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1 Introduction 

Heart failure (HF) is a serious medical condition in Germany since it is still the leading 

cause of in-hospital deaths and the second leading cause for hospitalization [2]. Even 

if the treatment for HF has improved in the last years, the HF-related in-hospital 

deaths remained consistently high [2]. However, patients with symptomatic HF often 

present themselves with a normal left ventricular ejection fraction (LVEF) and 

symptoms and clinical signs mainly due to mechanical abnormalities of the 

myocardial tissue during diastole, defined as diastolic dysfunction (DD) [3-5]. 

Therefore, evaluation of the diastolic and the systolic function yields important data 

on the diagnosis of both systolic heart failure (SHF) and diastolic heart failure (DHF).  

An early detection of a DD is crucial to identify risk patients and to improve their 

outcomes since DD is known as an independent risk factor for the occurrence of HF  

and cardiac death [6]. Epidemiological studies have revealed the importance of DD 

since it is quite prevalent and is predictive for all-cause mortality [6-8]. 

Despite the good availability of the established techniques for the assessment of DD, 

they provide barely information about the underlying pathophysiological conditions. In 

general, left ventricular (LV) function can be assessed by diverse modalities, 

including echography, magnetic resonance imaging (MRI) or single photon emission 

computed tomography (SPECT). Primarily, transthoracic echocardiography (TTE) is 

a widely available non-invasive technique, used for the evaluation of heart function in 

the clinical setup.  

The introduction of the electrocardiogram (ECG)-gated positron emission tomography 

(PET) for the evaluation of LV function provides the advantage of a simultaneous 

evaluation of the dynamic performance and depending on the tracer, the assessment 

of myocardial perfusion, glucose metabolism or fatty-acid metabolism in clinical and 

preclinical studies. Although the PET offers the opportunity to assess biochemical 

processes on a subcellular level and to evaluate the cardiac function simultaneously, 

only few studies have investigated the utility of ECG-gated PET in the assessment of 

LV diastolic function parameters. However, the results of investigations of the LV 

volumes and ejection fraction (EF) in humans and animals using the ECG-gated 

Fluorine-18-2’-Fluoro-2’-deoxy-D-glucose (18F-FDG) PET has shown good correlation 

with the results of MRI studies [9, 10]. But since the determination of entire LV 

function by using ECG-gated PET is not well established, the relation between 
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myocardial metabolism and/or perfusion and the cardiac function, had to be 

evaluated by different techniques (PET and ECHO or MRI). Therefore, it would be 

desirable to determine the LV systolic and diastolic function directly from the ECG-

gated PET. Especially in the preclinical setup the evaluation of the LV function in 

different animal models is crucial to gain new insights into the pathophysiology of 

cardiac diseases and to monitor the effect of new treatment approaches.  

Since the occurrence of DD is also high in diabetic subjects, which develop DD as an 

early sign of a special form of cardiomyopathy (diabetic cardiomyopathy), a diabetic 

rat model has been used to investigate the ability of the ECG-gated PET in the 

assessment of the LV systolic and diastolic function [11].  

In conclusion, the aim of this thesis is to investigate the feasibility of the ECG-gated 

18F-FDG PET in the assessment of the LV function including diastolic parameters in a 

genetic rat model of type 2 diabetes mellitus (T2DM) and healthy control rats.
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1.1 Electrocardiogram-gated cardiac 18F-FDG positron emission 

tomography 

The PET is a well-established non-invasive molecular imaging modality that 

enables the assessment of the in-vivo distribution of different imaging agents, 

which are labelled with positron-emitting radionuclides. This imaging modality 

enables among other things the investigation of tissue metabolism, protein 

expression and blood flow in both human patients and experimental animal 

models [12-18]. 

 

1.1.1 Principles of PET imaging 

The PET enables the generation of tomographic images of the radionuclide-

labelled tracer distribution, which has been injected in the object of study. The 

radionuclides, which are used for the PET are all positron emitters. 

1.1.1.1 Positron decay 

The positron is an elementary particle that is defined as antimatter. Since it is 

the antiparticle of the electron, they both have an identical mass and spin but an 

opposite electrical charge [19]. Positrons may be generated by positron decay 

of an unstable proton-rich radionuclide. Positrons are ejected from the nucleus 

with a kinetic energy which is characteristic for each radionuclide. Once emitted, 

the positron rapidly loses its kinetic energy due to electrostatic interactions with 

protons and electrons of the surrounding tissue. As the positron slows, it 

undergoes a special process with a nearby electron, which is known as positron 

annihilation. During this process the mass of the electron and the positron are 

converted into energy in form of a pair of gamma ray photons. Each of the two 

simultaneously generated photons has the energy of 511 kiloelectron volts 

(keV) (energy equivalent to the positron/electron mass). Due to the 

conservation of energy and momentum, the photos are emitted in opposite 

directions (see figure 1) [20, 21]. 
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I.) An unstable proton-rich atomic nucleus (in this case 18-fluoride) decays 

to a stable form (in this case 18-oxygen) by converting a proton into a 

neutron and a positron. 

II.) Because of its positive charge the positron is ejected from the positive 

charged nuclei with a specific kinetic energy. 

III.) If the kinetic energy falls, the positron annihilates with a nearby electron. 

IV.) The mass of the electron and proton is converted into two 511 keV 

photons (gamma rays), which travel in opposite direction [20]. 

 

Figure 1 Positron Emission.  

This scheme was generated using the program Powerpoint 2016 (Microsoft 
Office 365 ProPlus) (according to Kinehan P. et al. 2006 [1]). It shows the 
simplified four steps in the process of positron emission. 
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1.1.1.2 Detection of annihilation events 

The annihilation photons are emitted in a relative angle of nearly 180 degrees 

and travel at the speed of light. The PET scanner can detect these gamma rays, 

which reach the surrounding detectors nearly at the same time. The line that 

can be drawn between any two detectors of the PET scanner, which register a 

photon, is referred to as line of response (LOR) [20]. The PET detector blocks 

are usually arranged in a cylinder formed out of discrete rings, with a certain 

ring diameter and an axial field of view (FOV). Through this 360-degree 

arrangement of the detectors, the scanner can detect paired scintillation events 

referred to as “coincidence events”.  
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Figure 2 Schematic PET scanner setup.  

This figure was generated using the program Powerpoint 2016 (Microsoft Office 
365 ProPlus).  

The blue ring represents the circular ordered detector units of the PET scanner 
and the dark grey prism the carrying system of the scanner. The light grey 
ellipsoid stands for an object of study (for example a patient or animal). The 
yellow ellipsoid represents a tissue which accumulates the radionuclide marked 
substance (for example the heart or a tumour mass). The red small explosions 
symbols stand for annihilation events, the origin of the two gamma rays, which 
are emitted in the direction of the black arrows and detected by the PET 
detectors. The black arrows show the LOR which connect the paired detectors. 
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1.1.1.3 PET detectors and scanner design 

In the past 30 years, different materials have been introduced to create an 

optimal detector for the detection of the 511 keV photons. The most often used 

detector material are inorganic scintillators [21, 22]. After a 511 keV photon has 

hit the detector-crystal, it causes the formation of photoelectric electrons, which 

further leads to electrons in excited states located in the crystal lattice. Through 

the return of the excited electrons to lower energy levels, a part of their energy 

is emitted in form of a flash of visible light. This flash of light can be detected by 

photon detectors such as a photomultiplier tube (PMT), which are linked to the 

detector crystal. The PMT convert the light signals into electronic pulse signals, 

which in turn are processed by further electronics. The signal of the PMT is 

proportional to the stored energy in the crystals. If the detected energies are 

outside of the range for 511 keV photons, the scintillation event is rejected. This 

setup helps to minimize the number of scatter events [20]. 

To detected simultaneously events, the signals from the PMT are processed by 

coincidence electronics, which sample the information of all detector units and 

further determine the time of every single detected event of each detector. 

Subsequently, the detected timing pulses are compared. Two events are 

considered to be simultaneously if their timing pulse overlap. A true coincident 

event is present if the two detected events are initiated by the two 511 keV 

gamma rays of the same annihilation event. When two 511 keV gamma rays 

are originated from different annihilation events, but both reach the detectors in 

the coincident timing window there are also registered as coincident event, even 

if they are randomly coincident [20, 21]. 

1.1.1.4 Data correction 

To improve the quantitative accuracy of PET imaging, a correction for many 

different factors is needed, including scatter events, body attenuation, random 

events and dead time loss of which the most important ones are described 

briefly in this section. 

A random correction is required, since the PET scanner records all events 

which occur at the same time within the timing resolution of the detectors. 



  Introduction  

8 
 

Therefore, the prompt events include true events and background events 

(scatter and random events), which do not represent the real distribution of the 

injected activity [23-26]. Different methods have been introduced for correction 

of the random events of which the use of an additional coincident technique with 

a delayed time window is the most common one [27]. 

Since a positron annihilation event can only be detected if the two emitted 511 

keV gamma rays hit the detectors simultaneously and their energies are entirely 

absorbed, a true coincident event is not registered if one gamma ray is 

absorbed or scattered by surrounding tissue [21]. Such loss of counts is 

depending on the habitudes of the surrounding tissue (body). To measure and 

correct the body attenuation an external gamma ray point source (for example 

gallium-68 or cesium-137), which is integrated in the PET scanner, rotates 

around the body and generates a transmission shadow profile of the object of 

study [28]. During the image reconstruction, the emission data and the 

according attenuation data are combined, resulting in images which are 

corrected for the body attenuation. 

After the correction for random events and body attenuation, the last data do 

still contain scatter events. Several algorithms and methods for scatter 

correction have be introduced [25, 26, 29, 30]. One way to minimize the scatter 

events, is to use a transmission attenuation map in combination with an initial 

estimated filtered back projection image of the emission data to compute the 

scatter distribution [31]. 

1.1.1.5 Data processing and reconstruction 

All the tracked counts of each detector at any given time over the entire 

scanning period are stored in a special file called list-mode file. Since this list 

mode file is a huge file which requires a lot of memory capacity, some scanners 

transform the list-mode data simultaneously to the data acquisition into the 

sinogram and then delete the according part of the list-mode file. The scanner 

which was used for this study was programmed to store all events in the list-

mode file and keep this file.  
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Over the time of data acquisition, all detected coincident events are stored into 

data arrays referring to their space coordinates, which include the distance from 

the centre, the trans-axial angle and the axial angle of the LOR, delivering a 

four-dimensional histogram. The histogram that bins all the coincident events in 

space is referred to as sinogram [21]. Even if techniques and algorithms for the 

reconstruction of the four-dimensional sinogram exists, the most of them are too 

computationally intensive preventing their use in clinical imaging. Therefore, the 

transformation of the four dimensional sinogram into a certain stack of two 

dimensional sinograms, called rebinning is often used [32, 33]. The Fourier 

rebinning algorithm is known to preserve the three-dimensional representation 

of the original data for a broad spectrum of axial angles [32]. After the rebinning 

process, each slice can be reconstructed independently, enabling the use of 

two-dimensional reconstruction algorithms and thus the performance of the 

reconstruction in a shorter time [34]. Before the reconstruction can begin the 

raw data must be corrected (random correction, calibration data is added, death 

time loss correction, decay correction, attenuation correction, scatter correction 

and smoothing). 

Different methods exist for the image reconstruction, of which a form of 

conventional filtered back-projection (FBP) algorithm is most often used [35]. 

However, this conventional FBP, which only involves a single back-projection 

step, is known to be prone to artefacts in tissue with low count density. 

Therefore, multiple projection and back-projection may be performed using 

iterative reconstruction algorithms to achieve an optimal image estimate [35]. 

The maximum-likelihood expectation-maximization method is a widely used 

iterative algorithm [36]. In this method, an image-estimate first is projected and 

subsequently compared to the sinogram data to compute scaling factors. 

Afterwards the image is back projected into a sinogram with the new scaling 

factors to produce a more accurate image estimate. This process repeated for a 

certain number of iterations so that at the end a final image estimate is achieved 

[36]. It is also possible to compute the scaling factors from ordered subsets of 

the sinogram, which allows a faster reconstruction. This ordered-subsets 
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expectation-maximization (OSEM) algorithms is most commonly used in clinical 

settings and is also used in the here presented study [37]. 

 

1.1.2 Gated cardiac PET 

Today, PET is an established imaging technique for specific examinations of the 

heart including myocardial perfusion and viability imaging [38, 39]. However, 

cardiac imaging is complicated by respiratory and contraction-induced heart 

motions, which are needed to be reduced [40]. In order to do so, the PET data 

need to be acquired in a gated mode. The use of ECG-gated PET data 

acquisition offers not only the opportunity to minimize imaging artefacts that are 

caused by cardiac motion, but also allows to assess images of the heart in a 

specific cardiac phase.  

For an ECG-gating a constant ECG signal is needed. Some PET scanners offer 

the opportunity to apply the ECG signal in the list-mode data [41]. In the ECG 

signal, one cardiac cycle refers to the time between two detected R-peaks. 

Therefore, the accurate detection of the R-peaks is the primary aim for ECG-

gated PET data acquisition. After the determination of the R-R interval, which is 

intrinsic to one heartbeat, and its inclusion into the list mode file, one heart cycle 

can be split into a user-defined equal length number of frames (for example 

eight or 16 frames per cardiac cycle) [42]. The data of ECG-gated PET is 

binned accordingly to the phase it correlates to within the cardiac cycle, 

meaning that for each frame a sinogram is reconstructed separately. An 

increasing number of frames per cardiac cycle comes along with a higher 

number of reconstructed sinograms and images and thereby with a prolonged 

total reconstruction time [43]. One more problem, that needs to be considered is 

that with an increasing number of frames, the count density of each frames 

lowers. To produce high quality ECG-gated images, a higher injection dose 

must be administered or the scan time must be prolonged to increase the 

number of counts per frame (see Figure 3) [43]. Figure 3 demonstrates, that 

the image quality is decreasing with the number of gates per cardiac cycle. The 

image quality with only four gates is superior to the quality of the images of the 
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reconstruction with 16 gates per cycle, which is possible to see at the less sharp 

delineation of the LV myocardial wall. But a reconstruction with a higher number 

of gates enables a more exact determination of the myocardial wall movement 

and the volume changes throughout the cardiac cycle and thereby the 

calculation of a more accurate time-volume curve. 

In general, there exist two different approaches for cardiac ECG-gating: 

prospective and retrospective ECG-gating [44]. For prospective gating, a certain 

number of previous R-R intervals is measured to calculate the average R-R 

interval time with a certain tolerance (usually 10 to 20%). Based on this average 

R-R interval duration the following cardiac cycles are separated [20]. For 

retrospective gating, each R-R interval is recorded and afterwards separated in 

frames. Moreover, different techniques have been introduced to reduce the 

influence of heart rate (HR) variability during the data acquisition referred to as 

bad beat rejection, which discard cardiac cycles from the acquisition if their 

length is outside of certain limits [45].   
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1.1.3 18F-FDG as tracer 

Cardiac 18F-FDG PET imaging is a useful method for the assessment of 

myocardial viability [46]. The base of the 18F-FDG PET is a trapping mechanism 

of the glucose analogue 18F-FDG, which is taken up by cardiomyocytes through 

glucose transporters (GLUT 1 and 4) and subsequently phosphorylated by the 

intracellular enzyme hexokinase 2 (see Figure 4) [47, 48]. After this 

phosphorylation step, 18F-FDG-phosphate cannot be further metabolized in 

cardiomyocytes, since the 2-hydroxyl group is missing, and cannot leave the 

cell before radioactive decay. As consequence, 18F-FDG-phosphate is trapped 

in cells and its distribution is a good reflection of the glucose metabolism of the 

cells. 

However, myocardial glucose and thereby 18F-FDG uptake depends on several 

variables [35, 49]. Therefore, protocols have been developed to standardize the 

metabolic conditions at the time of the study including long fasting periods, 

glucose administration and pharmacological pre-treatment. Especially, 18F-FDG 

PET imaging in subjects with diabetes is problematic because of the decrease 

glucose and 18F-FDG uptake [50, 51]. 

For this study, the PET scans were performed under hyperinsulinemic-

euglycemic clamp conditions. The hyperinsulinemic-euglycemic clamp 

technique is an established method for assessing the state of insulin resistance 

18
F-FDG 

18
F-FDG-Phosphate 

Figure 4 Hexokinase reaction of 18F-FDG.  

This scheme was generated by using the program ChemDraw 16 (PerkinElmer 
Informatics). 
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[52, 53]. A high dose insulin infusion is used to completely suppress the hepatic 

glucose production, so that under steady state conditions no change in the 

blood glucose concentration can be observed [52-54]. Previous studies have 

shown, that the hyperinsulinemic-euglycemic clamp protocol produces a 

significantly higher myocardial 18F-FDG uptake than all other investigated pre-

treatment protocols studied [51, 55].  

 

1.1.4 Advantages of cardiac ECG-gated 18F-FDG PET 

A great advantage of PET compared to SPECT is the large number of low 

atomic number elements for which positron emitters exist. This enables the 

incorporation of such positron emitters into many biological active compounds. 

The use of these different radionuclide tracers enables the simultaneous 

evaluation of the perfusion, metabolism, viability or innervation and the function 

of the LV [12, 18, 56]. Radiotracers that assess sympathetic innervation and 

myocardial metabolism are important to gain new insights in the 

pathophysiology of different cardiac diseases and their role in the progression to 

HF and sudden cardiac death. 

Furthermore, PET radiotracers have an extraction fraction that is superior to 

SPECT tracers [16, 17]. The short half-life of the PET tracers enables the use of 

shorter imaging protocols and lower radiation exposure but provides more 

complications in the use of exercise stress imaging. 

Moreover, the use of PET enables the in-vivo identification and characterization 

of alterations in cellular or subcellular level, which permits the association 

between abnormal function or metabolism of the cardiomyocytes and the 

occurrence of HF, which cannot be detected by MRI or computed tomography 

(CT) yet. 

 

1.1.5 PET studies in small animals 

Animal research is an urgent step in preclinical science. A lot of new insights 

into the pathophysiology of many diseases and disorders as well as in the bio-
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distribution of new drugs could be generated by combination of experimental 

animal models, new tracer-molecules and new small animal scanners. Since 

these scanners require a higher spatial resolution than clinical scanners due to 

relative volumetric differences in objects of study and thereby in the organs, the 

scanner design has been modified to improve the spatial resolution [28, 57]. 

Firstly, the detector crystals are arranged in blocks with a fix array of individual 

crystals and each of these crystals is connected to one individual channel of a 

multichannel PMT [28]. These detector units are arranged in a certain number 

of continuous rings. Furthermore, the new generation of PET scanners use 

crystal material with a high time resolution like lutetium oxyorthosilicate (LSO) 

[28, 57]. These new technological advances have led to small animal scanners 

with an intrinsic resolution of one to two millimetres [28, 57]. Through this high 

spatial resolution, the examination of even small structures like the myocardial 

wall of rats and mice is now possible using small animal PET scanners. Never 

the less, PET studies in small animals are still more challenging and time 

consuming than studies of human patients as consequence of the required 

anaesthesia and the prolonged preparation time, but they offer the opportunity 

to investigate the underlying pathophysiological processes of different diseases 

and the influence of different treatment strategies in vivo at a subcellular level 

under standardized conditions. 
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1.2 Imaging of cardiac function 

1.2.1 The cardiac cycle 

An appreciation of normal cardiac function is necessary for the understanding of 

the consequences, clinical features and challenges in the imaging of diastolic 

and systolic disturbances. A correct cardiac cycle is crucial to provide adequate 

LV filling (input) and LV ejection (output) in rest and during exercise. 

The function of the heart depends on its ability to switch between two functional 

states: a relaxed chamber during diastole that enables the filling of the LV from 

low pressure and a stiff chamber during systole for the ejection of the stroke 

volume at arterial pressures. Therefore, the ventricle has two functions: the 

diastolic filling and the systolic ejection of the blood volume. 

1.2.1.1 The systole 

The isovolumetric contraction, and thereby the ventricle systole, begins with the 

closure of the atrioventricular valves. Besides the short phase of isovolumetric 

contraction during which the pressure in the ventricle increases, a longer 

ejection period completes the systolic phase, within which the ventricles eject a 

certain percentage of their end-diastolic volume (EDV). As soon as the pressure 

in the LV exceeds the pressure in the aorta and the pulmonary arteries, the 

semilunar valves open and the same blood volume is ejected by both ventricles 

(stroke volume (SV)). If the pressure in the ventricles falls below the pressure in 

the subsequent vessels, the semilunar valves close and the systole is finished 

[58]. 

1.2.1.2 The diastole 

The diastole is defined as the period of the cardiac cycle beginning with the 

closure of the semilunar valves and ending with the closure of the 

atrioventricular valves. During this time, the chamber relaxes and refills with 

blood and the cardiac muscle is perfused [58].  

The relaxation is responsible for the ability of the LV to fill and accommodate 

the venous return without a big increase in the LV pressure. The blood flow into 

the ventricles has three components, an early flow (E-wave) which is caused by 

ventricular suction as consequence of the active ventricular relaxation and that 
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accounts for 65-80% of the volume, a slow passive filling, mentioned as 

diastasis, whose duration is greatly dependent on the HR and a third one as 

result of the atrial contraction (A-wave) [59]. The contraction of the atria 

increases the pressure in each atrium, what forces additional blood volume into 

the ventricles [3].  

1.2.2 Heart failure 

HF is a clinical syndrome with diverse aetiologies that appears when the heart 

is unable to maintain a sufficient blood supply of the organs. It is further 

characterized by typical symptoms and clinical signs, which are most often 

caused by functional and/or structural cardiac alterations [60]. Since, the 

present definition of HF is restricted to stages with apparent clinical symptoms, 

functional or structural abnormalities in absence of any symptoms are 

considered as precursors of HF [61]. Subjects with HF can be divided into two 

broad groups: SHF and DHF [60].  

It is crucial to recognize that the terms DHF and SHF refer to two different 

groups of HF patients distinguished by different features including their 

pathophysiology, differential LV remodelling and changes in the LV structure 

[60]. 

1.2.2.1 Systolic heart failure  

SHF is the consequence of a disturbance in the contraction of the myocardium. 

The most common reasons for SHF are coronary artery disease (CAD), 

different cardiomyopathies, arterial hypertension and myocarditis [62]. SHF is 

characterized by a reduced LVEF and therefore also called heart failure with 

reduced ejection fraction (HFrEF) [60]. An EF between 50 and 70% percent is 

considered as normal [60]. If the EF falls below 40% and typical symptoms of 

HF appear, the diagnosis of a HFrEF can be made. Patients that present 

themselves with a EF between 40 and 49 % and symptoms of HF are separated 

from the both groups and have a type of HF which is defined by the European 

Society of Cardiology (ESC) as heart failure with mid-range ejection fraction 

(HFmrEF) [60]. 
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1.2.2.2 Diastolic heart failure 

DHF or heart failure with preserved ejection fraction (HFpEF) is characterized 

by similar symptoms and clinical signs like SHF but in contrast to SHF, the 

systolic function is normal and patients show predominant abnormalities in LV 

diastolic function [60]. The underlying pathophysiology of DHF is based on 

increased passive stiffness, impaired active relaxation or concentric remodelling 

of the ventricles, which cause an impaired filling of the ventricles. Accordingly, 

DHF occurs when the ventricle is unable to fill with an adequate blood volume 

during diastole at normal pressure resulting in a lack of volume [63]. 

1.2.2.3 Symptoms and clinical features 

The symptoms of HF are often non-specific but can include among others 

dyspnoea, stenocardia and periphery oedema, due to fluid retention. The 

presence of  symptoms are the basis for the clinical stage classification of HF 

introduced by the New York Heart Association (NYHA) [64]. Both DHF and SHF 

can be present with symptoms that occur at rest (NYHA IV), during less-than-

ordinary physical activity (NYHA III) or that are present during ordinary physical 

activity (NYHA II) [64]. 

In contrast to SHF, which is often presented with a dilated LV, DHF often 

presents itself with an increased LV wall thickness (LV hypertrophy) and 

increased left atrial (LA) size, as consequence of the increased filling pressure 

and further with additional signs of reduced suction capacity or reduced LV 

filling [6]. 

1.2.2.4 Diagnosis 

The differentiation between SHF and DHF cannot be made at the bedside since 

a discrimination between diastolic and systolic dysfunction is necessary. 

Therefore, the support of cardiac imaging techniques is essential. SHF can be 

diagnosed if the clinical symptoms of HF are present and the LVEF is ≤ 40% 

[60]. The diagnosis of DHF is more challenging since LVEF remains normal at 

the beginning of the disease and the symptoms often are non-specific. The ESC 

published in their guidelines 2016 [60] diagnosis criteria for HFpEF that must be 

fulfilled, which include:  
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1.) the presence of signs and/or symptoms of HF  

2.) a normal LVEF (≥ 50%)  

3.) evidence of abnormal cardiac function and structural alterations which 

underlie HF and  

4.) elevated natriuretic peptide levels.  

Since an abnormal cardiac function is often present, even if no symptoms or 

elevated natriuretic peptide levels can be detected, this isolated alteration of the 

cardiac function is called DD and must be separated from the diagnosis of DHF. 

 

1.2.3 Diastolic dysfunction 

The determination of LV diastolic function should be included in every cardiac 

examination of any patients with signs for cardiovascular disease, since it has a 

major impact on functional capacity, symptom status, prognosis and medical 

treatment in both DHF and SHF [6]. The DD is a functional abnormality 

characterized by impairment of active myocardial relaxation and/or decreased 

LV compliance which refers to mechanical abnormalities of the LV during the 

diastolic phase regardless of whether the LV systolic function is normal or 

abnormal and whether symptoms are present or not [65]. 

1.2.3.1 Pathophysiology and clinical features 

The diastole is the period of the cardiac cycle during which the cardiomyocytes 

are unable to generate force and return to their relaxed length and force. DD is 

present when this process is prolonged, decelerated or incomplete, which can 

be caused by several underlying mechanisms including coronary insufficiency 

[66], changes in preload and afterload [67], alterations of the pericardial 

anatomy (e.g. constrictive pericarditis) [68], metabolic alterations (diabetes, 

acidosis) [69], different cardiovascular drugs [70], hypoxia [71] and arterial 

hypertension [66, 72]. 

A compromised diastolic function can present itself with a variety of signs, 

ranging from only a minor slowdown of ventricular relaxation, without relevant 

hemodynamic changes, to the onset of pulmonary venous congestion, as 
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consequence of the increased intraventricular pressures [3, 73]. Progressive 

DD is associated with an advanced impairment of LV relaxation, which reduces 

the peak trans-mitral pressure gradient and thereby the early mitral inflow 

velocity (E) [74]. The LA pressure remains relatively in range in the early stage 

of DD [6]. But if the atrial pressure increases in more advanced stages of DD 

the LA becomes passively enlarged. This enlargement of the LA is therefore a 

relatively sensitive marker of DD [75]. However, DD is often present in both 

DHF and SHF, since alterations of the diastolic function do not only influence 

the diastolic filling of the ventricles but may also have an impact on the 

ventricular systolic performance [76]. 

1.2.3.2 Epidemiology 

Studies have shown that HFpEF accounts for almost one-half of all HF cases 

[77]. The overall prevalence of DD has been investigated by different groups 

and was found to vary from 11,1 to 35% [78, 79].  

A significantly higher risk of DD has been reported to be linked to different 

patient characteristics including increased systolic blood pressure, higher age, 

serum insulin level, obesity, female gender and increased HR [6, 8, 78, 80, 81]. 

Of particular importance is that the existence of a DD is an independent 

predictor of all-cause mortality even after the correction for sex, age and LVEF 

[6]. 

 

1.2.4 Challenges in the assessment of diastolic function 

The diastole is a complex process that is influenced by several different factors 

including HR, age, gender, myocardial stiffness, LV hypertrophy, ischemia, 

loading conditions and wall coordination of the myocardium, that complicate an 

accurate determination of the diastolic function. Therefore, the evaluation of the 

diastolic function requires the assessment of both diastolic and systolic 

properties of the ventricles and the atria as well as of ventricle-atria interactions 

[82, 83]. The LVEF and the cardiac output (CO) as major signs for the LV 

systolic function can be easily calculated from EDV, end-systolic volume (ESV) 

and the HR, but even if systolic abnormalities are present, the clinical question 

also concerns the existence of a normal or abnormal diastolic function. The 
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most accurate evaluation of the diastolic function is the determination of the 

intra-cardiac pressures, since different cardiac volumes are often in range at the 

onset of a diastolic impairment. 

Moreover, it has been shown that both diastolic and systolic properties differ 

between age and gender [84-89]. Therefore, a sex and age adjustment may be 

needed for correct interpretation of diastolic function parameters. 

Since variations of the HR affect the diastole rather than the systole, they can 

profoundly affect the assessment of diastolic parameters, which is particularly 

relevant in patients having a bundle branch block or observed arrhythmia. 

Furthermore, abnormalities in the diastolic function may only occur under stress 

conditions when the HR is increased and the duration of the diastole is 

shortened [90]. 

However, the accurate assessment of the LV diastolic and systolic function is 

indispensable to target the underlying cause of HF and to plan the best 

treatment strategy for the patients. 

1.2.5 Preclinical animal model for diastolic dysfunction 

Recent studies have demonstrated a quite high prevalence of HFpEF and 

further that the conventional treatment strategies for HFrEF do not provide a 

satisfying outcome in patients with a HFpEF [91-94].  Moreover, different 

studies have provided evidence, that the cardiac metabolism might play a key 

role in the development of DD and HFpEF in certain patients [95-97]. Therefore, 

the evaluation of the dynamic parameters as well as the cardiac metabolism is 

an urgent need to improve the understanding of the pathophysiology and thus 

to develop new treatment strategies for this kind of HF.  

Different animal models of HFpEF and DD have been proposed. In this study, 

Zucker Diabetic Fatty (ZDF) rats and healthy littermates Zucker Lean (ZL) rats 

were examined. ZDF rats have a mutation in the gene of the leptin receptor 

[98]. As consequence, they develop obesity and insulin resistance at young age 

and diabetes between eight and ten weeks of age [99, 100]. Later they 

progressively develop hyperglycaemia which is associated with impaired 
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pancreatic β-cell function and decreased responsiveness of liver and 

extrahepatic tissues to insulin and glucose [101]. The rats develop a lot of 

obesity- and hyperglycaemia-related complications, which are common 

between male ZDF rats and humans with T2DM [102]. These metabolic 

alterations also induce the development of a special form of cardiomyopathy 

referred to as diabetic cardiomyopathy [100, 103, 104]. In early stages this 

special form of cardiomyopathy presents itself with a DD and a LV hypertrophy 

[99]. For these reasons, ZDF rats served as model group and the ZL rats as 

control.  

1.2.6 Preclinical assessment of diastolic dysfunction 

Currently, the evaluation of the LV diastolic function in small animals is most 

often carried out using TTE and tissue Doppler. Thereby it was possible to 

identify disturbances during the diastolic filling of the LV in ZDF rats which was 

not present in age matched ZL rats [105]. Lum-Naihe et al. used as parameters 

for the diastolic filling the ratio between the E (early mitral inflow velocity) and 

the early diastolic mitral annular velocity (e’). This E/e’ ratio has been shown to 

be correlated to increased LV end diastolic pressure, as it occurs in patients 

with DD [106, 107].  

However, like mentioned above, the ECG-gated cardiac PET is a technique, 

which assesses the metabolic state and the cardiac function under investigator 

independent conditions simultaneously. Even if, the ability of the ECG-gated 

PET for the calculation of reliable LV volumes and EF has already been 

demonstrated in both, rats and mice [9, 10, 103, 108], its ability for the 

evaluation of the diastolic function in small animals has not been investigated 

yet. 
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2 Objectives of the thesis 

ECG-gated PET has lately demonstrated promising preclinical and clinical 

results due to its ability in the accurate assessment of the systolic cardiac 

function. The major goal of this thesis is to contribute to the improvement of the 

cardiac evaluation in preclinical research with small animals by means of 

investigating the applicability of ECG-gated 18F-FDG PET for the determination 

of global LV function in healthy and diabetic rats, either for gaining new insights 

in the pathophysiology of functional alterations or either for the development of 

new treatment strategies for heart diseases. Specific objectives are as follows: 

1. To study the morphology of the LV and its phase dependent change 

throughout cardiac cycle using ECG-gated PET data acquisition under 

hyperinsulinemic-euglycemic clamp conditions and the AMIDE software 

in healthy and diabetic rats. 

2. To measure the required time for the reconstruction and histogramming 

process of the list-mode files with different numbers of frames per 

cardiac cycle. 

3. To calculate the LV volumes, diastolic and systolic parameters of the 

model and control rats through the evaluation of the time/volume curve 

and its first derivation the time/filling curve using a clinical detection 

software. 

4. To investigate the impact of the number of gates per cardiac cycle on the 

calculation of the LV volume as well as on the systolic and diastolic 

function parameters. 

5. To compare the calculated parameters for the LV function between the 

ZDF rats and the ZL rats to identify differences between the two groups. 

6. To determine the potential of the ECG-gated 18F-FDG PET for the 

detection of a DD in diabetic rats compared to the control rats. 
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3 Material and methods 

3.1 Animal model 

3.1.1 Biostatistical calculation 

The biostatistical calculation has been carried out using Software Sigma Plot 

12,5 (Systat Software, Inc.) by Paula Arias Loza (AG Prof. Pelzer). The sample 

size was calculated to detect a significant difference in E/e’ as a marker of the 

early filling during the diastole as sign of DD. A difference in means of the E/e’ 

ratio of 3,3 in ZL versus ZDF rats with a SD of 1,47 is expected according to 

Lum-Naihe K. et al. [105]. Sample size calculation of a two groups comparison 

by T-test with a power of 0,8 and an alpha error of 0,05 results in a need of five 

animals per group. Since euglycemic clamp is challenging and complicated to 

perform in small animals, especially in diabetic subjects, three additional ZDF 

rats and two ZL rats were included in the study to compensate for possible 

exclusion in consequence of mis injection of the tracer, excessively high blood 

glucose levels in the diabetic model or un-expected response to the glucose 

infusion rate, which makes the performance of an euglycemic clamp impossible.  

3.1.2 Animal welfare 

Animal experimental protocols were approved prior to the beginning of the 

experiments (Genehmigungszeichen: 55.2-2531.01-120/13) by the regional 

governmental Commission of Animal Protection (Regierung von Unterfranken 

Bayern) and conducted in performance according to the Guide for the Care and 

Use of Laboratory Animals (National Institutes of Health Publication No. 85-23, 

revised 2010) [109].  

3.1.3 Animal handling 

For this study eight male ZDF model rats (fa/fa) and seven male ZL control rats 

were used. The experiments were performed at age of 13 weeks. ZDF and ZL 

rats were purchased from Charles River Laboratory (Charles River 

Laboratories, Research Models and Services, Sulzbach, Germany GmbH) and 

were marked with a chip in their ear. The rats were owned by the study group of 

Prof. Dr. Pelzer (University of Würzburg). 
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The rats were housed in groups under standard controlled conditions at twelve-

hour light/dark cycle. The well-being, food, water and bedding of the rats was 

checked daily. The ZL rats received standard diet, whereas the ZDF rats were 

maintained on special high caloric food (Purina 5008) as recommended by the 

supplier. Both groups received water and diet ad libitum during the study. The 

weight was measured every day. All rats were fasted for ten hours before the 

experiments started. 

 

3.2 Dedicated small-animal PET system 

PET studies were performed using a ring type, high resolution PET system 

(Inveon micro PET, Siemens Medical Solutions Inc.) intended for small animal 

imaging studies. Briefly, the system is based on 25,600 LSO crystals with 

dimension of 1.5 x 1.5 x 10 mm arranged in detector modules containing 20 x 

20 crystals. Each LSO block is coupled to a PMT over a tapered multiple-

Figure 5 Comparison of the phenotype of a ZL rat (left) and a ZDF rat (right). 

This image shows the phenotype of a ZL control rat and a ZDF model rat at the 
age of ten weeks: left -> ZL rat, right -> ZDF rat with mutation of the leptin 
receptor. The ZDF rat has developed a obesit phenotype at the age of ten 
weeks, whereas the ZL rat has a slim body.  

These photographies were taken and provided by Paura Arias-Loza (Group 
Pelzer, University of Würzburg). 
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element light guide. The detector modules are arranged in four rings of 16 

blocks (total 64) and each module is placed in time coincidence with opposite 

modules leading to a crystal ring diameter of 161 mm. This design results in a 

trans-axial FOV of 10.0 cm and an axial FOV of 12.7 cm. This scanner is 

equipped with a 57Co retractable rotating point source to acquire transmission 

data, which is needed to perform attenuation correction. 

 

3.3 Tracer production 

The tracer 18F-FDG was synthesized in the department of radiochemistry at the 

department of nuclear medicine in Würzburg with a 16 MeV Cyclotron (GE 

PETtrace T; GE Healthcare, Milwaukee, USA), using GE FASTlab methodology 

according to the manufacturer’s instructions [110]. The 18F-FDG was analysed 

Figure 6 Siemens Inveon small animal PET system. 

These images show the PET scanner which was used for the experiments and 
is located at the “Zentrum für experimentelle Medizin” University Hospital of 
Würzburg. 
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by high performance liquid chromatography at the end of synthesis to confirm 

radiochemical identity and purity (greater than 95%). 

3.4 Calculation of insulin amount 

The desired insulin concentration was 12 IU/ml so 2.4 ml of the original solution 

with concentration of 100 IU/ml were mixed with 17.6 ml isotone saline. 

Volume of orignial solution                             

=  
desired concentration × final volume

Insulin concentration original
                           

=  

12IU
ml

× 20ml

100IU
ml

                                                                                                

= 2.4 ml 

For each animal, the amount of insulin and the volume infusion rate were 

calculated. 

The desired insulin infusion rate was 240 mU/kg/min (bolus) and 12 mU/kg/min 

(during clamp). 

Amount of insulin infused (bolus)(mU/min)

=
infusion rate desired (mU/kg/min)  × body weight 

1000g
ml

=  
240IU ×  body weight

1000g
ml

 

 

Amount of insulin infused (clamp)(mU/min)

=
infusion rate desired (mU/kg/min)  × body weight 

1000g
ml

=  
12IU ×  body weight

1000g
ml
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Volume infusion rate                                                                                                                     

= amount of insulin × inverted insulin concentration

= amount of insulin ×
1ml

12mU
 

3.5 Experimental protocols 

Hyperinsulinemic-euglycemic clamp was performed to stimulate cardiac glucose 

uptake and to evaluate systemic and cardiac insulin sensitivity. 

The weight of the rats was measure before the experiments were started to 

calculate the dose of insulin. The used Insulin was Insuman Rapid 100 IE/ml 

(Sanofy aventis). Both, the glucose and insulin solution were administered with 

infusion systems.  

The anaesthesia was performed in the same way in all animals. The rats were 

anaesthetized with 4-5% isoflurane (CP-Pharma) via an induction chamber and 

maintained anaesthetized throughout the whole scanning procedure using 2-3% 

isoflurane and 0,5 l/min O2 via spontaneous breathing. 

After testing the depth of anaesthesia by using the between-toe-reflex, the rats 

were placed on a heated plate with the temperature of 37 degrees Celsius. The 

noses of the rats were put in a tube which was connected to the vaporizer. A 

crème (Bepanthen, BAYER AG) was put on the eyes of the rats to protect them 

from drying out.   

On the heated plate the skin over the lateral tail veins was disinfected with 

Cutasept F (BODE Chemie GmbH) for one minute. Afterwards an injection 

system was placed in the tail vein (Optiva i.v. Catheter Radiopaque, Smith 

Medical). The position of the injection system was checked by injecting 0.1 ml of 

isotone saline. When there was a tail oedema, the system was removed, the 

bleeding was stopped and a new one was placed. Two injection systems were 

placed in each rat. The injection systems were connected to syringes in which 

solutions were prepared in advance. In one syringe was insulin 12IU/ml and in 

the other one 50% glucose solution. The solutions were infused using syringe 

pumps (Pump 11 Elite, Harvard Apparatus). Glucose infusion rate were 
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adjusted to keep blood glucose level in range. The glucose clearance (M-value, 

μmol/min/kg) were calculated by glucose infusion rate. 

Blood samples were collected from hind paw before and during the 

hyperinsulinemic-euglycemic clamp every three minutes to measure blood 

glucose level. The blood glucose was determined by blood glucose control 

system (Freestyle mini, Abbott Diabetes Care Inc.) and according test stripes 

(Freestyle, Abbott Diabetes Care Inc.) every three minutes in mmol/L starting 

after the correct placement of the injection systems.  

The insulin bolus injection was initiated at the infusion rate of 240 mU/kg/min 

and given for 20 minutes. Afterwards the dose was reduced during the clamp to 

12 mU/kg/min and the blood glucose level were measured at least over twelve 

minutes to adjust the glucose injection rate so that the blood glucose levels 

were stable between 70 and 100 mg/ml. If the fluctuations of the blood glucose 

level in the twelve minutes’ time window were too big, the measurement and 

adjustment of the glucose injection were extended until the blood-glucose level 

became stable.  

As soon as the glucose level was stable the rats were placed on the carrying 

system of the PET scanner. Under the rats, the pressure-sensor for the 

detection of respiratory movement was installed. The three ECG electrode-

sensors were stuck in the skin of the rats. Two on shoulders height and one 

lower. The position of the ECG electrodes was checked by the ECG signal 

quality. For holding up the body temperature, a heating lamp was installed 80 

cm away from the head of the animals.  

 

3.6 PET imaging 

3.6.1 Animal PET protocol 

The timetable of the animal preparation is shown in Figure 7. The 18F-FDG 

solution was pulled up in a syringe and the activity of the solution in syringe was 

measured with a radioisotope calibrator (CRC-10R, Capintec, Inc.). The animals 

received a mean 18F-FDG injection dose of 39.4 ± 3.1MBq via tail vein during 
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hyperinsulinemic-euglycemic clamp (blood glucose level: 70-100 mg/ml) to 

enhance the cardiac tracer uptake. 18F-FDG was given per bolus injection over 

20 seconds after twelve minutes of stable glucose levels. After the injection, the 

activity remaining in the syringe was measured again, to determine the real 

injected activity. The HR and the respiratory rate were checked during the 

whole scan. 

 

 

  

 

 

 

 

 

 

A transmission scan of 13 min with a 57Co rotating source was performed before 

tracer administration and emission scan to correct the emission images for 

photon tissue attenuation. 18F decay and dead time correction were also 

performed for all reconstructed images.  

3.6.2 Data processing 

The sorting, creation and reconstruction of the scan files were performed with 

the Inveon Acquisition workplace (Version 1.5.0.28, Siemens medical solutions) 

on a HP (Hewlett Package) Z820 workstation (HP Inc.). This workstation is 

equipped with a nVidia k600 graphic board with 1024 megabytes DDR 3, two 

Intel Xeon E5-2630 v2 processor with each six cores and a working storage of 

64 gigabytes. This is mentioned here since the performance of the computer 

system has great impact on the reconstruction and histogramming-time. The 

Figure 7 Timetable of PET Scan.  

This scheme was generated using the program Powerpoint 2016 (Microsoft 
Office 365 ProPlus). 

35 min 12 min 20 min 

  Stable Blood Glucose Level 

18
F-FDG-PET Scan 

18F-FDG-Injection 

Insulin Bolus 

Time
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time which was required for the reconstruction of the images was received from 

the task list of the Inveon Acquisition workplace. 

Images of the rats were acquired at one fixed bed position. List-mode data 

acquisition enables recording time stamps and gating signals simultaneously, 

enabling a restoring of the whole data with high flexibility in a short time. The 

gating signal was added to the list-mode data by feeding the ECG signal from a 

BioVet small animal system into the Siemens Inveon PET acquisition system 

(see Figure 8). A gating signal was achieved when the ECG curve passed a 

manual defined voltage value. All durations of the R-R interval were accepted.  

The list mode emission PET acquisition with ECG signal recording was started 

just after the tracer administration. The list-mode data acquired for 35 min were 

sorted and histogrammed according to the ECG signals into four, eight, twelve 

and 16 three-dimensional scan-files for each animal and for each dynamic 

frame (first from start to 900s, second from 900s to 2100s). The three-

dimensional sinograms were reported by Fourier rebinning algorithm (FORE) 

and reconstructed into two-dimensional images of the whole FOV using two-

dimensional ordered subset expectation maximization algorithm with four 

iterations and 16 subsets. The received two-dimensional pictures were 

rearranged and cropped in all three-axis using the free available program 

AMIDE (AMIDE’s a Medical Image Data Examiner 1.0.4, GNU General Public 

License, Version 2) to generate tomographic short axis and long axis images of 

the heart (see Figure 9). 
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Figure 8 Scheme of the List mode acquisition and data sorting.  

This scheme was generated by using Powerpoint 2016 (Microsoft Office 365 
ProPlus). 
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Description Figure 8: 

This scheme shows how the data from the coincident events registered by the 

PET and the data from the ECG recording are combined and saved in a list-

mode file. The ECG data always registered an event when an R-peak was 

detected. Based on this recording the list-mode file can easily be reconstructed 

in a user-defined number of frames (in the present study four, eight, twelve and 

16). For each frame a scan-file, which only includes corrected data, is 

generated, which can be pictured as a sinogram (see Figure 9 ). The next steps 

of the data processing are shown in Figure 9. 
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Description Figure 9: 

This scheme demonstrates (simplified) the most important steps to receive 

suitable short axis tomographic images of the LV for the evaluation of the 

function by HFV. At first, the scan-file data is transferred in an according 

sinogram (I). These sinograms are reconstructed in images of the whole FOV 

(II). To get a clear and suitable view of the LV for the edge detection software, it 

is necessary to rearrange the heart in all three dimensions (III). Next the LV is 

divided into a certain number of slices to receive short axis tomographic images 

of the LV (IV). Subsequently the short axis slices were checked if they all show 

continuous tracer uptake and to confirm that the whole LV is represented. 

 

3.6.3 Left ventricular volume calculation 

The calculation of the LV volumes was carried out by a clinical automatic 

ventricular edge detection software HFV (Heart Function View, Nihon Medi-

Physics Co., Ltd) and is here explained in detail. For each gated image, the 

program HFV automatically defines the heart long axis (HLA) on vertical and 

horizontal long axis views, the valve plane and defines the ventricular centre, 

which is located on the HLA, to separate the apical from the mid-ventricular part 

of the heart. The valve plane is located at the basal onset of tracer 

accumulation and is a plane perpendicular to the HLA. 

The tracer distribution of the LV myocardium of the short axis slices is 

transformed in coordinates, which allows the calculation of the distances from 

the inner, mid-myocardial and outer surface of the myocardial wall to the 

ventricle centre of all short-axis images. The tracer distribution of the apical LV 

myocardium was expressed in spherical polar coordinates, whereas the tracer 

distribution of the basal and mid-ventricular myocardium was transformed into 

circular cylindrical coordinates, assuming a hemispherical shape of the 

myocardial wall around the apex and a cylindroid shape of the basal and mid-

ventricular portions.  
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The three-dimensional count profile (sphere radially) were created for all short 

axis images (see Figure 10, Figure 11, Graph 1). The maximum point of the 

count profile was defined as mid-myocardial surface and the crossing of the 

75% threshold are defined as inner and outer determination line. Through 

interpolating by approximation and the determination of the contour point by 

correcting the extraction point by curve fitting a stable and smoothed contour of 

the borders was shaped automatically by HFV (see Figure 12). 

The definition of the inner and outer myocardial border allows the calculation of 

distances from centre point to the inner and outer surface of the myocardial wall 

and its time dependent variations. Mathematically, the mid-myocardial surface 

is represented for every gate in all three dimensions as an elastic surface. The 

shape of the elastic surface is determined by the distribution of the myocardial 

activity measured and stored within the PET acquisition data. To calculate 

accurate values for the LV volumes, the myocardial surface is assumed to have 

the same properties and react like an elastic membrane.  
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Short axis image of the heart of a ZL 

rat at the mid-ventricular part from 

AMIDE. It shows the LV and the right 

ventricle. The orange arrow was set 

by the programm AMIDE to calculate 

the corresponding line-profile (count 

profile) on this line in the direction of 

the arrow. 

 

 

Corresponding long axis view 

(coronal) of the heart of the ZL rat 

from Figure 10. 

 

 

 

 

Line-profile of the two above shown 

images derived from AMIDE. The 75 

percentage threshold line was added 

to demonstrate the calculation of the 

myocardial boarders by HFV. The two 

big peaks (*) correspond to the LV 

and the smaller right peak (°) 

corresponds to the right ventricle. 
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Line-profile

Line-profile 75%-Threshold

* 

Figure 10 Short-axis image of a ZL rat 
with vector for line-profile. 

Figure 11 Coronal view of a ZL rat 
with vector for line-profile. 

Graph 1 Line-profile of Figure 10 and 
Figure 11. 

* 

° 
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Figure 12 Determination of the myocardial contour by Heart Function View.  

This figure shows a screenshot of the workingplace of the program HFV and an 
enlarged view of three selected slices. It shows a selection of different cuts 
through the LV of a representative ZL rat. According to the upper explination 
HFV detects the myocardial boarder automaticelly by the line-profile curves. 

The images have been rearranged by using Powerpoint 2016 (Microsoft Office 
365 ProPlus). 
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3.7 Evaluation of left ventricular performance 

The evaluation of the LV data was also carried out by HFV, which was designed 

for evaluating the LV function from ECG-gated SPECT in human patients. This 

program enables to provide the systolic and diastolic function parameters by 

analysing the time-volume curve and its first derivation curve (time-filling curve). 

To adjust the animal heart size to the detection software for human study, the 

voxel size of the reconstructed images was magnified by a factor of five. The 

calculated parameters included EDV, ESV, EF, first-third ejection fraction (1/3 

EF), peak filling rate (PFR), first third mean filling rate (1/3 FR), and time to 

peak filling rate (TPR). All calculated parameters and their meaning are shown 

in Table 1. The LV volume values (EDV, ESV and SV) were calculated from the 

LV volume/time curve (Figure 13) and are reported in microliters (µl). The 

values for the LVEF are reported as percentages. The PFR, expressed in 

EDV/s, is the highest detected filling rate during early diastole normalized to the 

EDV and represents the maximum value of the time-filling curve of the diastole. 

The TPF, expressed in milliseconds, is the measured time between the end of 

systole and the detection of the PFR.  Figure 13 shows a representative 

example of the time-volume and time-filling curve from HFV with explanations. 

Further parameters such as CO were calculated manually. 

The ECG-gated PET was the only modality used for the assessment of the LV 

volumes, systolic and diastolic function parameters. 
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Table 1 Parameters from Heart Function View 

Parameter Unit Meaning 

General heart function parameters 

Heart rate (HR) Beats/ 

min 

Average number of registered R-peaks per 

minute 

R-R duration ms Average duration of R-R interval 

Frame duration ms Average duration of the frames 

End-diastole to End-

systole 

ms Time from the highest detected volume to 

the lowest detected volume  

Left ventricular volumes 

End-diastolic volume 

(EDV) 

µl Highest detected volume per cardiac cycle 

End-systolic volume 

(ESV) 

µl Lowest detected volume per cardiac cycle 

Stroke volume (SV) µl Difference between the highest and lowest 

detected volumes 

Systolic parameters 

Ejection fraction (EF) % of 

EDV 

Percentage of the SV compared to the 

EDV 

Cardiac output (CO) µl /min Volume of blood which is ejected by the 

heart per minute 

Peak ejection rate 

(PER) 

ml/s Highest detected ejection rate of the left 

ventricle per second 

Time to peak ejection 

(TPE) 

ms Registered time from the end of diastole to 

the highest registered ejection 

Time to end-systole 

(TES) 

ms Time from end of diastole to the end of 

systole 

1/3 Ejection fraction 

(1/3EF) 

% of 

EDV 

Percentage of ejected volume compared to 

EDV, after one third of the duration of the 

systole 

Diastolic parameters 

Peak filling rate (PFR) ml/s Highest detected filling rate of the left 

ventricle per second 

1/3 Filling rate (1/3 FR) ml/s Ejected volume after one third of the 

diastole per second 

1/3 Filling fraction 

(1/3FF) 

% of 

EDV  

Percentage of intraventricular volume after 

one third of the diastole compared to EDV 

Time to peak filling 

(TPF) 

ms Registered time from the end of systole to 

the detection of the PFR 

Time to peak filling / R-

R duration (TPF cor.) 

ms Time to peak filling in relation to the total 

duration of the cardiac cycle 
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Figure 13 Left ventricular volume curve and left ventricular filling curve.  

This figure shows the average calculated LV time-volume curve (upper curve) 
and its first deviation the time-filling curve (lower curve) of a representative ZL 
rat from HFV. The orange, green and blue arrows and writing were added 
afterwards by using PowerPoint, to visualize how the different parameters were 
calculated from the curves. For the evaluation, the systole and diastole, both 
were separated in three parts of identical duration. The orange arrows are the 
systolic parameters and the green arrows are the diastolic parameters. 

The curves have been generated by the program HFV and were modified by 
using the program Powerpoint 2016 (Microsoft Office 365 ProPlus).  

EDV = end-diastolic volume; ESV = end-systolic volume; SV = stroke volume; 
TPE = time to peak ejection; TES = time to end systole; 1/3ER = first third 
ejection rate, PER = peak ejection rate; PFR = peak filling rate; 1/3FR = first 
third filling rate; TPF = time to peak filling. 
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3.8 Ex-vivo data collection 

Immediately after the ECG-gated 18F-FDG PET acquisition, the animals were 

euthanized by decapitation. The hearts were excised, collected.  

 

3.9 Statistics 

The statistical assessment was carried out by means of Microsoft Excel 2016 

(MSO 32-bit software package). All data are expressed as a mean ± standard 

deviation (SD). To assess the difference in values between the diabetic model 

ZDF rats and the ZL control rats, a two-tailed Student’s t-test was performed.  A 

significant group difference was assumed at a p-value below 0.05.  
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4 Results 

As consequence of an insufficient ECG signal, ECG-gating could not be 

performed in two rats of the model group and thus no valuable heart function 

data could be received for these animals. In addition, sufficient images could 

not be derived in consequence of low count density in one animal of the control 

group, which was caused by an insufficient myocardial FDG uptake. Therefore, 

these three animals were excluded from the following evaluation. 

For the comparison of the LV volumes, systolic and diastolic parameters 

between the ZDF and the ZL rats, only the reconstruction with 16 gates per 

cardiac cycle was used. 

4.1 Animal characteristics 

The body weight of the ZL rats was 289.8 ± 14.7g and of the ZDF rats 382.0 ± 

54.6g. At the time of the PET scan, the weight of the ZDF rats was slightly 

higher than the weight of the ZL rats (P < 0.01). The increased body weight of 

the ZDF rats indicate that ZDF rats have developed obesity at the time point of 

PET. The blood glucose levels were assessed continuously during the 

experiment. The fasting blood glucose level was significantly higher in the 

model group (239.0 ± 77.8 mg/dl) compared to the control group (114.0 ± 14.8 

mg/dl) (P < 0.01). The M-values, calculated by glucose infusion rate between 

FDG injection and completion of PET data acquisition, was significantly lower in 

the ZDF model rats (52.6 ± 30.5 μmol/min/kg) than in the ZL control rats (152.6 

± 27.4 μmol/min/kg) (P < 0.001). These changes in the glucose homeostasis 

reflect systemic insulin resistance in the ZDF model rats and show the 

development of a manifest diabetes at the timepoint of the experiments. The 

data are shown in Table 2.  

4.2 Heart characteristics 

The HR of the rats was registered during the whole PET scan (35 min). The 

ZDF rats showed with 305.7 ± 19.3 beats/min a lower average HR than the ZL 

rats with 329.7 ± 35.5 beats/min, but this difference did not reach a statistical 

significance (P = 0.26). The mean value of the R-R interval calculated from HFV 

was also lower in the ZDF rats compared to the ZL rats (ZDF 183.7 ± 19.3 ms 
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versus ZL 195.4 ± 15.2 ms) (P = 0.27) and the mean frame duration was shorter 

in the ZDF rats (ZDF 11.5 ± 1.2 ms versus ZL 12.2 ± 0.9 ms) (P = 0.26). The 

mean SD of the R-R duration was lower in the ZL rats than in the ZDF rats (ZL 

3.6 ± 1.1 ms versus ZDF 7.9 ± 7.8 ms) (P = 0.24).   
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Table 2 Data for animal characteristics and insulin resistance of ZDF model 

rats and ZL control rats. 

Parameter ZL rats (control) ZDF rats (model) ZDF vs. ZL 

P-value 

Body weight (g) 289.8 ± 14.7 382.0 ± 54.6  < 0.01 

Fasting blood 

glucose (mg/dl) 

239.0 ± 77.8 114.0 ± 14.8  < 0.01 

Mean clamp glucose 

(µl/ml) 

88.0 ± 16.0 6.8 ± 3.3 < 0.001 

M-value 

(µmol/min/kg) 

152.6 ± 27.4 52.6 ± 30.5 < 0.001 

Data are presented as mean values ± SD. 

Table 3 Mean left ventricular function parameters of ZL control rats and ZDF 

model rats.  

Parameter ZL rats(control) ZDF rats (model) ZDF vs. ZL 

P-value 

Heart rate 

(bts/min) 

329.7 ± 35.5 308.7 ± 24.1 0.26 

R-R (ms) 183.7 ± 19.3 195.4 ± 15.2 0.27 

Frame Duration 

(ms) 

11.5 ± 1.2 12.2 ± 0.9 0.26 

SD R-R (ms) 3.6 ± 1.1 7.9 ± 7.8 0.24 

Data are presented as mean values ± SD. 
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4.3 Cardiac images 

The images of the heart are exported from AMIDE and HFV. They represent the 

number of counts, generate through the decay of Fluorine-18 (18F), and thus the 

distribution of 18F-FDG in the whole body, encoded in colour. Figure 14 shows 

a coronal and a sagittal picture of the whole FOV of a representative ZL rat and 

further demonstrates a high FDG uptake in the eyes, the brain and the heart of 

the rat. Lower uptake could be visualized in the muscles and the kidneys (see 

Figure 14). 

For the evaluation of the LV morphology, the whole-body images were rotate 

and focused on the heart to receive an optimal view of the LV in all three axes 

(see Figure 15). All hearts of both the control and model group showed a 

continuous FDG uptake of the whole myocardium. No scar could be detected. 

In some rats, the right ventricle, which shows a distinct lower 18F-FDG uptake 

as consequence of the thinner myocardial wall, could also be visualized (see 

Figure 15). Accordingly, glucose metabolism assessed by 18F-FDG uptake 

demonstrated vital myocardium in the whole heart of all ZDF and ZL rats.  

Figure 16 shows a representative selection of gated short axis images from 

apical to the base in a representative ZL control rat at end-systole (ES) and 

end-diastole (ED). The gated short axis images demonstrate the thickening of 

the myocardial wall in the systole as result of the contraction and its thinning 

during diastole in the process of relaxation. The myocardial wall is thickened at 

the time point of ES and thinned at the point of ED. The intraventricular 

diameter and thus the intraventricular blood volume are higher at the ED than at 

ES (compare to Figure 16). In Figure 17 gated short axis images of every gate 

of the cardiac cycle are shown together with the according time-volume and 

time-filling curve. This image sequence demonstrates the motion of the LV walls 

and the LV volume changes during the entire cardiac cycle. Also, the thickening 

of the LV is demonstrated. Figure 18 shows the three-dimensional 

reconstruction of the heart at ES and ED of the same control rat like in Figure 

17 out of three different perspectives. The distance between the outer and inner 

myocardial border is higher during the systole, what demonstrates the 

contraction and thereby the thickening of the myocardial wall during systole. 
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Furthermore, the contraction and thereby the reduction of the LV volume in the 

systole is shown. The intraventricular volume is distinct higher at the time point 

of ED than at the time-point of ES.  

# # 

↑ * 

º 

* 

Figure 14 Image of the whole field of view. 

Image of the whole FOV of a ZL rat in coronal (A) and in sagittal (B) view 
derived from the software AMIDE. The heart (*) and the eyes (#) are showing 
the highest FDG-uptake. Also the muscles (↑) and the kidney (º) are visible. 

These images have been generated using AMIDE and modified by using 
Powerpoint 2016 (Microsoft Office 365 ProPlus). 
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Figure 15 Reconstructed rearranged non gated images of the heart. 

Reconstructed non gated PET images of the rotated heart of a ZL rat in sagittal 
(A) and coronal (B) long axis view and in eight short axis transverse pictures 
(from the apex C to the base K) exported from AMIDE. The LV (*) is showing a 
high number of counts and thus a high 18F-FDG uptake in the myocardial wall. 
The right ventricle (#) is also visible, but shows a distinct lower 18F-FDG uptake, 
which is caused by its lower wall thickness. The heart apex is marked with a ↑ 
and the heart base with a ↓ in the long axis images (A+B). 
The heart is showing a homogenous 18F-FDG uptake in all images. No scar 
could be detected.  

These images have been generated using AMIDE and modified by using 
Powerpoint 2016 (Microsoft Office 365 ProPlus). 
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Figure 16 Rearranged gated images of the heart. 

Gated images of the heart of a ZL rat during the ES (A-F) and ED (G-L) phase 
in coronal (A, G) and sagittal (B, H) and in short axis slices (C-F and I-L) at 
different high of the heart, form close to the apex (C and I) to the base (F and 
L). 

These images have been generated using AMIDE and modified by using 
Powerpoint 2016 (Microsoft Office 365 ProPlus). 
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  Figure 17 Time-volume curve and Time-filling curve of one ZL rat and the 
according gated short axis images. 

Time-volume curve and its first derivation, the Time-filling curve, of one ZL rat 
generated by HFV. The points on the curve mark the calculated volumes of 
each gate. Gated short axis images of the same mid-ventricular part of the 
heart were generated for each gate by AMIDE. The pictures are ordered 
according to the Time-volume curve. Picture seven marks the timepoint with the 
least blood volume in the LV and is the time point of ES. Picture 16 marks the 
time-point with the highest LV volume and is according the EDV. 
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Figure 18 Three-dimensional reconstruction of the left ventricle. 

Three-dimensional reconstructed model of the LV of one ZL rat at the time-point 
of ES (A-C) and ED (D-F), derived from HFV. The LV is shown in anterior (A, D), 
lateral (B, E) and apex (C, F) view. The net surface is representing the outer 
border of the LV myocardial wall and the colour surface represents the inner or 
endocardial border of the myocardium. The volume enclosed by the inner 
myocardial wall represents the intraventricular blood volume.  

Ant. = anterior; lat. = lateral; inf. = inferior; sep. = septal. 

These images have been generated using HFV and modified by using 
Powerpoint 2016 (Microsoft Office 365 ProPlus). 
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4.4 Reconstruction and histogramming time 

The average time which was required for reconstruction and histogramming of 

all rats with different numbers of frames per cardiac cycle is shown in Graph 2. 

In all reconstructions the acquired time for histogramming was higher than the 

required time for the reconstruction.  

The average total time required for histogramming and reconstruction was for 

16 bins 52 minutes and 57 seconds (reconstruction time: 47 min and 20 s; 

histogramming time: 5 min and 37 s), for twelve bins 41 minutes and 27 

seconds (reconstruction time: 37 min and 17 s; histogramming time: 4 min and 

10 s), for eight bins 27 minutes and 31 seconds (reconstruction time: 24 min 

and 55 s; histogramming time: 2 min and 36 s) and for four bins 15 minutes and 

33 seconds (reconstruction time: 14 min and 15 s; histogramming time: 1 min 

and 18 s), respectively. The time for reconstruction and histogramming 

increases with the number of gates per cardiac cycle.  
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Average time of image histogramming and reconstruction for all rats 
(n=12) with different numbers of frames per cardiac cycle 

Number of 
frames/cycle 

Time in hh:mm:ss 

00:14:15

00:24:55

00:37:17

00:47:20

00:01:18

00:02:36

00:04:10

00:05:37

0:00:00 0:15:00 0:30:00 0:45:00 1:00:00

4

8

1 2

1 6

Histo Reconstruction

Graph 2 Average image reconstruction and histogramming time. 

This graph shows the average time (in hh:mm:ss), which was required to 
transform the list mode data of the PET scan with ECG recording in histogram 
files according to the number of bins (blue part of the bars) and to reconstruct 
these scan-files (sinograms) into an image data (orange part of the bar) of all 
rats (ZDF and ZL, n=12). 
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4.5 Influence of gates per cardiac cycle on the LV volumes and function 

parameters 

All values from HFV of each reconstruction of all rats (controls and models) 

were calculated and compared to the reconstruction with 16 gates per cycle 

since these data provides the best temporal resolution. All the calculated values 

are shown in Table 4 and Table 5. The values which differ significantly between 

the different reconstructions are shown more detailed below. 

Short axis and long axis images at different timepoints of the cardiac cycle were 

acquired and compared to evaluate the difference in the spatial resolution. The 

spatial resolution of the myocardial wall was higher in the images of the 

reconstruction with only four images per cardiac cycle than in all the other 

reconstructions. The images of the reconstructions with 16 gates per cardiac 

cycle showed the lowest spatial resolution. 

Figure 20 shows a selection of transversal and coronal images of a control rat 

at ES and ED. For all reconstructions, a continuous 18F-FDG uptake in the 

whole myocardium was detected. It demonstrates that with an increasing 

number of frames per cardiac cycle the spatial resolution as consequence of the 

lower count number is decreasing. 

The time-volume and time-filling curves of the reconstructions with four, eight, 

twelve and 16 gates per cardiac cycle were generated and compared (see 

Figure 19). The calculated intraventricular volumes of the reconstructions with 

only four gates per cardiac cycle where far of the calculated time-volume curve, 

which furthermore showed a wavelike course (compare Figure 19a). With 

increasing number of gates per cardiac cycle the time volume curve is 

becoming smoother. The temporal resolution and thereby the accuracy of the 

time-volume curve is increasing with the number of gates acquired per cardiac 

cycle.  
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Figure 19 Time-volume and time-filling curves of the same ZL rat from HFV, 
reconstructed with a different number of bins.  

This figure shows the time-volume curve and the time-filling curve calculated 
from HFV of the reconstructions with a) four, b) eight, c) twelve and d) 16 gates 
per cardiac cycle modified using Powerpoint 2016 (Microsoft Office 365 
ProPlus). The white spots are the calculated intraventricular volume of the LV of 
each gate. The yellow line is the time-volume curve, which was calculated 
based on the single volume values of each gate. It demonstrates that the curve 
is more exact or better fitted the more gates per cardiac cycle exist. (EDV = end 
diastolic volume) 
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Figure 20 Long- and short axis view at end-systole and end-diastole with 
different numbers of bins.  

This figure shows a short-axis view (transversal) of the mid-ventricular part and 
a long-axis view (coronal) of the same ZL rat at the ES and ED reconstructed 
with a different number of gates per cardiac cycle derived from the program 
AMIDE. 
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4.5.1 Left ventricular volumes and ejection fraction 

The reconstruction with four gates (353.8 ± 57.7µl, p < 0.01) and with eight 

gates (380.3 ± 57.2µl, p < 0.05) per cardiac cycle delivered a significant 

different average EDV than the reconstruction with 16 gates (444.8 ± 75.3µl). 

No significant differences concerning the average EDV could be found between 

the reconstruction with twelve gates (398.0 ± 63.1µl, p = 0.11) and with 16 

gates per cardiac cycle (see Graph 3). The average ESV is increasing with the 

number of gates except from the calculation with only four gates/cycle (see 

Graph 4). No significant differences concerning the average ESV could be 

found between the reconstructions compared to the reconstruction with 16 

gates (four gates: 168.3 ± 35.3µl; p = 0.67, eight gates: 156.9 ± 34.5µl; p = 

0.24, twelve gates: 159.1 ± 35.2µl; p = 0.31, 16 gates: 174.6 ± 38.4µl). The 

average SV is increasing with the number of gates. The comparison with the 16 

gates reconstruction revealed that the SV calculated from the reconstruction 

with four (185.5 ± 31.6µl; p < 0.01) and eight (223.5 ± 28.9µl; p < 0.01) bins was 

significantly lower than the SV calculated with 16 gates per cycle (270.2 ± 

45.1µl). No significant differences concerning the average SV could be found 

between the reconstruction with twelve gates and with 16 gates per cardiac 

cycle (238.9 ± 32.0µl; p = 0.06) (see Graph 5). The average LVEF is increasing 

with the number of gates. The comparison revealed that the average LVEF 

calculated from the reconstruction with four bins (52.7 ± 5.1%; p <0.01) was 

significantly lower than the EF calculated with 16 gates per cycle (61.0 ± 4.4%). 

No significant differences concerning the average EF could be found between 

the reconstruction with eight (59.1 ± 4.3%; p = 0.30) and twelve gates (60.4 ± 

3.9%; p = 0.73) compared with 16 gates per cardiac cycle (see Graph 6). All 

values are shown in Table 4. 
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Table 4 Comparison of the left ventricular volumes between the 

reconstructions 

No. of bins 4 vs 16 8 vs 16 12 vs 16 16 

EDV (µl) 353.8 

± 57.7 

p < 

0.01 

380.3 

± 57.2 

p < 

0.05 

398.0 

± 63.1 

p = 

0.11 

444.8 

± 75.3 

ESV (µl) 168.3 

± 35.3 

p = 

0.68 

156.9 

± 34.5 

p = 

0.24 

159.1 

± 35.2 

p = 

0.31 

174.6 

± 38.4 

SV (µl) 185.5 

± 31.6 

p < 

0.01 

223.5 

± 28.9 

p < 

0.01 

238.9 

± 32.0 

p = 

0.06 

270.2 

± 45.1 

EF (%) 52.7 ± 

5.1 

p < 

0.01 

59.1 ± 

4.3 

p = 

0.30 

60.4 ± 

3.9 

p = 

0.72 

61.0 ± 

4.4 

Data are presented as mean values ± SD. EDV = end-diastolic volume; ESV = 

end-systolic volume; SV = stroke volume; EF = ejection fraction. 
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Graph 3 Average End-diastolic volume of all rats.  

This graph shows the average calculated LV EDV from HFV of all rats (controls 
and models, n = 12) reconstructed with four, eight, twelve and 16 gates per 
cardiac cycle. The average EDV is increasing with the number of gates. Since 
the reconstruction with 16 bins provides the best temporal resolution, the 
differences between the other reconstructions and the one with 16 gates per 
cycle was made. 

(EDV = end-diastolic volume; * = p < 0.05; ** = p < 0.01; ns = non-significant) 
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Graph 4 Average End-systolic volume of all rats.  

This graph shows the average calculated LV ESV from HFV of all rats (controls 
and models, n = 12) reconstructed with four, eight, twelve and 16 gates per 
cardiac cycle. Since the reconstruction with 16 bins provides the best temporal 
resolution, the differences between the other reconstructions and the one with 
16 gates per cycle was made. 

(ESV = end-systolic volume ; ns = non-significant) 
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Graph 5 Average Stroke volume of all rats.  

This graph shows the average calculated SV from HFV of all rats (controls and 
models, n = 12) reconstructed with four, eight, twelve and 16 gates per cardiac 
cycle. Since the reconstruction with 16 bins provides the best temporal 
resolution, the differences between the other reconstructions and the one with 
16 gates per cycle was made. 

(SV = stroke volume; ** = p < 0.01; ns = non-significant). 
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Graph 6 Average Ejection Fraction of all rats.  

This graph shows the average calculated LV EF in percent, calculated by HFV 
of all rats (controls and models, n = 12) reconstructed with four, eight, twelve 
and 16 gates per cardiac cycle. Since the reconstruction with 16 bins provides 
the best temporal resolution, the differences between the other reconstructions 
and the one with 16 gates per cycle was made. 

(SV = stroke volume; ** = p < 0.01; ns = non-significant) 
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4.5.2 Systolic parameters 

The comparison of the systolic parameters between the reconstructions with 

different numbers of gates per cardiac cycle revealed no significant difference 

for the 1/3 EF (four bins: 28.6 ± 6.7%; p = 0.08, eight bins: 21.8 ± 3.6%; p = 

0.30, twelve bins: 24.2 ± 5.7%; p = 0.92, 16 bins: 23.9 ± 6.3%) and the TPE 

(four bins: 24.8 ± 5.8ms; p = 0.10, eight bins: 33.0 ± 5.2ms; p = 0.27, twelve 

bins: 29.6 ± 8.5ms; p = 0.96, 16 bins: 29.8 ± 8.2ms) for all reconstructions 

compared to the one with 16 gats per cycle. The TES was significantly lower in 

the reconstruction with four bins (57.9 ± 12.1ms; p < 0.01) than in the 

reconstruction with 16 bins (80.0 ± 9.1ms). No significant difference for the TES 

could be demonstrated concerning the reconstructions with eight (75.5 ± 

10.0ms; p = 0.26) and twelve bins (77.9 ± 7.6ms; p = 0.55) compared to the one 

with 16 bins. Also, the PER was significantly lower in the reconstruction with 

four bins (9.8 ± 1.0ml/s; p< 0.01) than in the reconstruction with 16 bins (11.7 ± 

1.4ml/s), but not in the reconstructions with eight (11.6 ± 1.5ml/s; p = 0.84) and 

twelve bins (11.5 ± 1.3ml/s; p = 0.76). A significant lower 1/3 ER was found in 

the comparison of the reconstruction with four gates per cardiac cycle (9.4 ± 

1.1ml/s; p < 0.01) and 16 gates per cardiac cycle (11.1 ± 1.6ml/s). No significant 

difference could be shown concerning the 1/3 ER of the reconstructions with 

eight (10.8 ± 1.7ml/s; p = 0.71) and twelve bins (11.0 ± 1.5 ml/s; p = 0.98) 

compared to the one with 16 bins. All systolic parameters of the four 

reconstructions are also shown in Table 5. 

4.5.3 Diastolic parameters 

A significant lower PFR could be detected for the values of the reconstruction 

with four bins (8.5 ± 0.9ml/s; p < 0.01) compared to the reconstruction with 16 

bins (11.2 ± 1.3ml/s). No significant difference could be found between the 

values of the eight bins (10.7 ± 1.2ml/s; p = 0.84) and twelve bins (10.9 ± 

1.0ml/s; p = 0.76) reconstructions when compared to the reconstruction with 16 

frames per cardiac cycle (see Graph 7). The comparison revealed that the 

corrected TPF (TPF cor.) calculated from the reconstruction with four (0.34 ± 

0.03; p < 0.01) and eight bins (0.24 ± 0.02; p < 0.01) was significantly lower 

than the TPF (cor.) calculated with 16 gates per cycle (0.20 ± 0.02). No 
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significant differences concerning the average TPF (cor.) could be found 

between the reconstruction with twelve gates (0.22 ± 0.03; p = 0.13) and with 16 

gates per cardiac cycle (see Graph 8).  No significant differences could be 

detected for the 1/3 FF between the values from the four (37.3 ± 7.1%; p = 

0.58), eight (35.9 ± 4.5%; p = 0.20) and twelve (37.4 ± 5.7%; p = 0.58) frames 

reconstruction in comparison to value from the reconstruction with 16 frames 

per cycle (38.8 ±  6.3%)(see Graph 9). Concerning the 1/3 FR, a significant 

difference could be demonstrated between the reconstruction with four bins (6.9 

± 1.0ml/s; p < 0.01)  and 16 bins (11.0 ± 1.4ml/s), but not between the 

reconstructions with eight (10.1 ± 1.4ml/s; p = 0.13) and twelve bins (10.5 ± 

0.8ml/s; p = 0.55) compared to the one with 16 bins. All diastolic parameters of 

the reconstructions are also shown in Table 5. 
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Table 5 Comparison of the systolic and diastolic parameters between the 

reconstructions. 

No. of bins 4 vs 16 8 vs 16 12 vs 16 16 

Systolic parameters 

EDtoES (msec) 93.7 ± 

9.5 

p < 

0.01 

87.3 ± 

11.8 

p = 

0.30 

79.2 ± 

6.3 

p = 

0.17 

83.0 ± 

7.0 

1/3 EF (%) 28.6 ± 

6.7 

p = 

0.08 

21.8 ± 

3.6 

p = 

0.30 

24.2 ± 

5.7 

p = 

0.92 

23.9 ± 

6.3 

TES (msec) 57.9 ± 

12.1 

p < 

0.01 

75.5 ± 

10.0 

p = 

0.26 

77.9 ± 

7.6 

p = 

0.55 

80.0 ± 

9.1 

PER (ml/sec) 9.8 ± 

1.0 

p < 

0.01 

11.6 ± 

1.5 

p = 

0.84 

11.5 ± 

1.3 

p = 

0.76 

11.7 ± 

1.4 

TPE (msec) 24.8 ± 

5.8 

p = 

0.10 

33.0 ± 

5.2 

p = 

0.27 

29.6 ± 

8.5 

p = 

0.96 

29.8 ± 

8.2 

1/3 ER (ml/sec) 9.4 ± 

1.1 

p < 

0.01 

10.8 ± 

1.7 

p = 

0.71 

11.0 ± 

1.5 

p = 

0.98 

11.1 ± 

1.6 

Diastolic parameters 

TPF (ms) 63.9 ± 

7.5 

p < 

0.01 

46.2 ± 

6.0 

p < 

0.01 

40.3 ± 

6.2 

p = 

0.23 

37.7 ± 

4.2 

TPF/R-R 0.34 ± 

0.03 

p < 

0.01 

0.24 ± 

0.02 

p < 

0.01 

0.22 ± 

0.03 

p = 

0.13 

0.20 ± 

0.02 

1/3 FR (ml/s) 6.9 ± 

1.0 

p < 

0.01 

10.1 ± 

1.4 

p = 

0.13 

10.5 ± 

0.8 

p = 

0.38 

11.0 ± 

1.4 

PFR (ml/s) 8.5 ± 

0.9 

p < 

0.01 

10.7 ± 

1.2 

p = 

0.36 

10.9 ± 

1.0 

p = 

0.55 

11.2 ± 

1.3 

1/3 FF (%) 37.3 ± 

7.1 

p = 

0.58 

35.9 ± 

4.5 

p = 

0.20 

37.4 ± 

5.7 

p = 

0.58 

38.8 ± 

6.3 

Data are presented as mean values ± SD. EDtoES = End-diastole to End-

systole ; 1/3EF = 1/3 Ejection fraction;  TES = Time to end-systole; PER = 

peak ejection rate; TPE = time to peak ejection; 1/3ER = first third ejection 

rate; TPF = time to peak filling; 1/3FR = first third filling rate; PFR = peak 

filling rate; 1/3 FR = 1/3 Filling rate. 
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Graph 7 Average peak-filling-rate of all rats.  

This graph shows the average calculated PFR in ml/s from HFV of all rats 
(controls and models, n = 12) reconstructed with four, eight, twelve and 16 
gates per cardiac cycle. Since the reconstruction in 16 bins provides the best 
temporal resolution, the differences between the other reconstructions and the 
one with 16 gates per cycle has been investigated. 

(EDV = end-diastolic volume ; ** = p < 0.01; ns = non-significant p > 0.05)
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Graph 8 Average corrected time to peak-filling of all rats. 

This graph shows the average calculated corrected TPF in ms from HFV of all 
rats (controls and models, n = 12) reconstructed with four, eight, twelve and 16 
gates per cardiac cycle. Since the reconstruction in 16 bins provides the best 
temporal resolution, the differences between the other reconstructions and the 
one with 16 gates per cycle was made. 

(** = p < 0.01; ns = non-significant p > 0.05) 
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B A 

 

Graph 9 Average one third filling fraction of all rats. 

This graph shows the average calculated 1/3FF of the LV in percent of the EDV 
from HFV of all rats (controls and models, n = 12) reconstructed with four, eight, 
twelve and 16 gates per cardiac cycle. Since the reconstruction in 16 bins 
provides the best temporal resolution, the differences between the other 
reconstructions and the one with 16 gates per cycle was made. 

(EDV = end-diastolic volume; ns = non-significant p > 0.05) 
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4.6 Left ventricular volumes comparison 

The LV volumes were calculated by HFV directly from the time/volume curve. 

Only the values from the reconstruction with 16 bins per cardiac cycle were 

used for the comparison. The EDV represents the highest detected blood 

volume in the LV during a heart cycle and thereby the maximum volume of the 

LV prior to contraction. The mean EDV measured in the ZL rats (410.8 ± 60.3µl) 

was lower than the average EDV of the ZDF rats (478.8 ± 77.9µl) (P = 0.12) 

(see Graph 10). On the other hand, the ESV represents the lowest volume 

which could be detected during the cardiac cycle. The average ESV was with 

155.1 ± 31.4µl also lower in the ZL rats than in the ZDF rats with 194.1 ± 36.6µl 

(P = 0.08) (see Graph 11). The mean value of the SV, which is the difference 

between these two values, did only differ a little between the two groups, and 

was with 255.7 ± 36.4µl in the ZL rats lower than in the ZDF rats with 284.7 ± 

51.6µl (P = 0.29). Even if slightly differences between the LV volumes of the ZL 

and the ZDF rats could be detected, none of these differences reached a 

statistical significance (compare to Graph 10). The volume values are all shown 

in Table 6. 

  

Table 6 Mean Left ventricular volumes of the ZL control rats and the ZDF 

model rats. 

Parameter ZL rats(control) ZDF rats (model) ZDF vs. ZL 

P-value 

EDV (µl) 410.8 ± 60.3 478.8 ± 77.9 0.12 

ESV (µl) 155.1 ± 31.4 194.1 ± 36.6 0.08 

SV (µl) 255.7 ± 36.4 284.7 ± 51.6 0.29 

Data are presented as mean values ± SD. EDV = end diastolic volume; ESV 

= end systolic volume; SV = stroke volume. 
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4.7 Systolic function parameters 

The most common way for estimations of the systolic function is the 

measurement of the LVEF, which is the fraction of the EDV that is ejected with 

each beat. The LVEF calculated by HFV from the time-volume curve was 62.5 ± 

4.2 % of the EDV in the ZL rats and 59.4 ± 4.5 % in the ZDF rats (P = 0.25). No 

significant difference could be found between the LVEF of the two groups 

(compare to Graph 10). Also, the 1/3 EF, which is the volume ejected after the 

first third of the systolic phase in relation to the EDV was nearly the same in the 

both groups (ZL 23.5 ± 5.3 % versus ZDF 24.4 ± 7.1 %) (P = 0.25) (see Graph 

10). The normal systolic function in the ZDF rats is further supported by the 

average value for the CO of the ZDF rats (90917.2 ± 14074.9 µl/min), which 

was even a little bit higher than the average CO of the ZL rats (85208.1 ± 

17511.4 µl/min) (P = 0.90)(see Graph 10). 

More systolic parameters were calculated by HFV from the time-filling curve. 

The average duration of the systole (EDtoES) measured by HFV was almost 

similar in the ZL rats (82.3 ± 9.2ms) and in the ZDF rats (83.7 ± 4.8ms) (P = 

0.74), even if the HR was lower in the ZDF rats. The mean PER, referred as the 

highest detected ejection rate, was with 12.2 ± 1.6ml/s in the ZL rats higher but 

not significantly higher than in the ZDF rats with 11.1 ± 1.0ml/s (P = 0.16). The 

average 1/3 ER of the ZL rats was also slightly higher with 11.6 ± 1.4ml/s than 

the mean value of the ZDF rats with 10.4 ± 1.9ml/s (P = 0.23), but this 

difference didn’t reach statistical significance. The time from ED till ES is the 

TES, which was similar in the both groups with 80.4 ± 10.5ms in the ZL rats and 

79.2 ± 8.5ms in the ZDF rats. Also, the TPE did not differ significantly between 

the two groups with 30.1 ± 6.6ms in the ZL rats and 29.8 ± 11.0ms in the ZDF 

rats (P = 0.95). 

In conclusion, no significant difference could be detected for any systolic 

parameter that has been measured. This shows a normal similar systolic 

function in both groups. All systolic parameters are shown in Table 7. 
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Table 7 Mean systolic function parameters of the ZL control rats and the ZDF 

model rats. 

Parameter ZL rats(control) ZDF rats (model) ZDF vs. ZL 

P-value 

EDtoES (ms) 82.3 ± 9.2 83.7 ± 4.8 0.74 

EF (%) 62.5 ± 4.2 59.4 ± 4.5 0.25 

1/3 EF (%) 23.5 ± 5.3 24.4 ± 7.1 0.81 

CO (µl/min) 85208.1 ± 

17511.4 

90917.2 ± 

14074.9 

0.90 

TES (ms) 80.4 ± 10.5 80.3 ± 8.6 0.99 

PER (ml/s) 12.2 ± 1.6 11.1 ± 1.0 0.16 

TPE (ms) 30.1 ± 6.6 29.8 ± 11.0 0.95 

1/3 ER (ml/s) 11.6 ± 1.4 10.4 ± 1.9 0.23 

Data are presented as mean values ± SD.  EStoED = end-systole to end-

diastole; EF = ejection fraction; CO = cardiac output; TES = time to end 

systole; TPE = time to peak ejection; ER = ejection rate; PER = peak ejection 

rate 
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Graph 10 Left ventricular volume and systolic function parameters. 

No significant difference could be detected between the ZDF (n = 6) and 
the ZL rats (n = 6) concerning the EDV (a), ESV (b), stroke volume (c), 
LVEF (d) and CO (e). 
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4.8 Diastolic function parameters 

The diastolic function is characterized by the filling dynamic of the ventricles. 

The filling parameters were all derived from the time-filling curve calculated by 

HFV. The average duration of the diastolic phase, calculated by subtracting the 

EDtoES from the R-R-duration of each rat, was comparable between the two 

groups with 101.4 ± 14.7ms in the ZL rats and 104.3 ± 9.7ms in the ZDF rats (P 

= 0.24).  

The average percentage volume of the EDV, which has been sucked into the 

ventricle after the first third of the diastole, the 1/3 FF was nearly the same in 

both groups with 38.8 ± 3.8% of the EDV in the ZL rats and 38.8 ± 8.6% of the 

EDV in the ZDF rats (P = 0.99) (see Graph 11). The PFR, as highest detectable 

inflow during the diastole, was always detected during the early filling and was 

with 12.0 ± 0.8ml/s significantly higher in the ZL rats than in the ZDF rats, which 

had a mean PFR of 10.2 ± 1.1ml/s (P < 0.01) (see Graph 11). Also, the 1/3 FR 

was significantly lower in the ZDF rats than in the ZL rats (ZL 12.0 ± 0.8ml/sec 

versus ZDF 9.9 ± 1.3ml/sec) (P < 0.01) (Graph 11). The time to the detection of 

the PFR, the TPF was also significantly longer in the ZDF rats compared to the 

ZL rats (ZL 35.5 ± 2.6ms versus ZDF 40.2 ± 4.5ms) (P < 0.05). But since the 

average HR and the average R-R duration were lower in the ZDF rats, a 

correction for the TPF to the R-R duration was performed to compare this value 

reasonably between the two groups. After this correction, the TPF corrected 

was only slightly longer in the ZDF rats and no significant difference could 

anymore be detected between the TPF of the two groups (0.19 ± 0.01 (ZL) 

versus 0.21 ± 0.02 (ZDF); p = 0.33) (compare Graph 11). These differences are 

indicating an impaired filling of the LV during the early filling phase. All diastolic 

parameters are also shown in Table 8.  

Even if the calculated systolic parameters did not show any statistically 

significant difference between the two groups, the PFR, which occurs during the 

first half of the ventricular filling, was significantly lower in the ZDF rats than in 

the ZL rats. This demonstrated the presence of a diastolic filling abnormality in 

the ZDF rats, which is not present in the ZL rats, but a comparable systolic 

function.  
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Table 8 Mean left ventricular diastolic function parameters of ZL control rats 

and ZDF model rats. 

Parameter ZL rats(control) ZDF rats (model) ZDF vs. ZL 

P-value 

EStoED (ms) 101.4 ± 14.7 104.3 ± 9.7 P = 0.24 

TPF (ms) 35.5 ± 2.6 40.2 ± 4.5 < 0.05 

TPF cor. 0.19 ± 0.01 0.21 ± 0.02 0.33 

1/3 FR (ml/s) 12.0 ± 0.8 9.9 ± 1.3 < 0.01 

PFR (ml/s) 12.0 ± 0.8 10.2 ± 1.1 < 0.01 

1/3 FF (%) 38.8 ± 3.8 38.8 ± 8.6 0.99 

Data are presented as mean values ± SD. Statistically significant parameters 

are written in fat. EStoED = end-systole to end-diastole; TPF = time to peak 

filling; 1/3 FR = 1/3 filling rate; PFR = peak filling rate; 1/3FF = 1/3 filling 

fraction. 
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Graph 11 Left ventricular diastolic parameters.  

These graphs show the average TPF (a), the average TPF cor. (b), the average 
PFR (c) and the average 1/3 FR (d) of the ZL (n = 6) and the ZDF rats (n = 6). 

 (EDV = end-diastolic volume, ns = not significant p > 0.05; * = p < 0.05; ** = p < 
0.01) 
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5 Discussion 

The imaging and evaluation of small animal hearts is more challenging than the 

imaging of human hearts, since the imaging of small animals is complicated by 

the small heart size and the higher HR. Several groups have investigated the 

utility of the ECG-gated PET in the assessment of LV volumes and EF in 

humans and found great accordance between the results of ECG-gated PET 

and the reference method of choice (MRI, ECHO) [10, 111, 112]. But since 

animal models of different cardiovascular diseases are indispensable to study 

the effects of therapies and interventions, an accurate determination of the LV 

volumes, systolic and diastolic parameters of these animal models are of great 

interest. 

The objective of this study was to investigate the applicability of ECG-gated 18F-

FDG PET for the assessment of global LV function in healthy control rats and 

diseased diabetic rats at the age of 13 weeks and further to determine its 

potential in the detection of a DD in a diabetic rat model. ECG-gated 18F-FDG 

PET enables an evaluation of both anatomic-functional and molecular 

characteristics of the heart through a single imaging modality and, moreover, 

under reproducible physiologic conditions.  

Furthermore, the time which is needed for the reconstruction and 

histogramming process for the different number of utilized frames per cardiac 

cycle was measured and the impact of the number of frames per cardiac cycle 

on the calculated systolic and diastolic parameters was investigated.  

To the best of our knowledge, the present work is the first which could detect a 

DD with preserved systolic function in a small animal model by using ECG-

gated 18F-FDG PET and the first which compared the influence of the number of 

bins per cardiac cycle on the values of the diastolic parameters in a small 

animal model. 
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5.1 Methods used 

5.1.1 Animal preparation 

The animals in this study had free access to food and water until about ten 

hours prior to the 18F-FDG injection. Also, the animals underwent 

hyperinsulinemic-euglycemic clamp procedure to keep the blood glucose level 

stable (70 to 100mg/ml) during the whole scan to enhance the cardiac 18F-FDG 

uptake [51, 55] and to standardize the metabolic conditions for all animals. In 

previous reports by Stegger et al. [9] and Croteau et al [113] the animals did not 

receive a special treatment except a subcutaneous injection of dextrose to 

increase the myocardial 18F-FDG uptake. Other investigators performed 

different pre-treatments including acipimox injection [114], insulin/glucose 

injection [115] and prolonged fasting [116, 117] and received also a suitable 18F-

FDG uptake in the myocardium. 

In the here presented study, 18F-FDG PET was performed in a rat model of 

T2DM, which is a medical condition characterized by impaired glucose 

metabolism of the cardiomyocytes [13, 118, 119]. Under physiological resting 

conditions, most energy in the cardiomyocytes derives from the oxidation of 

long chain-fatty acids and only around 20 to 30% derive from glucose 

metabolism [15, 120]. As consequence of the peripheral insulin resistance, this 

percentage gets even smaller in diabetic hearts [100]. The group around van 

den Brom [100] reported a decreased insulin-mediated myocardial glucose 

uptake in ZDF rats at eleven weeks of age. This finding demonstrates that 18F-

FDG PET imaging is more challenging in diabetic subjects and a special 

preparation is crucial to receive a sufficient 18F-FDG uptake and good image 

quality for the border delineation of the myocardial wall. In this study, it could be 

demonstrated that through a prolonged fasting period of ten hours and the 

performance of hyperinsulinemic-euglycemic clamp procedure during the PET 

acquisition the FDG uptake was high enough even for a low 18F-FDG injection 

dose (39.4 ± 3.1 MBq) to receive good images and to sufficient determine the 

LV myocardial wall in both diabetic and non-diabetic animal models. 
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5.1.2 Insulin resistance data 

This study showed that ZDF rats develop diabetes at young age (13 weeks). 

The measured fasting blood glucose at the timepoint of the experiments was 

significantly higher and the glucose clearance (M-value) was significantly lower 

in the ZDF model rats than in the ZL controls. This shows that ZDF rats have 

developed a global insulin resistance. Our findings are in concordance with the 

reports of different studies, who studied ZDF rats at different age [96, 100, 103, 

121]. 

5.1.3 Use of HFV (Parameters) 

In this study, a novel software HFV from Nihon Medi-physics Co. was used to 

evaluate the LV function from ECG-gated 18F-FDG PET in rats, which was 

originally designed for the determination of both LV systolic and diastolic 

function from ECG-gated myocardial perfusion SPECT in humans by analysing 

the time-volume curve of the LV [122]. Nakae et al. [122] investigated the 

clinical usefulness of HFV by calculating LV parameters from ECG-gated 

myocardial perfusion SPECT of 60 patients with HFV and comparing the 

calculated parameter to those derived from QGS, cardioGRAF and tissue 

Doppler echocardiographic. They found a good correlation for the LV volumes 

and EF between HFV, QGS and cardioGRAF, that was clearly significant (HFV 

and QGS: EDV: R = 0.99; ESV: R = 0.99; EF: R = 0.96; HFV and cardioGRAF: 

EDV: R = 0.95; ESV: R = 0.96; EF: R = 0.93). Additionally, good correlations 

were observed between the values of LV EF, EDV and ESV derived from HFV 

and echocardiography. However, the calculated mean LV volumes and EF differ 

significantly between these three software solutions.  

The diastolic parameters obtained from HFV were compared with those from 

cardioGRAPF and showed good correlations between the two software. 

Furthermore, a good correlation between the parameters of tissue Doppler 

echocardiography (E/e’) and PFR calculated by HFV was observed. In 

conclusion, they showed that HFV is an adequate program for the assessment 

of diastolic function parameters in human patients. 
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This study is the first, which shows that HFV is also a useful program for the 

calculation of the LV diastolic and systolic function parameters in rats. Of 

course, further studies are required, which compare the parameters from HFV 

to those from different programs designed for gated imaging and to those from 

other independent techniques.  

 

5.2 Reconstruction and histogramming time 

The comparison of the average reconstruction and histogramming time of the 

reconstructions with different numbers of gates from the list-mode file of the 

PET scans showed clearly that the average required reconstruction and 

histogramming time increases with the number of frames. 

The required times for the reconstruction step and the histogramming step were 

measured by the reconstruction software Inveon Acquisition workplace. The 

most time of the whole process was needed for the historgamming process. 

The list-mode files were reconstructed with four, eight, twelve and 16 gates per 

cardiac cycle. Unfortunately, the Inveon Acquisition workplace limited the 

maximum number of gates per cardiac cycle, so that no reconstruction with 

more than 16 gates per cardiac cycle were possible. The times increased 

continuously from four gates (total time 15 min 33 sec) over eight (total time 27 

min 31 sec) and twelve (total time 41 min 27 sec) gates to the longest required 

time with 16 gates per cycle (total time 52 min 57 sec). The measured time 

clearly depend on the power of the computer system on which the process was 

performed. In this study, a high-performance workstation of the company 

Siemens was used (for details see 3.6.2). Of course, systems with a higher 

performance could shorten this time even more. This data was acquired in this 

setting to show together with the temporal resolution and their impact on the LV 

function parameters which number of gates per cardiac cycle are reasonable to 

receive reliable parameters for the LV function and to perform the scan and the 

evaluation in a reasonable time. 
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5.3 Impact of the number of frames per cardiac cycle on the parameters 

ECG-gated imaging is a technique to assess images of the heart in a specific 

cardiac phase and to determine specific parameters of the heart function. 

Therefore, the data are either sorted prospectively during the scan or 

retrospectively after the completion of the scan. This technique is not only used 

in PET imaging but also for MRI and CT. 

In this study, all the systolic and diastolic parameters were calculated with the 

use of four, eight, twelve and 16 frames per cardiac cycle, reconstructed 

retrospectively form the list-mode data, and the corresponding values of each 

reconstruction were compared to the values of the reconstruction with 16 gates 

per cycle, since this is the one which provides the highest temporal resolution 

[43]. 

5.3.1 Left ventricular volumes and ejection fraction 

The use of at least twelve gates per cardiac cycle is recommended to determine 

the LV volumes sufficiently since the use of only four and eight gates per cycle 

is leading to a significant underestimation of the EDV and subsequently to 

mistakes in the determination of the SV and the LVEF. 

The list-mode files with the ECG-recording of all rats were reconstructed and 

histogrammed using the Inveon Acquisition workplace as explained earlier. 

After the maximatization of the voxel size, the LV parameters were calculated 

by HFV to compare the assessed LV volumes, systolic and diastolic parameters 

between the reconstructions. Concerning the LV volumes, a reconstruction with 

four and eight gates per cardiac cycle results in a significant underestimation of 

the EDV but no significant overestimation of the ESV. However, the significant 

underestimation of the EDV is leading to a significant lower calculated SV with 

four and eight bins. But only the reconstruction with four frames per cycle is 

leading to a significant underestimation of the LVEF. Since the LV volumes play 

an important role in the evaluation of the LV function the use of only four or 

eight frames per cardiac cycle is not recommended. No significant difference 

could be detected concerning the EDV, ESV, SV or LVEF between the 

reconstructions with twelve gates per cardiac cycle and 16 gates per cardiac 
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cycle. Therefore, even a reconstruction with only twelve gates per cycle might 

be enough to calculate reliable LV volumes and LV EF. 

This study is the first to our knowledge which evaluates the influence of the 

number of gates per cardiac cycle and the value of the LV function parameters 

from ECG-gated PET in a small animal model. Therefore, corresponding data of 

other groups for a comparison are lacking. However, ECG-gating is an 

established tool in the performance of routine myocardial perfusion SPECT [43, 

123-125] and myocardial viability PET in human patients to determine the LV 

volumes and LVEF.  

For routine myocardial perfusion SPECT, an acquisition with eight frames per 

cardiac cycle is most often performed. This low number of frames per cardiac 

cycle is most often chosen since the acquisition is completed within an 

adequate time, while the count density is high enough for good image quality. 

On the other hand, the eight-frame gated acquisition mode only provides a 

lower temporal resolution. Different studies have shown, that eight-frame data is 

leading to a overestimated ESV and a underestimated EDV and thus 

underestimate the LVEF [43, 125]. In the here presented study, an 

overestimation of the ESV has not been observed. Values for the ESV were 

even lower in the reconstructions with four, eight and twelve bins. This might 

derive from the use a different edge detection software in this study and thereby 

a different way of the heart shape delineation which could have an influence of 

the ESV. However, a greater number of frames (i.e. 16 or 32) improves the 

temporal resolution but is also accompanied with a shorter frame duration and 

thereby with a lower count density of each frame. To provide still an optimal 

image quality the acquisition should be prolonged, or a higher activity should be 

injected [43]. 

Even if the calculation of the LVEF with eight gates per cycle gives an 

impression of the range of the LVEF, for an accurate determination of the LV 

volumes and LVEF from ECG-gated myocardial perfusion SPECT a higher 

frame number than eight is needed. This agrees with the findings of Kumita et 

al. [43], who measured EDV, ESV and LV EF in 50 patients first using eight 
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gates/cycle, then 16 gates/cycle and finally 32 gates/cycle. They found an 

underestimated EDV, an overestimated ESV and a significantly lower LVEF in 

the eight gates/cycle analysis than for higher frame numbers.  

However, PET offers a distinct higher spatial resolution compared to SPECT 

and can thereby improve the myocardial border determination. Therefore, the 

gated-PET may measure LV parameters more reliably than gated-SPECT and 

require less frames [111]. 

Li Y. et al. [111] performed eight-frame ECG-gated 18F-FDG PET and cardiac 

MRI on 89 HF patients. LV volumes and EF were calculated from ECG-gated 

18F-FDG PET using two different clinical software (QGS and 4D-MSPECT) and 

compared the results to the values of 25-frame ECG-gated cardiac MRI. 

Despite the good correlation of LV EDV, ESV and EF between gated-PET and 

MRI for both programs, only the LV EDV calculated by 4D-SPECT were 

comparable to the corresponding values measured by MRI. The same tendency 

was also described by Schaefer W. et al. [10], who evaluated data from gated-

18F-FDG PET with also eight frames per cycle and compared it to the results of 

cardiac MRI from 30 patients with serve CAD. 

In conclusion, eight frames might be a reasonable set up to get an impression 

of the LV volumes and LVEF from ECG-gated PET but does not provide the 

required temporal resolution for a reliable evaluation of the LVEF.  

5.3.2 Left ventricular systolic and diastolic parameters 

In addition to the LV volumes, this work also focused on the comparison of the 

systolic and diastolic parameters, which derive from the time-filling curve 

calculated by HFV. Since the time-filling curve is the first deviation of the time-

volume curve its accuracy is depended on the accuracy of the measured 

volumes for each gate and of the out of these values calculated time-volume 

curve. It is simple to recognize that the time-volume and the time-filling curve 

with four gates per cycle are less exact than the curves of the same rat with 16 

gates per cycle (see Figure 19). 
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Therefore, many values of the systolic and diastolic function were significantly 

different from the values of the reconstruction with 16 gates per cycle. However, 

only two values (TPF, TPF/(R-R duration) of the reconstruction with eight gates 

were significantly higher than the corresponding values of the reconstruction 

with 16 gates and no significant difference concerning the systolic and diastolic 

values could be detected between the reconstruction with twelve and sixteen 

gates per cycle.  

Since this is the first work and data for a good comparison is lacking, more 

investigations concerning the influence of the number of bins on the systolic and 

diastolic parameters is needed, which may also include another method for the 

calculation of the LV parameters such as cardiac MRI or ECHO, which are well 

established in the determination of the LV systolic and diastolic function. 

Even if no significant difference between the parameters of the diastolic function 

of the twelve bins and the 16 bins reconstructed images could be found, there 

were differences, which might become significant in studies with a higher 

number of animals. 
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5.4 Left ventricular performance evaluation and comparison 

5.4.1 LV volumes and systolic function parameters 

ECG-gated 18F-FDG PET is a method for the non-invasive measurement of LV 

volumes and LVEF in experimental small animal models under standardized 

conditions. 

The LV volume parameters and the LVEF are values of great clinical relevance.  

For example, the group around White et al. [126] revealed that after a 

myocardial infarction the ESV is one of the most important determinants of 

survival. Therefore, application of these non-invasive measurements of LV 

volumes to experimental small animal models is crucial to define normal values, 

to monitor the development of cardiac diseases and the effect of treatment 

approaches in experimental animal models. 

In this study, no significant difference concerning EDV, ESV and LVEF could be 

detected between the ZDF rats with an early stage of T2DM and the healthy 

control group. Also, no significant difference between the systolic parameters 

calculated from the time-filling curve by HFV of the two groups could be found. 

The LV volume values obtained from the ECG-gated 18F-FDG PET (16 gates 

per cycle) of the two groups for EDV, ESV and SV were 410.8 ± 60.3 µl (ZL 

control), 478.8 ± 77.9 µl (ZDF model), 155.1 ± 31.4 µl (control),194.1 ± 36.6 µl 

(model), 255.7 ± 36.4 µl (ZDF model) and 284.7 ± 51.6 µl (control). Also, the 

calculated LVEF did not differ significant between the two groups and was 62.5 

± 4.2 % (control) and 59.4 ± 4.5 % (model). The values for the LVEF are in 

perfect accordance with the findings of Bousquenaud et al. [114], who 

performed ECG-gated 18F-FDG PET imaging in 26 Wistar rats of which seven 

served as control and 19 underwent surgical procedure to induce myocardial 

infarction. Even if the calculated EDV and ESV of the control group were slightly 

different than the volume values of the here presented study, the average LVEF 

value of the control group of Bousquenaud et al. is with 63 ± 7 % perfectly in 

line with the calculated LVEF of this study.  

However, our estimate for the LVEF was higher than the EF (56 ± 3%) Todica 

et al. [127] have found by using ECG-gated 18F-FDG PET in 7 healthy Sprague-
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Dawley rats. They also used ECG-gated 18F-FDG-blood pool imaging, gated 

68Ga-albumin blood pool imaging and cardiac MRI (as reference) to determine 

the LV volumes and EF. Of all these modalities, the correlations with the MRI 

derived values for the EDV and ESV were best for ECG-gated 18F-FDG PET. 

Their lower LVEF may be caused by using only eight gates per cardiac cycle, 

which is attributed to a lower temporal resolution and may have led to an 

underestimation EDV and an overestimated ESV. Furthermore, they used a 

clinical MRI scanner for the determination of the LV function, which could only 

acquire seven slices for the whole heart. This low number of slices may also 

have had an impact on the calculated LV volumes and thereby on the LVEF. 

However, in comparison to the LVEF of anesthetized rats in other studies, the 

values for the LVEF of Todica et al. are at the low end of the range of estimates 

reported. At the other end of the range are the values of Croteau et al. [113], 

who also used ECG-gated 18F-FDG PET with 16 gates per cycle for the 

assessment of the LV volumes and reported an average LVEF of 83 ± 8% in 

eleven healthy Sprague-Dawley rats. Croteau et al. used TTE as reference 

method and demonstrated good agreement between the LV volumes and EF in 

healthy rats. One more study recently used ECG-gated 18F-FDG PET as 

reference method for the determination of LV volumes in twelve healthy wistar 

rats [108]. This study of Szymanski et al. also reported a distinct higher LVEF 

(74.9 ± 10.2%) than the one, which have been found in this work. This variation 

of the values for the LVEF may derive from the use of different animal models 

and the different age at which the experiments were performed. 

The ability of ECG-gated 18F-FDG PET for the assessment of LV volumes and 

EF in healthy rats has been demonstrated by different groups. The in the here 

presented study calculated values for the mean LVEF of both the ZDF and the 

ZL rats are in the centre span of the published values for LVEF of healthy rats. 

However, this is the first study which assessed the LV volumes and EF in an 

experimental diabetic rat model by using ECG-gated 18F-FDG PET. MRI and 

echocardiographic studies in experimental T2DM animal models have produced 

discrepant results on LV volumes and EF. Previous studies reported decreased 

systolic function (LVEF) in Goto-Kakizaki [128] and ZDF rats [129], but these 
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results could not be reproduced by other groups [121, 130]. Moreover, there are 

studies, which show increased LV systolic performance in early stage of T2DM 

in rats [121, 131]. The presented results of this study, which demonstrate a 

preserved LV systolic function in ZDF rats are in line with findings of the group 

of S. Schaefer et al. [103] (EF 51 ± 5 % (ZDF) & 54 ± 3 (ZL)) and Radovits T. et 

al. [130] (EF 64.8 ± 5.5 % (ZDF) 64.4 ± 4.4 %(ZL)), who performed cardiac 

catheterization to receive a reliable LV pressure-volume relation in ZDF rats and 

healthy controls at the age 30 to 37 weeks. Even if a lower LVEF in the ZDF 

rats than in the ZL controls has been found, this difference did not reach 

statistical significance (P = 0.08).  

This study and several other studies have studied the utility of gated 18F-FDG 

PET for the determination of LV volumes and EF by using different software 

packages with or without a reference method (MRI or radionuclide angiography) 

[9, 10, 111, 127, 132]. But even if 18F-FDG is a well-established tracer for 

cardiac PET studies, other PET tracers have also been investigated concerning 

their potential for the evaluation of the LV volumes including 13N-Ammonia (13N-

NH3), [15O]-H2O and 82Rubidium (82Rb).  

13N-NH3 PET imaging is a common method to assess myocardial blood flow 

and coronary reserve [133-136], but only a few studies have evaluated the LV 

function by using ECG-gated 13N-NH3 PET. Khorsand and colleagues 

performed ECG-gated 13N-NH3 PET and ECG-gated 18F-FDG PET as reference 

method in 27 patients with a history of CAD to determine the LV volumes and 

EF. They found an excellent agreement of all parameters between the two 

imaging methods. Also, Okazawa et al. [133] evaluated the LV volumes and EF 

of six healthy volunteers and 34 patients known to have CAD using ECG-gated 

13N-NH3 PET imaging. Even if the LV volumes were overestimated by ECG-

gated 13N-NH3 PET, the calculated values for the LVEF of the healthy 

participants has shown good agreement with the values for the LVEF calculated 

by LV blood pool imaging using C15O PET. However, the LVEF of patients with 

a perfusion deficit caused by the CAD was significantly underestimated 

compared to the LVEF from the blood pool imaging. 
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The group of Rajappan used ECG-gated 15O-CO PET to evaluate LV volumes 

and EF in nine patients with cardiac MRI as reference method [137]. They found 

good correlations for ESV and EDV with a trend to underestimate the EDV and 

thereby to underestimated LVEF. This underestimation may be explained with 

the use of only eight gates per cardiac cycle. However, they showed that an 

evaluation of the LV function is possible with the use of ECG-gated 15O-CO 

PET. 

In a study from Chander et al., a comparison of LV EDV, ESV and EF from 

ECG-gated 82Rb-PET with contrast enhanced CT ventriculography in 24 

patients showed that LV function could be assessed from gated 82Rb-PET by 

using different software products (QGS and CardIQ Physio). Even if the 

correlations between PET and CT ventriculography yielded good correlation, 

the comparison revealed that mean values for EDV and LVEF were calculated 

consistently lower by 82Rb-PET. 

Further studies were performed by different groups using ECG-gated 13N-NH3 

PET in patients for the determination of LV volumes and with different reference 

methods (gated MIBI SPECT [138], gated 18F-FDG PET [39], none [139]). In 

contrast to all the above mentioned studies, the group of Szymanski et al. 

investigated the ability of ECG-gated 13N-NH3 PET for the assessment of the LV 

volumes in small animals [108]. This study investigated 18 Wistar rats of which 

six underwent coronary artery ligation to initiate myocardial infarction (MI). 

ECG-gated 18F-FDG PET was chosen as reference method. Except for the 

LVEF of the MI group, no significant difference of the LV volumes and EF could 

be observed, even if both mean values of ESV and EDV were higher and LVEF 

lower when calculated from ECG-gated 13N-NH3 PET. 

The use of perfusion tracers for the evaluation of the LV function is of great 

interest, since many patients who underwent cardiac PET have a myocardial 

infarction in their history. But the above-mentioned approaches are all limited 

using short live-isotopes (half-life of 15O is 2min, half-life of 13N is 10 min and 

half-life of 82Rb is 78sec), which requires the availability of an on-site cyclotron 

and does not allow data sampling with more than eight gates per cycle, 
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because of the low counts. The low temporal resolution may be the main reason 

why most of the studies underestimate the LVEF in comparison to the reference 

method of choice. Therefore, a more exact determination of the LV volumes 

requires a higher number of gates per cycle. Furthermore, the distribution of the 

above-mentioned tracers shows the myocardial perfusion, whereas 18F-FDG 

visualizes the myocardial glucose metabolism. The fact, that hibernating 

myocardium may show perfusion deficits while the glucose uptake and 

metabolism is still preserved [133] argues in favour of 18F-FDG instead of 

perfusion tracers for the evaluation of LV function from ECG-gated PET, 

because myocardial delineation is complicated by myocardial perfusion deficits 

[140]. 

The great advantage of 18F-FDG PET is the evaluation of the myocardial 

glucose metabolism, which is reported to be impaired in diabetic subjects and 

related to the development of myocardial dysfunction [100]. Also, further tracers 

exist including 11C-palmitate, which allow the determination of the myocardial 

fatty acid metabolism. This supplementary information is of great interest since 

different studies have reported a relation between the metabolic state of the 

cardiomyocytes and the cardiac dysfunction [100, 141]. 

5.4.2 Diastolic function parameters 

The here presented data show that the ECG-gated 18F-FDG PET together with 

an appropriate clinical detection software has the potential to evaluate the 

diastolic function of diabetic and healthy rats and further can detect even a mild 

impaired diastolic function.  

Any cardiac examination should involve an accurate evaluation of the LV 

diastolic function, since the presence and severity of a DD may provide 

important diagnostic and prognostic impacts for patients [142]. DD is a 

mechanical abnormality of the heart, which is often the earliest detectable sign 

of a cardiac involvement of different diseases and is also reported to be the 

earliest detectable sign of diabetic cardiomyopathy in both humans and 

experimental animal models [11, 69].  
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ECG-gated 18F-FDG PET has become a regular procedure in patients suffering 

from ischemic heart disease to differentiate between hibernating myocardium 

and myocardial scars in patients, who show perfusion deficits in myocardial 

perfusion imaging. This quantitative technique has not, however, been used to 

evaluate the LV diastolic function although, in case of hypertension, different 

cardiomyopathies and ischemic heart disease, myocardial involvement has 

been detected early through the existence of diastolic abnormities [143-146]. 

To our knowledge, the present study is the first to validate the ECG-gated 18F-

FDG PET-based assessment of LV diastolic function parameters in a rat model. 

A mild impaired LV diastolic function in the absence of an impaired systolic 

function in the ZDF rats has been detected, which couldn’t be detect in heathy 

controls. Based on the results of the LV function measurement by the ECG-

gated 18F-FDG PET, the predominant dynamic cardiac feature in young ZDF 

rats suffering from T2DM is a LV DD. In this study, an impaired diastolic filling in 

the ZDF rats was observed, which could also be found in studies with other 

determination methods [103, 130].  

To evaluate the diastolic function of the rats, different parameters were 

calculated from the time-filling curve using HFV. The ZDF rats showed 

significant differences of the diastolic parameters at the age of 13 weeks 

including lower PFR, lower 1/3 FR and longer TPF compared to their aged 

matched healthy littermates. Even if the TPF after the correction for the average 

R-R duration was no longer significant, the decreased filling rates indicate an 

abnormality of the LV filling, which could not be detected in the ZL control rats. 

This difference indicates a disturbance during the early filling of the diastole (E-

wave). Unfortunately, the program HFV does only calculate the PFR and the 1/3 

FR which are both parameters of the early filling so that no investigation of the 

late filling was possible.  

Even if this is the first study which is using ECG-gated 18F-FDG PET for the 

evaluation of the diastolic function and standard-values are missing many 

groups have investigated the diastolic function of diabetic animal models by 

using MRI, ECHO or cardiac catheterization.  
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In the most studies, TTE combined with Doppler technique has been used for 

the non-invasive evaluation of the diastolic function. These studies have 

revealed the presence of a DD in ZDF rats at different ages. Van den Brom et 

al. [100] determined the systolic and diastolic function in ZDF rats at eleven 

weeks of age using Doppler echocardiography and reported a prolonged 

isovolumetric relaxation time, a decreased E-wave and E’, which collectively 

indicates the presence of decreased LV relaxation and filling. These findings 

indicate an impaired early filling of the LV and are perfectly in line with the 

decreased PFR which was found in this here presented study. Moreover, the 

group of Akula [147] has demonstrated an impaired diastolic function in 

streptozotocin-induced diabetic rats after twelve weeks of diabetes, which was 

characterized by a decreased E-wave an inversed E/A ratio. In some studies, 

the inversed E/A ration contributes mostly to an increased A-wave, which 

indicates a compensation of the impaired passive inflow through an increased 

atrial contraction [148]. This finding also demonstrates the presence of an 

abnormal LV filling but could not be confirmed by the results of the present 

study. However, an impaired PFR in diabetic rats, was also reported by Hoit et 

al. [149], who performed M-mode echocardiography on seven streptozotocin-

induced diabetic rats at different time points and first reported a decreased PFR 

five weeks after the administration of streptozotocin. These findings are all in 

line with the decreased PFR which was observed in the 13 weeks old ZDF rats 

in the here presented study. 

These findings were further supported by studies, which evaluated the LV 

function using LV catheterization. LV catheterization is the most reliable method 

for the detection of a disturbance in the diastolic filling since it can measure the 

intraventricular pressure directly. The groups of Schäfer et al. [103] and 

Radovits et al. [130] evaluated the LV function in ZDF rats at the age of 37 

weeks and twelve weeks using LV catheterization. Both reported a significantly 

impaired LV relaxation in the ZDF rats, whereas the parameters for the LV 

compliance and the systolic function of the ZDF rats did not differ significantly 

compared to the healthy littermates. The group of Marsh et al. [150] performed 

cardiac catheterization in distinct younger ZDF rats (14 weeks) to evaluate the 
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LV function. Even if they found a significant reduction of the systolic function, 

the LV diastolic time constant, Tau (τ), was the only diastolic parameter, which 

did significantly differ between the ZDF rats and the ZL controls. The ZDF rats 

used by Marsh et al. were only one week older than the ZDF rats in this 

approach. Therefore, the only mild decreased diastolic function of the ZDF rats 

from Marsh et al. is in line with the here presented findings. However, the 

systolic function parameters reported by Marsh et al. differ considerably of 

those reported by the other groups. 

However, LV catheterization and echocardiography are well established 

methods for the assessment of LV function, but they are also limited to their 

reproducibility since echocardiography investigations are examiner and position 

dependent and LV catheterization is an invasive approach. Therefore, the 

assessment of LV function from examiner independent methods would be 

favourable.   

All the above-mentioned studies have shown a mild impaired diastolic filling in 

diabetic rats at different ages. Therefore, the here presented findings are in 

perfect line with the reported results of all these groups and demonstrate the 

ability and feasibility of ECG-gated 18F-FDG PET for the assessment of both the 

LV systolic and diastolic function in rats and even allows the detection of a DD 

in the early stage of diabetes in rats. 
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5.5 Perspective 

The determination of the LV systolic and the diastolic function using ECG-gated 

18F-FDG PET in a small animal model of diabetes is a method that is first 

reported in this study. Since, DD is estimated to be present in 20 to 60 percent 

of all patients with HF [4, 151] and since the occurrence of DD is associated 

with a higher mortality and morbidity, the accurate assessment of the diastolic 

function is crucial in all patients with any form of chronic heart disease. 

However, the evaluation of the diastolic function in ZDF rats, which are a well-

established model for T2DM, using ECG-gated 18F-FDG PET is important to 

visualize the results and molecular changes of new treatment approaches for 

diabetes related cardiac diseases even if the imaging of the diastolic function in 

small animals is associated with more effort due to a higher HR and a smaller 

heart size. 

The ECG-gated PET is a cardiac imaging technique which allows the combined 

measurement of cardiac function and myocardial metabolism at the same time. 

This is of great interest in evaluating the effectiveness of new treatment 

strategies and the progress of the cardiac disease in experimental small animal 

models mimicking different heart diseases especially in animal models of 

diabetes, since the cardiac dysfunction in early diabetes seems to be closely 

related to alterations of the myocardial metabolism [11, 119, 147]. The data 

assessment for the simultaneous evaluation of the myocardial metabolism and 

the cardiac function is a great advantage of ECG-gated 18F-FDG PET and may 

save costs and time in the clinical practice. 

Diabetes is a chronic disease, which has great influence on the glucose 

metabolism in the whole body. Therefore, 18F-FDG as glucose analogue is an 

ideal tracer to detect tissue which has an impaired glucose metabolism as 

consequence of the periphery insulin resistance. Since not only the glucose 

metabolism is influenced by diabetes and since alterations of the myocardial 

metabolism may also play a role in other cardiomyopathies, further studies may 

be needed which investigate the feasibility of LV function assessment from 

ECG-gated PET imaging with new tracers, which visualize another metabolic 

pathway including 11C-palmitate for the fatty acids metabolism [12]. 
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In addition, a new generation of preclinical PET scanners is already on the 

market with a higher resolution and faster data acquisition. These new 

techniques may improve the spatial local and global resolution of rodent hearts 

and may therefore improve the evaluation of the LV function and the 

understanding of local processes in the myocardium. 

In this study, cardiac function has been studied using the program HFV. HFV is 

a clinical software, that has been originally developed for ECG-gated perfusion 

SPECT studies in human patients. In this study, it has been demonstrated that 

HFV can successfully determine both LV systolic and diastolic function 

parameters in rats, when the data is adapted in advance. Since this is the first 

study, which uses HFV for the determination of LV function parameters in two 

small groups of rats, further studies are required with groups of higher numbers 

and a reference method. 
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6 Summary 

6.1 English version 

DD is a cardiac disturbance, which has gained increasing importance in recent 

years due to its important role in different cardiac disease and cardiomyopathies 

including ischemic cardiomyopathy, arterial hypertension and diabetic 

cardiomyopathy.  

ECG-gated 18F-FDG PET is an imaging technique, that can distinguish between 

districts of myocardial viability and myocardial scars and further provides 

information of great interest on the efficacy of experimental approaches 

designed to improve the cardiac function and/or myocardial metabolism in 

experimental small animal models. However, ECG-gated 18F-FDG PET is a 

technique whose feasibility in the assessment of the LV diastolic function in 

small animals has not been a subject of study. 

In this thesis, the ability of the ECG-gated 18F-FDG PET for the assessment of 

both the systolic and diastolic function in eight control rats and in seven ZDF 

rats, which are an experimental animal model mimicking T2DM conditions and 

diabetic related complications in humans including DCM, has been investigated 

The ECG-gated 18F-FDG PET imaging was performed under hyperinsulinemic-

euglycemic clamping and the data were stored in list mode files and 

retrospectively reconstructed. The systolic and diastolic parameters were 

achieved from the time/volume and the time/filling curve calculated from the 

software HFV. Additionally, the influence of the number of gates per cardiac 

cycle on the LV volumes and function parameters has been studied. 

Hyperinsulinemic-euglycemic clamp procedure and blood glucose 

measurement did confirm the development of a manifest diabetes in the ZDF 

rats at the timepoint of the experiments. 

Regarding the systolic parameters, no significant difference could be detected 

between the ZDF and ZL rats. The values for the CO were similar in both 

groups, which demonstrates a similar LV systolic function in the ZDF and the ZL 

rats at the age of 13 weeks. Values for the systolic parameters are in good line 
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with previous PET, MRI and cardiac catheterization-based studies in diabetic 

rats. 

The main finding of this study was that by using in vivo ECG-gated 18F-FDG 

PET and the software HFV, reliable diastolic parameters could be calculated. 

Moreover, it was possible to detect the presence of a mild impaired diastolic 

filling in the ZDF rats in absence of any systolic alteration. This impaired 

diastolic function in an early stage of diabetes could also be detected by other 

investigators, who used echocardiography or cardiac catheterization. Therefore, 

this is the first study showing, that the assessment of the diastolic function in 

rats can be carried out by ECG-gated 18F-FDG PET imaging. 

In conclusion, additionally to calculating LV volumes and LV EF, ECG-gated 

18F-FDG PET can evaluate the diastolic function of healthy and diabetic rats 

and is able to detect a DD in ZDF rats.  
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6.2 German version 

Die DD ist eine Störung der Herzdynamik, welche, aufgrund ihrer Beteiligung in 

verschiedenen Herzerkrankungen und Kardiomyopathien wie der ischämischen 

Kardiomyopathie, der arteriellen Hypertonie und der diabetischen 

Kardiomyopathie, in den letzten Jahren zunehmend in das Interessenzentrum 

der Herzforschung gerückt ist. 

Die EKG-getriggerte 18F-FDG PET ist eine Bildgebungsmethode, welche die 

Unterscheidung von vitalem Myokard und Narben ermöglicht und zusätzlich 

noch in der Lage ist, wichtige Informationen zu erheben, welche von Bedeutung 

für die Beurteilung von experimentelle Behandlungen zur Verbesserung der 

Herzfunktion und/oder des kardialen Stoffwechsels in präklinischen 

Tiermodellen sind. Trotz dieser Möglichkeiten wurde bisher noch nicht die 

Fähigkeit der EKG-getriggerten 18F-FDG PET zur Bestimmung der LV 

diastoischen Funktion in Kleintiermodellen untersucht. 

Deshalb wurde in dieser Arbeit das Potential der EKG-getriggerten 18F-FDG 

PET in Bezug auf die Bestimmung der LV systolischen und diastolischen 

Funktion in acht Kontrollratten (ZL) und sieben ZDF-Ratten, welche eine 

experimentelles Tiermodell für T2DM und die damit verbundenen 

Komplikationen einschließlich der diabetischen Kardiomyopathie sind, 

untersucht. Die EKG-getriggerte 18F-FDG PET wurde unter der 

hyperinsulinämischen euglykämischen Klemm Methode durchgeführt, die Daten 

in „list-mode“ Dateien gespeichert und retrospektiv rekonstruiert. Die 

Berechnung der LV systolischen und diastolischen Parameter erfolge aus der 

Zeit-Volumen-Kurve und der Zeit-Füllungs-Kurve durch das Programm HFV. 

Zudem wurde der Einfluss der pro Rekonstruktion verwendeten „frames“ pro 

kardialen Zyklus auf die LV Volumina und die linksventrikulären 

Funktionsparameter untersucht. 

Durch die hyperinsulinämische euglykämische Klemm Methode und durch 

Blutglukose Messungen konnte die Entwicklung eines manifesten Diabetes zum 

Zeitpunkt der Experimente in den ZDF Ratten nachgewiesen werden. 
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Es konnte kein signifikanter Unterschied zwischen den systolischen Parametern 

der ZDF und der ZL Ratten gefunden werden. Der kardiale Auswurf war nahezu 

identisch in den beiden Gruppen zum Zeitpunkt der Experimente, was eine 

vergleichbare systolische Funktion in beiden Gruppen demonstriert. Die 

erhobenen Werte für die systolischen Parameter befinden sich in guter 

Übereinstimmung mit den Werten der Literatur von vorherigen PET, MRT und 

Katheter-gestützten Experimenten in diabetischen Rattenmodellen. 

Ein wichtiges Ergebnis dieser Arbeit ist die Erhebung von verlässlichen 

diastolischen Parametern durch den kombinierten Einsatz von EKG-getriggerter 

18F-FDG PET und HFV. Zudem war es möglich, eine gestörte diastolische 

Füllung des LV in den ZDF Ratten nachzuweisen, in Abwesenheit von 

systolischen Funktionseinschränkungen.  

Eine Beeinträchtigung der diastolischen Funktion in der frühen Phase des 

Diabetes wurde bereits in anderen Rattenstudien mittels Echokardiografie und 

Katheter basierten Untersuchungen gezeigt. Dennoch ist dies hier die erste 

Studie, welche demonstriert, dass die Bestimmung der diastolischen Funktion 

auch mit Hilfe der EKG-getriggerten 18F-FDG PET durchgeführt werden kann. 

In Zusammenfassung lässt sich festhalten, das zusätzlich zu der Bestimmung 

der LV-Volumina und der LVEF durch EKG-getriggerten 18F-FDG PET auch die 

Bestimmung der diastolischen Funktion in gesunden und diabetischen Ratten 

möglich ist und dass durch EKG-getriggerten 18F-FDG PET die Identifikation 

einer DD in ZDF Ratten möglich ist.  
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16 Affidavit 

I hereby confirm that my thesis entitled  

Assessment of the left ventricular systolic and diastolic function in rats using 

electrocardiogram-gated cardiac positron emission tomography  

is the result of my own work. I did not receive any help or support from commercial 

consultants. All sources and / or materials applied are listed and specified in the 

thesis. 

Furthermore, I confirm that this thesis has not yet been submitted as part of another 

examination process neither in identical or similar form. 
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 eigenständig, d.h. insbesondere selbstständig und ohne Hilfe eines kommerziellen 

Promotionsberaters angefertigt und keine anderen als die mir angegebenen Quellen 
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