pp. 1898-1906, nov. 2005.

[145] H. Masui, T. Moroyama, and J. Mendelsohn, “Mechanism of antitumor activity 
in mice for anti-epidermal growth factor receptor monoclonal antibodies with 
different isotypes”, Cancer Research, vol. 46, nr. 11, pp. 5592-5598, nov. 1986.

[146] C. Ji, F. van der Have, H. Gratama van Andel, R. Ramakers, and F. Beekman, 
“Accurate Coregistration between Ultra-High-Resolution Micro-SPECT and 
Circular Cone-Beam Micro-CT Scanners”, International Journal of Biomedical 
Imaging, vol. 2010, nr. 654506, 2010.

[147] P. Thévenaz, U. E. Ruttimann, and M. Unser, “A pyramid approach to subpixel 
registration based on intensity”, IEEE Transactions on Image Processing, vol. 7, nr. 
1, pp. 27-41, jan. 1998.

[148] S. Klein, M. Staring, K. Murphy, M. A. Viergever, and J. P. W. Pluim, “elastix: 
a toolbox for intensity-based medical image registration”, IEEE Transactions on 
Medical Imaging, vol. 29, nr. 1, pp. 196-205, jan. 2010.

[149] R. Senekowitsch-Schmidtke, K. Steiner, J. Haunschild, S. Möllenstädt, and R. 
Truckenbrodt, “In vivo evaluation of epidermal growth factor (EGF) receptor 
density on human tumor xenografts using radiolabeled EGF and anti-(EGF 
receptor) mAb 425”, Cancer Immunology, Immunotherapy, vol. 42, nr. 2, pp. 
108-114, feb. 1996.

[150] M. J. Mattes, G. L. Griffiths, H. Diril, D. M. Goldenberg, G. L. Ong, and L. 
B. Shih, “Processing of antibody-radioisotope conjugates after binding to the 
surface of tumor cells”, Cancer, vol. 73, nr. 3, pp. 787-793, feb. 1994.

[151] O. W. Press et al., “Comparative metabolism and retention of iodine-125, 
yttrium-90, and indium-111 radioimmunoconjugates by cancer cells”, Cancer 
Research, vol. 56, nr. 9, pp. 2123-2129, mei 1996.

[152] H. C. Groen et al., “Three-dimensional registration of histology of human 
atherosclerotic carotid plaques to in-vivo imaging”, Journal of Biomechanics, vol. 
43, nr. 11, pp. 2087-2092, aug. 2010.

[153] J. Lebenberg et al., “Validation of MRI-based 3D digital atlas registration with 
histological and autoradiographic volumes: an anatomofunctional transgenic 
mouse brain imaging study”, NeuroImage, vol. 51, nr. 3, pp. 1037-1046, jul. 
2010.

[154] G. Groenendaal et al., “Validation of functional imaging with pathology for 
tumor delineation in the prostate”, Radiotherapy and Oncology, vol. 94, nr. 2, 
pp. 145-150, feb. 2010.

[155] B. Kim, J. L. Boes, K. A. Frey, and C. R. Meyer, “Mutual information for 
automated unwarping of rat brain autoradiographs”, NeuroImage, vol. 5, nr. 1, 
pp. 31-40, jan. 1997.

[156] L. Huang et al., “SPECT imaging with 99mTc-labeled EGFR-specific 
nanobody for in vivo monitoring of EGFR expression”, Molecular Imaging and 
Biology, vol. 10, nr. 3, pp. 167-175, jun. 2008.

[157] H. J. W. L. Aerts et al., “Disparity between in vivo EGFR expression and 89Zr-
labeled cetuximab uptake assessed with PET”, Journal of Nuclear Medicine, vol. 
50, nr. 1, pp. 123-131, jan. 2009.

[158] W. Cai, K. Chen, L. He, Q. Cao, A. Koong, and X. Chen, “Quantitative PET 
of EGFR expression in xenograft-bearing mice using 64Cu-labeled cetuximab, 
a chimeric anti-EGFR monoclonal antibody”, European Journal of Nuclear 
Medicine and Molecular Imaging, vol. 34, nr. 6, pp. 850-858, jun. 2007.

[159] G. Niu, Z. Li, J. Xie, Q.-T. Le, and X. Chen, “PET of EGFR antibody 
distribution in head and neck squamous cell carcinoma models”, Journal of 
Nuclear Medicine, vol. 50, nr. 7, pp. 1116-1123, jul. 2009.

[160] G. Niu et al., “Cetuximab-based immunotherapy and radioimmunotherapy of 
head and neck squamous cell carcinoma”, Clinical Cancer Research, vol. 16, nr. 
7, pp. 2095-2105, apr. 2010.

[161] P. Cornelisse, Taal is zeg maar echt mijn ding. Uitgeverij Contact, 2009.

References      107



108      Addendum

Publications 

Peer-reviewed international journal articles:

•	 W. Branderhorst, F. van der Have, B. Vastenhouw, M.A. Viergever, F.J. 
Beekman 2011 Murine cardiac images obtained with focusing pinhole SPECT 
are barely influenced by extra-cardiac activity. in revision

•	 W.  Branderhorst, E.L.A. Blezer, M. Houtkamp, R.M. Ramakers, J.H. 
van den Brakel, H. Witteveen, F. van der Have, H.A. Gratama van Andel, B. 
Vastenhouw, M. Stigter-van Walsum, G.A.M.S. van Dongen, M.A. Viergever, 
W.K. Bleeker, F.J. Beekman 2011 Histological validation of ultra-high-resolution 
pinhole SPECT for imaging intratumoral antibody distributions in mouse 
xenografts. submitted

•	 W. Branderhorst, B. Vastenhouw, F. van der Have, E.L.A. Blezer, W.K. 
Bleeker, F.J. Beekman 2010 Targeted multi-pinhole SPECT. Eur. J. Nucl. Med. 
Mol. Imaging 2011 Mar;38(3):552-61

•	 W. Branderhorst, B. Vastenhouw, F.J. Beekman 2010 Pixel-based subsets for 
block-iterative multi-pinhole SPECT reconstruction. Phys. Med. Biol. 2010 Apr 
7;55(7):2023-34

•	 F. van der Have, B. Vastenhouw, R.M. Ramakers, W. Branderhorst, Jens 
O. Krah, C. Ji, S.G. Staelens, F.J. Beekman 2009 U-SPECT-II: An Ultra-High-
Resolution Device for Molecular Small-Animal Imaging. J. Nucl. Med. 2009 
Apr;50(4):599-605

Abstracts and conference papers:
•	 W. Branderhorst, E.L.A. Blezer, R.M. Ramakers, M. Houtkamp, J. van 
den Brakel, J. Oprins, F. van der Have, G.A.M.S. van Dongen, W.K. Bleeker, 
M.A. Viergever, F.J. Beekman: Histological validation of ultra-high resolution 
focusing pinhole SPECT for imaging the intratumoral distribution of a human 
antibody in a mouse tumor model. 2011 World Molecular Imaging Congress (7-
10 September 2011), San Diego, California USA 

•	 W. Branderhorst, F. van der Have, B. Vastenhouw, M.A. Viergever, F.J. 
Beekman: Murine cardiac images obtained with focusing pinhole SPECT are 
barely influenced by extra-cardiac activity. 6th European Molecular Imaging 

Meeting (19-21 June 2011), Leiden, The Netherlands

•	 W. Branderhorst, E.L.A. Blezer, R.M. Ramakers, M. Houtkamp, J. van den 
Brakel, J. Oprins, F. van der Have, G.A.M.S. van Dongen, W.K. Bleeker, M.A. 
Viergever, F.J. Beekman: Histological validation of ultra-high resolution focusing 
pinhole SPECT for imaging the intratumoral distribution of a human antibody 
in a mouse tumor model. 6th European Molecular Imaging Meeting (19-21 June 
2011), Leiden, The Netherlands

•	 W. Branderhorst, B. Vastenhouw, F. van der Have, E. Blezer, F.J. Beekman: 
Effects of focusing in multi-pinhole SPECT with optical image-guided scan 
planning. 57th SNM Annual Meeting (5-9 June 2010), Salt Lake City, Utah, 
USA (nominated for the annual CaIC Young Investigator Award)

•	 W. Branderhorst, B. Vastenhouw, F.J. Beekman: Improved subset choice for 
block-iterative multi-pinhole SPECT reconstruction. 10th International Meeting 
on Fully Three-Dimensional Image Reconstruction in Radiology and Nuclear 
Medicine (5-10 September 2009), Beijing, China

•	 W. Branderhorst, B. Vastenhouw, F. van der Have, F.J. Beekman: Ultra-high 
resolution SPECT with integrated optical cameras. Hot Topics in Molecular 
Imaging 2009 - TOPIM’09 (26-30 January 2009), Les Houches, France

•	 M. Baiker, B. Vastenhouw, W. Branderhorst, J.H.C. Reiber, F.J. Beekman, 
B.P.F. Lelieveldt: Atlas-driven scan planning for high-resolution μSPECT scanning 
from multiview photographs: a pilot study. SPIE Symposium on Medical Imaging 
(7-12 February 2009), Lake Buena Vista, Florida USA

•	 W. Branderhorst, B. Vastenhouw, F. van der Have, F.J. Beekman: Cardiac 
images obtained with focusing pinhole SPECT are barely influenced by extra-
cardiac activity. 55th SNM Annual Meeting (14-18 June 2008), New Orleans, 
Louisiana USA

•	 F. Beekman, F. van der Have, B. Vastenhouw, W.J. Branderhorst, A. van der 
Linden, M.P. Smidt: Imaging dynamics of organs and drugs at sub-half-mm and 
sub-minute resolution using focusing pinhole SPECT. 5th IEEE International 
Symposium on Biomedical Imaging: From Nano to Macro, (14-17 May 2008), 
Paris, France

•	 B. Vastenhouw, W. Branderhorst, F. Beekman: Optical and anatomy-based 
field-of-view definition for ultra-sensitive focusing pinhole SPECT. 54th SNM 
Annual Meeting (2-6 June 2007), Washington DC, USA

Publications      109



110      Addendum

Nederlandse samenvatting
Dit proefschrift beschrijft de ontwikkeling en validatie van beeldacquisitie-
methoden en reconstructietechnieken voor multi-pinhole Single Photon Emission 
Computed Tomography (SPECT) bij kleine dieren. SPECT is een van de meest 
gebruikte beeldvormende technieken in de nucleaire geneeskunde. SPECT 
maakt gebruik van kleine hoeveelheden radioactieve zoekstoffen (tracers) om op 
niet-invasieve wijze functionele aspecten van organen en weefsels in het lichaam 
af te beelden. In SPECT wordt de driedimensionale verdeling van een tracer 
gereconstrueerd uit een verzameling tweedimensionale projecties, die opgenomen 
worden met speciale camera’s die de gammastraling afkomstig uit de tracer kunnen 
detecteren. Deze gamma-camera’s kunnen mechanisch om het af te beelden object 
geroteerd worden en zo projecties vanuit verschillende invalshoeken opnemen. 
Collimatoren houden een bepaald gedeelte van de straling tegen, zodanig dat 
de richting van de gammafotonen die de gamma-camera bereiken bekend is. Bij 
pinhole SPECT bevat de collimator een pinhole (een klein gaatje in de vorm 
van een dubbele kegel), die uitvergrote projecties maakt waardoor een betere 
beeldresolutie behaald kan worden. In multi-pinhole SPECT worden collimatoren 
met meerdere pinholes gebruikt, waardoor de hoeveelheid gedetecteerde fotonen 
per tijdseenheid (de sensitiviteit) toeneemt. Het gebruik van meerdere pinholes 
biedt tevens de mogelijkheid projecties vanuit voldoende invalshoeken tegelijk 
stationair op te nemen, dat wil zeggen zonder rotatie van de gamma-camera’s. 
Voor een pinhole-systeem geldt dat de beeldresolutie kan worden verbeterd door 
de diameter van de pinhole te verkleinen, maar dit heeft ook tot gevolg dat de 
sensitiviteit afneemt (dit is de zogenaamde resolutie/sensitiviteitsafweging). In 
gefocusseerde multi-pinhole SPECT wordt de sensitiviteit verbeterd door de 
pinholes te focusseren op hetzelfde centraal gelegen gebied. De U-SPECT-II, een 
SPECT-scanner voor kleine dieren, ontwikkeld door het UMC Utrecht, de TU 
Delft en MILabs B.V., gebruikt een gefocusseerde multi-pinhole-geometrie om 
een beeldresolutie van minder dan een halve millimeter te behalen. Deze scanner 
wordt gebruikt bij alle in dit proefschrift beschreven studies.

Hoofdstuk 2 toont aan dat gefocusseerde multi-pinhole SPECT-beelden verbeterd 
kunnen worden als scans beter gericht worden op het te onderzoeken orgaan of 
weefsel. Nieuwe hulpmiddelen worden gepresenteerd die gerichte beeldacquisitie 
van specifieke organen en tumoren vergemakkelijken. Tevens werd een studie 
uitgevoerd om de effecten van het beter richten van de pinhole focus te valideren. 
Door gefocusseerde SPECT-scans te beperken tot een klein volume werd het 
aantal gedetecteerde gammafotonen groter, en de zichtbaarheid van kleine 
structuren significant beter. Bij gelijke ruisniveaus werd het contrast van kleine 

laesies, gemeten in een muismyocardfantoom, substantieel groter en in in vivo 
beelden van een tumor en een muizenhart werd de ruis gereduceerd.

Ordered Subset Expectation Maximization (OSEM) is een algoritme dat gebruikt 
kan worden om iteratieve beeldreconstructie in SPECT te versnellen. Wanneer 
de gebruikte deelverzamelingen (subsets) bestaan uit volledige projectiebeelden, 
zoals gebruikelijk in klinische SPECT met parallelle-bundelcollimatoren, leiden 
zelfs matige versnellingsfactoren tot onnauwkeurige reconstructies. Hoofdstuk 3 
introduceert Pixel-based Ordered Subsets Expectation Maximization (POSEM), 
een algoritme dat gebaseerd is op een alternatieve keuze van de subsets. De 
prestaties werden vergeleken met traditionele OSEM en Maximum Likelihood 
Expectation Maximization (MLEM) voor een botscan van een rat, een gated 
myocardperfusiescan van een muis en een scan van een Defrise-fantoom. De 
resultaten laten zien dat in veel gevallen POSEM kan worden gebruikt met (een 
orde van grootte) hogere versnellingsfactoren dan met traditionele OSEM.

Hoofdstuk 4 onderzoekt de invloed van ongewenste hoge tracer-opname buiten 
het scanvolume op gereconstrueerde tracer-distributies binnen het scanvolume, 
voor myocardperfusiescans met 99mTc-tetrofosmine in muizen. Gesimuleerde 
projecties van een digitaal muisfantoom in een focusserend multi-pinhole SPECT-
systeem werden gegenereerd. Verschillende scanvolumes werden getest waarbij 
de mate van truncatie steeds toenam. Afgezien van een algemene systematische 
negatieve afwijking, resulteerden alle geselecteerde volumes in visueel gelijkvormige 
beelden. Na normalisatie naar het gemiddelde waren kwantitatieve verschillen 
klein. Absolute afwijkingen konden ook gereduceerd worden door een korte 
overzichtsscan te maken van de buitengelegen activiteit en de resterende scantijd 
te focusseren op het te onderzoeken orgaan.

Hoofdstuk 5 presenteert een studie die de nauwkeurigheid valideert van beelden 
van intratumorale antistofdistributies verkregen met gefocusseerde multi-
pinhole SPECT. Zalutumumab, een menselijke monoklonale antistof gericht op 
EGFr, werd gelabeld met radioactief 111In en toegediend bij een muis met een 
xenogetransplanteerde A431-tumor. Lichaams- en gefocusseerde driedimensionale 
SPECT-beelden van de tumor werden op 0 uur en op 48 uur na injectie opgenomen. 
De globale SPECT-beelden laten zien dat de activiteit op 48 uur na injectie 
voornamelijk in de tumor gesitueerd was. Uit een volledige histologische analyse 
van de tumor in drie dimensies bleek dat de SPECT-distributie morfologisch 
gezien zeer gelijkvormig was met de ex vivo EGFr-distributie, en dat gebieden die 
weinig SPECT-activiteit bevatten necrotisch waren of een lage EGFr-expressie 
vertoonden.
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recht te zetten met wat opmerkingen waaruit blijkt dat die alles nóóit voor elkaar 
had gekregen zonder de hulp van allerlei mensen die zich (al dan niet toevallig) in 
de omgeving bevonden[161]. Nou, daar gaat-ie dan.

Als eerste noem ik natuurlijk mijn eerste promotor en voornaamste dagelijkse 
begeleider prof. dr. F.J. Beekman. Beste Freek, zonder jouw begeleiding was 
ik nooit in staat geweest om een proefschrift te schrijven over een onderwerp 
dat zo veel natuurkundiger is dan mijn achtergrond in eerste instantie was. In 
jouw gedreven en ambitieuze groep ligt de lat voor iedereen hoog, en dat heeft 
enorm bijgedragen aan de kwaliteit van dit boekje. Heel veel dank voor je altijd 
razendsnelle en deskundige feedback, je vele slimme ideeën en het inzetten van 
mensen uit je groep en je enorme netwerk om ondersteuning voor mij te regelen 
op allerlei gebieden.

Ten tweede mijn tweede promotor prof. dr. ir. M.A. Viergever. Beste Max, ik 
was erg blij dat ik als promovendus mocht leunen op de goed georganiseerde 
structuur binnen het Image Sciences Institute. Dank voor je correcties en hulp 
bij het afronden van mijn proefschrift, en des te meer bedankt dat ik altijd bij je 
terecht kon voor hulp en advies uit een andere invalshoek op momenten dat de 
hectiek me teveel dreigde te worden.

En dan Frans en Brendan, mijn belangrijkste directe collega’s en dagelijkse 
begeleiders wanneer Freek te druk was. Ondanks de drukte waren jullie nooit te 
beroerd om je uitgebreide kennis van en ervaring met de U-SPECT met mij te 
delen. Ook voor uitleg over alles wat daaromtrent aan kennis nodig was kon ik 
altijd bij jullie terecht. Ik bewonder naast jullie deskundigheid ook jullie positieve 
instelling, die door geen enkele tegenslag lijkt te kunnen worden ingedamd. 
Bedankt voor jullie enorme bijdrage aan dit proefschrift en aan mijn professionele 
ontwikkeling, en ik ben zeer vereerd dat jullie mijn paranimfen willen zijn.

Voordat ik verderga met de overige collega’s wil ik graag eerst de leden van de 
beoordelingscommissie, prof.dr. M. Joëls, prof.dr. P.R. Luijten, prof.dr. G. 
Pasterkamp, prof.dr. B.P.F. Lelieveldt, en prof.dr. J. Booij, bedanken voor het 
lezen en beoordelen van dit proefschrift en de interesse in mijn onderzoek.

Gedurende het promotietraject heb ik ook mogen samenwerken met vele andere 
collega’s, die allemaal op hun eigen manier inhoudelijk of motiverend bijdroegen. 

Ruud: bedankt voor je hulp en je vele praktische oplossingen bij het voorbereiden 
en uitvoeren van de in vivo scans. En Hugo: bedankt voor je actieve deelname 
aan de tumorstudie en de blikverruimende gesprekken bij een al dan niet vroege 
kop koffie. Dan Norbert, Marc de Lange en René voor het af en toe even snel in 
elkaar zetten van een hulpstuk voor een scan. En verder van MILabs Paul, Peggy, 
Leonard, José, Gustavo, Eelco, Tobias, Jurjen, Rudolf, Carmen, Tom, Mariette en 
Samira voor hun gezelligheid tijdens het werk en de lunches.

Dan de leden van de onderzoeksgroep: als eerste natuurlijk Erwin, bedankt voor 
je hulp en motiverende begeleiding bij de tumorstudie, en voor het afstaan van 
je eerste auteurspositie. Dan Marc Korevaar: dank voor de leuke en motiverende 
gesprekken, je goede uitleg over je vakgebied en je positief kritische blik op mijn 
onderzoek. Verder Jan, bedankt voor je onuitputtelijke bron van humoristische 
gespreksstof, en Mart, voor je stoomcursus relativeren, en (het is al bijna een 
cliché) je pepernoten en paaseitjes. Also thanks to the Chinese “subdivision” of 
the group: Jianbin, Chao and Changguo, for many interesting discussions and for 
guiding me through Beijing. En tot slot de Delftse collega’s Marlies en Pieter voor 
de gezelligheid gedurende de periode dat jullie in Utrecht werkten.

Voor mijn vierde artikel heb ik intensief samengewerkt met een aantal mensen bij 
Genmab. Wim, Mischa, Jeroen en Henry: bedankt voor jullie positieve insteek en 
bereidheid om mee te denken. Ik denk dat we trots mogen zijn op het resultaat! 
Tevens kwam ik er tijdens dit project achter dat het UMC vol zit met behulpzame 
mensen! Jort, Wil, Jan-Willem en Harry van de afdeling Pathologie, en Suzanne 
van de afdeling Anatomie: bedankt voor jullie adviezen, en Jort in het bijzonder 
bedankt voor het last-minute opnieuw inbedden van het testbiopt. En verder wil 
ik in deze context natuurlijk vooral Natalie en Mark (nogmaals) heel erg bedanken 
voor hun hulp bij de crux van de hele studie: het opsnijden van de biopten.

Als promovendus viel ik formeel onder het eerder genoemde Image Sciences 
Institute (ISI). Hoewel onze onderzoeksgroep helemaal aan de andere kant van 
het ziekenhuis gesitueerd was, heb ik daar toch via de wekelijkse groepsmeetings, 
het onderwijs, de borrels en de uitjes een aantal hele gezellige en open collega’s 
leren kennen. Ik wil hierbij al deze mensen bedanken voor de leuke tijd die ik 
met hen heb doorgemaakt. Daarbovenop wil ik Jeroen de Bresser bedanken voor 
de gezelligheid binnen maar ook vaak buiten werktijd, Floris en Josien voor hun 
adviezen over Elastix, en Kajo, Rick en Maurits voor het legendarische resultaat in 
de UMC-estafette. En verder Marjan, Renée en Jacqueline voor hun snelle hulp 
bij de administratie.
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Onze groep was verder ingebed in de afdeling Neurowetenschappen en 
Farmacologie van het Rudolf Magnus Instituut (RMI), waar ook een gezellige 
open sfeer hangt en waar ik ondanks het verschil in achtergrond ook een aantal 
superleuke collega’s heb leren kennen via de koffiepauzes, lunches, borrels en 
feestjes. Bij deze ook aan alle RMI-collega’s: bedankt voor de leuke tijd! Ook hier 
wil ik weer een aantal mensen in het bijzonder bedanken. Dear Ela and Natasha, 
thanks a lot for the jokes, laughter, but also personal support and sharing of PhD 
stress, and of course the nice Tuesday lunches. I never expected to find all of this 
inside that funny couple of giggling girls next door :). Verder gaat mijn dank uit 
naar Leo en Henk Spierenburg, die zeer behulpzaam waren bij het opzetten van 
de tumorstudie met alle bijkomende pilot-experimenten, en naar Anne en Bart 
voor hun hulp in het leren van het doorvoer- en inbedprotocol. Thanks also to 
Teresa for increasing my self-confidence by letting me win in squash :). 

Ook ik kan in mijn dankwoord natuurlijk niet zonder het welbekende vrienden 
& familie-stukje. Als eerste wil ik mijn directe familie bedanken voor hun 
onvoorwaardelijke interesse, steun en flexibiliteit, bijvoorbeeld op de momenten 
dat ik ineens afspraken moest afzeggen omdat ik onvoorzien lang door moest 
werken. In het bijzonder ook mijn grote dank aan Anieke en Arjan, super dat 
jullie zo professioneel en in een zo korte tijd de opmaak van dit boekje hebben 
gedaan. Verder wil ik mijn huisgenoten aan de Groenestraat bedanken voor hun 
vrijblijvende gezelligheid, met name Alex en Mark, bij wie ik menigmaal terecht 
kon voor een biertje en een stukje levenswijsheid. Ook mijn ex-huisgenoten uit 
Eindhoven wil ik bedanken, voor de altijd zonnige Hemelrijken Tours. Dan 
iedereen bij Big Band Utrecht, voor de gezellige repetities en leuke optredens, 
met in het bijzonder de leden van de trombonesectie (Joris, Tom, Rik en Kik) 
voor de weelderige tromboneklanken tijdens de sectierepetities. Bedankt dat jullie 
willen optreden tijdens mijn promotiefeest. In de categorie muziek ook dank aan 
iedereen bij Bigband Studentproof, waar ik gedurende de eerste anderhalf jaar 
van mijn promotieperiode nog actief mee heb mogen spelen. In het bijzonder 
wil ik Thomas bedanken voor de geniale T&WJ stedentrips. En dan ook aan de 
mensen van de Big Salsa Band, waar ik vaste invaller bij de optredens was, met 
in het bijzonder Henri voor zijn ijzersterke promotiepeptalk. Dank ook aan alle 
squashers bij Beat It, voor de leuke trainingen, clubavonden, competitiewedstrijden 
en gezellige evenementen, en daarnaast Sjoerd, Chrissy en Maarten ook bedankt 
voor de gezellige spelletjesavonden. In de categorie squash mag ik ook Bart van 
As niet vergeten; Bart, dank voor de vele nederlagen en de goede gesprekken (ze 
staan altijd bol van de meningsverschillen, maar ik moet toegeven dat ik er soms 
toch wat van geleerd heb). Dan wil ik nog mijn salsavrienden bedanken, vooral 
Rianne, Peter, Lieselotte, en Bert, voor de gezelligheid op de salsa-avonden. En 

dan natuurlijk ook Emrah, de beste salsaleraar van Utrecht, van wie ik op dit 
gebied het meeste heb geleerd de afgelopen jaren. Tenslotte wil ik alle nog niet 
genoemde vrienden bedanken met wie ik af en toe of regelmatig gedurende mijn 
promotieperiode een leuke tijd heb beleefd en daardoor het werk even naast me 
neer heb kunnen leggen. Die lijst is natuurlijk te lang om hier op te noemen, maar 
ik maak toch graag nog één uitzondering... dank je Laura, je hebt het laatste deel 
van mijn promotie helemaal opgefleurd!
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