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1 Introduction 

Molecular imaging of small animals is essential in preclinical research [1-3]. Radionuclide 

imaging that includes single-photon emission computed tomography (SPECT) and 

positron emission tomography (PET) plays a vital role [4, 5]. Especially in combination 

with other modalities, such as computed tomography (CT) or magnetic resonance 

imaging (MRI), these techniques provide valuable information about health status [6-8]. 

In the field of SPECT, there have been major innovations in recent years so that image 

quality and diagnostic accuracy has been improved significantly [9-11]. Using gamma 

cameras with adequate collimators, even tiny amounts of radioactive substances can be 

detected with good spatial resolution. Particularly for small target volumes such as 

rodents, the introduction of single-pinhole and, further, multi-pinhole collimators has led 

to resolutions of less than one millimeter with acceptable sensitivity [12, 13]. Further 

advantages, such as the wide availability of suitable radioisotopes and the ability to 

image multiple radioisotopes simultaneously, are unique features of SPECT compared 

to PET [4]. 

 

In this thesis, a dedicated small animal SPECT system with stationary detectors and 

multi-pinhole collimation providing a fixed field of view (FOV) through which the target 

volume is moved stepwise is investigated. This technology allows dynamic examinations 

with high accuracy and reduces mechanical problems that can occur in conventional 

systems with moving detectors [14, 15]. Previous generations typically had three 

detectors arranged triangularly around the central collimator [11, 16]. The system under 

study was designed to be more cost-efficient by omitting the lower detector. High 

resolution with good image quality is required for scans to provide high diagnostic value. 

In addition to the detectors and the collimators used [17], the reconstruction algorithm 

[18, 19], the post-filter [18], and the injection dose or scan time [20] also impact the 

results. Therefore, a wide range of activity concentrations with different post-filters was 

analyzed using the new iterative reconstruction algorithm similarity-regulated 

ordered-subsets expectation maximization (SROSEM) [21]. This algorithm allows for 

accelerated reconstruction at constant reconstruction parameters without significantly 

compromising image quality. 

Rats and mice are the most popular animal models in basic and translational research 

to study pathophysiology and develop new drugs [2]. Rats have certain advantages over 

mice [22, 23]. Many studies on the performance and image quality of comparable SPECT 
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systems are performed only in mice [10, 11], which does not do justice to the enormously 

important role of rats in preclinical research. Therefore, it was focused on imaging in rats. 

 

This thesis aims to investigate the performance of the new micro-SPECT system with 

two stationary detectors and a preset SROSEM reconstruction algorithm in combination 

with Gaussian post-filtering in rats. For this purpose, clinically relevant myocardial 

perfusion and bone SPECT studies were carried out with 99mTc 

sesta-methoxyisobutylisonitrile (99mTc-MIBI) [24] and 99mTc hydroxymethylene 

diphosphonate (99mTc-HMDP) [25, 26], respectively. 

 

Remark 

The methods and results of this dissertation have already been published in Scientific 

Reports (2020) [27]. Since this publication follows the Creative Commons Attribution 4.0 

International License (https://creativecommons.org/licenses/by/4.0/), redistribution and 

adaptation are permitted as long as the source is appropriately cited. Copyright belongs 

to the authors (Janssen JP et al.).
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1.1 Molecular imaging 

"Molecular imaging is the visualization, characterization, and measurement of biological 

processes at the molecular and cellular levels in humans and other living systems. To 

elaborate: Molecular imaging typically includes 2- or 3-dimensional imaging as well as 

quantification over time. The techniques used include radiotracer imaging/nuclear 

medicine, MR imaging, MR spectroscopy, optical imaging, ultrasound, and others." as 

defined by Mankoff et al. [28].  

Nuclear medicine examinations such as PET and SPECT are crucial due to their wide 

range of applications using radiotracers. The application areas can be diverse, from 

oncological, cardiological, and neurological to orthopedic issues and many more [29]. 

Most conventional X-ray, ultrasound, or magnetic resonance-based techniques provide 

morphological information with high spatial resolution, but no functional insights are 

registered (e.g. metabolic processes, surface antigens, other genetic transcripts, or 

protein-protein interactions) [30]. Thus, conventional and molecular imaging can be 

complementary in many applications, as reflected in the success of hybrid imaging [7, 8, 

31, 32].  

The relevance of molecular imaging arises from the ability to detect diseases at early 

stages, assess the extent of diseases, avoid or replace invasive diagnostics, and even 

help select a specific therapy (keyword: personalized medicine) [30]. In addition, 

standardized methods also allow noninvasive therapy monitoring, measuring the 

response to a particular treatment long before the tumor shrinks morphologically, for 

example [33]. 

 

1.2 Molecular imaging of small animals 

While SPECT was initially developed for human applications, the technology has been 

adapted for small-animal applications in recent decades [3]. Small-animal molecular 

imaging for basic and translational research has grown tremendously. The steady 

increase of animal models such as transgenic mouse and rat models has made emission 

imaging an indispensable part of preclinical research [5, 34, 35]. 

Following the publication of Massoud and Gambhir [1], the areas of application in 

biomedical research include the development of new noninvasive imaging techniques to 

visualize specific cellular and molecular processes (e.g., tracer development, in vivo 

tracking of cell migration and interaction, improvement of drug and gene therapy, imaging 

of drug effects at the molecular and cellular level, monitoring of disease progression and 
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impact of treatments in vivo, visualization of multiple molecular events simultaneously 

and more). 

Studying the living subject allows the full complexity of its biology to be considered and 

observed over time [1]. Before molecular imaging was established in preclinical research, 

more experimental animals had to be killed at different times during a study to obtain 

longitudinal information. Moreover, there was no possibility to compare the same animal 

to itself. Thus, imaging helps to reduce the use of laboratory animals and to improve the 

comparability and validity of information in longitudinal studies [4]. To exploit these 

potentials, it is crucial that the underlying technology is easy to operate, quantifiable, and 

provides reproducible results [1]. Molecular imaging is highly translational and 

represents an important interface for the transfer of preclinical to clinical research and, 

ultimately, for improving healthcare [4, 6]. For example, oncology imaging as well as 

respective treatment could be decisively improved [34, 36].  

Another important point is that technical development uses preclinical imaging as a 

testing ground for innovations. Rather than adapting technologies from the clinic to small 

animals, innovations can be tested in small animals, improving biomedical research and, 

in the long run, human imaging in clinical practice [37].  

 

In summary, molecular and multimodality imaging has become indispensable in 

preclinical research. The physical principles behind each modality are essential for 

proper use. To allow comparability of studies, further development of imaging technology 

and standardization of imaging protocols are imperative scientific goals [6]. 

 

1.3 Rodent models 

Rodents have always been prevalent animal models in biomedical research. In recent 

years the focus has increasingly shifted to the mouse, as it was possible to introduce a 

transgenic model and the first knockout animal much earlier than in the rat [23]. However, 

due to advances in genetic technology, this lead is fading with the introduction of more 

and more new rat models [38].  

Rats have several advantages over mice [23]. On the one hand, their size makes it easier 

to perform invasive procedures such as surgery or hemodynamic measurements. On the 

other hand, they also provide more tissue for histological and biological analyses [22]. 

They have brains four times larger than mice, a much bigger frontal cord [39] and some 

physiological processes and behaviors can so far only be established in the rat model 

[23]. For example, the respective rat model has proven its superiority in addiction 
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research [40]. Looking at research in pharmacology and toxicology rat models are also 

considered the gold standard [38]. 

For molecular imaging, the size of the rats is advantageous, as a lower resolution is 

required to image the same structures as in mice. At the same time, the larger bodies 

also lead to increased soft tissue attenuation and scattering [41]. In addition, the 

investigated SPECT system requires a larger transaxial diameter of the collimator. Thus, 

the magnification ratio between the scanned animal and the detector projection becomes 

lower.  

The numerous advantages of the rat over the mice model and particularly the fact that 

many performance evaluations have been conducted only in dedicated mouse 

configurations prompted us to investigate the imaging capabilities for rats [10, 11, 18, 

42]. 

 

1.4 The tracer principle 

“The tracer principle is the study of the fate of compounds in vivo using minute amounts 

of radioactive tracers which do not elicit any pharmacological response by the body to 

the tracer.” as defined in “Nuclear Medicine Physics: A Handbook for Teachers and 

Students” by Bailey et al. [43]. 

Tracers are usually composed of two parts: a pharmacophore and a chelating group for 

the radiometal [44]. A chemical linker connects these two parts to form a radioactive 

conjugated complex. To image the tracers, the gamma radiation generated by them is 

necessary. In this context, gamma radiation from excited atomic nuclei must be 

differentiated from gamma radiation due to annihilation [43]. The gamma photons of an 

excited atomic nucleus are produced when the atomic nucleus emits excess energy to 

change to a more energetically favorable state. This can occur, for example, after a 

radioactive decay. These gamma photons have a characteristic energy spectrum 

depending on the origin of excitation of the nucleus and which element it is. Detection of 

these photons is the fundamental of scintigraphy and SPECT. In contrast, PET relies on 

gamma photons deriving from an annihilation event of two particles (usually electron and 

positron). This is done using radioisotopes that follow the β+ decay and emit positrons 

that collide with electrons in the environment and annihilate, emitting two gamma 

photons at 511 keV in opposite directions.  

 

The most common radioisotope is 99mTc [43]. It is one of those used for scintigraphic 

imaging, which emits gamma photons by changing the state of the excited nucleus. The 
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peculiarity of 99mTc is that it is a metastable isotope that remains for a relatively long 

period of time excited, so the emission of gamma rays occurs later after the underlying 

β- decay. It is very well studied and is available as a component of many tracers. Potential 

applications include imaging of the thyroid, bones, lungs, heart, brain, kidneys and many 

more [45]. 
99mTc is produced commercially using nuclear reactors to create 99Mo from 235U, with a 

half-life of about 66h [46]. This is distributed in the form of 99mTc generators. These were 

developed at Brookhaven National Laboratory in the 1950s and were first suggested as 

a medical tracer in 1960 [47, 48]. Within these generators, the decay of 99Mo via 99mTc 

to 99Tc takes place. By column chromatography, the 99mTc can be isolated and extracted 

as pertechnetate. Subsequently, the obtained 99mTc-pertechnetate can be used for 

imaging or bound to another molecule using a tracer kit. The obtained 99mTc has a half-

life of about 6 h until it decays to 99Tc by emitting gamma rays with an energy of 140.5 

keV [46]. 99Tc has a long half-life of 211,000 a until it decays to the stable 99Ru. The 

entire decay process is shown in Figure 1.  

 

 
Figure 1  Decay of molybdenum-99 

99Mo decays with a half-life of 65.9 h to 88% to 99mTc and 12% to 99Tc [46]. The metastable technetium 

releases its excess energy with a half-life of 6.01h in the form of gamma rays and thus also becomes 99Tc. 

These gamma rays with an energy of 140.5 keV are used for imaging. The 99Tc decays with a half-life of 

2.11 x 105 a to the stable 99Ru. Own illustration. 
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These properties make it a well-suited isotope for living organisms since it gets by with 

moderate radiation exposure and does not pose a severe environmental threat. In 

addition, it can be made widely available through generators containing a precursor and 

not rely on on-site production, unlike most PET tracers that require a cyclotron. Because 
99mTc has been known for decades, there is an extensive range of tracers, and the 

research in development of new technetium-based tracers is well established [49]. 
99mTc remains the most commonly employed radiotracer, and the number of 

examinations by far exceeds the number of those performed with PET tracers. 99mTc is 

a radioisotope that has contributed most to the worldwide spread of nuclear medicine 

and is used in about 85% of all nuclear medicine examinations [50-53]. 

Altogether, this demonstrates the relevance of 99mTc and is also the reason why the 

following work is based on measurements with 99mTc-based tracers. 

 

1.4.1 Applied tracers 

In the following, the tracers used in this work are briefly presented: 99mTc-pertechnetate, 

-HMDP, and -MIBI. 99mTc-pertechnetate is mainly used for thyroid imaging, 99mTc-HMDP 

for skeletal imaging, and 99mTc-MIBI for cardiac imaging [45]. These tracers are among 

the most widely used for SPECT imaging and together cover a large fraction of the 

nuclear medicine examinations performed in Germany and worldwide (Figure 2) [54]. 

The figure also highlights the current importance of SPECT over PET, even though the 

number of PET examinations has increased significantly since data collection and 

continues to do so. 
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Figure 2  Shares of nuclear medicine examinations in Germany 2016 

Three examinations are predominating: thyroid scintigraphy, bone scintigraphy, and cardiac scintigraphy. It 

should be noted that rest and stress myocardial scintigraphy are separately counted in the statistics. Own 

illustration based on the website of the "Bundesamt für Strahlenschutz" (Federal Office for Radiation 

Protection) [54]. 

 

1.4.2 99mTc-pertechnetate 
99mTc-pertechnetate is a tracer consisting of an oxyanion with the formula TcO4

- [55]. The 

structural formula is shown in Figure 3A. It is straightforward to obtain, as it can be 

received in its form from the technetium generator and does not require any specific 

preparation using a dedicated kit. In nuclear medicine, 99mTc-pertechnetate is extremely 

versatile as it is distributed in the body to a similar extent as iodine. It is the most 

employed radiopharmaceutical for thyroid scintigraphy and has several advantages over 

iodine-based tracers. Besides the thyroid gland, it also accumulates in the salivary 

glands, gastric mucosa, and choroid plexus.  

For performance measurements, 99mTc-pertechnetate is standard [42, 56], which is why 

it was used for all phantom scans in this thesis. 
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Kidney
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Brain
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Figure 3  Structural formulas of the tracers 

(A) 99mTc-pertechnetate is commonly used for thyroid imaging and is standard for performance 

measurements, (B) 99mTc sesta-methoxyisobutylisonitrile (99mTc-MIBI) is used for myocardial scintigraphy, 

and (C) 99mTc hydroxymethylene diphosphonate (99mTc-HMDP) is used for bone scintigraphy. Structural 

formulas were created using ChemDraw software (ChemDraw version 16.0, PerkinElmer, Inc., Waltham, 

MA, USA). Own illustration. 

 

1.4.3 99mTc-MIBI for cardiac imaging 

Myocardial perfusion scintigraphy is mainly used to visualize the perfusion of the 

myocardium [57]. Different radiotracers are available for this examination, including 
99mTc-MIBI [24] and 99mTc-Tetrofosmin [58]. 99mTc-MIBI is the most widely established 

and was also used in this work. It consists of 99mTc bound to six methoxyisobutylisonitrile 

ligands [24]. The skeletal formula is shown in Figure 3B. It is lipophilic, cationic and 

accumulates mainly in tissues that are well-perfused, have a high mitochondrial 

membrane potential, and mitochondria content. This is the case in tissues with very 

strong metabolic activity, such as the heart. 99mTc-MIBI is characterized by long 

persistence in myocardial cells after tracer uptake. A limitation is the relatively high liver 

uptake, which may influence image quality [59]. 

Myocardial perfusion imaging usually consists of two images, one at rest and one under 

stress, i.e., after administration of a dopamine analog or after exercise [60]. If an area of 

the heart has decreased tracer uptake, this indicates poor perfusion. On the one hand, 

if the exercise image is unremarkable, hemodynamically relevant coronary artery 

disease (CAD) can be ruled out. On the other hand, if it is conspicuous, the resting image 

helps in further differentiation. Areas with decreased uptake in both images, are most 

likely scars (irreversibly decreased blood flow), while the areas that show decreased 
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uptake only in the stress image, but not in the rest image, suffer from stress-induced 

ischemia (reversibly decreased blood flow).  

The interpretation of the images is based on single slices of the left ventricle in three 

planes (short axis (SA), horizontal long axis (HLA), vertical long axis (VLA)) and with the 

help of so-called Polar Maps, in particular, the 17 segment model of the American Heart 

Association [61]. 

This examination, along with other functional assessments of cardiac function, such as 

stress electrocardiogram, stress echocardiography, dobutamine stress MRI, and 

myocardial perfusion MRI, is an essential component of the diagnostic workflow for CAD 

[62]. CAD is one of the most prevalent and economically relevant diseases. Moreover, it 

is a leading cause of death in Western societies [63]. At what time this examination 

should take place is defined by the European society of cardiology (ESC) guideline [62]. 

Further, the 2016 Coronary Artery Disease Reporting and Data System (CAD-RADS) 

may help [64]. According to the latter recommendation, functional assessment is 

considered in CAD-RADS 3-5, i.e., from a coronary stenosis of 50% in CT diagnosis. 

This applies to symptomatic and asymptomatic patients with an intermediate pretest 

probability of chronic coronary syndrome. Scintigraphy or SPECT examinations offer 

advantages over other functional tests, such as high diagnostic accuracy and well-

evaluated prognostic value [65, 66]. However, it also has drawbacks. Especially in obese 

patients false-positive results are recorded in the inferior/anterior region. Further, false-

negative results are registered in 3-vessel CAD with uniformly poor perfusion because 

uptake values are seen relative to surrounding tissue, and the examination is associated 

with radiation exposure [67-69].  

In addition to myocardial perfusion, it is possible to determine left ventricular ejection 

fraction with 99mTc-MIBI. Besides its approval for cardiac imaging, there are additional 

indications for breast cancer in unclear mammography [70] or for intraoperative 

localization of parathyroid tissue [71]. 

It should also be mentioned that 18F fluorodeoxyglucose (18F-FDG)-PET is an alternative 

to SPECT examination of the heart. It has certain advantages, such as increased 

sensitivity, specificity, and determination of myocardial blood flow and myocardial flow 

reserve [72]. Nevertheless, SPECT remains by far the most commonly used nuclear 

medicine procedure in CAD [54]. 
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1.4.4 99mTc-HMDP for bone mineralization imaging 

Bone scintigraphy is one of the most common nuclear medicine examinations and is a 

highly sensitive method for benign and malignant bone changes [73]. Planar scintigraphy 

is able to detect altered metabolic activity in bone several weeks to months prior to the 

detection of a morphologic correlate by an X-ray-based procedure, and it requires 

relatively low radiation dose. Diagnostic accuracy has been significantly increased 

through SPECT as well as SPECT/CT and is mostly comparable to MRI in terms of 

sensitivity [74]. Tracer accumulation in bone highly depends on blood flow and osteoblast 

activity [75]. Since most bone lesions show increased blood flow and bone turnover, an 

accumulation of the tracer occurs. However, there are some limitations to consider, such 

as low sensitivity in osteolytic metastases or multiple myeloma, to name a few [75, 76]. 

An overview of the typical indications for bone SPECT and SPECT/CT is shown in 

Table 1.  

 
Table 1  Indications for bone SPECT/CT 

Oncology - In case of abnormal planar scintigraphy to improve lesion 

localization 

- Assessment of malignant or pseudomalignant lesions 

Orthopedics - Suspected traumatic injuries of the axial or appendicular 

skeleton 

- Evaluation of painful prosthesis 

- Assessment of lesions in the tarsal or carpal small bones, in 

particular after trauma 

- Evaluation of residual pain after orthopedic surgery on the axial 

or peripheral skeleton 

Rheumatology - Assessment of the spine and sacroiliac joints in case of 

rheumatic disorders 

- Diagnosis of tendinitis 

Infectiology - Diagnosis of infectious lesions, such as osteomyelitis and 

spondylodiscitis (complemented with infection imaging) 

Others - Suspicion of axial or peripheral osteoid osteoma 

- Diagnosis of osteonecrosis and bone infarction 

- Exploration of extraskeletal pathology or uptake 

Adapted from “The EANM practice guidelines for bone scintigraphy,” by Van den Wyngaert et al. [75]. 
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The tracers used for bone scintigraphy are usually technetium-labeled phosphate 

analogs. These include, for example, 99mTc-HMDP, 99mTc methyl diphosphonate 

(99mTc-MDP) and some more. 99mTc-MDP and 99mTc-HMDP are the most commonly 

used, with 99mTc-HMDP having the fastest blood clearance [77]. The skeletal formula of 
99mTc-HMDP is displayed in Figure 3C. Lastly, there were no significant differences 

between these agents regarding image quality. In this thesis, 99mTc-HMDP [25, 26] was 

used for bone scintigraphy. 

It should be noted that 18F sodium fluoride (18F-NaF)-PET is also an option for bone 

imaging and may be an alternative when available [78, 79]. Furthermore, there are 

promising tracers for SPECT that are bisphosphonate-based currently under 

investigation for clinical practice [80, 81]. 

One additional application of these tracers is imaging in myocardial infarction and, 

especially, in amyloidosis [82]. In this context, scintigraphy with bone tracers has recently 

been included in the practice guidelines for heart failure, as it may help to avoid biopsy 

in some cases.  

 

1.5 Single-photon emission computed tomography 

The foundation for imaging the location of gamma emitters was the gamma camera, 

which was first described by Hang O. Anger in 1958; it is often referred to as the Anger 

camera [83]. Such a device consists of a collimator, scintillation crystals for converting 

gamma rays into visible light, photomultiplier tubes (PMTs), and a signal processing unit 

that stores the raw data. Based on the registered data, a two-dimensional (2D) image of 

the tracer distribution can be generated.  

The technology was further developed to produce three-dimensional (3D) images. This 

led to the invention of the first SPECT systems around 1963 [84]. The tracer distribution 

in the scanned volume is measured from different angles, analogous to CT. 3D images 

can be created from several 2D images with the help of algorithms. Another 

breakthrough was the combination of a SPECT modality with CT scanners, which 

improved sensitivity and specificity of the examinations due to enhanced attenuation 

correction and morphological correlation [31]. The first designs of SPECT/CT were 

introduced in 1990 by Hasegawa et al. [85] and became available in the clinic around 

2000 [86, 87]. Over the past two decades, single-photon emission imaging has faced 

many challenges, most notably some technical superiorities of PET for certain 

applications. 
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Nevertheless, SPECT/CT has been further improved, and new tracers have been 

introduced, resulting in a continuously increasing number of installed systems [88]. In 

recent years, the technological advantage of PET has been reduced, while key 

advantages of SPECT, such as better area coverage due to independence from a 

cyclotron and the potential for simultaneous imaging of multiple isotopes, remain [9]. 

New clinical SPECT systems are able to achieve resolutions of up to 3.00 mm for certain 

applications [89]. In small-animal imaging, the maximum resolution of SPECT even 

significantly exceeds that of PET [11, 90]. 

Most clinical as well as preclinical systems are still based on the principle used by Anger. 

However, there are different approaches and components to produce the best possible 

image. In the following, the individual components of a SPECT system are explained and 

differences between the available components are highlighted. 

 

1.5.1 Collimators 

The collimator is the first component that photons pass through after they leave the body, 

or the object being scanned. Hence, only photons from a specific direction are able to hit 

the detector (line of response) [43]. Like this, the direction of the radiation source can be 

determined. Gamma rays that do not derive from the preferred direction of the collimator 

are absorbed and ideally do not reach the detector at all. Typically, only about 10-4-10-2 

will pass these holes, severely limiting the system's sensitivity. To achieve this selection, 

the collimator must be made of dense material with corresponding permeable holes; lead 

or tungsten are common [91]. The required material thickness depends on the photon 

energy since high-energy photons penetrate the material more easily, which then may 

lead to interfering radiation on the detector [92]. 

The design of the collimator and the geometrical arrangement between the radiation 

source and the detector have a decisive impact on the generated image [93]. To produce 

a high-quality image of the target volume with clinical or scientific added value, the 

selection of the collimator is essential.  

The different designs' advantages and disadvantages will be briefly presented in the 

following. An overview of some common types is shown in Figure 4. 

The parallel-hole collimator (Figure 4A) is the most widely established in the clinical field 

[93]. It can be used for planar scintigraphy and SPECT and involves parallel holes usually 

configured in a honeycomb shape. These allow only photons whose vector is 

perpendicular to the detector surface to hit the detector. The longer these septa and the 

smaller the hole diameter, the fewer the incident photons are transmitted, thus increasing 
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the maximum resolution and decreasing the sensitivity. If these holes are no longer 

aligned parallel but diverging or converging, this results in a corresponding extension or 

reduction of the FOV. Diverging collimators (Figure 4B) are used, for example, in 

industrial reactors where a large FOV must be scanned by a small detector [94]. They 

are of little importance in imaging living organisms due to their low spatial resolution. On 

the contrary, converging collimators (Figure 4C) can project a small target volume onto 

a larger detector and are used as so-called fan-beam or cone-beam collimators with the 

advantage of increased sensitivity and resolution [93]. A typical application for these 

collimators is brain SPECT [95-97]. 
 

 
Figure 4  Illustration of different collimators 

(A) parallel holes, (B) converging holes, (C) diverging holes, and (D) a pinhole. The lines of response show 

possible directions in which photons could pass through the collimator. The imaging plane corresponds to 

the detector surface. The collimator septa are colored green. For the pinhole collimator, the green area 

indicates the angle of acceptance of the photons. Own illustration based on "Nuclear Medicine Physics: A 

Handbook for Teachers and Students" by Bailey DL et al. [43]. 

Pinhole collimators (Figure 4D) consist of cone- or trapezoidal-shaped holes with usually 

a knife-edge profile [93]. These pinholes allow photons from different angles of incidence 

to pass through, creating an inverted projection of the radiation source on the detector. 

A magnifying or reducing projection can be obtained depending on the relationship 

between the focal length and the distance between the radiation source, pinhole, and 

detector. Usually, the collimator is positioned as close as possible to the radiation source 

to increase the resolution and sensitivity of the system. This technique is beneficial for 

scanning small volumes [13]. By using multiple pinholes in the form of a multi-pinhole 

collimator, the sensitivity can be further increased [98]. Hence, by projecting a small FOV 

onto a large detector, high sensitivity and high spatial resolution can be achieved. 

Theoretically, the maximum image quality is only limited by the number of projections, 
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the magnification ratio, the detector size, and the detection capacity of the detector [99]. 

However, overlapping projections on the detector surface are challenging, as 

neighboring pinholes are projected onto overlapping detector areas, and this can lead to 

reduced resolution and artifacts [100]. There are two approaches to address this issue. 

Either an attempt is made to avoid overlapping, e.g., by using shielding elements, or 

special sampling methods are used to minimize the adverse effects and benefit from 

increased sensitivity. However, no clear advantage has yet been proven for this 

approach [101, 102]. In addition to small-animal imaging, pinhole technology can be used 

clinically to image smaller organs such as the thyroid gland, individual joints, or the brain, 

for example [103-105]. 

While clinical PET might achieve better resolution and sensitivity in certain applications, 

the unique feature of small-animal SPECT systems with multi-pinhole collimation [11] is 

that they significantly exceed the spatial resolution of PET systems [106] with 0.25 mm 

compared to 2.00 mm. However, there are efforts to increase the resolution of small-

animal PET by integrating collimators, which significantly reduces the far superior 

sensitivity [90]. Still, there are physical limitations restricting the theoretical maximum 

resolution of PET, as the positron, e.g., in the case of 18F, travels a distance of approx. 

0.54 mm until annihilation [106]. 

There are a variety of collimators, and research continues to find the ideal solution for 

different applications. For high resolution small-animal studies, as performed in this 

thesis, the multi-pinhole SPECT seems to be the most promising approach [13]. 

 

1.5.2 Detectors 

The purpose of the detector is to register the photons that have passed the collimator. 

These are then converted into an electrical signal containing information about the 

individual photons to reconstruct a digital image [37]. To achieve good detection 

efficiency, the detector must have a high intrinsic and energy resolution, as well as high 

count rate capability. In addition, uniformity and consistency in the measured information 

are essential.  

The intrinsic spatial resolution, i.e., the distance up to which two photons can be 

distinguished on the detector surface, affects the maximum spatial resolution in the 

reconstructed image [37]. A good energy resolution allows to determine the photon 

energy as precisely as possible. The better the energy resolution, the better the photons 

passing the collimator unhindered can be distinguished from those that have been 

attenuated or scattered. With an appropriate scatter correction, the image quality can be 
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improved. In addition, good energy resolution enables imaging with multiple 

radioisotopes simultaneously since the incoming photons can be differentiated based on 

their specific energy [107]. The count rate capability is essential to be able to perceive 

as many of the incoming photons as possible [37]. If this is exceeded, the photons 

increasingly hit the detector without contributing to the image. This is more relevant at 

high count rates in PET than at low count rates in SPECT. One way to overcome this 

problem is to use several separate detectors.  

Uniformity and temporal consistency are essential for the SPECT system to produce 

reliable results throughout the image and for the reproducibility of values within and 

between multiple images [37]. To ensure all these qualities, regular checks and 

maintenance are required.  

 

 
Figure 5  Setup of a gamma camera 

First, the gamma rays must pass through the collimator. Thereafter, they hit the scintillation crystal, which 

converts the gamma rays into visible light. The optical coupler passes this light to the photomultiplier tubes 

(PMTs). The light signal is transformed into a current, amplified, and transmitted to the signal processing 

unit. This unit calculates the location (XY) and energy (E) of the gamma rays registered at a given time. 

Based on this information, a digital image can be created on the reconstruction computer. Own illustration 

based on "Nuclear Medicine Physics: A Handbook for Teachers and Students" by Bailey DL et al. [43]. 

The Anger camera (Figure 5) is the most widely used detector system, and part of the 

SPECT investigated in this work. It consists of a thallium-doped sodium iodide (NaI(Tl)) 

scintillation crystal connected to an optical coupler and PMTs, connected to a pulse 

processing unit, and an acquisition computer [83]. NaI(Tl) crystals were among the first 

scintillators developed by Hofstadter in 1949 [108]. Their success is due to their excellent 

properties in the range around 140 keV (99mTc): they generate an intense light signal that 
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allows high count rates of up to 105 s-1, and large crystals with diameters of up to 80 cm 

can be produced [37]. The PMTs’ task is to convert the light into an electrical current. 

Followed by a subsequent amplification, a measurable signal is created. The total signal 

over all PMTs gives information about the photon energy. Further, the distribution of the 

signals between PMTs provides information about the location where the photons 

interact with the detector. 

In addition to NaI(Tl), there have been numerous attempts to develop alternative 

scintillation crystals such as thallium-doped cesium iodide (CsI(Tl)) and several others, 

but these have not yet gained widespread use [109, 110]. 

Another type of detector gaining popularity is based on semiconductors. These allow to 

convert incoming photons directly into an electrical signal without the need of PMTs [49]. 

This leads to higher sensitivity, better energy resolution, intrinsic spatial resolution, and 

a reduction in scattered photons. In this regard, cadmium-zinc telluride (CZT) detectors 

have proven to be particularly useful. Recent advancements improved some SPECT 

examinations, and a reduction in scan time and radiation dose were made possible [111, 

112]. The technology is already clinically well established for cardiac SPECT and is also 

increasingly applied for whole-body SPECT [113-117]. 

 

1.5.3 Image reconstruction 

One of the simplest and oldest reconstruction methods is the filtered back projection 

(FBP) [118]. This was predominant for a long time due to the reconstruction speed with 

limited computing power and is still common, especially in computed tomography. How 

this works is briefly explained in the following: 

The projection measured on the detector corresponds to the Radon transform of the 

tracer distribution on a straight line through the scanned object. From this one-

dimensional information, a sinogram can be created by using multiple projections from 

different angles that, when backprojected, produce a blurred version of the scanned 

object. This can be imagined as drawing all these measured values on top of each other 

as straight lines from the corresponding detection angles in the scanned space. The 

blurring results from the incompleteness of the information, since only the direction and 

the total number of counts from that direction can be considered. To reduce this blurring, 

so-called high-pass filters are applied. The associated increase in image noise can be 

encountered by using additional low-pass filters. These filters work by changing the 

corresponding values for high and low frequencies in the Fourier space of each line in 

the sinogram, which requires a Fourier transform and an inverse Fourier transform [119]. 
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This results in a trade-off between contrast, noise, and resolution. Furthermore, the 

outcome depends on the number of projections considered. The resulting 2D images 

can then be assembled into the 3D SPECT image.  

In nuclear medicine, FBP has been replaced by iterative reconstruction algorithms to a 

large extent, with maximum likelihood expectation maximization (MLEM)-based methods 

being the most relevant [120, 121]. The iterative algorithms use forward projections in 

the sense of an estimate (Monte-Carlo simulation). The estimated projections are then 

compared to the measured projections and adjusted accordingly. The different 

algorithms vary in how the projections are compared and how this comparison is used in 

the correction for the following iteration. The first estimate is usually made randomly or 

by FBP and then repeated with the adjusted estimates for a given number of iterations. 

A key advantage of iterative methods is that they can consider the system as imperfect 

and thus account for scattered and attenuated photons, for example. The special feature 

of the MLEM algorithm is that it takes into account natural variations in radioactive decay 

using the so-called Poisson equation and thus gives an estimate for the tracer 

distribution, which maximizes the probability of generating the measured sinogram. 

Accordingly, each iteration consists of two steps: first, calculating the probabilities for any 

reconstructions based on the measured data, and second, identifying the image with the 

highest likelihood of generating the measured data. At each iteration, a current estimate 

of the image is available. A model that can account for factors such as attenuation, 

scattering, and application or system-specific properties is then used to simulate what 

the projections of this current estimate should look like. This is enabled by the system 

matrix, which describes for different scenarios the probabilities that photons, originating 

from specific voxels, hit the detector at certain positions. These are then compared to 

the measured projections.  

The comparison changes the current estimate and creates an updated estimate for the 

next iteration. This process is repeated up to several hundred times, and as the number 

of iterations increases, the accuracy of the estimate is improved, although it should be 

noted that image noise builds up simultaneously. Since reconstruction with MLEM 

requires a lot of time and computing power, there have been continuous efforts to speed 

up the algorithm without degrading the result. The ordered-subsets expectation 

maximization (OSEM) algorithm and its further enhancements have been particularly 

successful [122]. The projections are divided into subsets, which go through the MLEM 

algorithm separately to speed up the reconstruction process [123].  



 23 

In recent years there have been some further developments of the OSEM algorithm, 

especially for multi-pinhole SPECT as used in this work. These and their unique features 

are presented in the following. 

In multi-pinhole SPECT, Branderhorst et al. [124] noted an increasing deviation of results 

with a rising number of subsets in OSEM reconstructions compared with MLEM. 

Reconstruction time and quality could be improved by dividing the reconstruction into 

subsets consisting of multiple pixels distributed over all projections rather than multiple 

projections from different angles.  

A further adjustment was made because a high number of subsets can lead to increased 

image noise, especially in regions with low activity. This can lead to improper cancelation 

of activity, while a low number of subsets leads to a long reconstruction time, especially 

in highly active regions. Vaissier et al. [125] developed the count-regulated ordered-

subsets expectation maximization (CR-OSEM), which uses different amounts of subsets 

depending on the estimated activity in an area.  

An additional speed-up could be achieved with SROSEM, since with CR-OSEM the 

reconstruction of the areas with low activity still takes a lot of time due to the use of few 

subsets. With SROSEM, the number of subsets used no longer depends on the expected 

activity, but on how similar the predicted activity would be if the subset distribution is 

changed [21]. In this way, the reconstruction process could be further accelerated without 

losing image quality compared to the gold standard MLEM. This algorithm allows the 

user-friendly application of constant reconstruction parameters for a wide range of count 

levels in combination with a post-reconstruction filter [21]. Therefore, all images in this 

work were reconstructed using the SROSEM algorithm. 

 

1.6 Performance evaluation and image quality 

All of the hardware and software components presented in the sections above affect the 

system's overall performance, i.e., how well the scanner generates an accurate picture 

of the actual activity distribution in the scan volume in various scenarios. Standardized 

protocols for measuring the performance of gamma cameras and SPECT systems are 

published by the National Electrical Manufacturers Association (NEMA) [56, 126].  

These contain instructions for measuring the performance of SPECT systems. 

Unfortunately, there is no dedicated small-animal or multi-pinhole SPECT protocol, and 

the transfer is not straightforward. The parameters measured include, in particular, 

spatial resolution, uniformity and sensitivity. Osborne et al. [127] and Mannheim et al. 

[128] have highlighted the importance of regular quality control and standardized 
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performance measurement of small-animal imaging equipment. The performance 

parameters theoretically achievable by a system, are specified by the manufacturer and 

defined by the hardware and software used. This varies significantly between scanners 

from different manufacturers. Regularly performed quality controls are necessary to 

ensure the consistency of results. 

In this work, I have focused not only on the performance parameters but also on the 

image quality achieved, in order to show what kind of results can realistically be obtained 

with the overall system examined. Two approaches can be distinguished when 

evaluating image quality: firstly subjective image quality, which is based on the judgment 

of experts, and secondly objective image quality, which is calculated using algorithms 

[129].  

Subjective quality assessment is considered the gold standard, because in most 

applications, humans are the recipients of the image and judge it according to their 

subjective image impressions [130]. In some cases, the assessments between readers 

may differ significantly, so more than one observer is required. Besides a sufficiently 

large group, a standardized procedure is also necessary, for example the use of a 

standardized rating scale [131]. 

A simple and common approach to determining objective image quality is calculating the 

contrast-to-noise ratio (CNR). Even if only some aspects of the image quality are 

captured compared to the subjective assessment, the CNR is an essential and versatile 

parameter. In addition, there are efforts to simulate the subjective image impression with 

more complex algorithms, but a standard has yet to be established [129]. 

In this thesis, image quality was evaluated based on a visual image quality assessment 

by professional readers and a contrast-to-noise analysis.
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2 Objectives of the thesis 

Small-animal SPECT is an essential modality for basic and translational research. 

Innovations in recent years have led to high-resolution imaging in rodents with sufficient 

sensitivity. Looking at mice, resolutions of less than one millimeter have been achieved. 

In rats, the performance of these systems is less well studied, although rat models have 

many advantages and play a crucial role in preclinical research. Therefore, it was aimed 

to establish a basis for rat SPECT imaging for upcoming projects with the following 

objectives: 

 

1. What is the performance of the U-SPECT5/CT E-Class with two stationary 

detectors, a dedicated rat multi-pinhole collimator, and a new reconstruction 

algorithm? 

2. What image quality can be achieved in phantom scans, and how is it related to 

activity concentration and post-filtering? 

3. Implement a CNR assessment using hot-rod phantoms as an objective measure 

for image quality. 

4. What image quality and resolution can realistically be achieved in in vivo studies 

in rats using cardiac and bone SPECT? 

5. Implement a CNR assessment method for in vivo scans as an objective 

measure of image quality. 

6. Image quality assessment based on subjective ratings from professional 

readers. 

7. To determine the role of SPECT in radionuclide imaging in rats by evaluating 

the results and comparing them with the existing literature. 
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3 Material and methods 

3.1 System description 

 
Figure 6  Photos of the U-SPECT5/CT E-Class 

(A) shows a side view that allows the different areas to be identified: on the left the preparation area with the 

XYZ stage is situated to which the animal bed is attached. In the center is the SPECT unit with the acquisition 

user interface mounted on the outside, and on the right is the CT unit. (B) shows the U-SPECT5/CT E-Class 

opened from the back. This opening between SPECT and CT component is necessary to exchange the 

collimator. (C) shows the front view. Here, the orange arrows point to two of the three optical cameras that 

are used to define the scan volume. 
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The system investigated in this work is the U-SPECT5/CT E-Class from MILabs 

(MILabs B.V., Utrecht, The Netherlands): A SPECT/CT developed for preclinical 

research and suitable for the examination of small- to medium-sized animals. For 

example, mice, rats, or rabbits can be examined with appropriate animal beds and 

collimators. Photos of the system are shown in Figure 6. The design is essentially the 

same as the previous models U-SPECT-I, U-SPECT-II, and U-SPECT+ [11, 16, 132]. 

The system’s setup is split into three sections: a preparation section, a SPECT section, 

and a CT section. 

The animal bed is mounted on the XYZ stage in the preparation section. This robot arm 

can move the animal bed in all three axes using translational movements, with a 

movement accuracy of 0.02 mm as specified by the manufacturer [133]. The animal or 

phantom is positioned in the animal bed, which in this thesis corresponds to the special 

rat bed made of poly(methyl methacrylate) (PMMA). Three optical cameras are aligned 

with the animal bed so that they can be used to perform a position check and to define 

the scan volume before the acquisition. 

The SPECT section contains the collimator in its center. This collimator is 

interchangeable and is permanently aligned in the center of the detectors by a 

corresponding mounting device at the gantry. A construction scheme is shown in 

Figure 7.  

 

 
Figure 7  Construction scheme of the SPECT section 

The two detectors with a 472 mm x 595 mm detection area contain a 9.5 mm thick NaI(Tl) scintillation crystal. 

The ultra-high resolution rat/mouse (UHR-RM) collimator has an inner diameter of 98 mm, and the 75 

pinholes arranged in five rows result in a central field of view of 18 mm in length and 28 mm in diameter. 

The total length of the target volume can be up to 230 mm. Adapted from “Capabilities of multi-pinhole 

SPECT with two stationary detectors for in vivo rat imaging,” by Janssen JP et al. [27]. 
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The collimator used here is an ultra-high resolution rat/mouse collimator (UHR-RM), 

which consists of a tungsten cylinder with five rows of 15 pinholes, each with a diameter 

of 1.00 mm and a knife-edge profile (Figure 8).  

 

 
Figure 8  Photos of the UHR-RM collimator 

The left image demonstrates the rear view through the collimator mounted in the SPECT. In the center of 

the collimator, the XYZ stage moves the animal bed during the imaging procedure. The right image shows 

the dismounted collimator with the pinhole arrangement exposed. 

All these pinholes are aligned to the central field of view (CFOV), which has a diameter 

of 28 mm and a length of 18 mm (Figure 7) and is thus larger than in the respective 

mouse collimators (diameter: 12 mm; length: 7 mm), resulting in a reduced magnification 

factor of the projections while the detector surface remains unchanged. This target 

volume usually projects onto the three stationary detectors arranged in a triangle 

covering the whole circumference. In the investigated E-Class system, the lower detector 

was omitted so that there are only two detectors above the collimator at an angle of 60° 

to each other.  

Consequently, only two thirds of the gamma rays passing the collimator are transmitted 

to the detectors. The pinholes project onto the detector surface without overlapping so 

that each pinhole can be assigned its unique surface section. The detectors consist of 

NaI(Tl) scintillation crystals with a size of 472 mm x 595 mm and a thickness of 9.5 mm 
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[133]. The scintillation crystals are coupled with optical grease to several PMTs that 

convert the optical signals into electronic signals and amplify them for output to the 

processing electronics. These detectors can achieve an intrinsic resolution of 3 to 4 mm 

and a respective energy resolution of about 10% for 99mTc [42]. 

The CT section is located behind the SPECT section, so the animal bed can switch to 

CT directly before or after the SPECT image using the XYZ stage. The CT can be used 

for target volume planning, attenuation correction, or just as a micro-CT. The maximum 

scan volume is up to 75 mm in diameter and up to 210 mm in length. The system has a 

20-65 kV X-ray source and a 1944 x 1536 x 14 bit X-ray camera [133]. 

 

3.1.1 Calibration and quality control 

Initial calibration and quality control were performed by the manufacturer MILabs before 

the start of the experiments. This was followed by monthly uniformity and resolution 

measurements with the collimator used, as recommended by the manufacturer [133], to 

ensure consistent performance. A calibration factor allowing quantification of the data 

was determined using a point source and entered in the reconstruction software. 

 

3.1.2 Data acquisition 

For the scan settings, several adjustments could be made in the MILabs.Acq user 

interface (MILabs B.V., version 8.62) of the acquisition computer (Amplicon Liveline LTD, 

Brighton, UK, Model: 1538804 4917 C, with Intel® Core™ CPU i5-2400 (3.10 GHz) and 

4.00 GB RAM). The target volume was defined using the respective optical cameras. 

The size of the target volume determines the number of bed positions (BPs) required, 

and the total scan time is thus calculated from the number of bed positions, the scan 

time per bed position (TPB), and the translation time (TT) between the individual bed 

positions:  

 

𝑇𝑜𝑡𝑎𝑙 𝑠𝑐𝑎𝑛 𝑡𝑖𝑚𝑒 = 𝐵𝑃 × 𝑇𝑃𝐵 + (𝐵𝑃 − 1) × 𝑇𝑇 

 

For the scan mode, a spiral step mode was chosen because it was demonstrated that 

the number of necessary bed positions is reduced. Therefore the time efficiency of the 

performed scans is better than with multiplane trajectories [134].  

The registered data of all SPECT projections were saved in list-mode format so that the 

energy range for the reconstruction can be defined afterwards. 
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3.1.3 Data reconstruction 

Image reconstruction was performed on a dedicated workstation (Dell PowerEdge T630 

server (Dell Technologies, Inc., Round Rock, Texas, USA) equipped with two 

Intel® Xeon® E5-2690 v4 processors (2.6 GHz each) featuring 14-core DDR4 RAM with 

128 GB RDIMM memory and an M60 Nvidia® graphics card). The recorded list-mode 

data was processed using the dedicated reconstruction software MILabs.Rec (MILabs 

B.V., version 8.06).  

The reconstruction algorithm was set to SROSEM with 4 iterations and 128 subsets, and 

a voxel size of 0.4 mm. These reconstruction settings are based on the 

recommendations of Vaissier et al. [21] and showed no disadvantage compared to the 

gold standard MLEM [120]. However, they provide a significantly faster reconstruction 

time [21].  

For scatter correction, the triple energy window method introduced by Ogawa et al. [135] 

was used, whereby the photopeak window was set to 126.0 keV to 154.0 keV with a 

width of 20%, an upper background window was defined as 154.0 keV to 159.6 keV, and 

a lower background window as 120.4 keV to 126.0 keV. 

The reconstructed image file was saved in the Neuroimaging Informatics Technology 

Initiative (NIfTI) format. 

 

3.2 Postprocessing and analysis 

The reconstructed images were processed using the public domain software "A medical 

imaging Data Examiner" (AMIDE for Mac, version 1.0.5, Stanford, CA, USA) [136]. 

Appropriate 3D Gaussian filters were used to reduce noise and improve image quality. 

Image analysis was performed using the program tools, such as drawing different 

regions of interest (ROIs). 

The data to be analyzed was exported to Microsoft® Excel® for Mac (version 16.62, 

Microsoft365, Redmond, WA, USA) for further calculations and statistical analysis. 

 

3.3 Tracer production 

The 99mTc was collected from the Department of Nuclear Medicine at the University 

Hospital of Würzburg during the days of experiments. It was available in highly 

concentrated form as 99mTc-pertechnetate from the 99mTc generator. 

The 99mTc-MIBI was also produced by the Department of Nuclear Medicine of the 

University Hospital of Würzburg using their standard process by reconstituting a freeze-

dried MIBI-tracer-kit (TechnescanTM Sestamibi, Mallinckrodt® Pharmaceuticals, Staines-
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upon-Thames, England) with highly concentrated 99mTc-pertechnetate. The mixture was 

stirred for 1 min, then heated in a boiling water bath for 12 min and injected after cooling 

to room temperature as recommended by the International Atomic Energy Association 

(IAEA) [137]. 

The bone tracer was prepared by reconstituting a freeze-dried HMDP-tracer-kit (Nihon 

Medi-Physics Co., Ltd., Tokyo, Japan) with highly concentrated 99mTc-pertechnetate. The 

mixture was stirred for 1 min and injected after 5 min in accordance with IAEA 

recommendations [137]. 

The tracer solutions were diluted with 0.9% sodium chloride solution using pipettes and 

titrated to the desired activity concentration. 

 

3.4 Activity measurements and decay correction 

The activity of all tracer solutions was measured in the laboratory with a dose calibrator 

(ISOMED 2010, NUVIA Instruments GmbH, Dresden, Germany), which was checked 

daily as part of the quality control program. 

Furthermore, the times of the dose calibrator and the SPECT system were synchronized, 

and the activities were decay-corrected for the elapsed time between activity 

measurement and scan start. The following formula was used: 

 

𝐴𝑠 = 𝐴0 × 𝑒−λt 

 

𝐴𝑠 is the activity at the start of the scan, 𝐴0 is the activity determined with the dose 

calibrator, λ is the decay constant of 99mTc (λ = 3.206 x 10-5 s-1), and t is the time interval 

between the activity measurement and the start of the scan. 
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3.5 Performance measurements 

3.5.1 Sensitivity 

A point source was used to determine the volume sensitivity of the system. Highly 

concentrated 99mTc-pertechnetate was pipetted into the tip of an Eppendorf® Safe-Lock 

Tube® 1.5 ml (Eppendorf AG, Hamburg, Germany) made of polypropylene. The activity 

at scan start was 2.7 MBq with a volume of only 0.01 ml to avoid attenuation artifacts. 

This point source was then positioned in the CFOV using the XYZ stage and scanned 

with only one BP for a scan time of 5 min. The sensitivity describes the fraction of 

radioactive decay in the target volume registered by the detectors with energy in the 

photopeak range of the radioisotope and thus contributes to the image reconstruction. 

For the calculation, the protocols of NEMA for preclinical PET systems were followed 

[126]. 

The following formula was used: 

 

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑅𝑖
𝐴𝑠

 

 

Where 𝑅𝑖 is the detected photopeak counts per second and 𝐴𝑠 is the decay corrected 

activity of the point source at scan start. As recommended, more than 100,000 counts 

were registered during the measurement to minimize statistical variability. 

 

3.5.2 Maximum resolution 

To determine the maximum spatial resolution, a mini-Derenzo hot-rod phantom was used 

(Model 850.500, Vanderwilt Techniques B.V., Boxtel, The Netherlands). The phantom 

consists of a cylindrical container with a 12 mm thick and 24 mm diameter disk inside. 

This disk can be divided into six sectors containing holes with diameters of 1.50 mm, 

1.20 mm, 1.00 mm, 0.90 mm, 0.80 mm, and 0.70 mm (Figure 9). 

These holes were filled with a tracer solution containing 99mTc-pertechnetate, 0.9% NaCl, 

and 5 µl blue ink (Pelikan Ink 4001® Royal Blue, Pelikan Holding AG, Schindellegi, 

Switzerland). The ink was used to verify that the boreholes were filled and that no air 

bubbles remained. The excess tracer solution was removed to keep the background 

activity low. 
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The activity concentration was kept high to reach the maximum resolution and was 

285.2 MBq/ml at the start of the scan. The total scan time was 45 min with 9 BPs. This 

number of BPs was necessary to scan the entire hot-rod phantom. 

The resolution was evaluated visually based on the smallest distinguishable rod size in 

the reconstructed image. 

 

 
Figure 9  Photos of the hot-rod phantoms 

The two hot-rod phantoms 850.500 and 10111-21-2-008: The left picture shows the complete phantoms, 

including their casing, and the right picture shows only the hot-rod inlays. The phantom 850.500 was used 

to determine the maximum resolution and for the uniformity measurement with the inlay removed. Both 

phantoms were used for the contrast-to-noise ratio (CNR) analysis. 

3.5.3 Uniformity 

To determine the uniformity, the cylindrical container of the 850.500 mini-Derenzo 

phantom was used. For this purpose, the inner disk with the hot-rods was removed, and 

the chamber was filled with 10.6 ml of 99mTc solution. The total activity was 315.0 MBq 

at scan start, and the scan duration was 45 min with 9 BPs, just as for the resolution 

measurement. After image reconstruction, a Gaussian post-filter with the size of the 

maximum resolution of 1.20 mm full width at half maximum (FWHM) was applied to 

counteract the distortion of the values due to high image noise. 

For uniformity calculation, a cylindrical ROI measuring 18 mm in diameter and 10 mm in 

length was placed in the center of the reconstructed image of the activity-filled phantom. 

System uniformity was then calculated for the UHR-RM collimator as recommended by 

NEMA [126] using the following formula: 
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𝑈𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦 (%) = 100 ×
𝑀𝑎𝑥 𝑐𝑜𝑢𝑛𝑡 − 𝑀𝑖𝑛 𝑐𝑜𝑢𝑛𝑡
𝑀𝑎𝑥 𝑐𝑜𝑢𝑛𝑡 + 𝑀𝑖𝑛 𝑐𝑜𝑢𝑛𝑡 

 

3.6 In vitro image quality 

Image quality in phantom studies was evaluated using the CNR in different resolution 

ranges and for different count levels. The technique allows for the calculation of the CNR 

using hot-rod phantoms. It was initially described by Walker et al. [90]. 

First, high-resolution CTs of the respective phantoms were obtained at 55 kV and 

0.33 mA, and these were reconstructed with a voxel size of 80 μm. Then, with their help, 

ROIs were defined and placed as a template over the SPECT images for evaluation 

(Figure 10). 

The ROIs had a diameter of 0.9 times the respective rod diameter and a length of 

6.0 mm. They were placed centrally in the individual rods and between each rod. Thus, 

a hot region uniformly filled with tracer and a radioactivity-free cold part in between were 

defined. 

For this analysis, the hot-rod phantom 850.500 described above was used. In addition, 

another larger phantom (Model 10111-21-2-008, Vanderwilt Techniques B.V., Boxtel, 

The Netherlands) was used (Figure 9). It consists of rods measuring 3.10 mm, 2.80 mm, 

2.50 mm, 2.20 mm, 2.00 mm, and 1.80 mm (Figure 10). 

In addition to the assay of a very high activity concentration of about 300 MBq/ml, 

measurements in the low count range were also analyzed to represent a realistic count 

range for the following in vivo studies. Count ranges corresponding to activity 

concentrations of 1.0 MBq/ml, 0.5 MBq/ml, and 0.1 MBq/ml were chosen. 

To minimize the image noise without limiting the contrast too much and thus achieve a 

good CNR, the reconstructed images were post-processed with a 3D Gaussian filter. 

The FWHM of the filter was set equal to the corresponding rod size for each resolution 

range investigated. 
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Figure 10 CT images of the phantoms and CNR templates 

(A) CT images in the transaxial plane of the two hot-rod phantoms 850.500 and 10111-21-2-008 with their 

respective rod sizes. CTs were obtained at 55 kV and 0.33 mA, these were reconstructed at 80 μm voxel 

size. Templates were created using these CT images to determine the contrast-to-noise ratio (CNR). (B) 

SPECT images of the corresponding phantoms with the CNR template. This consists of hot (red) regions of 

interest (ROIs) in the center of the rods and cold (blue) ROIs between the rods. All ROIs have a diameter of 

90% of the corresponding rod diameter and a length of 6.0 mm. The SPECT images shown have a slice 

thickness of 6.0 mm and were acquired with 300 MBq/ml, 300 s time per bed position, 9 (850.500), and 

6 (10111-21-2-008) bed positions, respectively. Adapted from “Capabilities of multi-pinhole SPECT with two 

stationary detectors for in vivo rat imaging,” by Janssen JP et al.[27]. 

The contrast 𝐶𝑑 was calculated with the following formula: 
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Where 𝑅𝑑̅̅̅̅  is the mean value of all hot ROIs and 𝐵𝑑̅̅̅̅  is the mean value of all cold ROIs for 

the respective rod size 𝑑 under investigation. 

The noise 𝑁𝑑  was calculated with the following formula: 

 

𝑁𝑑 =
√𝜎𝑅𝑑

2 + 𝜎𝐵𝑑
2

𝑅𝑂𝐼𝑠𝑑̅̅ ̅̅ ̅̅ ̅̅  

 

Here, 𝜎𝑅𝑑  and 𝜎𝐵𝑑 are the standard deviations in hot and cold ROIs, respectively, while 

𝑅𝑂𝐼𝑠𝑑̅̅ ̅̅ ̅̅ ̅̅  is the mean value of all ROIs of a rod size 𝑑, regardless of whether they are hot 

or cold. 

 

These two formulas are used to calculate the CNR:  

 

𝐶𝑁𝑅𝑑 =
𝐶𝑑
𝑁𝑑

 

 

3.7 Animal studies 

3.7.1 Animal preparation and general protocol 

Animal experiments were approved by the responsible Commission for Animal 

Protection and Use (ID: 55.2.2-2532.2-801-28; “Regierung von Unterfranken” 

(Government of Lower Franconia), Würzburg, Germany) and performed according to the 

“Guide for the Care and Use of Laboratory Animals” by the National Research Council 

[138]. 

In this study, two healthy female Wistar rats (Charles River Laboratories, Inc., Research 

Models and Services, Sulzbach, Germany) were investigated. These were housed in 

groups under controlled and standardized conditions with a 12-hour light-dark cycle. The 

supply of food, water, and bedding, together with overall well-being, were monitored 

daily. 

The rats were narcotized with 2% isoflurane (Isofluran CP®, CP-Pharma 

Handelsgesellschaft mbH, Burgdorf, Germany) using an induction chamber (Figure 11). 

After checking the depth of anesthesia by the between-toe reflex, the skin over the lateral 

tail vein was disinfected with Cutasept® F (BODE Chemie GmbH, Hamburg, Germany) 

for 1 min. The correct position in the vein of the 25 G cannula (Sterican® 25 G 0.50 x 
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40 mm, B. Braun SE, Melsungen, Germany) was tested by an initial injection of 0.1 ml 

NaCl 0.9%. Tracer injection as a bolus via the tail vein was then performed without 

complications or edema using a 1-ml syringe without residual volume (Dispomed® GmbH 

& Co. KG, Gelnhausen, Germany). To ensure that the administered doses were 

determined correctly, the activity of the syringes filled with the tracers was measured in 

the dose calibrator before and after the tracer injection. Further details on the bone and 

cardiac scan imaging protocols are provided in the following sections. At the end of each 

experiment, the respective rat was euthanized by decapitation. 

 

 
Figure 11 Animal preparation area 

The red box in the foreground serves as an induction chamber, which is connected to the vaporizer located 

there behind. The vaporizer is filled with isoflurane and connected to the oxygen supply in the wall. On the 

right is a SPECT/CT system preparation device in which the animal can be placed in the designated animal 

bed. 

3.7.2 99mTc-MIBI for cardiac imaging in rodents 

For the cardiac tracer study, a rat weighing 231.5 g was selected. 468.73 MBq/kg of 
99mTc-MIBI was injected via tail vein. After injection, this rat was reawakened, and in 
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order to ensure adequate distribution of the tracer, the experiment was not continued 

until 25 min had elapsed [139]. Then, under inhalation anesthesia with 2.0% isoflurane 

at an O2 flow of 1.5 l O2/min, the rat was positioned on the heating mat in the dedicated 

rat bed with its nose in a tube connected to the vaporizer. The bed was mounted to the 

XYZ stage, and the target volume was set via the user interface using optical cameras. 

A whole-body scan was performed, so the target volume was set using the optical 

cameras. A total of 40 BPs were required to scan the entire body. The total length of the 

examination was 60 min consisting of six 10-minute frames with 15 s scan TPB. 

 

For CNR analysis, three box-shaped ROIs with a size of 4.0 mm x 0.8 mm x 2.0 mm 

were placed on the hot regions of the left ventricular wall, and three additional ROIs, 

each of which had a distance of 4.0 mm from the corresponding hot regions, were set on 

the cold background (Figure 12). 

 

 
Figure 12 Myocardial perfusion SPECT CNR template 

99mTc-MIBI-SPECT images of a healthy rat in horizontal long axis, short axis and vertical long axis views. 

Images were cropped and rotated from a whole-body scan. In vivo contrast-to-noise ratio analysis for the 

cardiac scan was performed using hot regions of interest (ROIs) (red) in the left ventricular wall and cold 

ROIs (blue) in the background area next to it, each with a size of 4.0 x 0.8 x 2.0 mm3. The rat was injected 

with 468.73 MBq/kg of 99mTc-MIBI into the tail vein, and a 60-minute scan was performed after 25 min of 

tracer distribution. The reconstructed images were post-processed with a 3D Gaussian filter (FWHM = 

2.2 mm) and are shown with a slice thickness of 0.4 mm. Adapted from “Capabilities of multi-pinhole SPECT 

with two stationary detectors for in vivo rat imaging,” by Janssen JP et al. [27]. 

This evaluation was performed for three different scan lengths, a short scan consisting 

of one 10-minute frame, a medium scan with 30 min scan time (three 10-minute frames), 

and a long scan with 60 min scan time (all six 10-minute frames). 
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In addition, these three whole-body cardiac scans were evaluated with six different 

filtering options. They were either unfiltered or post-processed with a 3D Gaussian filter 

using a FWHM of 1.2 mm, 2.2 mm, 2.8 mm, 3.5 mm, or 4.0 mm. 

3.7.3 99mTc-HMDP for imaging of bone mineralization in rodents 

A rat with a body weight of 217.0 g was selected for the bone tracer study. 713.64 MBq/kg 

of 99mTc-HMDP was injected via tail vein. After the tracer injection, anesthesia was 

terminated, and the rat was placed back in the cage for 1 h to allow adequate tracer 

distribution. 

A new inhalation anesthesia was induced with 2.0% isoflurane at an oxygen flow of 

1.5 l O2/min. The anesthetized animal was positioned on the rat bed analogous to the 

bone tracer study. The scan was focused on the lower spine and pelvis. To capture the 

target volume, 15 BPs were required, and the total scan time of 90 min was composed 

of 18 frames of 5 min length with 20 s TPB. 

 

For the CNR analysis, box-shaped ROIs with a size of 0.8 mm x 8.0 mm x 1.2 mm were 

placed centrally in the right and left pelvic bones, representing the hot regions. 

Additionally, ROIs with the same dimensions were placed in the background on both 

sides, at a distance of 4.0 mm to the hot regions (Figure 13). 

 

 
Figure 13 Bone SPECT CNR template 

99mTc-HMDP-SPECT images of a healthy rat's lower spine and pelvic region in transverse, coronal, and 

sagittal planes. In vivo CNR analysis for the focused bone scan was performed using hot regions of interest 

(ROIs) (red) in the pelvic bone and cold ROIs (blue) in the background region close by, each with a size of 

0.8 x 8.0 x 1.2 mm3. The rat was injected with 713.64 MBq/kg of 99mTc-HMDP via the tail vein, and a 

90-minute scan was performed after 1 h of tracer distribution. The reconstructed images were post-

processed with a 3D Gaussian filter (FWHM = 2.2 mm) and are shown with a slice thickness of 0.4 mm. 

Adapted from “Capabilities of multi-pinhole SPECT with two stationary detectors for in vivo rat imaging,” by 

Janssen JP et al. [27]. 
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This evaluation was performed for three different scan lengths, a short scan consisting 

of one 5-minute frame, a medium scan with 30 min scan time (six 5-minute frames), and 

a long scan (all 18 5-minute frames). 

In addition, all three reconstructed scan lengths were evaluated for six different filter 

options. They were either unfiltered or post-processed with a 3D Gaussian filter with a 

FWHM of 1.2 mm, 1.8 mm, 2.2 mm, 2.8 mm, or 3.5 mm. 

 

3.8 In Vivo Image Quality 

3.8.1 Contrast-to-Noise Ratio 

The CNR values for the reconstructed and post-processed animal images described in 

the previous sections were calculated using the same formula as for the phantom 

studies. However, in this case, the described ROIs in the hot and cold regions of the 

respective reconstructed images were used instead of the ROIs for a specific rod size. 

 
3.8.2 Visual image quality assessment 

 
Figure 14 Visual image quality assessment scheme 

Example images of the visual image quality assessment by professional readers. (A) shows the vertical long 

axis of the rat heart with a total scan time of 10 min and a Gaussian post-filter of FWHM = 2.8 mm. (B) shows 

the focused bone scan with a total scan time of 5 min and a Gaussian post-filter of FWHM = 2.2 mm. Both 

images with a slice thickness of 0.4 mm are shown with their corresponding intensity and size scale. A total 

of 18 cardiac and 18 bone images were randomized and scored twice by each reader, blinded to scan time 

and post-filter. The readers entered the selected image quality score in the box at the bottom right. 

To assess subjective image impression as an indicator of image quality, the images were 

sent to three independent, professional readers for visual evaluation in addition to the 

performed CNR analysis. For this purpose, one representative image in VLA view was 
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selected for each cardiac image, as well as one in coronal view was chosen for each 

bone image (Figure 14). These images were duplicated for all scan lengths and all filter 

options, randomized, and sent to the readers. The randomization was done using an 

online randomization tool [140]. The readers were asked to rate the overall image quality 

on a five-point scale with 1 = "very poor", 2 = "poor", 3 = "moderate", 4 = "good", and 

5 = "very good". They were blinded to the acquisition and post-processing protocol. 

 

3.9 Statistics 

Statistical analysis of the reader survey was performed using the statistic software SPSS 

(SPSS® Statistics Version 27 for macOS, IBM®, Armonk, New York, USA). First, the 

normal distribution of the continuous variables was evaluated using the 

Kolmogorov-Smirnov test. The categorical variables of the statistical analysis are 

presented as percentages, frequencies, and median values with their respective 

interquartile ranges (IQRs). 
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4 Results 

4.1 Performance measurements 

4.1.1 Sensitivity 

452,907 photopeak counts could be measured in the 5-minute scan with the 99mTc point 

source. This corresponds to 1509.69 cps at 2.7 MBq, thus giving a sensitivity of 

567 cps/MBq (0.057%). 

 

4.1.2 Resolution 

Qualitative determination of maximum spatial resolution using the hot-rod phantom 

(Figure 15A) allowed sections with rod diameters of 1.50 mm and 1.20 mm to be 

definitively resolved. In contrast, sections with 1.00 mm and 0.90 mm rods indicated the 

existing structure, but not all rods could be clearly distinguished from each other. In the 

0.80 mm and 0.70 mm sections, a distinction between rods and background noise was 

hardly or not at all possible. Consequently, the maximum resolution achieved was 

1.20 mm. 

 

 
Figure 15 Performance measurement results 

(A) SPECT image of the hot-rod phantom (850.500). To determine maximum resolution, the phantom was 

filled with 300 MBq/ml 99mTc solution and scanned for 300s time per bed position (TPB) at 9 bed positions 

(BPs). The smallest well distinguishable rods are 1.20 mm in diameter. (B) SPECT image of the phantom 

850.500 without inlay, homogeneously filled with 30 MBq/ml 99mTc solution and scanned for 300s TPB at 

9 BPs. Line profile (C) shows respective intensity as a function of the position on the yellow line in (B). The 

Gaussian post-filter of the shown SPECT images corresponds to the maximum resolution of 1.20 mm. 

Adapted from “Capabilities of multi-pinhole SPECT with two stationary detectors for in vivo rat imaging,” by 

Janssen JP et al. [27]. 
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4.1.3 Uniformity 

The uniformity for the UHR-RM collimator with a 1.2 mm FWHM Gaussian post-filter was 

55.5% based on the formula of the NEMA protocol. The maximum value in the cylindrical 

ROI was 39.1 MBq/ml, and the minimum value was 11.4 MBq/ml. The analyzed SPECT 

study and an exemplary line profile is shown in Figure 15B and 15C, respectively. 

 
Table 2  Performance comparison of SPECT-systems for rat imaging 

System Name Collimator 
Sensitivity 

[cps/MBq] 

Resolution 

[mm] 

Uniformity 

[%] 

U-SPECT5/CT E-Class [27] 

75(50)-

Pinhole 

Ø 1.00 mm 

567 1.20 55.5 

U-SPECT6/CT E-Class 

[141] 

75(50)-

Pinhole 

Ø 1.00 mm 

493 0.90 - 1.20 75.8 / 98.4 

U-SPECT-II [16] 
75-Pinhole 

Ø 1.00 mm 
700 0.80 N/A 

Inveon® SPECT [142] 

1-Pinhole 

Ø 1.50 mm 
40 - 70* 1.60 - 1.80* N/A 

3-Pinhole 

Ø 1.20 mm 
70 - 80* 1.20 - 1.30* N/A 

3-Pinhole 

Ø 1.80 mm 
140 - 180* 2.00* N/A 

NanoSPECT® [143] 

Multi-Pinhole 

Ø 1.50 mm 
998# 1.10 N/A 

Multi-Pinhole 

Ø 2.00 mm 
1524# 1.50 N/A 

Multi-Pinhole 

Ø 2.50 mm 
2229# 1.90 N/A 

X-SPECT [42] 
20-Pinhole 

Ø 1.00 mm 
620 0.90 56.0 

eXplore speCZT [20] 

5-Pinhole 

Ø 1.00 mm 
138 1.20 N/A 

5-Pinhole 

Ø 1.50 mm 
321 1.50 N/A 

*Values are an estimate based on Figure 1 in the publication by Boisson et al. [142]. 

#Values may be difficult to compare since overlapping projections are used [107]. 
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4.2 In vitro image quality 

Figure 16 shows sample images of the phantoms 850.500 and 10111-21-2-008 for the 

examined activity concentrations. Low-activity images show increased image noise 

compared to high-activity images. Nevertheless, the data still feature good contrast even 

at low activities. 

A decrease in the maximum resolution for lower activity concentrations is shown for the 

qualitative determination of the resolution. 

 

 
Figure 16 Phantom SPECT images with different activity concentrations 

SPECT images of hot-rod phantoms 850.500 and 10111-21-2-008 for image quality analysis. The images 

are shown as a transaxial plane for four different activity concentrations. One high activity measurement with 

300 MBq/ml and three low activity measurements with 1.0, 0.5, and 0.1 MBq/ml. All images correspond to a 

time per bed position of 300s at 9 bed positions (BPs) (850.500) or 6 BPs (10111-21-2-008). Images have 

a slice thickness of 6.0 mm and were post-processed with a Gaussian filter of FWHM = 0.7 mm. Adapted 

from “Capabilities of multi-pinhole SPECT with two stationary detectors for in vivo rat imaging,” by Janssen 

JP et al. [27]. 

At the high activity concentration of 300 MBq/ml, all rods with diameters larger than the 

maximum resolution of 1.20 mm can be resolved, and at 1.00 mm and 0.90 mm the rod 

structures can be identified. 

At the activity concentration of 1.0 MBq/ml, in the phantom 850.500 the rods in the sector 

with a diameter of 1.50 mm can still be clearly distinguished from each other. In contrast, 
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the resolution in the larger phantom is already somewhat limited in the sectors with ten 

rods of 1.80 mm and 2.00 mm in diameter. 

For the activity concentration of 0.5 MBq/ml, the resolution in the corresponding sectors 

is even more limited. For 0.1 MBq/ml, only the sectors with rods larger than or equal to 

2.50 mm can be considered distinguishable. 

Figure 17 shows the results of the CNR analyses for the different rod sizes of the 

850.500 and 10111-21-2-008 phantoms. 

 

 
Figure 17 Phantom CNR results 

The bar charts highlight the contrast-to-noise ratio (CNR) for the different rod sizes of phantom 850.500 

(0.7 - 1.5 mm) and phantom 10111-21-2-008 (1.8 -3.1 mm) for the four activity concentrations (300, 1.0, 0.5 

and 0.1 MBq/ml). For calculation, each rod sector was analyzed in a separate image post-processed with a 

respective Gaussian post-filter (FWHM = rod size). Adapted from “Capabilities of multi-pinhole SPECT with 

two stationary detectors for in vivo rat imaging,” by Janssen JP et al. [27]. 

The CNR values were very low and partially negative for the range of rod sizes below 

the maximum resolution of 1.20 mm (-0.31 to 0.48). The only exception is the 300 MBq/ml 

measurement in the range of 1.00 mm. Here a CNR value of 1.41 was achieved. 

A CNR value of 1.50 was exceeded for 300 MBq/ml at 1.20 mm, 1.0 MBq/ml at 1.80 mm, 

0.5 MBq/ml at 2.00 mm, and 0.1 MBq/ml at the 2.80 mm rods. 

Overall, the CNR value for all activity concentrations improved with growing rod size and 

correspondingly increasing post-filter. In addition, it is noticeable that the differences 

between the CNR values for a given rod size are equally poor in the range below the 

maximum resolution. Then, in the range of rod sizes from 1.00 to 3.10 mm, the CNR 

enhances more rapidly with high activity concentrations than with low ones. Finally, they 

converge again and become similarly good in the range of the largest rods (see 3.1 mm). 
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The difference between the CNR values of the highest activity concentration and the 

lowest activity concentration is most prominent in the range of the maximum resolution 

of 1.20 mm with a respective CNR of 1.90 for 300 MBq/ml and 0.10 for 0.1 MBq/ml. 

 

4.3 In vivo image quality 

4.3.1 99mTc-MIBI for cardiac imaging in rodents 

Figure 18A shows the 99mTc-MIBI SPECT images of the examined healthy rat for the 

different scan times as maximum intensity projections (MIPs). Figure 18B depicts the 

heart section in the conventional three views (HLA, SA, VLA). The MIP images show a 

tracer distribution typical for 99mTc-MIBI with an uptake, particularly in the myocardium, 

gastrointestinal organs, glands in the head region, and the urinary tract, especially the 

bladder [144]. No artifacts could be detected in the reconstructed images. The qualitative 

visual image impression shows decreasing noise and more homogeneous tracer 

distribution in the uptaking organs with increasing scan time and filter size. In particular, 

the unfiltered images show noticeable noise. 
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Figure 18 Overview of all myocardial perfusion SPECT images 

99mTc-MIBI scan of a healthy rat with an injection dose of 468.73 MBq/kg. The scan was started 25 min after 

tracer injection and consisted of six 10-minute frames. The reconstructed images of the first 10 min, the first 

30 min, and the entire 60-minute acquisition time are illustrated. (A) Maximum intensity projection of the 

three scan lengths. (B) Whole-body scans cropped and rotated to show the horizontal long axis (HLA), short 

axis (SA), and vertical long axis (VLA). All cropped images are shown for the six Gaussian post-filter options 

analyzed, corresponding FWHM is indicated for each row. Adapted from “Capabilities of multi-pinhole 

SPECT with two stationary detectors for in vivo rat imaging,” by Janssen JP et al. [27]. 
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The results of the CNR analysis of the left ventricular images are shown in Figure 19. 

The unfiltered images of all scan times resulted in a very poor CNR. Increasing filter size 

improved CNR up to a filter size with a FWHM of 3.5 mm. In the case of the 10-minute 

scan, the CNR improved further with a filter size of 4.0 mm as FWHM. For the 30- and 

60-minute scans, the filter with FWHM = 4.0 mm decreased CNR compared to FWHM = 

3.5 mm. The increase in scan time improved the CNR for all filter sizes. Here, the peak 

values for the best filter option in each case rose from 6.3 for the 10-minute scan to 10.8 

for the 30-minute scan and up to 12.2 for the 60-minute scan. 

 

 
Figure 19 Myocardial perfusion SPECT CNR results 

Contrast-to-noise ratio (CNR) calculations for the myocardial perfusion SPECT images. The bar charts 

represent the CNR as a function of filter size for the three different scan lengths. Adapted from “Capabilities 

of multi-pinhole SPECT with two stationary detectors for in vivo rat imaging,” by Janssen JP et al. [27]. 

The selected images sent to the independent readers, as well as the corresponding 

survey results with image quality scores (IQ score) as a function of Gaussian filter size 

for the three investigated scan times are highlighted in Figure 20. 

Without exception, the unfiltered images received a rating of 1 = "very poor" regardless 

of the scan time. The best scores for the 10-minute and 30-minute scan were obtained 

for the images with a filter of 3.5 mm and 4.0 mm FWHM being 5.0 (IQR = 0.00) as IQ 

score. For the 60-minute scan, the image with the 4.0 mm filter received a slightly better 

IQ score of 5.0 (IQR = 0.75) compared to the image using the 3.5 mm filter having an IQ 

score of 4.5 (IQR = 0.5). 

Scores in the range of "very poor" to "moderate" were given for the images with 

FWHM = 1.2 mm, in the range of "poor" to "good" for FWHM = 2.2 mm, and in the range 

of "moderate" to "very good" for FWHM = 2.8 mm. Overall, images obtained with post 

filters between 1.2 mm and 2.8 mm FWHM scored slightly better with increasing scan 

time. 
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Figure 20 Myocardial perfusion SPECT image quality assessment 

(A) Overview of all myocardial perfusion scintigraphy images submitted to the three professional readers for 

evaluation. (B) Results of image quality assessment. Bar charts show the image quality score (IQ score) as 

a function of filter size for the three different scan lengths. IQ scores are shown as median values with their 

respective interquartile ranges. Adapted from “Capabilities of multi-pinhole SPECT with two stationary 

detectors for in vivo rat imaging,” by Janssen JP et al. [27]. 

 

4.3.2 99mTc-HMDP for imaging of bone mineralization in rodents 

Figure 21A illustrates the 99mTc-HMDP SPECT images of the examined healthy rat for 

the different scan times as MIPs. Figure 21B shows the bone sections from transverse, 

coronal, and sagittal views. The acquired images reflect a distribution typical of 
99mTc-HMDP with sufficient tracer uptake in the bone. No artifacts were detected in the 

obtained data. The qualitative visual image impression shows decreasing noise and 

more homogeneous tracer distribution in the metabolizing organs with increasing scan 

time and filter size. High noise was apparent in the unfiltered images. However, high 

filtering, e.g., 3.5 mm FHWM, provided less detail and poorer differentiation of vertebrae 

and intervertebral spaces. 
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Figure 21 Overview of all bone SPECT images 

99mTc-HMDP scan of a healthy rat with an injection dose of 713.64 MBq/kg. The scan was started 60 min 

after the tracer injection and consisted of 18 5-minute frames. The reconstructed images of the first 5 min, 

the first 30 min, and the entire 90-minute acquisition time are shown. (A) Maximum intensity projection of 

the three scan lengths. (B) The images are shown in the transverse, coronal, and sagittal planes. All images 

in (B) are shown for the six Gaussian post-filter options analyzed. The sizes indicated correspond to the 

FWHM. Adapted from “Capabilities of multi-pinhole SPECT with two stationary detectors for in vivo rat 

imaging,” by Janssen JP et al. [27]. 
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The results of CNR analysis in the pelvic bone region are shown in Figure 22. The 

unfiltered images of all scans showed a very poor CNR. With increasing filter size and 

scan time, the CNR values also improved. The highest calculated CNR values for all 

scan lengths were achieved with a filter of 3.5 mm FWHM, reaching a CNR of 3.87 for 

5 min of scan time, 4.43 for 30 min of scan time, and 4.72 for the 90-minute scan. 

 

 
Figure 22 Bone SPECT CNR results 

Contrast-to-noise ratio (CNR) calculations for bone SPECT images. The bar charts represent the CNR as a 

function of filter size for the three different scan lengths. Adapted from “Capabilities of multi-pinhole SPECT 

with two stationary detectors for in vivo rat imaging,” by Janssen JP et al. [27]. 

The 99mTc-HMDP images used for the image quality survey are shown in Figure 23A. 

The corresponding results are shown in Figure 23B as IQ scores depending on the size 

of the post filter. 

All readers rated all unfiltered images with the worst score of 1 = "very poor". The overall 

best score at 5 min of scan time was given to the image with the FWHM = 2.8 mm filter. 

For 30 min of scan time, the images with the 2.2 mm and 2.8 mm FWHM filters were 

found to be equally very good, and for 90 min of scan time, even three filter sizes with 

1.8 mm, 2.2 mm, and 2.8 mm achieved equally very good results. Also, the median value 

of the images with 3.5 FWHM filtering for all scans was 5 = "very good"; however, there 

were some worse ratings, which is reflected in the larger IQR. 

The scores for the images with a 1.2 mm FWHM filter ranged from "poor" to "moderate". 

In particular, the images filtered with 1.8 mm FWHM showed better ratings with increased 

scan time. Here the median value increased from 3 = "moderate" for 5 min to 4 = "good" 

for 30 min to 5 = "very good" for the 90-minute scan. 
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Figure 23 Bone SPECT image quality assessment 

(A) Overview of all bone scintigraphy images submitted to the three professional readers for evaluation. 

(B) Results of the image quality assessment. Bar charts show the image quality score (IQ score) as a 

function of filter size for the three different scan lengths. IQ scores are shown as median values with their 

respective interquartile ranges. Adapted from “Capabilities of multi-pinhole SPECT with two stationary 

detectors for in vivo rat imaging,” by Janssen JP et al. [27].



 53 

5 Discussion 

In this thesis, the capabilities of rat imaging with the new small-animal 

U-SPECT5/CT E-Class were investigated to demonstrate the potential applications of 

this modality and to address where this system ranks in the field of molecular imaging. It 

features two stationary detectors combined with multi-pinhole collimation. The main 

differences to the previous generations are the reduction of the detection surface by 

omitting the lower third detector and the new iterative reconstruction algorithm [21]. The 

difference to competing systems from other manufacturers is the design with stationary 

instead of rotating detectors [14, 15, 42, 142, 143]. Some advantages of this 

configuration, such as improved precession in dynamic studies and easier maintenance, 

have already been described [16]. 

 

5.1 Performance analysis 

In this study, the measured sensitivity for the UHR-RM collimator was 567 cps/MBq, the 

maximum resolution was 1.20 mm, and the uniformity was 55.5%. Pietro et al. [141] 

measured with the same configuration in the U-SPECT6/CT E-Class and obtained a 

sensitivity of 493 cps/MBq, a resolution of 0.90 mm or 1.20 mm depending on the applied 

reconstruction parameters and activity concentration, and a uniformity of 75.8% and 

98.4% respectively. Also, van der Have et al. [16] performed a similar measurement with 

a comparable collimator, but they used the 3-detector system of the predecessor 

U-SPECT-II. They achieved a sensitivity of 700 cps/MBq and a resolution of 0.80 mm. 

These results appear consistent when minor differences in experimental design are 

taken into account, such as the much higher activity concentration of about 600 MBq/ml 

versus the 300 MBq/ml used for the maximum resolution assessment in this thesis. This 

could also explain the slightly better resolution in the results of the other two studies. 

Comparing the 2-detector system with the 3-detector system, the difference seems 

smaller than expected, especially in terms of sensitivity. This might be due to the fact 

that the previous generation (U-SPECT-II, MILabs B.V., Utrecht, The Netherlands) was 

equipped with smaller detectors (3 x 508 mm x 381 mm x 9.5 mm vs. 2 x 472 mm x 

595 mm x 9.5 mm) [16]. Thus, there is no 33% reduction in total detector area compared 

to this system, but only 3.3%. Therefore, a direct comparison based on the results cannot 

be made, nor a statement about the consequences of the missing third detector for rat 

imaging. 
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However, a direct comparison of the U-SPECT5/CT E-Class with its two large detectors 

and the U-SPECT+/CT, which has three of these detectors of the same size, has already 

been performed by Hoffmann et al. [145] using a general-purpose mouse collimator. The 

result was lower sensitivity and uniformity but with the same maximum resolution and no 

loss of image quality, measured as CNR. This result might also apply to rat collimators. 

 

Other published performance evaluations using dedicated rat collimators have been 

carried out for the Inveon® SPECT (Siemens Healthineers AG, Erlangen, Germany) 

[142], the NanoSPECT® (Mediso, Budapest, Hungary) [143], the X-SPECT (Northridge 

Tri-Modality Imaging, Inc., Chatsworth, USA) [42] and the eXplore speCZT (GE 

Healthcare, Milwaukee, USA) [19, 20]. 

Boisson et al. [142] studied the Inveon® small-animal SPECT, which consists of two 

opposite detectors rotating around the target volume with 2 x 68 x 68 NaI(Tl) crystals 

with a size of 2 mm x 2 mm x 10 mm. They used three rat collimators: one with a single 

pinhole aperture (1 x 1.50 mm), and two with multi-pinhole apertures (3 x 1.20 mm vs. 

3 x 1.80 mm) with three different rotation radii (50, 55, and 60 mm). Resolutions in the 

range of 1.20 mm to 2.00 mm and sensitivities from 53 to 175 cps/MBq were obtained. 

Schramm et al. [143] investigated the NanoSPECT®, which consists of four detectors, 

each with 230 x 215 mm NaI(Tl) crystals rotating around the target volume. Three multi-

pinhole rat collimators were examined with pinhole sizes of 1.50, 2.00, and 2.50 mm. 

This resulted in resolutions from 1.10 to 1.90 mm and peak sensitivities from 998 to 

2229 cps/MBq. However, this study lacks background information on the applied 

methodology. In a more recent study, Lukas et al. [107] investigated a new generation 

of the NanoSPECT® but mainly described results with mouse collimators. One 

explanation for the system's high sensitivity is multiplexing, i.e., the use of overlapping 

projections. As described in the introduction, this might have negative impact on the 

image quality, so that a comparison based only on performance parameters is not 

feasible [100, 102]. 

Deleye et al. [42] evaluated the X-SPECT, which is part of the Triumph SPECT/PET/CT 

system and consists of four detectors, each with 5 x 5 CZT crystals. This results in a 

detection area of 4 x 127 mm x 127 mm. The rat collimator counted 20 pinholes with a 

respective diameter of 1.00 mm. A sensitivity of 620 cps/MBq, a spatial resolution of 

0.90 mm, and a uniformity of 56% were achieved. These results are very close to those 

described for U-SPECT systems with stationary detectors, even though the underlying 

detectors differ significantly.  
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Mizutani et al. [20] also investigated a dedicated small-animal SPECT with ten 

CZT-detectors, each with a 78.7 x 78.7 mm2 detection surface. These were stationary 

and arranged circularly around a rotating collimator. The used rat collimators had five 

pinholes with 1.00- and 1.50-millimeter diameters. A sensitivity of 138 cps/MBq and 

321 cps/MBq, respectively, as well as a maximum resolution of 1.20 and 1.50 mm were 

determined.  

One limitation to performance evaluation is that a standard for micro-SPECT has yet to 

be established. Therefore, only the guidelines for clinical gamma cameras and small 

animal PET could be taken as reference [56, 126]. This problem has been discussed 

several times in the literature [127, 128] and is a reasonable explanation for the different 

results of the other performance assessments. For example, Prieto et al. [141] calculated 

a substantially different value for uniformity under nearly identical conditions (>75% vs. 

55.5%). This is most likely due to variations in the voxel size and post-processing. While 

Prieto et al. calculated the uniformity based on unfiltered images, in this thesis a 

post-filter with an FWHM of the maximum resolution was applied before uniformity 

calculation. Another issue that makes comparability difficult is that in some studies, the 

maximum resolution is determined by visual assessment of hot-rod phantoms. In 

contrast, in other studies, the FWHM of a line source is being measured [146]. 

 

In summary, the performance evaluation results are comparable with slight 

improvements to other established systems. There is not a significant disadvantage due 

to the missing third detector. Also, a maximum resolution of up to 0.80 mm could be 

achieved with a very high activity concentration of >500 MBq/ml. Still, it must be 

emphasized that such high activity concentrations are not realistic for in vivo 

experiments. A compilation of all these performance parameters of the different SPECT 

systems for rat imaging is listed in Table 2. 

 

5.2 In vitro image quality 

For in vitro image quality analysis, the CNR value was calculated based on the method 

introduced by Walker et al. [90]. The obtained values increased with growing rod size 

and activity concentration. For the area below the maximum resolution CNR was very 

small or even negative. Walker et al. also reported the same finding for pinhole PET. 

When interpreting CNR values, the following considerations can be made to assess how 

the values apply to imaging in practice. To perceive a region as well-resolved, at least a 

value equal to the CNR achieved for peak resolution (>1.5) should be obtained. If the 
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image noise is too high due to poor counting statistics and hence the CNR is simply not 

sufficient, the post-filter must be increased. In this case, the post-filter limits the maximum 

resolution by its size (FWHM = maximum resolution). This yields in a realistic resolution 

range for low activity concentrations with sufficiently large CNR. Thus, for 1.0 MBq/ml, 

0.5 MBq/ml, and 0.1 MBq/ml as activity concentration, rods with ≥1.80 mm, ≥2.00 mm, 

and with ≥2.80 mm, respectively, were sufficiently resolved. 

 

Hoffmann et al. [145] and Matsusaka et al. [147] used the identical technique for the 

U-SPECT5/CT E-Class, although they focused on dedicated collimators for mice and 

medium-sized animals, respectively. In their studies, the same correlations were found. 

Moreover, the CNR values of the smallest resolved rod sizes were about 1.5 for the 

respective collimators investigated. It was demonstrated that the high-resolution mouse 

collimators require a substantial number of counts to meet their specifications due to 

their low sensitivity. Consequently, these are particularly suitable for high injection doses, 

long measurement times, and focused scans. These results could also apply to rat 

imaging, so a general-purpose or high-sensitivity rat collimator may be more suitable for 

some applications than the UHR-RM collimator investigated in this thesis. 

 

In addition to the parameters assessed, the U-SPECT6/CT E-Class, which is nearly 

identical to the U-SPECT5/CT E-Class, has demonstrated that the system can accurately 

quantify activity in the target volume and that multiple isotopes can be imaged 

simultaneously with sufficient quality and quantification [141]. Their paper also showed 

a better result for imaging multiple radioisotopes than the NanoSPECT® investigated by 

Lukas et al. [107]. 

 

5.3 In vivo image quality 

Analysis of myocardial perfusion SPECT images showed that CNR increased 

substantially between 10 and 30 min, but further extension of scan duration to 60 min 

resulted in a slight increase compared to the 30-minute scan. The outcome of the image 

quality assessment by professional readers were similar. Again, increasing the scan 

duration did not significantly improve the IQ scores assigned, and the 60-minute scans 

were rated worse. The slightly more intense scaling could explain this poorer image 

impression.  

Compared to the acquisition time, the effect of the post-filter on the image quality was 

far more prominent. For all scans, very good results were obtained with 3.5 and 4.0 mm 
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FWHM Gaussian filters, and the values in this range were accordingly highest for CNR 

as well as subjective IQ scores. If a higher resolution is required in certain studies, the 

Gaussian filter can be easily reduced to about 2.2 mm FWHM, because even then a 

perfectly adequate image quality can be achieved. 

 

Mizutani et al. [20] also investigated the relationship between injection dose and filter 

size on image quality in myocardial perfusion SPECT. However, as described above, 

this was investigated using a system with CZT detectors and two collimators consisting 

of five pinholes each. In this study, the evaluation by two professional readers showed 

an improvement in image quality by increasing the injection doses from 25 MBq to 

200 MBq and by adjusting the Gaussian filter from unfiltered to FWHM of 1.5 mm to 

FWHM of 2.5 mm. In this case, the impact of the injection doses was greater compared 

to the filter. However, it must be considered that there are other influencing factors, such 

as the reconstruction algorithm and the voxel size. Overall, the results are in line with 

ours. 

 

In bone SPECT, increasing the post-filter sizes resulted in better CNR, although the 

anatomical structures appeared blurred. This could indicate that using ROIs to assess in 

vivo image quality may be limited. Especially for finer bone structures, the tracer 

distribution could suggest a false high noise level. Nevertheless, the subjective IQ score 

also showed a significant improvement in image quality by increasing the post-filter, 

especially in the range between 1.2 mm and 1.8 mm FWHM. At the same time, there 

were few differences between 5, 30, and 90 min of scan time. 

 

The in vivo studies demonstrated that the system could acquire high-quality myocardial 

perfusion and bone SPECT images in rats. The strong effect of the size of the Gaussian 

filter on CNR and image quality in all images might be explained mainly by the reduction 

of noise and the improvement of uniformity [18]. Translating the in vitro image quality 

analysis to animal studies is challenging. Still, the count statistics in the uptaking target 

structures of the longest in vivo measurements (60 and 90 min) are comparable to the 

phantom measurement at 1.0 MBq/ml. This phantom measurement could resolve 

structures up to 1.80 mm in good quality. In the animal studies, a good increase in CNR 

values, as well as an assessment of image quality by the professional readers with 

“moderate” to “good” was achieved from a filter range of FWHM ≥1.8 mm (bone) or 

FWHM ≥2.2 mm (myocardium).  
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Thus, a realistic resolution with good image quality of ≥1.80 mm can be assumed for 

studies similar to our protocol; to achieve the maximum resolution of 1.20 mm, 

significantly higher injection doses, longer acquisition times, or focused scans with less 

bed positions would be essential. 

The results of the in vivo experiments are limited to using only one rat for each tracer. 

Since the focus of this thesis was on image quality and the influence of scan time and 

post-filter, it was decided to analyze only two examples with clinically relevant and well-

established tracers and sufficient tracer uptake. Further, this also avoids using an 

unnecessarily large number of experimental animals. Results are expected to vary 

between different laboratory animals, which should also be of particular interest when 

investigating quantitative accuracy. Another limitation is that only a specific count range 

was covered with one whole-body heart scan and one focused bone scan. Although the 

range was extensive, achieving superior results with highly focused scans, longer scan 

times, and higher injection doses may still be possible. However, this might be more 

appropriate for ex vivo protocols. On the other hand, lower injection doses, shorter scan 

times, or dynamic scans could lead to inferior results. In this case, using a collimator with 

higher sensitivity is recommended at the expense of maximum resolution. 

 

5.4 SPECT vs. PET for molecular imaging in rodents 

In the following, the advantages and disadvantages of PET and SPECT technology from 

Section 1.5 are briefly reviewed with respect to the investigated system and the field of 

molecular imaging in rats. 

As demonstrated, the U-SPECT5/CT E-Class is capable of high-quality imaging of 

myocardial perfusion and bone metabolism in rats. The UHR-RM collimator enabled a 

resolution of up to 1.80 mm with good image quality. 

This result relativizes the superiority of SPECT over PET in terms of the maximum 

resolution in small-animal imaging. While resolutions of 0.80 mm for rat collimators [16] 

and 0.25 mm for mouse collimators [11] have been described in phantom studies, these 

are not realistically achievable in rats due to limited sensitivity. 

Consequently, PET and SPECT are both suitable for many applications in rats, as 
18F-based tracers allow resolutions in a similar range of 1.61 to 2.34 mm but with one to 

two orders of magnitude higher sensitivity than SPECT [148]. Thus, if good PET-based 

alternatives are available, like 18F-FDG for myocardial perfusion and 18F-NaF for bone 

metabolism, these might provide comparable results with lower injection doses and 

shorter acquisition times [72, 78, 79]. Similar conclusions were also made by Meester et 
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al. [149] in their review on radionuclide imaging of atherosclerosis in small animals. 

However, in mice or ex vivo studies, the advantage of high-resolution SPECT is likely 

more apparent due to the smaller FOV and associated higher magnification or the 

possibility of very long scan times. 

For this purpose, the recent introduction of pinhole PET, which is reported to allow 

resolutions of up to 0.85 mm with a sensitivity of 3700 cps/MBq could be promising even 

though it reduces the excellent sensitivity of PET technology [90]. Further investigation 

is required regarding the extent to which study protocols might benefit from this 

technology. 

It must be emphasized that the key advantages of SPECT technology remain: 

simultaneous imaging of multiple radioisotopes [9, 107, 141] and an extensive range of 

well-researched and easily accessible radiotracers [49]. 

 

5.5 Conclusion 

In this thesis, the performance of the U-SPECT5/CT E-Class with two stationary detectors 

and one multi-pinhole collimator for rat imaging was evaluated. The system provides a 

maximum resolution of 1.20 mm with a sensitivity of 567 cps/MBq and a uniformity of 

55.5%, placing its performance on par if not better than the systems described in the 

literature. Phantom image quality assessment revealed that resolution at activity 

concentrations corresponding to in vivo protocols is more in the range of 1.80 to 2.80 mm 

to achieve good image quality. It was shown that a suitable post-filter has a decisive 

influence on image quality. This result was confirmed in respective in vivo images by 

CNR calculation and evaluation of professional readers. 

The SPECT system is suitable for molecular imaging in rats and achieved excellent 

cardiac and bone scan results. While a more sensitive collimator or PET might be a good 

choice for low-activity studies, the U-SPECT5/CT E-Class with the UHR-RM collimator is 

currently among the best options for radionuclide imaging in rats for high-activity or 

focused scans. 

 

5.6 Outlook 

In addition to the properties of the U-SPECT5/CT E-Class investigated in this thesis, 

some open questions would be interesting to answer. One of them is the quantitative 

accuracy of the system, which has already been studied in mice and showed very 

accurate results [141]. Also, the possibilities for dynamic studies, as already performed 
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with the same system using a medium-sized animal collimator in rats and rabbits [147], 

could be further investigated. 

Special attention should also be paid to the capabilities of multi-isotope imaging, as this 

is a crucial advantage of SPECT; work in this area has so far been mainly performed 

with mice [107, 141]. 

Prieto et al. [141] have studied how well multiple mice can be scanned simultaneously in 

a rat collimator; this approach could also be interesting for studying multiple rats 

simultaneously in a larger collimator, especially if an excessively high resolution is not 

required. 

Further development of existing technologies and innovations will continue to improve 

the performance and capabilities of molecular imaging in rats. Larger detectors with 

magnification factors like those achieved in mice, and especially improvements in 

detector technology, could further improve the resolution range and sensitivity. In 

particular, the use of big CZT crystals, as already used in some clinical settings, remains 

promising [9, 111]. Further development of iterative reconstruction algorithms, such as 

the recently introduced dual-voxel dual-matrix approach, which further accelerates 

reconstruction and enables processing of even larger data sets, also shows how rapidly 

the research field is evolving [150]. 

However, to ensure the quality and comparability of different small-animal SPECT 

systems, a standard must be created as soon as possible, as already exists for 

small-animal PET and clinical devices [56, 126-128]. 
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6 Summary 

Molecular imaging of rats is of great importance for basic and translational research. As 

a powerful tool in nuclear medicine, SPECT can be used to visualize specific functional 

processes in the body, such as myocardial perfusion or bone metabolism. Typical 

applications in laboratory animals are imaging diagnostics or the development of new 

tracers for clinical use. Innovations have enabled resolutions of up to a quarter of a 

millimeter with acceptable sensitivity. These advances have recently led to significantly 

more interest in SPECT both clinically and preclinically. 

 

The objective of this thesis was to evaluate the performance of the new U-SPECT5/CT 

E-Class by MILabs with a dedicated ultra-high resolution multi-pinhole collimator for rats 

and its potential for in vivo imaging of rats. The unique features of the U-SPECT are the 

large stationary detectors and the new iterative reconstruction algorithm. In addition, 

compared to the conventional system, the "E-Class" uses only two detectors instead of 

three. 

 

First, the sensitivity, maximum resolution, and uniformity were determined as 

performance parameters. Thereafter, CNRs for different activity levels comparable to 

those of typical in vivo activities were examined. Finally, two example protocols were 

carried out for imaging with 99mTc-MIBI and 99mTc-HMDP in healthy rats to evaluate the 

in vivo capabilities. For this purpose, CNR calculations and an image quality assessment 

were performed. The focus was on image quality as a function of scan time and 

post-reconstruction filter across a wide range of realistically achievable in vivo conditions. 

 

Performance was reasonable compared to other systems in the literature, with a 

sensitivity of 567 cps/MBq, a maximum resolution of 1.20 mm, and a uniformity of 55.5%. 

At the lower activities, resolution in phantom studies decreased to ≥1.80 mm while 

maintaining good image quality. High-quality bone and myocardial perfusion SPECTs 

were obtained in rats with a resolution of ≥1.80 mm and ≥2.20 mm, respectively. Although 

limited sensitivity remains a weakness of SPECT, the U-SPECT5/CT E-Class with the 

UHR-RM collimator can achieve in vivo results of the highest standard despite the 

missing third detector. Currently, it is one of the best options for high-resolution 

radionuclide imaging in rats.  
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Zusammenfassung 

Die molekulare Bildgebung bei Ratten hat einen hohen Stellenwert in der 

Grundlagenforschung und der translationale Forschung. Dabei ist SPECT ein 

leistungsfähiges Instrument zur Visualisierung spezifischer funktioneller Prozesse im 

Körper, wie z. B. der Herzmuskeldurchblutung oder des Knochenstoffwechsels. 

Typische Anwendungsbereiche an Labortieren sind die bildgebende Diagnostik im 

Rahmen von Studien oder die Entwicklung neuer Tracer für den klinischen Einsatz. 

Durch Innovationen wurden Auflösungen von bis zu einem Viertelmillimeter bei 

akzeptabler Empfindlichkeit erreichbar. Diese Fortschritte haben in letzter Zeit zu einem 

deutlich gestiegenen Interesse an SPECT sowohl im klinischen als auch im präklinischen 

Bereich geführt. 

 

Ziel dieser Arbeit war es, die Leistung des neuen U-SPECT5/CT E-Class von MILabs mit 

einem speziellen ultra-hochauflösenden Multi-Pinhole-Kollimator für Ratten und das 

Potenzial für die In-vivo-Bildgebung bei Ratten zu untersuchen. Dabei sind die 

Besonderheiten des U-SPECTs die großen stationären Detektoren und der neue 

iterative Rekonstruktionsalgorithmus. Außerdem verfügt die von uns verwendete 

„E-Klasse“ im Vergleich zum konventionellen System nur über zwei statt drei Detektoren. 

 

Zunächst wurden die Sensitivität, die maximale Ortsauflösung und die Homogenität als 

Leistungsparameter bestimmt. Anschließend wurde das Kontrast-Rausch-Verhältnis für 

verschiedene Aktivitätsniveaus, die mit denen typischer In-vivo-Studien vergleichbar 

sind, untersucht. Schließlich wurden zwei Beispielprotokolle für die Bildgebung mit 
99mTc-MIBI und 99mTc-HMDP bei gesunden Ratten durchgeführt, um die 

In-vivo-Kapazitäten zu erfassen. Zur Bewertung wurden eine Kontrast-Rausch-Analyse 

und eine Bildqualitätsumfrage genutzt. Der Schwerpunkt lag dabei auf der Bildqualität in 

Abhängigkeit von der Scanzeit sowie dem Postrekonstruktionsfilters für ein breites 

Spektrum realistisch erreichbarer In-vivo-Bedingungen. 

 

Die Leistung war mit einer Sensitivität von 567 cps/MBq, einer maximalen Ortsauflösung 

von 1,20 mm und einer Homogenität von 55,5% mit anderen in der Literatur 

beschriebenen Systemen vergleichbar. Bei niedrigeren Aktivitäten verringerte sich die 

Auflösung in Phantomstudien auf ≥1,80 mm bei gleichbleibend guter Bildqualität. Es 

wurden hochqualitative Knochen- und Myokardperfusions-SPECTs mit einer Auflösung 



 63 

von ≥1,80 mm bzw. ≥2,20 mm bei Ratten erzielt. Obwohl die begrenzte Empfindlichkeit 

nach wie vor eine Schwäche der SPECT ist, kann das U-SPECT5/CT E-Class mit dem 

UHR-RM-Kollimator, trotz des fehlenden dritten Detektors, In-vivo-Ergebnisse auf 

höchstem Niveau erzielen. Es ist derzeit eine der besten Optionen für die 

hochauflösende Radionuklid-Bildgebung bei Ratten. 
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