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ABSTRACT 

In the field of Nuclear Medicine, Gated Blood Pool (GBP) investigations are essential in offering 
vital insights into cardiac function, specifically the Left Ventricular Ejection Fraction (LVEF). The 
evaluation of ventricle volume changes during the end-diastolic (ED) and end-systolic (ES) 
phases plays a critical role in detecting, diagnosing, and managing various cardiac diseases. 
While the longstanding preference for Gated Blood Pool Planar (GBP-P) methods lies in their 
validation, non-invasiveness, and straightforward application, challenges such as anatomical 
overlap and the need for background correction persist. 

The theoretical superiority of three-dimensional (3D) analogues, specifically Gated Blood Pool 
SPECT (GBP-S) studies, promises to overcome GBP-P challenges by offering true volumetric 
representation without the need for background correction. However, this transition 
introduces complexity in algorithms and processing software needed for GBP-S studies. 
Accuracy and precision in determining LVEF is paramount in both GBP-P and GBP-S methods 
to avoid misdiagnosis, improper treatment, or negligence. Rigorous testing and comparison 
to known or true values are imperative for validating GBP processing software programs to 
meet set standards. 

A key advancement in validating these software programs is the use of digital hybrid 
phantoms, notably the advanced 4D-XCAT model. The model, blending voxelised and 
mathematical elements, mimics human anatomy and physiology. Paired with the Monte Carlo 
(MC) code, SIMIND, these 4D-XCAT models can be used to simulate clinically realistic GBP 
images, generating a database for testing, and validating various GBP software packages. 
Importantly, this approach avoids radiation exposure to patients and researchers and 
enhances the reliability of outcomes by providing benchmark input parameters for software 
evaluation. 

The primary aim of this investigation was to assess ventricular function using MC-simulated 
GBP-P and GBP-S images of digital patient phantom studies based on 4D-XCAT models with 
varying cardiac volumes and functions. The aim was achieved by considering three objectives. 
Firstly, a Monte Carlo simulated cardiac phantom for planar and SPECT studies was validated. 
The modelled gamma camera was verified using routine quality control procedures outlined 
by the National Electrical Manufacturers Association (NEMA). Furthermore, 3D cardiac 
phantoms were printed and imaged according to GBP-P and GBP-S imaging guidelines. 
Simulated images of these phantoms were generated using the MC code SIMIND and 
compared to the gamma camera-acquired images. The successful verification of these 
simulated images led to the next step, namely verifying the use of the 4D-XCAT model in image 
simulations. By simulating GBP-P and GBP-S studies of a single 4D-XCAT model, the study 
demonstrates excellent agreement between known and calculated ventricular parameters, 
confirming the reliability of the 4D-XCAT model in simulating cardiac imaging. 

Building on the successful simulation of the 4D-XCAT model, the second objective involved the 
creation of a comprehensive database comprising 64 clinically realistic GBP patient models. 
GBP-P simulated images from these models were utilised to evaluate four commercially 
available GBP-P processing software programs. The study yielded a strong correlation 
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between calculated LVEF values and known values, thereby affirming the reliability and 
accuracy of the GBP-P processing software. 

Lastly, the research was extended to include clinically realistic GBP-S studies as part of the 
third objective. The phase focused on assessing the commercially available GBP-S processing 
software, Quantitative Blood Pool SPECT (QBS), from Cedars-Sinai. GBP-S images of the 4D-
XCAT GBP database were simulated according to established imaging guidelines. The study 
assessed the accuracy of QBS in terms of LV volumes and EF values for two different 
reconstruction techniques and found a strong correlation between the calculated and known 
LV volumes and EF values. This paved the way for future multi-centre studies to validate other 
GBP-S processing software packages. 

 

Key terms: Nuclear Medicine, gated blood pool studies, ejection fraction, ventricular function, 
end-diastolic volumes, end-systolic volumes, stereolithography printing, validating processing 
software, Quantitative Blood Pool SPECT (QBS), Monte Carlo simulations, digital 4D-XCAT 
phantom. 
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ABBREVIATIONS AND ACRONYMS 

The abbreviations and acronyms used in this study are listed below in alphabetical order. 

 

2D  Two-dimensional 

3D  Three-dimensional 

4D  Four-dimensional 

99mTc  Technetium-99m 

AN  Alfanuclear 

ANOVA  Analysis of variance 

Bkg  Background 

BMI  Body Mass Index 

CMR  Cardiac Magnetic Resonance 

Cps  Counts per second 

CT  Computed Tomography 

CV  Coefficient of Variation 

EC  Echocardiography 

ECG  Electrocardiogram 

ED  End-diastolic 

EDV  End-diastolic volume 

EF  Ejection Fraction 

ES  End-systolic 

ESV  End-systolic volume 

FBP  Filtered back projection 

FWHM  Full Width at Half Maximum 

FWTM  Full Width at Tenth Maximum 

GBP  Gated Blood Pool 

GBP-P  Gated Blood Pool Planar 

GBP-S  Gated Blood Pool SPECT 

GE-X  Xeleris by General Electric 

ICC  Interclass Correlation Coefficient 
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IR  Iterative reconstruction 

LA  Left Atrium 

LAO  Left anterior oblique 

LEHR  Low energy high resolution 

LV  Left Ventricle 

LVEF  Left Ventricular Ejection Fraction 

MC  Monte Carlo 

MCAT  Mathematical Cardiac-Torso 

mCi  millicurie 

MBq  Megabecquerel  

MPI  Myocardial Perfusion Imaging  

M-TT  Tera-Tomo from Mediso 

MUGA  Multigated Acquisition Scan 

NaI(Tl)  Sodium Iodide crystal doped with Thallium 

NCAT  NURBS-based Cardiac-Torso 

NEMA  National Electrical Manufacturers Association 

NMISA  National Metrology Institute of South Africa 

NURBS  Nonuniform Rational B-splines 

OSEM  Ordered-subsets expectation maximization 

PET  Positron Emission Tomography 

PMTs  Photo Multiplier Tubes 

QBS  Quantitative Blood Pool SPECT 

RA  Right Atrium 

RBCs  Red blood cells 

ROI  Region of Interest 

RV  Right Ventricle 

RVEF  Right ventricular ejection fraction 

SIMIND SIMulation of Imaging Nuclear Detectors 

SM  Siemens 

SPECT  Single-Photon Emission Computed Tomography 

4D-XCAT 4D Extended Cardiac-Torso 
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1. Nuclear Medicine 

Nuclear Medicine comprises a multifaceted domain encompassing diagnostic and therapeutic 
divisions in medical science. It employs radionuclides for diagnosing, staging, treating 
diseases, and monitoring disease response. This thesis focuses extensively on the diagnostic 
facet, delving into the intricate world of Nuclear Medicine cardiac studies. A Nuclear Medicine 
study involves administering a compound labelled with a small amount of radioactivity 1. 
When labelled with a radioactive isotope, these compounds are referred to as “radiotracers”. 
The chemistry behind radiotracers ensures the targeted absorption of the tracer within 
specific organs or regions, ranging from bones and kidneys to the cardiac muscle and blood 
pool. The radioactive isotope of choice for diagnostic Nuclear Medicine emits photons (e.g. 
gamma rays), which special medical imaging devices, e.g. gamma cameras, can detect. One of 
the main characteristics of a radiotracer is its ability to investigate the components of a 
homeostatic system without influencing the functionality of the system 2.  

George de Hevesy laid the foundation of the radiotracer in 1913 by labelling non-radioactive 
lead with a radioactive isotope of radium. In 1923, he applied this principle to investigate plant 
and animal physiology using radium-labelled lead 1. The first human study utilising 
radiotracers was performed in 1927 by Blumgart and Weiss 1 to assess cardiovascular 
performance using Bismuth-214. In the 1950s, Hal Anger developed the Anger camera, the 
predecessor of all single-photon imaging systems 1,3. Paul Harper and colleagues paved the 
road for Nuclear Medicine imaging using Technetium-99m (99mTc) for thyroid imaging in 1964 
1. The modern era started in the 1970s when Kuhl and colleagues developed single-photon 
emission computed tomography (SPECT), and Phelps and colleagues developed positron 
emission tomography (PET) 1.  

The SPECT gamma camera (illustrated in 
Figure 1.1) is the primary imaging 
instrument used in Nuclear Medicine. It 
consists of various components, 
including photomultiplier tubes (PMTs), a 
large area sodium iodide scintillation 
crystal doped with thallium (NaI(Tl)), a 
light guide between the PMTs and the 
scintillation crystal, and a high-density 
material (e.g. lead) collimator 1. Most of 
the photons emitted by the patient due 
to the administered radioactivity and not 
aligned with the holes of the collimator 
are absorbed by the collimator. The 
photons passing through the collimator 
holes are absorbed in the NaI(Tl) crystal, 
causing scintillation light emission. These 
light photons strike the PMTs and 
generate electrical signals 4, which are subsequently amplified by the preamplifiers. The 
amplified product is then converted into electrical signals by the analogue-to-digital converter, 
carrying information about the energy and position of the photons emitted by the patient 5. 
Through a positioning circuit, the output of each PMT serves a dual purpose: firstly, defining 

Figure.1.1: Basic gamma camera illustration 
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the X and Y coordinates of the gamma-ray interaction site in the detector. Simultaneously, the 
PMT outputs are summed to create the energy pulse. This pulse, representing the energy 
characteristics of the detected gamma rays, is then subjected to pulse height analysis. An 
image is formed on a computer, allowing for further image manipulation.  

Clinical images are crucial in providing diagnostic and quantitative information contributing to 
patients’ well-being. Therefore, ensuring optimal gamma camera performance is of 
paramount importance. The National Electrical Manufacturers Association (NEMA) has 
developed a series of standards and guideline publications 6, establishing consistent criteria 
for measuring and reporting performance parameters. This documentation undergoes 
periodic review with updates every five years 6. The range of tests includes, but is not limited 
to, spatial resolution, sensitivity, and energy resolution. Spatial resolution measures the 
gamma camera’s ability to accurately resolve radioactive sources separated by a small distance 
6. The sensitivity of a gamma camera, measured as the count rate per specific activity 6, is 
essential from a statistical perspective, as maximum sensitivity ensures that a maximum 
number of photons are detected within a given measuring time 1. Meanwhile, energy 
resolution characterises the gamma camera’s ability to accurately identify photopeak events 
that differ in small amounts of energy 6.  As described by NEMA, the results of these tests 
should meet or exceed the specifications set by the manufacturer 6. Following a quality control 
program using the tests defined by NEMA will ensure optimal performance of the gamma 
camera, guaranteeing that the results obtained from the gamma camera and reported by a 
Nuclear Medicine specialist are reliable and accurate.  

The clinical tests acquired with a gamma camera assist specialists in diagnosing patients, 
describing the functionality of some organs, and justifying specific procedures such as surgery 
or initiating chemotherapy. 

2. Cardiac Ejection Fraction Assessment 
Cardiac function evaluation in medicine is a comprehensive process that involves assessing 
the heart’s ability to pump blood effectively. One of the key parameters used in this evaluation 
is ventricular ejection fraction (EF). EF quantifies the percentage of blood ejected from the 
ventricle with each contraction, providing critical insight into overall cardiac performance. The 
EF is calculated as a percentage in terms of end-diastolic volume (EDV) and end-systolic 
volume (ESV). 

 EF =
EDV − ESV

EDV
× 100 (1) 

Several imaging modalities can be used to evaluate ventricular function to calculate the EF; 
these may vary in accuracy, ease of use, availability, reliability, and cost-effectiveness 7. The 
left ventricular ejection fraction (LVEF) may be determined by cardiac magnetic resonance 
(CMR) imaging, two- and three-dimensional echocardiography (2D- and 3D EC), and computed 
tomography (CT). Nuclear imaging studies such as gated blood pool (GBP) (planar and SPECT) 
and SPECT myocardial perfusion (MPI) studies 7–12 are particularly useful in assessing global 
and regional ventricular function. An advantage of three-dimensional studies is that volume 
information is available, and the superimposition of structures is avoided, allowing for more 
accurate left and right ventricular EF (LVEF and RVEF) calculations 7,13. Recently, first-pass 
radionuclide angiography with PET has become an alternative to other LVEF-assessing 
methods 14. Table 1.1 presents the main advantages and disadvantages of some of these 
imaging modalities 8,9,12. 
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Table.1.1: Advantages and disadvantages of different imaging modalities used to calculate ventricular ejection fraction. 

IM
A

G
IN

G
 M

O
D

A
LI

TI
ES

 

Advantages Disadvantages 

C
M

R
 

− May be considered as the gold standard. 

− Volumetric. 

− Few assumptions are made to obtain the LV 
volume cavity. 

− High contrast resolution. 

− High signal-to-noise ratio. 

− Lack of ionising radiation. 

− High reproducibility. 

− Implanted devices are contraindications. 

− Costly. 

− Low availability. 

− Breath-holding techniques are required for the 
patients (otherwise image quality may 
deteriorate). 

2D
 E

C
 − Lack of ionising radiation. 

− Portable units. 

− Inexpensive. 

− Operator dependent. 

− Poor image quality. 

3D
 E

C
 

− Lack of ionising radiation. 

− Portable units. 

− Inexpensive. 

− Volumetric. 

− Less variable and more accurate compared 
to 2D EC. 

− Semi-automated processing software is operator-
dependent. 

− Poor image quality. 

− Breathing motion may cause artefacts.  

C
T 

− Few assumptions are made to obtain the LV 
volume cavity. 

− Images can be obtained within a single 
breath hold. 

− Volumetric. 

− Makes use of ionising radiation. 

− Iodinated contrast may cause an allergic reaction. 

− High contrast and spatial resolution are 
dependent on the contrast bolus timing. 

M
PI

 

− Volumetric. 

− Myocardial function and perfusion may be 
done in one test. 

− Software automatically determines the 
volume cavity. 

− A gated study, which means it is susceptible to 
problems due to arrhythmias. 

− Ionising radiation is used. 

G
B

P-
P 

− Processing software can be manual, semi-
automated or fully automated. 

− No breath-holding techniques required. 

− No geometric assumptions of the LV volume 
are required. 

− No absolute contraindications for this study. 

− Ionising radiation is used. 

− Due to the gated study, arrhythmias may reduce 
the accuracy of the EF value. 

− Background calculation is required due to 
overlapping anatomy. 

− Poor labelling of the red blood cells may occur, 
which will also degrade the EF accuracy. 

G
B

P-
S 

− Volumetric. 

− Background subtraction is not required. 

− Processing software can be manual, semi-
automated or fully automated. 

− No breath-holding techniques required. 

− No geometric assumptions of the LV volume 
are required. 

− Ionising radiation is used. 

− Due to the gated study, arrhythmias may reduce 
the accuracy of the EF value. 

− Poor labelling of the red blood cells may occur, 
which will also degrade the EF accuracy. 

− Processing software may be complicated. 

CMR – Cardiac Magnetic Resonance; 2D EC – Two-Dimensional Echocardiography; 3D EC – Three-Dimensional 
Echocardiography; CT – Computed Tomography; MPI – Myocardial Perfusion Imaging; GBP-P – Planar Gated Blood Pool; GBP-
S – SPECT Gated Blood Pool 
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In Nuclear Medicine, Anger’s groundbreaking invention of the gamma camera initialised the 
potential of blood pool imaging. With the evolvement in radiotracers, Nuclear Medicine 
Cardiology today can be used to accurately diagnose and manage various cardiac conditions 
e.g., coronary artery disease and cardiomyopathy using SPECT and PET myocardial imaging 15. 

Some chemotherapy drugs used for specific cancer treatments in patients are associated with 
dose-related cardiac muscle cell injury and death, leading to left ventricular dysfunction and 
heart failure 16,17. Monitoring the change in LVEF for these patients is thus vital as it remains 
the basis for identifying cardiotoxicity 17. LVEF is routinely calculated before and during 
chemotherapy. Baseline LVEF values are around 50%; therefore, if the LVEF before 
chemotherapy is below 50% or decreases by 10% during chemotherapy, the treatment will be 
suspended 18–23. Accurate calculation of the LVEF value is thus extremely important. Early 
detection of a low LVEF value or changes in the value between chemotherapy sessions may 
lead to the prevention of further patient complications 18,21,24–26. Currently, a 'golden standard' 
method for measuring LVEF has not been universally accepted 9. 

This study will primarily focus on GBP planar (GBP-P) and SPECT (GBP-S) studies using 99mTc-
labelled red blood cells and will be discussed in more detail below. 

3. Gated Blood Pool Studies 

In the 1970s, the concept of using electrocardiography with cardiac imaging was introduced 
18,27. The QRS complex of the electrocardiogram (ECG) signal provides information regarding 
the different phases of the heart with the principal peak, the R-wave, corresponding to the 
heart’s end-diastolic (ED) phase 28. The correspondence of the ED and end-systolic (ES) phases 
with the ECG signal is illustrated in 
Figure 1.2. Gating the cardiac cycle 
means it is divided into short intervals 
and images are synchronised with the 
different phases of the heart’s 
contraction and relaxation cycle 19,23. 
The R-wave is the trigger that 
represents the start of a new cycle 19. 
Each interval corresponds to a 
different phase of the cardiac cycle, so 
an illusion of a beating heart can be 
viewed in cinematic display 19. 
Without gating these studies, a 
blurred image due to cardiac wall motion will be observed 19. 

GBP studies are also known as radionuclide angiography, radionuclide ventriculography, or 
multigated acquisition scans (MUGA). This relatively simple and non-invasive study is 
commonly used to evaluate myocardial wall motion and ventricular function 21,29–35. GBP 
studies also play a key role in detecting, diagnosing, and managing various cardiac diseases, 
including chronic heart failure, myocardial infarction, monitoring cardiotoxicity, coronary 
artery disease and dilated cardiomyopathy 7,19,21,31,33,35–37.  

Effectively evaluating and interpreting imaging data relies heavily on key parameters such as 
image acquisition, reconstruction, processing, and quantification 38. The accurate 
measurement of EF is of high importance, and inaccurate EF values not only risk misdiagnosis 

Figure 1.2: The QRS complex of the ECG signal provides necessary 
information such as the end-diastolic and end-systolic phases of the heart. 
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but can potentially lead to fatal outcomes for patients. Over time there have been notable 
improvements in processing software that have led to semi-automated and automated 
processing, which reduces the operator's dependability. While semi-automated processing 
has introduced a level of automation, manual intervention is still required. This may include 
tasks such as selecting the LV or adjusting the regions of interest (ROI) selected by the 
processing software. The manual intervention after selecting automated processing may be 
beneficial, as the ROI may be adjusted according to the ventricles if the automated process 
falls short. 

3.1. Planar Gated Blood Pool Studies 

For LVEF calculation, GBP-P studies are acquired with the patient positioned supine and the 
detector in the left anterior oblique position. A minimum of 16 time-frames per R-R interval 
is required, but a higher framing rate (32 frames/R-R interval) is preferred 36. Image duration 
is typically 10 – 15 minutes to ensure adequate counting statistics. 

In GBP-P studies, there is an overlap of anatomical structures, that may affect the LVEF 
accuracy due to activity contribution from surrounding structures filled with activity such as 
the right ventricle (RV). Notably, the calculation of RVEF is often omitted due to the overlap 
between the right atrium and RV in the left anterior oblique view 39,40. Given the absence of 
volumetric information in 2D images, Equation 2 below is used to calculate the EF for GBP-P 
studies.  

To derive the ED and ES frames, a time activity curve is generated over the heart. Counts for 
ED and ES are obtained from selected ROIs positioned over the ventricle during their 
respective phases, while the background (Bkg) counts are obtained from an ROI adjacent to 
the ventricle. The EF calculation for GBP-P studies mandates background correction to account 
for surrounding tissue (over and underlying) such as lung and soft tissues containing 
radioactive-labelled red blood cells. Careful consideration is given to prevent interference 
from structures with high counts, such as the aorta, ensuring an accurate correction without 
artificially elevating background values.  Other factors that may cause errors in the calculation 
of the LVEF include low count densities and the partial volume effect 41. 

 

 EF =
(ED counts − Bkg counts) − (ES counts − Bkg counts)

(ED counts − Bkg counts)
× 100 (2) 

 

The selection of ED and ES ROIs can be carried out either manually or automatically. Automatic 
edge detection commonly employs a zero crossing, second derivative edge tracking algorithm 
42. In this process, edges are systematically sought radially outward from the ventricle centre. 

3.2. SPECT Gated Blood Pool Studies 

Tomographic imaging methods play an increasingly crucial role in the modern era of medical 
diagnostics. The growing significance of these methods is underscored by advancements in 
techniques and the expanding scope dedicated to their application 38. GBP-S imaging can 
address many of the shortcomings and challenges of GBP-P studies. GBP-S is a 3D analogue of 
GBP-P studies offering the advantages of tomographic imaging. Wright et al 43 reported 
improved repeatability of EF calculation obtained due to ideal ventricle separation, direct 



 

Page | 12  
 

volume calculation, and eliminating the need for background correction; thus, making use of 
Equation 1. Another significant advantage of GBP-S studies is that they enable simultaneous 
assessment of biventricular function 44. Since the RV function evaluation is clinically relevant, 
it may improve the management of the patient 44. Despite all the advantages, GBP-S studies 
have not yet replaced GBP-P studies in many institutions.  

During image acquisition of GBP-S studies, the patient assumes a supine position with arms 
raised above the head. The heart, located to the left side of the middle mediastinum between 
thoracic vertebrae T5-T8, is imaged using a 180° rotation orbit ranging from 45° right anterior 
oblique to 45° left posterior oblique in a non-circular trajectory. The imaging process 
predominantly adopts a step-and-shoot mode, utilising a 64 × 64 matrix and a pixel size in the 
order of 6.4mm, and acquiring at least 64 projections as outlined by Hesse et al 36,45. To 
effectively capture the contracting cycle of the heart, the R-R cycle is divided into eight or 
preferably 16 intervals, and gated images are acquired at each projection angle. More time-
frames per projection provide a better temporal resolution. The overall acquisition time is kept 
between 20 to 30 minutes ensuring sufficient count statistics for acceptable image quality. 

Processing of the GBP-S images involves reconstructing the acquired projection data to 
generate 3D representations of the heart at each gated phase of the cardiac cycle. Image 
reconstruction can be performed through Filtered Back Projection (FBP) using a modified 
Ramp filter 29,32,44. Alternatively, an Iterative Reconstruction (IR) algorithm, such as the 
Ordered Subset Expectation Maximisation (OSEM) algorithm, can be employed with a pre-
selected number of iterations and subsets, as well as post-filtering of images.  

FBP is an analytical image reconstruction method and is often used for GBP-S processing 46,47. 
The method is simplistic and quick and is also known for its computational efficiency 46,47. In 
short, acquired projection data undergoes mathematical filtering, using a modified Ramp filter 
in the frequency domain. The filtered frequency information is then inversely transformed to 
generate filtered projection images, which are then backprojected for the different projection 
angles creating an accurate representation of the initial object (patient/phantom) 1,46,47. A 
disadvantage of FBP is that the reconstructed images appear noisy 1,46. 

IR methods are known for their ability to effectively reduce noise, minimise image artefacts 
and enhancement of spatial resolution, and therefore can provide more accurate quantitative 
measurements of radioactivity. One of these methods, OSEM, makes use of multiple iterations 
to obtain an accurate estimation of the initial object 46–48. The iterations include calculations 
by forward-projected data based on a previous iteration and comparing the current image 
estimate with the raw acquisition 1,46,47. The iterative process is repeated until the difference 
between the reconstructed estimate and the raw acquisition data reaches a certain 
convergence criterion, indicating an accurate or sufficiently stable solution  1,46. The drawback 
is that IR methods are computationally more intensive than FBP methods 1,46. However, with 
the improvement in computational speed and the introduction of OSEM, IR methods have 
replaced FBP to a large extent in SPECT image reconstruction in Nuclear Medicine 1. 

After reconstruction of the GBP-S studies, the reconstructed image datasets are re-orientated 
into short-axis slices by manually selecting left ventricular symmetry axes. Subsequently, the 
images undergo quantitative analysis, providing crucial information about the ED and ES 
volumes, as well as the EF of the ventricles. Quantitative Blood Pool SPECT (QBS) software, 
which forms part of the Cedar-Sinai Cardiac Suite, developed by QUAD, is one such processing 
software package that is commercially available 49. 
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The sophisticated QBS algorithm, described in detail by Van Kriekinge and colleagues 50,51 was 
initially developed for automatic quantitative measurements of the LVEF 50. Later, it was 
expanded to encompass the calculation of right ventricular volume and EF values 51. The 
software uses short-axis gated data image sets and operates in three concise steps. It uses 
phase analysis to differentiate the left and right ventricles from surrounding structures, 
extracts the LV endocardial surface, and subsequently extracts the RV endocardial surface, 
aided by the LV endocardium. The algorithm employs phase-based structure discrimination 
by generating a three-dimensional data set, utilising cosine transform coefficients of the Time-
Activity Curve. The resultant voxel values accentuate the ventricular periphery and atrial 
regions. The LV and RV components are delineated from a binary mask generated through 
thresholding and morphologic operations. LV endocardial surface extraction uses a three-
dimensional extension of an orientation-based template mechanism, addressing challenges 
in delineation posed by partial volume effects in SPECT. The RV surface is similarly extracted, 
with the LV guiding the process. The resulting surfaces compute endocardial volumes and EF 
values at each interval of the gated data set. QBS has the option to process GBP-S studies 
completely automatically or semi-automatic with manual adjustments guiding ventricular 
delineation. 

The accuracy and reliability of the EF values determined by different processing software 
packages must be tested extensively before being used clinically. A significant challenge is 
evaluating these processing software packages (and possibly improving them) without putting 
patients or volunteers at risk 52 due to the radiation concern. A further challenge arises from 
the inability to obtain the precise cardiac volumes necessary for calculating LVEF values from 
patient data. To resolve these problems, the use of phantoms has been investigated. 

4. Phantoms and Simulations 

When assessing diagnostic imaging techniques such as GBP studies, using a phantom serves 
a dual purpose. Not only does it mitigate radiation hazards, but also enhances the reliability 
of outcomes, providing the option of controlled known input parameters that serve as a 
valuable benchmark for evaluation 53. Physical phantoms are specially constructed items that 
facilitate non-invasive imaging methods and can be used to evaluate the performance of 
different medical imaging devices and procedures 54. Several phantom types reflect the 
evaluation of multiple imaging tasks, including geometrical accuracy, dose algorithm accuracy, 
image quality, machine- and patient-quality assurance, improvement of irradiation 
techniques, and the performance of required calibrations 55. Initially, hollow cylinders 
containing hollow spheres were used to mimic activity distributions in clinical studies 38. With 
the availability of 3D printers, manufacturing clinically realistic physical phantoms has become 
more accessible. This includes anthropomorphic phantoms with detailed structures such as 
organs and tumour lesions 38,56. 

However, the use of physical phantoms can be limited due to the fixed size and geometry of 
the phantom. 3D-printed phantoms are expensive, and they reflect a crude representation of 
the human body 54. However, a trade-off between anthropomorphism, the complexity of 
motion and the reproducibility of the motion does exist 56. Using physical phantoms for 
calibration purposes can be costly and time-consuming. Furthermore, it is challenging to use 
phantoms in dynamic and ECG-gating procedures 57.  
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Digital phantoms, as a substitute for physical phantoms, can be used to create a virtual model 
of a patient's anatomy and physiology 52. Imaging data of the digital phantom can be simulated 
using Monte Carlo (MC) simulations through an accurate computerised model of the physics 
of the imaging process and a modelled gamma camera.  

Nuclear Medicine imaging is well suitable for MC modelling techniques due to the stochastic 
nature of radiation absorption, transport, and detection processes 58. The benefits of MC 
simulations encompass evaluating the performance of an existing detector system, 
investigating the development of new detector systems, and enabling the assessment of 
image corrections and reconstruction algorithms 5,58. The MC code, SIMulation of Imaging 
Nuclear Detectors (SIMIND) 59, has been extensively utilised for Nuclear Medicine applications. 
SIMIND emulates a clinical SPECT gamma camera and simulates both planar and SPECT 
images, performing a range of calculations and measurements common in Nuclear Medicine 
imaging 60. SIMIND is frequently used to precisely assess imaging system designs, such as 
collimators, reconstruction algorithms, and scattering corrections. X-ray CT data is often used 
to generate voxelised phantoms which can be incorporated in SIMIND simulations 61–64. 

Research trials may therefore be conducted entirely on a computer. One of the benefits of 
using such experiments is that the phantom's exact composition is established, providing a 
"gold standard" by which to test and refine imaging devices and techniques. The user knows 
exactly what the simulated images should represent in terms of phantom volumes, shapes, 
and motion extent. However, for simulation results to be credible, realistic models of human 
anatomy and cardiac and respiratory motions are required. 

Extensive work has been undertaken to develop realistic digital computerised phantoms 
because of their significant potential in imaging research. Digital phantoms can be classified 
into three categories: voxelised, mathematical, and hybrid phantoms 58,65. Voxelised phantoms 
rely on segmented image data (such as CT data) and thus provide a precise model of patient 
anatomy 52,65. However, voxelised phantoms are based on fixed geometries (obtained for a 
specific patient), posing challenges in modelling anatomical variations or motion 52,65. In 
contrast, mathematical phantoms use equations to describe the phantoms and structures 
inside the body of the phantom. These equations allow for alterations in the size and motion 
of structures like organs in patient phantoms 65. Mathematical phantoms, though, have 
limitations in realistically modelling human anatomy 52,65. Conversely, hybrid phantoms, offer 
an advantage by integrating characteristics from both voxelised and mathematical phantoms. 
Segmented patient data is primarily used to create the hybrid phantoms, but each anatomical 
entity is described using nonuniform rational B-splines (NURBS) or polygon meshes. NURBS 
surfaces can accurately model each structure in the body based on patient data 52. Hybrid 
phantoms can thus be easily altered to model anatomical changes and motion, making them 
effective for use with MC simulations to mimic GBP studies, enabling the evaluation of 
patients’ ventricular function. 

Digital four-dimensional (4D) hybrid phantoms, such as the extended cardiac-torso (4D-XCAT) 
phantom proposed by Paul Segars, provide reproducible data and reliable outcomes 56. The 
phantom was initially developed as the 4D Mathematical Cardiac-Torso (MCAT) phantom in 
the 1990s, encompassing male and female anatomies 65. It aimed to improve the original 
MIRD-5 model used for radiation dosimetry 65. While the 4D-MCAT model found success in 
imaging research, especially SPECT and PET imaging, it still had limitations in terms of 
geometrical design, resulting in a less realistic model of human anatomy 65.  
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To create a more advanced computational phantom, the 4D NURBS-based cardiac-torso 
(NCAT) model was designed 52,65. NURBS surfaces were used to shape the organs using the 3D 
Visible Human CT dataset 66 as the foundation 52,65. The 4D-NCAT model was developed with 
a focus on enhancing realism in both human anatomy and physiology 65,67, incorporating 
features such as cardiac beating and respiratory motion. A limitation of this model was that it 
is based on a single male dataset and confined to the torso region 52,65.  

To overcome the limitations of the 4D-NCAT model, the 4D-XCAT was developed. This model 
included highly detailed whole-body male and female anatomies, based on the high-
resolution Visible Male and Female anatomical datasets  56,65,66–69. With enhanced anatomical 
detail and the availability of whole-body anatomies for both genders, the 4D-XCAT model 
became applicable to a broader range of medical imaging applications 65,68. Further 
improvements to this model included the integration of a physiologically based, finite-element 
mechanical model of the heart 69. Developed within the framework of the Living Heart Project 
70 , this model emulates the comprehensive function of the heart across various aspects 69. 
This includes electro-mechanical excitation and contraction throughout the cardiac cycle, 
along with a model for the blood flow and its impact on cardiac function 69. Figure 1.3 provides 
a summarised timeline of the model’s evolution, from the original MIRD model to 4D-XCAT 
52,69. The timeline is based on the MIRD pamphlet number 5 publication 71, and the respective 
publications of the models by W.P. Segars and his colleagues 4,52,72. 

The 4D-XCAT boasts an unmatched level of detail and anatomical realism and contributes to 
the usefulness of digital phantoms 67,68. Comprising a diverse population of male and female 
anatomies that vary based on age, height, and weight 67–69, this model introduces phantom 
variability, offering the opportunity to build a comprehensive database with multiple models. 
Such models prove invaluable for extensive testing of software packages, particularly in the 
context of GBP studies. The known cardiac chamber volumes and EF values for each model 
establish a gold standard, facilitating the evaluation of software packages. 

Figure 1.3: Anterior views of the models that led to the development of the 4D-XCAT phantom 65,69 
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5. Dissertation Rationale 

Ensuring the reliability of any imaging technique or processing software is crucial before its 
application in a clinical setting. Rigorous testing and verification are essential to confirm the 
benefits to the patient and to guarantee accurate, reliable, and reproducible results. In the 
context of GBP studies, ensuring accurate EF values necessitates volumetric information on 
the cardiac chambers, which is not readily available with human study groups. In recent times 
the use of phantoms, especially digital human phantoms, enables researchers to test and 
validate the software packages without posing a radiation hazard to patients or themselves. 
These phantoms, with known volumetric parameters, can be considered the gold standard. 

The intention of this study was thus to adjust parameters such as the heart size and volumes 
during the cardiac cycle, to generate a comprehensive database of GBP studies encompassing 
various EF values. The database of studies was simulated for both planar and SPECT studies 
enabling a comparison of the reliability and reproducibility of not only different software 
packages but also for the comparison between planar and SPECT studies. Should SPECT 
studies prove to be more accurate and reliable, GBP-S may replace GBP-P studies at the 
Universitas Academic Hospital in Bloemfontein, South Africa. 

6. Aim of Study 

The study aimed to assess ventricular function using GBP-P and GBP-S imaging in simulated 
patient models with varying cardiac volumes and functions and to test the accuracy, 
reliability, and reproducibility of commercial software packages. 
 
The following objectives were considered: 

I. Validating MC simulated cardiac phantoms for the evaluation of GBP-P and GBP-S 
studies. 

II. Assessing the accuracy of four commercial GBP-P software packages by generating a 
digital phantom database of GBP-P studies with known LVEF values. 

III. Assessing the accuracy of a commercial software package for processing GBP-S studies 
using the GBP-S generated database with known left ventricular volumes and EF. 

7. Summary of Chapters 

Articles 1 to 3, summarised below, form the basis of Chapters 2 to 4. 

Note to readers: The referencing styles of the articles (Chapters 2 and 3) are according to the 
journals’ referencing guidelines in which they were submitted/published. Their referencing 
style is not the same as that of Chapter 1 and the complete bibliography. 

Article 1: Validation of a Monte Carlo simulated cardiac phantom for planar and SPECT 
studies. 

Gated blood pool (GBP) scintigraphy (planar and SPECT), using 99mTc pertechnetate labelled 
red blood cells, is commonly used to evaluate the ventricular function of patients thanks to its 
excellent reproducibility measures. This work aimed to validate MC simulated cardiac 
phantoms for the evaluation of GBP-P and GBP-S studies. The validation process commenced 
with a comparison of the gamma camera system performance criteria measurements (energy 
resolution, spatial resolution, and sensitivity) with the corresponding values obtained through 
MC simulations. Furthermore, the accuracy of both measured and simulated volumes of two 
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stereolithography-printed cardiac phantoms (based on 4D-XCAT phantoms) was assessed. The 
final step involved validating the simulated GBP-P and GBP-S XCAT studies by comparing the 
calculated LVEF and LV volume values (EDV and ESV) with known parameters, comprehensive 
validations have been documented in a published manuscript in Physica Medica 73, with the 
front page of the article provided in Appendix A for reference. 

Article 2: Assessment of Planar Gated Blood Pool Processing Software using a Simulated 
Patient Phantom Database. 

GBP-P radionuclide imaging serves as a valuable tool for the non-invasive assessment of LVEF. 
Serial cardiac imaging can be performed to monitor the potential decline in LVEF among 
patients undergoing cardiotoxic chemotherapy. Consequently, accurate LVEF determination is 
of paramount importance. Although commercial software programs have significantly 
improved the reproducibility of LVEF calculation, concerns have arisen regarding the accuracy 
of these software programs. This study aimed to assess the accuracy of LVEF determination 
using four commercial software programs. The goal was achieved by generating a database of 
64 GBP-P studies utilising the digital hybrid phantom, 4D-XCAT. This database contains models 
with a range of known LVEF values. The processed values obtained from the commercial 
software packages were compared against the known values, to ascertain accuracy. The 
findings of this research have been compiled into a manuscript submitted to Heliyon as 
evidenced by the acknowledgement of submission in Appendix B. 

 

Article 3: Assessment of SPECT Gated Blood Pool Processing Software using a Simulated 
Patient Phantom Database 

The importance of GBP studies is evident as it is a non-invasive procedure that provides 
valuable information. Gated SPECT studies could replace planar studies as the preferred 
technique mainly due to their ability to provide volumetric information through tomographic 
imaging. While GBP-S studies have multiple advantages over planar studies, they have not yet 
replaced GBP-P studies, primarily due to the complexity of the processing software and the 
cost thereof. This study aimed to assess the accuracy of Cedar Sinai’s GBP-S processing 
software package, QBS, employing a fully automated approach. Utilising a simulated GBP-S 
database the studies were reconstructed and processed automatically using QBS. The results 
of this research constitute a manuscript ready for publication and are currently undergoing 
finalisation before submission. 
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1. Abstract 

Purpose: This work aimed to validate Monte Carlo (MC) simulated cardiac phantoms for the 
evaluation of planar- and SPECT-gated-blood-pool (GBP-P and GBP-S) studies.  

Methods: A comparison of gamma camera system performance criteria measurements 
(energy resolution, spatial resolution, sensitivity) with MC simulations was conducted. 
Furthermore, the accuracy of measured and simulated volumes of two stereolithography-
printed cardiac phantoms (based on 4D-XCAT phantoms) was assessed. Finally, the simulated 
GBP-P and GBP-S XCAT studies were validated by comparing calculated left ventricular ejection 
fraction (LVEF) and ventricle volume values with known parameters. 

Results: The simulated performance criteria compared well with measured values (energy 
resolution difference: 0.1±0.10%; spatial resolution (full width at half maximum) difference 
≤0.5±0.8mm and system sensitivity difference ≤6.2±0.62cps/MBq). The measured and 
simulated cardiac phantoms were in good agreement; the left anterior oblique views 
compared well. This is supported by line profiles through these phantoms and on average, 
simulated counts were 5.8% lower than measured counts. The LVEF values calculated from 
the GBP-P and GBP-S simulated data differ from known values (2.8±0.64% and 0.8±0.52%). 
The differences between the known XCAT LV volumes and simulated GBP-S calculated volumes 
were -1.2 ±1.91ml and -1.5 ±0.96ml for the end-diastolic and end-systolic volumes. 

Conclusion: The MC-simulated cardiac phantom has been validated successfully. 
Stereolithography printing allows researchers to create clinically realistic organ phantoms and 
is a valuable tool for validating MC simulations and clinical software. By conducting GBP 
simulation studies with various XCAT models, the user will be able to generate GBP-P and GBP-
S databases for future software evaluation. 

2. Introduction 

Gated blood pool (GBP) scintigraphy (planar and SPECT), using 99mTc pertechnetate labelled 
red blood cells (RBCs), is commonly used to evaluate the ventricular function of patients due 
to excellent reproducibility measures [1,2]. Planar gated blood pool (GBP-P) imaging is often 
favoured over GBP SPECT (GBP-S) imaging due to the simplified acquisition and processing 
protocols [3]. GBP-P imaging is a well-established, highly repeatable, non-invasive technique 
to evaluate ventricular function, particularly the ejection fraction (EF) of the left ventricle (LV) 
[4,5].  

However, a drawback of GBP-P studies is the overlap of anatomical structures resulting in the 
left ventricular ejection fraction (LVEF) not being calculated accurately due to activity 
contribution from the left atria (LA) and/or right ventricle (RV). Furthermore, the accuracy in 
determining the right ventricular ejection fraction (RVEF) is compromised due to the overlap 
between the right atrium (RA) and RV in the left anterior oblique (LAO) view [6,7]. The 
calculation of EF for GBP-P studies also requires a correction for background activity due to 
over-and underlying tissues such as lung and soft tissues containing radioactive-labelled RBCs. 
Low count densities and the partial volume effect are two further factors that may 
compromise the accuracy of LVEF calculations [8]. 
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In contrast, GBP-S imaging can address many of the shortcomings and challenges of GBP-P 
studies. Wright et al. [5] reported improved repeatability of EF calculation obtained with GBP-
S studies due to ideal ventricle separation and eliminating the need for background correction. 
Furthermore, GBP-S imaging is considered an “all-in-one” technique as it enables 
simultaneous assessment of biventricular volumes and functions [9]. Despite all the 
advantages, GBP-S studies have not yet replaced GBP-P studies for the calculation of EFs. This 
may be due to a lack of supportive evidence that ventricular volumes and EF values calculated 
from GBP-S studies are reliable. A significant challenge is assessing the accuracy of these 
parameters obtained from GBP-S studies without putting patients or volunteers at risk [10]. 
For this reason, using phantom studies to assess the accuracy of volume and EF values of GBP-
S studies may be a viable alternative. The use of phantoms will not only minimise radiation 
hazards and costs but can also result in more reliable outcomes, as the volume and functional 
values obtained with phantom studies can be compared to the known input parameters[11]. 

With the availability of stereolithography 3D printers, manufacturing physical phantoms has 
become more accessible [12,13]. Stereolithography 3D printing technology has revolutionised 
the medical research industry by enabling the creation of highly accurate and clinically realistic 
organ models. These 3D printed phantoms provide researchers with a valuable tool for 
validating clinical software, allowing them to simulate real-life scenarios with greater precision 
and confidence. However, the use of physical phantoms for the evaluation of cardiac functions 
can be limited due to the fixed size and geometry of physical phantoms. Hybrid phantoms can 
address the limitations of physical phantoms and can be used to create a virtual model of a 
patient's anatomy and physiology [10]. These phantoms can be used with Monte Carlo (MC) 
simulations to accurately mimic GBP-P and GBP-S studies [14,15].  

The 4D-XCAT phantom, developed by Segars et al., [10] is an example of a hybrid digital 
voxelised and mathematical phantom that uses Non-Uniform Rational B-Splines (NURBS) 
surfaces to generate organ shapes based on the 3D Visible Human Dataset [16]. NURBS 
surfaces are mathematical models that can precisely describe a wide range of 2D or 3D 
geometries. They provide a way to model complex shapes with smooth, curved surfaces and 
are widely used in fields that require a precise representation of digital shapes [17]. Patient 
motion (cardiac and respiratory) was added as the fourth dimension to the XCAT phantom [10] 
to ensure realistic clinical patient models. 

De Bondt et al. [11] developed a physical phantom to assess the accuracy of EF and volume 
values obtained from gated cardiac scintigraphy data. This phantom was used to simulate 
variable RV and LV volumes. Recently, however, concerns have arisen regarding data credibility 
from physical phantom experiments in Nuclear Medicine because of differences in 
radioisotope regulation techniques, reproducibility, and individual differences in the 
phantoms [18]. Therefore, there is a tendency to replace actual phantom measurements with 
MC-simulated phantoms [19]. 

In the Nuclear Medicine department at our institution, many cancer patients undergo GBP 
studies to monitor cardiac function. It was decided to evaluate the calculated ventricular EF 
for both GBP-P and GBP-S studies using MC-simulated images of the 4D-XCAT phantom using 
different patient models. For this reason, a preliminary study was performed to validate the 
simulation procedure. 

This study aimed to validate an MC-modelled gamma camera for the evaluation of planar and 
SPECT cardiac studies. This was done by verifying the SIMIND modelling of a gamma camera 
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for 99mTc by (i) comparing gamma camera performance criteria measurements with MC 
simulations and (ii) assessing the accuracy of the measured and simulated volumes of two 3D 
printed cardiac phantoms. Finally, the accuracies of a simulated GBP-P and GBP-S study 
obtained from the modelled gamma camera were verified by comparing the output 
parameters (EF and volume values) with the known input parameters of the 4D-XCAT phantom 
(further referred to as the XCAT phantom). 

3. Materials and Methods 

In this study, the Siemens Symbia T16 hybrid SPECT/CT dual-detector gamma camera (Siemens 
Medical Solutions, Inc. Hoffman Estates, IL., USA), available at our institute, fitted with low-
energy high-resolution collimators, was used for all 99mTc image acquisitions and MC 
simulations. All the experimental and simulated images were obtained with a 15% energy 
window centred over the 140.5 keV photon peak of 99mTc. The 99mTc activity was measured 
using a Biodex Atomlab 500 radionuclide calibrator (Biodex Medical Systems, New York, NY, 
USA). The accuracy of the radionuclide calibrator was traceable to a secondary standard 
through the National Metrology Institute of South Africa (NMISA) in Cape Town, South Africa 
(±1.0%). The measured activity was contained in <0.2ml in a 1ml plastic syringe. 

CT images of all experimental setups were acquired using the CareDose 4D protocol 
(CareDose, Siemens Medical Solutions, Germany) with a CT tube voltage of 130 kVp and an 
effective tube current of 15 mAs. The reconstructed transaxial CT data (512 × 512 image 
matrix; 0.98 mm/pixel; slice thickness of 1.0 mm) was used to create digital voxelised 
phantoms [20]. Source and density distributions were created from CT-derived or XCAT 
phantoms to use as input in the SIMIND MC code, version 6.2 [21,22,23]. 

SIMIND was used to create the virtual Siemens Symbia T16 gamma camera according to the 
specification sheet [22] and as described by Morphis et al. [24]. The gamma camera was 
simulated using a single detector (NaI crystal) fitted with a low-energy, high-resolution 
collimator. The photomultiplier tubes and electronics were mimicked by a layer of backscatter 
material [23].  The SIMIND 99mTc isotope file, based on the nuclear data available from the 
"Laboratoire National Henri Becquerel" [25] was used to model the 99mTc photons [26]. The 
simulations were performed on a high-performance cluster. All simulations were run only 
once for 70 million photons per projection to reduce the statistical uncertainty.  The SIMIND 
MC simulation utilises variance reduction techniques, which result in the recording of weights 
rather than absolute counts during the simulation process. Consequently, the simulated 
images do not follow a Poisson distribution. To ensure the simulated images match the realism 
of typical gamma camera images in clinical settings, as recommended by Ljungberg [26,27], 
Poisson noise was incorporated during the simulation process.  

All image acquisitions and processing were repeated three times; average and associated 
uncertainty values for results were reported. 

3.1. Verification of the SIMIND Gamma Camera model 

Simulations of SPECT models using 99mTc, described by Bahreyni Toossi et al. [23] and Dong et 
al. [28] for the Symbia gamma camera, were verified in this study. The gamma camera 
performance criteria stipulated by the National Electrical Manufacturers Association (NEMA) 
[29] were used as guidelines to ensure optimal MC modelling of the gamma camera with 
SIMIND. The specific tests selected for the verification were system energy resolution, system 
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spatial resolution, and system sensitivity, as proposed by Morphis et al. [24] and Ramonaheng 
et al. [20]. Experimental measurements of these tests were carried out on the gamma camera, 
and simulations of the same tests were performed with 99mTc as radionuclide, employing the 
experimental setup and simulations as described by Ramonaheng et al. [20]. The differences 
between the results obtained from the experimental measured (acquired) and simulated data 
were reported using equation 3. 

 Difference = Measured − Simulated (3) 

The system energy resolution, system spatial resolution, and system sensitivity images were 
simulated using the CT-derived voxelised digital phantoms with the same imaging parameters 
as for the experimental data measurements.  

The performance criteria tests were evaluated as described by Ramonaheng et al. [20]. The 
measured and simulated energy spectra were compared visually and the energy resolution of 
the primary photo peak of 99mTc for both spectra was calculated. For the system spatial 
resolution, the full width at half and tenth maximum (FWHM, FWTM) values (expressed in 
mm) were calculated for the line sources without and with a scatter medium at three source-
detector distances (50 mm, 100 mm and 150 mm). The measured and simulated system 
sensitivity values (petri-dish in air) were calculated and reported at a source-detector distance 
of 100 mm expressed in counts/s/MBq.  

3.2. Verification of the simulated Cardiac Phantom 

3.2.1. Stereolithography Printed Cardiac Phantom 

The 4D-XCAT computer software program was used to construct end-diastolic (ED) and end-
systolic (ES) phase images of the cardiac model. These images were based on an XCAT 
phantom male model (body mass index (BMI) = 24.38). The public domain software ITK-SNAP 
[30], was used to segment the images resulting in 3D templates of the ED and ES cardiac 
phases, which were printed using a Form 3 Formlabs stereolithography printer [31]. Each 3D 
cardiac phantom consists of four cardiac chambers (left and right atria and ventricles). Wall 
thicknesses were printed according to the segmentation obtained from the XCAT phantom. 
The XCAT models did not include the papillary muscles in the cardiac chambers and therefore 
these muscles were omitted in the printed phantoms.  To ensure the stability of the phantom, 
limited support structures with a diameter of 0.45 mm were integrated into the printing 
process. The volumes of these chambers were validated by comparing them with the volumes 
of the XCAT model. 

3.2.2. Cardiac Phantom imaging 

The cardiac chambers of the two printed 3D phantoms were filled with a clinically relevant 
activity concentration of 159±8 MBq/L 99mTc (concentration at filling time) in water. This was 
corrected for decay to know the correct activity at the time of acquisition. The acquisitions 
were performed according to a GBP-S setup using international guidelines [32,33]. In brief, 
this entails 64 step-and-shoot projections covering a 180° arc using a 64 × 64 image matrix 
from the 45⁰ right anterior oblique to the 45⁰ left posterior oblique view, acquired for 25 
seconds per projection. Since clinical GBP-S studies are not performed routinely at our 
institute, the optimal zoom factor should still be established. The simulated cardiac phantom 
should therefore be evaluated for different zoom factors. GBP-S studies were thus acquired 
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using three different zoom factors (1.23, 1.45, and 1.78).  Furthermore, CT images of the 
printed phantoms were acquired as explained before. 

3.2.3. Cardiac Phantom simulation 

CT data acquired for both the ES and ED printed phantoms was used to create digital voxelised 
phantoms (source and density maps) to use for MC simulation. The above-mentioned SPECT 
studies of the ED and ES cardiac phantoms were simulated using the SIMIND code for the 
three different zoom factors. The simulations were performed as described previously for the 
performance criteria validation tests (Section 3.1). The acquisition parameters (image matrix 
size, pixel size, energy window settings, activity values, acquisition duration and zoom factor) 
for the simulation of the SPECT studies were the same as for the acquired (measured) data on 
the gamma camera. 

3.2.4. Analysis and comparison of acquired and simulated SPECT Cardiac Phantom 

studies 

To validate the printed cardiac phantoms, the individual chambers of the phantoms were filled 
with water and weighed to determine the precise volume of each chamber. These weighted 
volume values were compared with the known chamber volume values of the XCAT model. 

The acquired and simulated SPECT studies of the ED and ES phantoms were reconstructed 
using the Siemens Syngo software available in the department (filtered back projection, 
Butterworth filter, cut-off frequency of 0.6 cycles.cm-1, order of 5) with no attenuation or 
scatter corrections applied. The public domain Java image processing program, ImageJ [34], 
was used to determine the volume of each phantom. The area of the cardiac phantom in each 
of the reconstructed transaxial slices was determined using a predefined threshold value. 
These areas were added together and multiplied by the slice thickness to determine the 
phantom volume. This process was repeated for acquired and simulated data of all six studies 
(three different zoom factors for each of the ED and ES phantoms). 

For further validation of the simulated SPECT images, image projections obtained at an LAO 
view for the acquired and simulated studies for each data set was identified. Line profiles were 
drawn mid-ventricular on the LAO views of the acquired and simulated studies and compared 
visually. The averages of the total counts over all projections for the acquired and simulated 
studies were also compared. 

3.3. Verification of GBP-P and GBP-S XCAT Phantom simulation studies 

An XCAT male model (BMI = 24.38) was used to simulate a GBP-P and a GBP-S study with 
SIMIND. These simulations mimicked gated planar and SPECT clinical studies of the XCAT 
model. The average activity biodistribution for the organs of interest used in the simulations 
was based on distributions reported in the UltratagTM RBC package insert [35]. These values 
were optimised by comparing the XCAT simulated images with anonymous GBP-P patient 
studies and the final values are shown in Table 2.1. The GBP-P and GBP-S simulations were 
performed using the modelled gamma camera as described for the performance criteria 
simulations (Section 3.1).  
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Table 2.1: Average activity biodistribution for the organs of interest. 

Organ of interest Percentage activity 

per organ 

Cardiac (Bloodpool, arteries and veins) 44% 

Muscle (Body and myocardium) 6% 

Lungs 24% 

Liver 13% 

Spleen 13% 

 

3.3.1. GBP-P simulated XCAT study 

A GBP-P study, with the detector at a 45° angle, representing an LAO view and 32 frames per 
cardiac cycle, was simulated. The data was gated using the XCAT model's functional 
information. The simulations were performed using a 64 × 64 image matrix, a zoom factor of 
2.67 (pixel size of 3.35 mm) for 9 million counts in the total study, as per clinical studies. The 
SIMIND output files (interfile format) were converted to Dicom format using in-house 
software. The Alfanuclear software IM512P [36] was used to import and process these files to 
determine the LVEF values. 

3.3.2. GBP-S simulated XCAT study 

A GBP-S study was simulated of the XCAT model using a similar SPECT acquisition protocol as 
described in section 3.2. Similar to the GBP-P study, the projection data was gated using the 
functional information associated with the XCAT model. In-house software was used to 
convert SIMIND output files to Dicom format and to import these to the Siemens Syngo 
database. The GBP-S study was reconstructed with the Siemens Syngo workstation as 
explained in section 3.2. The ventricles were segmented using the reconstructed data with the 
Cedars-Sinai quantitative blood pool SPECT software "QBS" [37] available on the Siemens 
Syngo workstation. Minor adjustments were made to the QBS contours to ensure that the 
entire ventricle is included. Left ventricular ES and ED volume and EF were obtained using 
QBS. 

Due to the known XCAT cardiac ventricle volumes at the ED- and ES phases, the true LVEF was 
known for the XCAT model. The LVEF and volume values obtained from the XCAT GBP-P and 
GBP-S simulation studies were compared with the known values to determine the difference 
using equation 3. GBP-P and GBP-S calculations of the LVEF were repeated four times to obtain 
average LVEF values. 
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4. Results 

4.1. Verification of the SIMIND Gamma Camera model  

For the verification, energy spectra, system energy resolution, system spatial resolution, and 
system sensitivity were considered. 

The measured and simulated energy spectra as well as the difference between the two spectra 
are shown in Figure 2.1. To calculate the energy resolution for the measured and simulated 
photopeaks (Table 2.2), a Gaussian function was fitted to the photopeak of each spectrum to 
obtain the FWHM values.  

 

Figure 2.1. Measured (blue solid line) and simulated (orange, dashed line) 99mTc energy spectra. The green dotted line 
represents the difference between the measured and simulated energy spectra. 

The results for the system energy resolution, system spatial resolution, and system sensitivity 
for both the measured and simulated data are shown in Table 2.2. Average and standard 
uncertainty values for the three measurements are reported. The simulations were not 
repeated, however, average and standard uncertainty values for the simulated resolution 
values were obtained by drawing line profiles at three different positions on the simulated 
images. 
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Table 2.2: Comparison of the measured and simulated performance criteria test results: system energy resolution, system 
spatial resolution, and system sensitivity. Average and standard uncertainty values are reported. 

  Measured Simulated Difference  

System Energy Resolution (%) 9.5 ± 0.01 9.4 0.1 ± 0.01 

System Spatial Resolution (Without scatter)  

FWHM* (mm) 50 mm 

100 mm 

150 mm 

5.6 ± 0.10 

7.6 ± 0.11 

9.8 ± 0.11 

6.0 ± 0.01 

8.0 ± 0.04 

10.1 ± 0.01 

-0.4 ± 0.10 

-0.4 ± 0.12 

-0.3 ± 0.11 

FWTM* (mm) 50 mm 

100 mm 

150 mm 

10.5 ± 0.18 

13.6 ± 0.18 

17.4 ± 0.14 

11.0 ± 0.02 

14.1 ± 0.03 

17.5 ± 0.04 

-0.5 ± 0.18 

-0.5 ± 0.18 

-0.1 ± 0.15 

System Spatial Resolution (With scatter)  

FWHM* (mm) 50 mm 

100 mm 

150 mm 

5.9 ± 0.06 

7.9 ± 0.06 

10.3 ± 0.09 

6.1 ± 0.01 

8.1 ± 0.02 

10.3 ± 0.14 

-0.2 ± 0.06 

-0.2 ± 0.06 

0.0 ± 0.16 

FWTM* (mm) 50 mm 

100 mm 

150 mm 

11.7 ± 0.14 

15.2 ± 0.10 

19.3 ± 0.10 

11.3 ± 0.04 

14.7 ± 0.05 

18.3 ± 0.08 

0.4 ± 0.15 

0.5 ± 0.11 

1.0 ± 0.13 

System Sensitivity (cps/MBq)  97.8 ± 0.62 91.6 6.2 ± 0.62 

*FWHM: full width at half maximum; FWTM: full width at tenth maximum 

4.2. Verification of the simulated Cardiac Phantom 

Figure 2.2(a) shows posterior views of the 3D printed cardiac phantoms. The phantoms 
represent the ED phase and ES phase of the heart. The structural support inserts and the 
printed myocardial thickness are visible in the cross-sectional printer diagram for the ES 
phantom in Figure 2.2(b).  
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Figure 2.2. (a). 3D printed cardiac phantoms for the end-diastolic (ED) and end-systolic (ES) phases based on an XCAT male 

model (BMI: 24.83), posterior view. (b) Cross-section through the printer diagram of the ES cardiac phantom. 

The known volumes of the XCAT phantom and the weighted volumes are listed in Table 2.3. 
The largest differences (32% and 26%) were obtained for the ED and ES RV volume. It should 
be noted that a part of the pulmonary trunk was included as part of the right ventricle in the 
printed phantom which will explain why the RV volume of the printed phantom exceeded that 
of the XCAT model. Smaller differences were obtained for the LV ED and ES volumes (5% and 
3%), with the printed volume slightly exceeding the known XCAT volumes. The LA and RA (for 
ED and ES) printed volumes were less than the known XCAT volumes, which can be attributed 
to the added support structures included in the hollow chambers during the printing process. 
Since the atrial volumes are small in comparison to the ventricular volumes, the support 
structures may have a more notable contribution to these volume differences.  

Table 2.3: Known XCAT model volumes and weighted printed phantom volumes for the atria and ventricles of the ED* and 
ES* cardiac phantoms. Average and standard uncertainty values are reported for weighted volumes. 

Chamber ED volume (ml) ES volume(ml) 

XCAT  Printed 

Phantom  

XCAT  Printed 

Phantom  

Left atrium 35.4 28.2 ± 0.99 65.6 57.3 ± 0.79 

Right atrium 50.0 40.4 ± 0.75 88.1 76.2 ± 0.45 

Left ventricle 136.0 142.8 ± 1.15 53.3 54.9 ± 0.43 

Right ventricle 101.9 134.6 ± 1.57 60.8 76.4 ± 0.91 

Total 324.2 346.0 ± 2.49 273.7 264.9 ± 1.66 

*ED: end-diastolic; ES: end-systolic 
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The cardiac volumes obtained from the reconstructed SPECT data of the measured and 
simulated cardiac phantom studies, for the different zoom factors, are shown in Table 2.4. 

 

Table 2.4: Measured and simulated cardiac volumes, reported for the different zoom factors. 

Phantom Zoom Cardiac volume (ml) Difference 

Measured Simulated 

ED 

1.23 356.4 ± 1.27 366.1 ± 2.27 -9.7 ± 2.60 

1.45 355.2 ± 1.44 362.9 ± 1.05 -7.7 ± 1.78 

1.78 346.0 ± 1.44 342.9 ± 0.93 3.1 ± 1.71 

ES 

1.23 265.1 ± 0.64 291.8 ± 0.38 -26.7 ± 0.75 

1.45 261.2 ± 1.21 292.9 ± 1.93 -31.7 ± 2.28 

1.78 266.1 ± 0.36 273.2 ± 2.40 -7.1 ± 2.43 
*ED: end-diastolic; ES: end-systolic 

A visual presentation of the LAO projection for the measured and simulated SPECT studies is 
shown in Figure 2.3 for both the cardiac phantoms, obtained with the three different zoom 
factors. Also shown are the averages of the total counts over all projections with the 
normalised line profiles.  

The comparison of the average total counts between the measured and simulated projections 
showed that the simulated counts, on average, were 5.8% lower than the measured counts 
(with a range of 3.6% to 8.4%). This is consistent with the 6.3% underestimation of the 
simulated system sensitivity value, as shown in Table 2.2. Additional factors, such as phantom 
filling inconsistencies and the influence of geometric variations between the acquisition and 
simulation setup, may also impact the reported differences.  
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Phantom 

& Zoom 

LAO view with count statistics Mid-ventricular line profiles 

Measured Simulated 

ED 1.23 

78187 71618  

ED 1.45 

81261 75275  

ED 1.78 

73584 67931  

ES 1.23 

53126 50951 
 

ES 1.45 

55669 53674  

ES 1.78 

50869 48967  

*LAO: left anterior oblique; ED: end-diastolic; ES: end-systolic 

Figure 2.3. Visual comparison between the LAO* projection images of measured and simulated cardiac SPECT studies for 
the ED* and ES* 3D printed cardiac phantoms obtained with different zoom factors. Averages of the total counts over all 
the projections are reported below the different LAO views. Normalised mid-ventricular line profiles are shown for the 

measured (solid blue line) and simulated (dashed orange line) studies. 
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4.3. Verification of GBP-P and GBP-S XCAT Phantom simulation studies 

4.3.1. GBP-P simulated XCAT study 

The simulated GBP-P XCAT study (Figure 2.4) was processed using the Alfanuclear processing 
software. The average LVEF obtained for the GBP-P simulation compared well with the true 
XCAT LVEF and is shown in Table 2.5. As mentioned before, the true LVEF value was obtained 
from the known XCAT ED and ES volume values of the LV. 

Table 2.5: Alfanuclear processed planar blood pool results of the simulated XCAT study. 

 Known XCAT LVEF Processed LVEF Difference 

LVEF (%) 48.1 45.3 ± 0.64 -2.8 ± 0.64 

 

Figure 2.4. (a) Summed image of all gated frames in the planar gated blood pool study. (b) Left ventricular volume curve 
obtained for the planar gated blood pool study. 

4.3.2. GBP-S simulated XCAT study 

Figure 2.5 shows the LV and RV during the ED and ES phase, as well as an LV volume curve. 
The average and standard uncertainty of the LV ED and ES volume and EF values obtained after 
processing the GBP-S XCAT study are reported in Table 2.5 and compared to the known XCAT 
model values. The calculated LV volume and EF values of the XCAT model compare favourably 
to these true values. 

Table 2.6: Quantitative SPECT blood pool results of the simulated XCAT study. 

 Known XCAT value Processed value Difference 

ED volume (ml) 136.5 137.7 ± 1.91 -1.2 ± 1.91  

ES volume (ml) 70.8 72.3 ± 1.96 -1.5 ± 0.96 

EF (%) 48.1 47.3 ± 0.52 0.8 ± 0.52 

* ED: end-diastolic; ES: end-systolic; EF: ejection fraction 
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Figure 2.5. (a) End-diastolic (ED) and (b) end-systolic (ES) phases of the SPECT gated blood pool study. The blue mesh presents 
the right and the red mesh the left ventricle.  (c) Left ventricle volume curve obtained for the SPECT gated blood pool study. 

5. Discussion 

As mentioned, MC simulations are excellent tools for the design of detector systems, for 
improving image quality and acquisition protocols, as well as for the assessment of processing 
software. However, the complexity of patients' anatomy and physiology has placed a 
significant demand on phantoms utilising MC simulation to mimic gamma camera acquisitions 
of patient images. This is also relevant for hybrid phantoms using MC simulations to mimic 
cardiac studies for the assessment of cardiac software. In this paper, a multistep validation 
process was conducted to confirm the accuracy of MC simulations of an XCAT phantom. These 
simulations involved comparing gamma camera data to MC simulations to validate the SIMIND 
modelling of a gamma camera, as well as verifying the correctness of the measured and 
simulated volumes of two 3D printed cardiac phantoms. These cardiac phantoms were based 
on an XCAT model. The accuracy of a simulated GBP-P and GBP-S study generated from the 
modelled gamma camera was confirmed in the last stage of the validation by comparing the 
output parameters (EF and volume values) from the simulated studies with the known input 
parameters of the XCAT phantom. 

5.1. Verification of the SIMIND Gamma Camera model 

The simulated performance criteria of the gamma camera compared well with the measured 
values. The system energy resolution resulted in a 0.1% difference between the measured and 
simulated results. Visually, these energy spectra were in good agreement with minor 
differences in the Compton region, which correlate with the results reported by Bahreyni 
Toossi et al. [23] and Morphis et al. [24]. These differences may be attributed to minor 
discrepancies between the measurement and simulation setup. Given that a 15% energy 
window is commonly used for imaging, it can be concluded that the difference in energy 
resolution between the measured and simulated data is unlikely to have a significant impact 
on the results of an imaging study. 

The system spatial resolution FWHM and FWTM values, at the three source-detector distances 
obtained without and with added scatter, resulted in maximum differences of 0.5±0.18 mm 
(FWHM) and 1.0 ±0.13 mm (FWTM) between the measured and simulated data. This is small 
when compared to a typical image pixel size of 4.8 x 4.8 mm2. As a result, it is assumed that 
the spatial resolution of the simulated image will be similar to that of the gamma camera 
image. This indicates that the simulation results are reliable and can be used to accurately 
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represent the performance of the gamma camera system. Both the measured and simulated 
resolution deteriorate with an increase in source-detector distance as expected. The 
difference in the system spatial resolution values can be attributed to minor inconsistencies 
between the measurement- and simulation scatter environments. It is important to note that 
statistical uncertainties are also embedded in the calculation of the FWHM and FWTM values. 
The observed differences were therefore regarded as acceptable. 

The system sensitivity between the measured and simulated data resulted in a 6.3% 
difference. Activity measurements in the radionuclide calibrator greatly impact the accuracy 
of sensitivity values. Geometric differences can contribute to radionuclide calibrator 
uncertainties. According to IAEA standards [38,39] a ±5% uncertainty is acceptable. These 
geometric uncertainties may contribute to the reported sensitivity difference as was also seen 
by other authors [20,23]. 

5.2. Verification of the simulated Cardiac Phantom 

Visually, the two 3D printed cardiac phantoms present the ED- and ES phases anatomically 
correct, with the ventricles and atria filled to maximum capacity during the ED and ES phases, 
respectively. The chamber volumes listed in Table 2.3 correspond to the clinical volumes 
obtained using cardiovascular magnetic resonance [40]. Table 2.3 shows the difference in 
volumes between the actual XCAT volumes, and the volumes obtained through weighing the 
phantoms. As mentioned, the RV volume in the ED phantom is larger than the XCAT volume, 
as a part of the pulmonary trunk was included during the process of creating the templates 
used to print the phantoms. The differences between the weighted and known volumes for 
the remaining heart chambers may be attributable to the interior support structures added 
during the 3D printing process. The measured and simulated volumes determined using 
ImageJ resulted in differences between -12.1% and 0.9%. These differences can be attributed 
to the uncertainty in the activity measurement (as indicated in the sensitivity results), small 
geometric differences between the printed and simulated cardiac phantoms as well as the 
difference in the acquisition and simulated scatter environment. 

Visual assessment of the measured and simulated images demonstrates that the simulated 
images given in Figure 2.3 compare favourably with the measured images. Therefore, the 
selected acquisition parameters used in the simulation are considered acceptable. 

From the measured and simulated images, the 1.23 zoom factor yielded images with less noise 
than the larger zoom factors. However, due to the smaller pixel size (resulting in poorer spatial 
resolution), the delineation of the different cardiac chambers becomes more cumbersome 
with the smaller zoom factor. This may have an impact on the accuracy of EF calculations. The 
zoom factor of 1.78 results in a better separation of the left and right ventricles. The downside 
of using a larger zoom factor (better spatial resolution) is that the count statistics decrease, 
leading to a longer acquisition time to obtain the best image quality (i.e. low noise). The larger 
zoom factor may also result in truncation of the heart during GBP-S studies in larger patients 
[41]. 

The mid-ventricular line profiles (Figure 2.3) show that the simulated data follows the trend 
of the measured data. The small differences may be attributed to discrepancies in the scatter 
environment and setup of the measured and simulated studies. 

The small but constant difference (average difference of 5.8%) between the count statistics of 
the measured and simulated cardiac phantoms may be due to the inherent uncertainty of the 



 

 

Page | 40  
 

radionuclide calibrator as seen for the planar system sensitivity evaluation. Geometric 
differences between the printed and simulated phantoms may also contribute to these minor 
discrepancies. 

Although the cardiac phantoms were imaged and simulated in air, attenuation and scatter 
interactions originating inside the phantoms were included in the final images. The differences 
observed between the measured and simulated cardiac phantom studies were found to be 
negligible, and the simulated cardiac phantoms were considered verified using the modelled 
gamma camera and voxelised phantoms for the MC simulation. It is therefore assumed that 
data from simulated cardiac phantoms in an increased attenuation and scatter environment 
will compare well with measured data from actual cardiac phantoms. 

5.3. Verification of GBP-P and GBP-S XCAT Phantom simulation studies 

The absolute difference between the known and the calculated LVEF value obtained using the 
Alfanuclear software for the planar studies was 2.8%. The minor differences between the 
known and calculated EF are acceptable and the simulated GBP-P XCAT phantom can be 
considered verified.  

It is important to note that the XCAT study presented in this paper is a preliminary investigation 
and that further research will involve the creation and use of a database of GBP-P studies that 
cover a variety of ED and ES volumes based on various XCAT models. As previously stated, the 
GBP-P studies carried out at our institution primarily aim to examine cardiac dysfunction 
related to cancer treatment. In a recent article by Printezi [42], a PubMed search resulted in 
22 articles comprising 1017 cancer patients who underwent GBP studies for screening. The 
majority of patients (70%) included in these articles were male patients. For this reason, a 
male XCAT patient model was selected for our preliminary study.  

For the GBP-S studies, our results indicate that the LV ED and ES volumes and LVEF values can 
be determined with reasonable accuracy using the QBS software with the simulated XCAT 
cardiac model. The processed volume values were slightly larger than the known values. 
Similar to the GBP-P study, the calculated LVEF value was slightly lower than the true value.  

6. Conclusion and future studies 

The significance of modelling gamma cameras using MC simulations has been studied in detail 
by Zaidi [43]. He stated that MC simulations could be used confidently in Nuclear Medicine 
imaging as research tools [43]. The SIMIND-modelled Symbia gamma camera has been 
successfully verified for 99mTc using the above performance criteria as guidelines. 

This study indicated that 3D printing allows researchers to create accurate, clinically realistic 
phantoms from XCAT models. A variety of different organ phantoms can thus be generated. 
Simulation studies based on these phantoms are also feasible and allow the user to expand 
the digital phantom database. Future work will include printing an entire anthropomorphic 
torso and/or abdominal phantom based on an XCAT model's anatomy with various organ 
inserts. The final evaluation will therefore include a more realistic attenuation and scatter 
environment.  

The XCAT phantom simulation confirmed a good agreement between the GBP-P and GBP-S 
known and calculated ventricular parameters (volumes and EF). Future studies will include 
simulating multiple GBP-P and GBP-S studies of male and female XCAT models to create a large 
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clinically relevant study database with a range of ED and ES volume and EF values. The 
accuracy of commercial cardiac processing software will be evaluated using these simulated 
studies.  
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1. Abstract 

Introduction: Planar gated blood pool (GBP-P) radionuclide imaging is valuable for the non-
invasive assessment of left ventricular ejection fraction (LVEF). Serial cardiac imaging can be 
performed to monitor the potential decline in LVEF among patients undergoing cardiotoxic 
chemotherapy. Consequently, accurate LVEF determination becomes paramount. While 
commercial software programs have enhanced the LVEF values' reproducibility, the accuracy 
of these software programs has raised concerns. This study aimed to generate a database of 
GBP-P studies with known LVEF values using Monte Carlo simulations and assess LVEF values' 
accuracy using four commercial software programs. 

Methods: We utilised anthropomorphic 4D-XCAT models to simulate 64 clinically realistic GBP-
P studies with Monte Carlo simulations. Four commercial software programs (Alfanuclear, 
Siemens, General Electric Xeleris, and Mediso Tera-Tomo) were used to process these 
simulated studies. The accuracy and reproducibility of the LVEF values determined with these 
software programs and the intra- and inter-observer reproducibility of the LVEF values were 
assessed. 

Results: Our study revealed a strong correlation between LVEF values calculated by the 
software programs and the true LVEF values derived from the 4D-XCAT models. However, all 
the software programs slightly underestimated LVEF at lower LVEF values. Intra- and inter-
observer reliability for LVEF measurements was excellent. 

Discussion: Accurate LVEF assessment is crucial for determining the patient's cardiac function 
before initiating and during chemotherapy treatment. The observed underestimation, 
particularly at lower LVEF values, emphasises the need for the accurate and reproducible 
determination of these values to avoid excluding suitable candidates for chemotherapy. The 
software programs' excellent intra- and inter-observer reliability highlights their potential to 
reduce subjectivity when using the semi-automatic processing option. 

Conclusion: Our study demonstrated the accuracy and reliability of commercial software 
programs for determining LVEF values from simulated GBP-P studies. Future research will 
investigate strategies to mitigate the underestimation biases and generalise findings to diverse 
patient populations. 

2. Introduction 

Planar gated blood pool (GBP-P) radionuclide imaging has long proven to be beneficial for the 
non-invasive assessment of regional wall motion, left ventricular ejection fraction (LVEF), and 
other indices of ventricular function 1. LVEF is the ratio of the blood volume (stroke volume) 
ejected during systole from the left ventricle (LV) to the total volume of blood present at the 
end of diastole, expressed as a percentage. GBP-P imaging, 2D/3D echocardiography (EC), and 
cardiac magnetic resonance imaging (CMR) are the modalities most frequently used for 
determining LVEF 2–4. Even though 2D/3D EC does not use radiation, it is less favoured because 
it is operator-dependent and relies on certain geometrical assumptions 2–5. CMR is often the 
standard choice for non-invasive cardiac studies because of its outstanding contrast, 
resolution, and absence of patient radiation exposure 2,4,6. However, CMR is not suitable for 
all patients, particularly those with implantable cardioverter defibrillators, most pacemakers, 
and other implant devices such as metallic and cochlear implants, which can contraindicate 
its use 2,4,5.  
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Since the 1970s, GBP-P imaging, a cost-effective, non-invasive, and reproducible procedure to 
determine LVEF in patients, has gained popularity in evaluating cardiac ventricular function 7,8. 
The EANM guidelines for radionuclide imaging of cardiac function included reference LVEF 
values 9. LVEF is widely used to assess the risk of cardiotoxicity2,4,7,8,10 in chemotherapy patients 
2–5,8,11–16. It is widely agreed that chemotherapy treatment will be discontinued if the LVEF value 
before chemotherapy is less than 50% or decreases by more than 10% post-treatment 17. 
Therefore, the calculated LVEF value must be accurate and reliable to guarantee the best 
possible patient care, avoiding complications 2,3,7,8,11. 

Sachpekidis et al. and Foley et al. 4,5 have reported that GBP-P studies offer distinct advantages 
over other imaging modalities regarding ease of use. These studies have indicated that GBP-P 
imaging exhibits a high accuracy and reliability comparable to CMR imaging. Their findings 
also highlight the potential of GBP-P imaging as a promising and robust technique for non-
invasive assessments of LVEF values, emphasising its value in clinical practice and research 
settings 4. 

Ensuring accurate, repeatable, and reproducible LVEF results from GBP-P studies obtained 
with commercial software programs is crucial. However, validating these software programs 
using human subjects or animal studies poses challenges due to ethical and radiation concerns 
and the lack of known cardiac volumes for confirming the calculated LVEF values. The 
utilisation of physical phantoms 16,18 has been proposed to overcome these limitations. 
However, their inability to accurately replicate patient organ shapes and spatial relationships, 
and the prohibitive cost of creating a set of physical phantoms that mimic various patient and 
organ sizes, have limited the use of physical phantoms. 

In a previous article 14, we proposed the use of hybrid phantoms, in particular, the 4D-XCAT 
phantom developed by Segars et al. 19,20, to create human cardiac models to assess LVEF values 
determined with commercial software programs. The XCAT phantom software is a computer 
model that enables users to create digital patient phantoms mimicking human anatomy and 
physiology 20 for biomedical research 21. The unmatched level of detail and anatomical realism 
in the 4D-XCAT model contributes to the usefulness of digital phantoms generated with the 
XCAT software 21,22. It contains a population of male and female anatomies varying in age, 
height, and weight, allowing for phantom variability 21–23. 

The 4D-XCAT phantom is a valuable resource in imaging research for assessing imaging devices 
and techniques. Commercial software programs are frequently used to process GBP-P studies 
to determine LVEF values. Software updates, including the introduction of semi-automatic and 
automatic processing methods, have improved the reliability of LVEF values by reducing the 
risk of variance. These advancements aim to enhance the accuracy and consistency of LVEF 
calculations. However, validating the accuracy and precision of LVEF values obtained with new 
and existing software programs remains crucial to ensure accurate and reliable LVEF results 11. 
Fair et al. 12 and De Bondt 16 pointed out that software programs are often not extensively 
tested before clinical implementation. To address this, the emergence of digital hybrid 
phantoms provides an opportunity to evaluate and compare the accuracy of LVEF values 
determined with various software packages by employing hybrid phantoms with known input 
values. This study aimed to generate a database of GBP-P studies with known LVEF values 
using Monte Carlo (MC) simulation of digital hybrid patient phantoms. Furthermore, the 
accuracy of the LVEF values obtained from the simulated GBP-P studies was assessed using 
four commercial software programs. 
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3. Materials and Methods 

3.1 4D-XCAT Models and Monte Carlo Simulations 

A database of six anthropomorphic 4D-XCAT models (three male- and three female models) 19 
was used to simulate clinically realistic GBP-P studies 14 with the SIMIND MC program 24. These 
models include a wide range of ventricular end-diastolic (ED), end-systolic (ES), and stroke 
volumes to obtain a comprehensive set of LVEF values. The accuracy of four commercially 
available software programs for determining LVEF values was assessed using the simulated 
GBP-P studies. The information regarding the selected 4D-XCAT models is presented in Table 
3.1. 

Table 3.1: Demographic and biometric data of the six 4D-XCAT models. 

 Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 

Gender Male Female Male Female Male Female 

Age 36 59 52 54 60 51 

Ethnicity Caucasian Caucasian Caucasian Unknown African Unknown 

Weight (kg) 75.60 63.70 108.00 87.00 81.50 59.25 

Height (cm) 176.1 162.7 183.2 161.0 175.0 158.0 

Body Mass 
Index (BMI) 

24.38 24.06 32.18 33.56 26.61 23.73 

 

Each of the six 4D-XCAT models was scaled to create a database with additional models with 
varying ES cardiac volumes, resulting in different EF values. Cardiac scaling factors were 
introduced to generate different clinically realistic phantoms. Figure 3.1 illustrates a flowchart 
of the database generation. Left and right ventricular and atrial volumes were kept in clinically 
acceptable ranges 25, and models not complying were excluded. 
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Figure 3.1: Flowchart illustrating the creation of the patient phantom database by generating GBP-P models and MC 
simulation of the GBP-P studies. Processing of the GBP-P studies is also shown. 

A summary of the parameters used to create the 4D-XCAT models is as follows:  

− All models were generated to include cardiac and respiratory motion 19,21–23. The 
entire heart was translated and/or rotated to mimic respiratory motion.  

− Thirty-two time-frames were generated over the cardiac cycle for all models, as stated 
by guidelines 9,26,27 implemented at our institution.  

− No other scale factor was introduced to any of the organs besides the heart scale 
factor.  

− Segmented activity maps and the density maps used for the simulation were 
generated as 512 x 512 image matrixes with a voxel size of 0.98 × 0.98 × 0.98 mm3 
(Figure 3.2). 
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The Siemens Symbia gamma camera model used to simulate the GBP-P studies was described 
in our previous article 14. The XCAT software was used to create 32 time-frames of the 4D-
XCAT phantom for each patient model. Due to factors such as breathing, cardiac rotation, and 
the fluctuating cardiac cycle, the heart’s location within the thoracic cavity changes at each of 
the 32 time-frames. The attenuation- and activity maps generated with the XCAT software for 
the 32 time-frames of the 4D-XCAT models were used as input files for the MC code SIMIND. 
The phantoms' activity distributions (also referred to as activity maps) were based on data 
from GBP-P studies of patients from our clinic. The simulations were performed with the 
assistance of the High-Performance Cluster of the University of the Free State with 
280 kcounts per time frame for 200 million photon histories per image to limit the MC 
statistical uncertainty. As recommended by Ljungberg 14,24,29, Poisson noise was incorporated 
during the simulation process to ensure the noise levels in the simulated images closely 
resembled those observed in clinical radionuclide images. Other simulation parameters are 
summarised in the flowchart in Figure 3.1. 

The 32 simulated time-frames were concatenated using ImageJ 29 to create GBP-P studies of 
~9 000 kcounts mimicking clinically realistic GBP-P studies. These simulated GBP-P studies 
(Figure 3.3) were converted to DICOM file format using an in-house software program and 
transferred to the appropriate Nuclear Medicine processing workstations. 

3.2 Processing the simulated GBP-P studies 

Four different commercial software programs (Alfanuclear (AN), Xeleris by General Electric 
(GE-X), Siemens (SM), and Tera-Tomo from Mediso (M-TT)) were utilised to process the 64 
simulated GBP-P studies (Table 3.2, Figure 3.1). Three independent operators with at least five 
years of clinical experience blindly processed each GBP-P study three times, allowing the 
assessment of intra- and inter-observer reproducibility of LVEF calculation. Bunting et al. 30 
indicated that the time between repetitions should be long enough to prevent interference 
from the preceding test. For this reason, the operators in our study were asked to repeat the 
processing of the GBP-P studies on different days to ensure that the observers were not 
biased. All GBP-P studies underwent standard processing procedures similar to routine clinical 
studies. Any modifications to the semi-automated processing were made as required by the 
user (e.g., adjustment of the region of interest where the processing algorithm failed to 

Figure 3.2: Sample transaxial images of the 4D-XCAT phantom’s segmented activity map during 
the end-diastolic (ED) and end-systolic (ES) phases. 
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accurately identify the left ventricle) (Figure 3.3). The LVEF was calculated for all processing 
software after a background correction was applied to the LV counts obtained in the ED and 
ES phases (Table 3.2). 

Table 3.2: Details of the four software programs used in this study. 

Software Company Processing system Manufacturing 
Address 

Background ROI 
definition 

AN Alfanuclear Data and Image 
Processor IM512P, 

version 2.0 31 

Argentina Manually drawn 
background ROI 

SM Siemens Syngo workstation 32 Germany Automatically selected 
background ROI. 

GE-X General 
Electric 

Xeleris 33 United States Automatically selected 
background ROI. 

M-TT Mediso Tera-Tomo, version 
3.07 34 

Hungary Manually drawn ROIs 

 

 

Figure 3.3: Sample of MC simulated images of the ED- and ES-phase of the original 4D-XCAT model 1. 

4. Statistical Analysis 

LVEF mean and standard deviations of all the models were reported for the 4D-XCAT values 
and the AN-, SM-, GE-X-, and M-TT calculated values. A one-way analysis of variance (ANOVA) 
test was performed in Excel to compare the LVEF values obtained with the four different 
software programs. 

Linear regression analysis and the Pearson correlation coefficients (R) were used to evaluate 
the strength of the relationship and association between calculated LVEF values and the true 
(or absolute) LVEF values obtained from the 4D-XCAT models. The following guidelines 
regarding the correlation coefficient, proposed by Chan et al. 35, were used to assess the 
strength of the linear relationship: poor (R < 0.3), fair (R = 0.3–0.5), moderately strong (R = 
0.6–0.8), and very strong (R ≥ 0.8). The Standard Error of Estimate (SEE) measures the accuracy 
of the predictions made by the model 36, in this case, the processed LVEF values. The Data 
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Analysis Toolkit in Excel was used to perform regression analysis on the data and to determine 
the Pearson coefficient, SEE, and p – value.  

Bland-Altman analysis assessed the agreement between the LVEF values calculated with 
commercial software programs and 4D-XCAT models by plotting the difference between LVEF 
values against the true LVEF values. Any systematic trends in differences were also identified 
by Bland-Altman analysis. A p – value less than 0.05 indicated statistical significance for all 
statistical tests.  

Inter- and intra-observer reliability was assessed by means of an Interclass Correlation 
Coefficient (ICC) 30,37 and coefficient of variation (CV) using the Real Statistics data analysis 
toolpack in Excel 38. An ICC was also obtained to evaluate the agreement between the 
calculated LVEF using the different software (AN, SM, GE-X, M-TT) and the known 4D-XCAT 
values. ICC based on a 95% confidence level was used, and the strength of agreement was 
assessed according to guidelines by Landis and Koch 39, which define agreement as poor (ICC 
< 0.20), fair (ICC 0.21–0.40), moderate (ICC 0.41–0.60), good (ICC 0.61–0.80), or very good 
(ICC > 0.80). Koo et al. 37 define an ICC > 0.9 as excellent. 

5. Results 

5.1 4D-XCAT Models and Monte Carlo Simulations 

Table 3.3 displays the left ventricular ED- and ES volumes of the six original XCAT models and 
their corresponding stroke volumes. 

Table 3.3: End-diastolic (ED)-, end-systolic (ES)-, and stroke volumes for the six original models. 

 Left Ventricle Volumes (ml) Right Ventricle Volumes (ml) 

Model 
number 

ED ES Stroke 
(ED – ES) 

ED ES Stroke 
(ED – ES) 

1 136 71 65 102 71 31 

2 109 43 66 82 49 33 

3 158 62 97 119 71 48 

4 96 37 58 71 43 29 

5 117 46 71 87 52 35 

6 90 35 55 67 40 27 

 

Eight of the 72 4D-XCAT models were excluded due to inconsistencies and left ventricular ES 
volumes being too small compared to Kawel-Boehm's reference ranges. 25. The 64 4D-XCAT 
models used in this study had a range of ED volumes (159 – 78 ml), ES volumes (94 – 22 ml), 
and LVEF values (20 – 77%)).  

5.2 Left Ventricular Ejection Fraction  

The mean and standard deviation of the LVEF calculated from the ED and ES volumes of the 
4D-XCAT phantoms as well as the LVEF values determined with the four commercial software 
programs from the simulated GBP-P studies, are presented in Table 3.4.  
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Table 3.4: Known LVEF values for the 4D-XCAT models and calculated LVEF values obtained with the four commercial 
software programs: (AN: Alfanuclear; SM: Siemens, GE-X; General Electric Xeleris; M-TT: Mediso Tera-Tomo) presented as 

mean ± SD (n = 64). 

LVEF 4D-XCAT AN SM GE-X M-TT 

Mean (%) 53.7 50.8 50.7 48.9 52.4 

Standard Deviation 
(%) 

13.0 14.5 15.3 15.8 15.5 

 

No significant difference was indicated between the LVEF values calculated by the four 
programs (one-way ANOVA test, p = 0.64). Furthermore, the agreement between the LVEF 
values for the 4D-XCAT and the four software programs was excellent (ICC ≥ 0.90, Table 3.5). 

Table 3.5: Intra-class correlation for LVEF values between XCAT and the four processing software programs (AN: Alfanuclear; 
SM: Siemens, GE-X; General Electric Xeleris; M-TT: Mediso Tera-Tomo). Interclass correlation coefficients (ICC) with 95% 

confidence interval. 

 Intra-class correlation between XCAT and the different software 

 AN SM GE-X M-TT 

All 
Operators 

ICC 0.94 0.94 0.90 0.93 

95% Cl 0.90 – 0.96 0.90 – 0.96 0.84 – 0.94 0.88 – 0.95 

 

Linear regression analysis and Bland-Altman plots comparing the LVEF values of the four 
commercial software programs and the 4D-XCAT phantoms are shown in Figure 3.4. The mean 
of the operators' data for each software program as well as their respective statistical analysis, 
are shown in Figure 3.4. 

The linear regression analysis showed that the agreement for LVEF values was very strong 
between 4D-XCAT and AN, SM, GE-X and M-TT (R > 0.94; p <0.1) (Figure 3.4 (a), (c), (e), (g)). 
The mean difference between the LVEF values for the 4D-XCAT and AN was -2.9±7.9%, 
between the 4D-XCAT and SM was -3.0±7.8%, between the 4D-XCAT and GE-X was -4.8±9.2% 
and -1.3±10.6% between the XCAT and M-TT (Figure 3.4 (b), (d), (f), (h)). 



 

 

Page | 55 
 

 

 

Figure 3.4: Linear regression and Bland-Altman analysis of the four processing software programs (AN: Alfanuclear; SM: Siemens, GE-X; General 
Electric Xeleris; M-TT: Mediso Tera-Tomo). 
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5.3 Intra-/inter-observer reliability 

No significant difference was indicated between the intra- (p > 0.61) and inter-observer (p > 
0.43) reliability of LVEF values for the four software programs. The intra- and inter-observer 
reliability of AN, SM, GE-X, and M-TT, as assessed by ICC and CV, is shown in Table 3.6. Both 
intra- and inter-observer reliability was excellent for all the studied variables (ICC = 0.96–1.00). 
The CV ranged from 1.1% to 5.8% for intra-observer reliability and 3.2% to 6.6% for inter-
observer reliability. 

Table 3.6: Intra - and Inter-observer reproducibility results for the four processing software programs (AN: Alfanuclear; SM: 
Siemens, GE-X; General Electric Xeleris; M-TT: Mediso Tera-Tomo). Interclass correlation coefficients (ICC) with a 95% 

confidence interval. 

 Intra-observer reproducibility 

 AN SM GE-X M-TT 

Operator 1 ICC 0.99 0.99 0.99 0.96 

CV 2.29 1.14 2.96 5.62 

Operator 2 ICC 0.99 1.00 0.99 0.98 

CV 2.61 1.71 2.34 4.64 

Operator 3 ICC 0.98 0.98 0.99 0.96 

CV 3.89 3.15 4.38 5.82 

 Inter-observer reproducibility 

 AN SM GE-X M-TT 

All 
Operators 

ICC 0.99 0.96 0.99 0.97 

CV 3.17 4.64 4.82 6.59 

6. Discussion 

Our study demonstrated the successful creation of a database for simulated GBP-P studies. It 
was also shown that this database could be used as a valuable tool to assess the performance 
of new and current cardiac processing software for determining the accuracy and reliability of 
GBP-P studies. In literature, clinical studies frequently show variations between different 
operators and software algorithms calculating the LVEF. However, it is essential to 
acknowledge that the true LVEF value is not known amidst these variations. In our study, the 
true LVEF values were known; thus, the accuracy of the different software packages could be 
evaluated. 

The MC-generated database was used in this study to assess the accuracy of LVEF values 
determined with the four commercial software programs. To our knowledge, this is the first 
study to specifically address the accuracy and reproducibility of commercial software 
programs for determining LVEF values obtained from MC-simulated GBP-P studies. The study 
allowed us to evaluate the accuracy of LVEF values determined with commercial software 
programs without involving human patients, relying instead on clinically realistic simulated 
studies. 

Overall, there was a good correlation between the LVEF values of simulated GBP-P studies 
determined with the commercial software programs and the true LVEF values calculated from 
the LV ED and ES volumes of the 4D-XCAT models. The study found no significant difference 
between the LVEF values determined from the simulated GBP-P studies and those calculated 
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from the 4D-XCAT models. However, Bland-Altman analysis indicated a slight underestimation 
of LVEF values by all four software programs at lower LVEF values. This underestimation at 
lower LVEF values by the commercial software programs is consistent with previous reports 
and may be attributed to factors such as underestimating the background activity in physical 
phantoms or self-attenuation of activity in patients with dilated ventricles 40. 

The clinical importance of accurate and reliable LVEF values cannot be overstated, particularly 
in the context of treatment strategies for patients receiving chemotherapy. The accepted 
threshold for discontinuing chemotherapy is often set at an LVEF value lower than 50%. 
Therefore, as observed in our study, any bias or systematic underestimation of LVEF values by 
the software programs could have significant clinical implications. Patients with true LVEF 
values above the threshold may be erroneously excluded from potentially life-saving 
chemotherapy regimens due to software-based underestimation. This highlights the critical 
need for accurate and reliable LVEF measurements, as these measurements directly impact 
treatment decisions and patient outcomes. 

Our study's results also demonstrated very good intra- and inter-observer reliability for 
determining LVEF values by the four commercial software programs (ICC= 0.96 – 1.00; CV < 
5.8% and 6.6%, respectively). The high reproducibility can be attributed to the semi-automatic 
processing options offered by three of the software programs (AN, SM, and GE-X), reducing 
the risk of subjective analysis. Similar findings regarding good intra- and inter-observer 
reliability of LVEF values have been reported in other studies 3,11,41. The manual analysis 
employed by the M-TT software program resulted in slightly poorer intra- and inter-observer 
reliability. This can be ascribed to the increased subjectivity and the potential for larger 
random errors associated with manually delineating LV ED and -ES regions. 

A limitation of this study, pertaining to using 4D-XCAT cardiac models, is that it only provides 
a single representation of cardiac motion. While the simulated patients encompassed a wide 
range of LVEF values, caution should be exercised when extrapolating the study's findings to 
different patient populations characterised by left ventricular dysfunction, as the validity of 
such extrapolation remains uncertain. Further assessment is needed to address this issue.  

A strength of this study lies in the utilisation of 4D-XCAT models to simulate GBP-P studies. In 
contrast to many physical cardiac phantoms, these models incorporate confounding 
structures such as great vessels, liver, and spleen, as well as providing a more clinically realistic 
representation of cardiac and respiratory motion.  

7. Conclusion and Future Studies 

Our study demonstrated the value of utilising an MC-simulated database of GBP-P studies to 
evaluate cardiac processing software’s performance to accurately determine LVEF values. This 
research highlights the promising accuracy of commercial software programs in determining 
LVEF values from simulated GBP-P studies, showcasing their potential practicality in clinical 
settings. A strong correlation was observed between LVEF values obtained from these 
software programs and the true LVEF values calculated from the LV volume values from the 
4D-XCAT cardiac phantoms. This finding has significant implications for developing new 
algorithms calculating LVEF from planar radionuclide ventriculography studies. Additionally, 
these data sets can serve as valuable tools for validating LVEF measurements, training 
healthcare professionals, and assessing the impact of software upgrades. 
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It is well recognised that LVEF values and LV volumes hold paramount clinical importance for 
the diagnosis and prognosis of patients with cardiac diseases. Our study has laid the 
foundation for future research endeavours. Further investigations can explore the 
generalisability of our findings to diverse patient populations and delve into strategies to 
mitigate potential underestimation biases, particularly at lower LVEF values. Additionally, 
using 4D-XCAT models to simulate gated blood pool SPECT studies could extend our 
understanding of the accuracy of commercial software programs in determining both right 
and left ventricular EF and volume values. These studies can reinforce the critical role of 
accurate LVEF and LV volume assessment in guiding chemotherapy decisions and optimising 
patient care, ultimately contributing to enhanced clinical outcomes for patients receiving 
chemotherapy.  
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1. Abstract 

Gated blood pool (GBP) studies provide non-invasive insights into cardiac function, 
particularly left ventricular ejection fraction (LVEF), which is crucial for cardiotoxicity 
monitoring during chemotherapy. While planar GBP (GBP-P) imaging is a validated method for 
LVEF quantification, challenges like anatomical overlap persist. Furthermore, aside from 
assessing LVEF, measuring left ventricular (LV) volumes holds clinical significance for 
managing, diagnosing, and prognosing patients with cardiac diseases. 

GBP SPECT (GBP-S) studies emerged in the late 1990s, offering volumetric information. Still, 
they haven’t replaced GBP-P imaging, mainly due to limitations in availability and the 
complexity of processing software. The Quantitative Blood Pool SPECT (QBS) software 
developed by Cedars-Sinai allows for right and left ventricular volume and EF calculation. This 
study aimed to assess the accuracy of QBS in calculating LV end-diastolic volume (EDV), end-
systolic volume (ESV) and EF values for simulated GBP-S studies based on 4D-XCAT models. 
The results of the EDV, ESV and LVEF values were compared to the known values derived from 
the 4D-XCAT models. 

Using the SIMIND Monte Carlo code (version 6.2), 64 cardiac models generated with the 4D-
XCAT software (described in a previous publication) were simulated by following established 
guidelines for GBP-S imaging. The simulated studies were reconstructed on a Siemens Syngo 
processing workstation using Filtered Back Projection (FBP) (Butterworth filter) and the 
ordered subsets expectation maximisation (OSEM) (8 subsets, 4 iterations, Gaussian filter) 
reconstruction algorithms. These reconstructed axial images were reorientated to produce 
short axis images that were analysed automatically with the QBS software. The EDV, ESV and 
LVEF values determined with QBS were compared to known 4D-XCAT values through linear 
regression and Bland-Altman analysis. 

The 64 models exhibited clinically realistic cardiac chamber volumes. Furthermore, this study 
demonstrated that the successful processing of the GBP-S studies depends on the filter used 
by QBS to reconstruct the gated SPECT data. Three of the FBP reconstructed studies in our 
investigation required a higher-order reconstruction filter. However, the OSEM reconstruction 
resulted in a 100% processing success rate. 

The Pearson Correlation coefficient (R) revealed a moderately strong correlation (R = 0.76) for 
the calculated EDV and ESV values when processing the FBP-reconstructed data. OSEM 
reconstruction consistently showed strong correlations (R ≥ 0.86) for all parameters, 
particularly for EF values (R = 0.91). 

Bland-Altman analysis emphasised OSEM’s superiority, yielding narrower limits of agreement 
for LV EDV, ESV and EF. The Standard Error of Estimation indicated higher accuracy for EF 
values than EDV values. No significant differences were found between known and processed 
values using FBP or OSEM. 

Fully automated QBS demonstrated a strong correlation and close agreement with 4D-XCAT 
models in measuring LV volumes and EF values and can be applied in clinical practice. The high 
success rate in automated processing minimises the necessity for manual intervention. Future 
research would focus on validating manual volume calculations for both left and right 
ventricles and optimising GBP-S reconstruction filters by comparing QBS-derived volume 
values to known 4D-XCAT values. 
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2. Introduction 

The importance of gated blood pool (GBP) studies is evident as it is a non-invasive procedure 
that provides valuable information about myocardial wall motion and cardiac function 1–6. The 
measurement of global left ventricular function and cardiac volumes is paramount in the daily 
practice of cardiologists, as these measurements exhibit a strong correlation with prognosis 
among patients with cardiac disease. Left ventricular ejection fraction (LVEF) also serves as a 
key parameter for the timely detection, management, and long-term monitoring of 
cardiotoxicity in patients undergoing chemotherapy 2,7–9. Planar GBP (GBP-P) imaging has 
undergone thorough validation and has long been utilised as a non-invasive method for 
quantification of LVEF. Despite its merits, there are drawbacks associated with these studies. 
Challenges such as anatomical overlap and the need for background correction are notable 
limitations. Furthermore, the procedure can be time-consuming because it requires 
determining the optimal angle that provides the best view of ventricle separation 2–4,10.  

Aside from GBP-P, the two most used methods for determining LVEF are 3D echocardiography 
and cardiac magnetic resonance imaging (CMR). 3D echocardiography is a valuable and widely 
used tool for assessing LVEF due to its non-invasiveness, real-time imaging capabilities, and 
widespread availability. However, its limitations include operator dependence, potential 
difficulty obtaining clear images in certain patients, and tissue penetration and interference 
constraints 11–15. 

Due to its numerous advantages, CMR may be considered the reference method for obtaining 
accurate ejection fraction (EF) values. The method offers high-resolution images and excellent 
soft tissue contrast, enables 3D imaging for volumetric assessment of cardiac function, and 
avoids ionising radiation 13,16–19. However, CMR is considered a costly modality, not widely 
available, and unsuitable for patients with certain metallic implantations 13,16,20.  

Gated SPECT studies emerged in the late 1990s and early 2000s to replace planar imaging in 
blood pool procedures as the preferred technique 2,3,7. This is mainly because tomographic 
studies can also provide volumetric information 1–3 and are considered an alternative to CMR 
studies 1,2,4,6,7,10. SPECT gated blood pool (GBP-S) studies effectively address the challenge of 
overlapping anatomies, eliminating the need for background correction 3,4,6,10. The technique 
facilitates better separation of the ventricles and, therefore, enhances repeatability 6,7. 
Additionally, the automatic calculation of LVEF and volume values is an advantage of the 
method 21. 

Despite the multiple advantages of GBP-S, it has yet to replace the firmly established and 
validated GBP-P studies 2,4,6,8,10. The primary hindrance lies in the complexity of the processing 
software, which is often deemed less user-friendly compared to the GBP-P processing 
software and may also be more costly. The process involves reconstructing the acquired gated 
SPECT images to generate 3D representations of the heart at each gated phase of the cardiac 
cycle. Image reconstruction can be performed through Filtered Back Projection (FBP) using a 
modified Ramp filter 3,4,22. Alternatively, an Iterative Reconstruction (IR) algorithm, such as the 
Ordered Subset Expectation Maximisation (OSEM) algorithm, can be employed with a pre-
selected number of iterations, and subsets as well as post-filtering of images. These 
reconstructed image datasets are re-orientated into short-axis slices by manually selecting left 
ventricular symmetry axes. Subsequently, the images undergo quantitative analysis, providing 
crucial information regarding the end-diastolic and end-systolic volumes (EDV and ESV), as 
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well as the EF of the ventricles. However, the available and intricate nature of the processing 
software for GBP-S remains a key factor limiting the widespread adoption of GBP-S over its 
planar counterpart. 

One commercially available GBP-S software package is Quantitative Blood Pool SPECT (QBS), 
which forms part of the Cedars-Sinai Cardiac Suite, developed by QUAD 23. QUAD was formerly 
known as the Artificial Intelligence in Medicine (AIM) program, a research program at the 
Department of Medicine at Cedars-Sinai. The sophisticated algorithm, described in detail by 
Van Kriekinge and colleagues 2,24, was initially developed for automatic quantitative 
measurements of the LVEF 2. Later, it was expanded to encompass the calculation of right 
ventricular (RV) volume and the EF values 24.  

In a nutshell, QBS software employs an automatic analysis of short-axis images, utilising a 
surface-gradient-based algorithm for the determination of ellipsoidal coordinate systems for 
the ventricles 4,6,10,25–27. These coordinate systems are used to compute the endocardial 
surface for each gating interval, ultimately facilitating the determination of ED and ES ventricle 
volumes 2,25–27. These volumes are used to calculate the RVEF and LVEF values. The software 
automatically calculates these parameters for both the LV and RV. In our clinic, Universitas 
Academic Hospital in Bloemfontein, South Africa, GBP-S hasn’t been a routine patient 
procedure. To acquaint ourselves with the software package, we focussed solely on LV 
volumes and EFs in this study. 

To validate the software, it is essential to compare the accuracy of the LV volumes and EF 
values of GBP-S studies obtained with the QBS software with the true volumes and EF values. 
However, direct comparison with true values can be challenging in a clinical setting. While 
comparison with CMR studies may be valuable, CMR has its limitations as discussed earlier. A 
viable alternative is using the 4D-XCAT phantom and the SIMIND Monte Carlo (MC) program 
to simulate GBP-S studies. These simulated studies are clinically realistic, provide precise 
cardiac volume and EF values, and can serve as a reliable benchmark for assessing the 
accuracy of these values determined with the GBP-S processing software. 

In our prior research 28,29, the 4D-XCAT models proved to be a valuable substitute for patients, 
replicating realistic human anatomy without subjecting researchers or patients to radiation 
exposure. In this study 29, we simulated and processed 64 GBP-P studies using four commercial 
software programs. Building on this foundation, we used the same 4D-XCAT models to 
simulate and process 64 GBP-S studies, employing the widely used QBS processing software.  

Our primary objective was to evaluate the accuracy of the fully automated QBS processing 
software in measuring global LV EF, EDV and ESV values for simulated GBP-S studies, with the 
known values of the 4D-XCAT models regarded as the gold standard in this study. 

3. Materials and Methods 

3.1. 4D-XCAT Models and Monte Carlo Simulations 

The 64 cardiac models generated with the 4D-XCAT software are described in a previous 
publication 29. These models were meticulously simulated following the established guidelines 
of GBP-S studies 30. A summary of the parameters used to create the models is given below: 

− All models were generated to include cardiac and respiratory motion 31–34. The entire 
heart was translated and/or rotated to mimic respiratory motion.  
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− No other factors were used for scaling of any other organs. 

− As per guidelines, sixteen time-frames per cardiac cycle were used for all models 30. 

− The matrix size of the segmented activity- and density maps used for the simulation 
were generated as 512 × 512, with a voxel size of 0.98 × 0.98 × 0.98 mm3. 

An example of the 4D-XCAT model’s parameter file is shown in Appendix C1, encompassing all 
necessary parameters for model definition. To generate 64 distinct models, the heart_base 
file, the organ_file and the gender were configured to specify the model type and gender. 
Parameters hrt_v1 to hrt_v5 were instrumental in establishing LV volumes throughout the 
cardiac cycle with adjustments tailored for each model to create a range of EF values. 
Additionally, the hrt_scale_x, hrt_scale_y, and hrt_scale_z parameters were modified to scale 
the models’ hearts employing the scaling factors of 0.95, 1.00, 1.05, and 1,10. As detailed in a 
prior article 29, these parameter variations resulted in the generation of 64 different 4D-XCAT 
models.  

The gamma camera model, validated for simulating the GBP-S studies, is described in a 
previous publication 28. The 16 time-frame output files created respectively for all 64 models 
using the 4D-XCAT program, known as the activity- and density maps, were used as input files 
for the MC simulation code. A segmented map of one of the 4D-XCAT models is shown in 
Figure 4.1. The images represent the cardiac ED- and ES phases, respectively.  

The phantoms' activity distributions were based on bio-kinetic data from a previous article 29. 
The activity for the models ranged between 554 MBq and 904 MBq (15 – 25 mCi).  

The SIMIND MC version 6.2 program35 was used to simulate the GBP-S models. For each of 
the 16 time-frames of the cardiac cycle, 64 projection images were simulated using an energy 
window of 15%, centred on the 140-keV photopeak of 99mTc. The simulation of the acquisition 
was done over a 180° arc around the phantom, mimicking detectors fitted with low energy 
high resolution (LEHR) collimators. The distance between the collimators and the phantom 
was maintained at 1 cm. The starting point (Detector 1) was positioned at right anterior 
oblique, while the endpoint (Detector 2) was at left posterior oblique, as illustrated in Figure 
4.2. A montage of a single time-frame comprising 64 projections of one of the 4D-XCAT models 
is shown in Figure 4.3. 

Figure 4.1: A segmented map of a 4D-XCAT model with the heart during ED- and ES phases. 
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With the matrix size selected as 64 × 64 and a 1.45 zoom factor (as determined according to 
Pieters et al 28), the pixel size was 6.59 mm. Poisson noise was added to the simulation process 
to resemble clinical images, as suggested by Ljungberg 35,36. 

The 64 projection images for each of the 16 time-frame were concatenated to mimic a realistic 
GBP-S study, ensuring compatibility for reconstruction using Siemens Syngo software 37. 
Concatenation was done using ImageJ 38, and an in-house program converted images of the 
GBP-S study to DICOM file format. The simulated GBP-S studies were transferred and 
processed on the Siemens Syngo processing workstation at the Nuclear Medicine department 
at Universitas Academic Hospital in Bloemfontein, South Africa. 

 

 

 

Figure 4.2: Illustration of GBP-S acquisition 
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Figure 4.3: A montage of one time-frame of a GBP-S 4D-XCAT model. 

3.2. Processing the simulated GBP-S studies 

The GBP-S studies were reconstructed using both the FBP and the OSEM reconstruction 
algorithms. The projection data were reconstructed by FBP with a Butterworth filter (cut-off 
frequency: 0.5 times the Nyquist frequency, order 5). For OSEM reconstruction, we employed 
8 subsets, 4 iterations and applied a Gaussian post-filter (FWHM = 8.4mm). Post 
reconstruction, the images were reoriented into vertical long-axis, horizontal long-axis and 
short-axis slices. Subsequently, both FBP and OSEM reconstructed images were analysed with 
the QBS software, facilitating a comparison of the outcomes generated by the two 
reconstruction algorithms.  

The QBS algorithm used the gated short-axis image data sets as input. It automatically fitted 
left and right ventricular regions of interest (ROIs) and calculated EDV and ESV, along with the 
EF values. In this study, we reported results only for the LV. Count-based calculations were 
performed as recommended by Cedars-Sinai, with a 35% threshold level. The specific 35% 
count threshold value was also chosen by De Bondt 39 since it had been used successfully in 
previous studies to derive myocardial surfaces from myocardial perfusion gated SPECT and 
from GBP SPECT images 27. We have focused exclusively on the results derived from automatic 
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processing, foregoing the manual processing option, to enhance our comfort and proficiency 
in utilising the software. 

We recorded the LV volume and LVEF values for all reconstructed studies using the FBP and 
OSEM algorithms. These values were compared to the true values extracted from the 4D-XCAT 
log files. The assessment involved a comprehensive analysis through linear regression to 
evaluate the accuracy and alignment between the simulated, reconstructed data and the 
ground truth from the 4D-XCAT models. 

4. Statistical analysis 

The LV EDV, ESV and EF results are presented as mean ± standard deviation (SD). Pearson 
correlation coefficients (R) expressed the correlations between the calculated and true LV 
volume and EF values. R values were interpreted as follows: R < 0.3 indicates a poor 
correlation, R = 0.3–0.5 denotes a fair correlation, R = 0.6–0.8 signifies a moderately strong 
correlation, and R ≥ 0.8 represents a very strong correlation 40.  

The Standard Error of Estimate (SEE) quantifies the variability around the regression line. 
Bland–Altman analysis, which examines differences between pairs of estimated and reference 
values, was employed to identify trends and systematic errors. Statistical significance was 
defined as a p – value less than 0.05. Regression analysis, SEE determination, and p – value 
calculations were performed using the Data Analysis Toolkit in Excel. 

5. Results 

The simulation of the 4D-XCAT models adhered to the parameters outlined in section 2.1. The 
generated database includes a wide range of LV EDV (78 – 159 ml), ESV (22 – 94 ml) as well as 
EF values (19.8 – 77.2 %).  

The QBS software encountered automatic analysis failure in three of the 64 GBP-S studies 
(<5%) that were reconstructed using FBP algorithm (QBSFBP). However, after adjusting the 
Butterworth filter’s cutoff frequency from 0.5 cycle/cm to 0.7 cycle/cm, these three studies 
were analysed successfully using the QBS software. Notably, all GBP-S studies that were 
reconstructed using the OSEM algorithm (QBSOSEM) were successfully processed using the QBS 
software. The result page of the QBS software measuring the LVEF for one of the 4D-XCAT 
models is shown in Figure 4.4. 
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Figure 4.4: QBS software determining the LVEF of this particular 4D-XCAT GBP-S model 

The largest differences obtained between the known 4D-XCAT, and processed volume values 
were as follows: EDV: 41.1 ml (QBSFBP) and 37.0 ml (QBSOSEM); ESV: 48.8 ml (QBSFBP) and 44.8ml 
(QBSOSEM). The maximum EF differences were 27.2 and 19.2 EF units for the QBSFBP and 
QBSOSEM data, respectively. Appendix C2 illustrates the differences between FBP and OSEM 
results over all studies regarding the LV EDV, ESV, and EF values. Table 4.1 reveals that the 
disparities between the mean known 4D-XCAT values and the mean QBSOSEM values are 
smaller compared to the differences between the mean known 4D-XCAT values and the mean 
QBSFBP values. 

Table 4.1: Comparison of the mean and standard deviation (SD) of the 4D-XCAT LV volumes and EF values with the QBS 
results obtained for the FBP and OSEM reconstructed data. Mean and SD were calculated across the results of all 64 

models. 

 4D-XCAT 

(known) 

QBS-analysis 

QBSFBP QBSOSEM 

EDV (ml) 115.6 ± 24.7 ml 121.8 ± 28.2 ml 113.6 ± 24.2 ml 

ESV (ml) 53.7 ± 18.7 ml 51.7 ± 21.6 ml 49.4 ± 18.0 ml 

EF (%) 53.7 ± 13.0 % 57.7 ± 14.9 % 56.3 ± 14.1 % 

Mean values of LV EDV, ESV and EF values from 4D-XCAT, QBSFBP and QBSOSEM are shown in 
Table 4.1. No significant difference was found for EDV between the known 4D-XCAT and QBS 
data (Table 4.2). EDV was slightly over- and underestimated by QBSFBP and QBSOSEM, 
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respectively, when compared to 4D-XCAT [115.6 ± 24.7 (4D-XCAT), 121.8 ± 28.2 ml (QBSFBP), 
113.6 ± 24.2 ml (QBSOSEM)]. For ESV no significant difference was found between the known 
4D-XCAT and QBS data [53.7 ± 18.7 ml (4D-XCAT), 51.7 ± 21.6 ml (QBSFBP), 49.4 ± 18.0 ml 
(QBSOSEM)], (Table 4.2). For LVEF, no significant differences were observed between 4D-XCAT 
and QBS data [53.7 ± 13.0 % (4D-XCAT), 57.7 ± 14.9 % (QBSFBP), 56.3 ± 14.1 % (QBSOSEM)], (Table 
4.2). 

Table 4.2: P – values obtained in the comparison of the FBP and OSEM reconstructed data with the known data (4D-XCAT) 

 QBSFBP QBSOSEM 

LV EDV  0.22 0.56 

LV ESV  0.53 0.15 

LVEF 0.12 0.29 

 

We conducted linear regression and Bland-Altman analyses to compare the QBS results with 
the known values (4D-XCAT) for the LV EDV, ESV and EFs. The assessment encompassed both 
the FBP and OSEM reconstructed data. The results of the linear regression and Bland-Altman 
analyses are visually presented in Figure 4.5 and Figure 4.6, respectively. 

The calculated LV EDV using the 4D-XCAT models showed a moderately strong correlation with 
the corresponding values determined with QBSFBP (R = 0.76 and SEE: 18.30 ml) and a very 
strong correlation for QBSOSEM (R = 0.88 and SEE: 11.39 ml) (Figure 4.5a and Figure 4.5b, 
respectively). Similarly, the LV ESV determined with the 4D-XCAT models demonstrated a 
moderately strong correlation with QBSFBP (R = 0.76 and SEE: 13.73 ml) and very strong 
QBSOSEM (R = 0.86 and SEE: 9.25 ml) values (Figure 4.5c and Figure 4.5d, respectively). 
Furthermore, the LVEF values calculated with the 4D-XCAT models correlated very strongly 
with both QBSFBP (R = 0.87 and SEE: 7.41 ml) and QBSOSEM (R = 0.91 and SEE: 6.01) (Figure 4.5e 
and Figure 4.5f, respectively). 

In the Bland-Altman analysis, the difference (mean ± 1.96SD) of LV EDV obtained from the 4D-
XCAT models versus corresponding QBSFBP and QBSOSEM values was -5.7 ± 36.2 ml (Figure 4.6a) 
and 2.52 ± 23.1 ml (Figure 4.6b), respectively. Similarly, for LV ESV, the difference between the 
LV ESV values obtained from the 4D-XCAT models and those derived from QBSFBP and QBSOSEM 
were 2.2 ± 27.3 ml (Figure 4.6c) and 4.7 ± 19.1 ml (Figure 4.6d), respectively. In the case of 
LVEF, Bland-Altman analysis detected small systematic errors in the LVEF estimation. The mean 
difference between the LVEF values obtained from 4D-XCAT models and calculated with 
QBSFBP and QBSOSEM were -3.8 ± 14.5 % (Figure 4.6e) and -2.6 ± 11.7 % (Figure 4.6f), 
respectively. 
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Figure 4.5: Linear regression analysis for comparison of the QBS results with the known 4D-XCAT values for the left ventricle EDV (a & b), ESV (c & d) and 
EF (e & f) results. The analysis is shown for the FBP (a, c, e) and OSEM (b, d, f) reconstructed data. The blue dotted lines represent the regression lines 

obtained and the line of identity is shown as an orange dotted line on the graphs. 
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6. Discussion 

The significance of LVEF in comprehending and predicting patient outcomes, particularly in 
the context of post-chemotherapy follow-up assessments, cannot be overstated. This study 
not only successfully generated a database of GBP-S studies, but also employed them to 
validate the accuracy of the commercially available fully automatic processing software, QBS. 
The estimation of LV EDV, ESV, and EF values were evaluated, using the 4D-XCAT models as the 
ground truth. Patient study limitations, such as not knowing the true ventricular volumes or 
the exact EF, the realism of the phantoms, and mimicking true GBP-S in terms of activity and 
background counts, were all overcome in this study by utilising the digital 4D-XCAT models.  

Figure 4.6: Bland-Altman plots for the left ventricular EDV (a & b), ESV (c & d) and EF (e & f) results. The Bland-Altman plots are given for the FBP (a, c, 
e) and OSEM (b, d, f) reconstructed data. The orange line represents the mean values, while the red dashed lines represent the limits of agreement for 

the Bland-Altman plots 
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In a previous article, these 4D-XCAT models were also used to simulate 64 GBP-P studies 29. 
Each GBP-P study had 32 time-frames, whereas a GBP-S study had 16 time-frames. By 
comparing the 4D-XCAT models, the largest difference in LVEF values between the GBP-P and 
GBP-S studies was 0.45%, which can be attributed to the 32 vs 16 time-frames.  

The cardiac chambers volume of the 64 models are clinically realistic compared to data from 
Kawel-Boehm’s reference ranges 41. The unmatched realistic detail of the 4D-XCAT models is 
evident. It allows for the evaluation of software packages, such as QBS, that utilise 
complicated algorithms based on anatomical features of the heart to determine LV and RV 
volumes and EF values. It was demonstrated that the successful processing of the studies 
depends on the filter used to reconstruct the gated SPECT data. As mentioned before, 
automatic processing was the primary focus of this study. This study did not involve any 
manual intervention. The success rate of QBS automatic processing has been described to 
range from 70% to 89% 2,4,6,8,25,26. Although three of the FBP reconstructed studies in our 
investigation required a higher-order reconstruction filter, using the OSEM reconstruction 
resulted in a 100% processing success rate. 

Overall, the Pearson Correlation coefficient (R) was moderately strong (R = 0.76) for the 
correlation between the known values and the calculated EDV and ESV values, and very strong 
(R = 0.87) for the EF values obtained from the FBP reconstructed data. For the data 
reconstructed by OSEM, the R ≥ 0.86 for the EDV, ESV, and EF values, suggest a strong 
correlation between the known values obtained from the 4D-XCAT model and the processed 
data. The EF values processed from QBSOSEM correlate better with the known values than those 
obtained from QBSFBP. 

QBSFBP results in an overestimation of smaller volumes for determining LV EDV (Figure 4.5a) 
and an underestimation of larger volumes for calculating LV ESV (Figure 4.5c). However, 
QBSOSEM tends to underestimate larger volumes when determining LV EDV and ESV. Both 
reconstruction methods have a linear correlation in terms of the LVEF. 

In terms of the Bland-Altman analysis, for the LV EDV, LV ESV and LVEF, OSEM reconstruction 
results in narrower limits of agreement, which is suggested by the SEE. The SEE is the highest 
for EDV values and the lowest for EF values. The study found no significant difference between 
the known and processed values from either the QBSFBP or QBSOSEM methods.  

7. Conclusion and Future studies. 

This investigation enhances the significance of 4D-XCAT simulated models in modern-era 
research, providing a valuable tool for validating software packages without subjecting the 
researchers or patients to radiation. The importance of these models for GBP-P studies was 
underscored in a preceding investigation 29. 

The reconstructed data plays an immense role in accurately processing GBP-S studies. Due to 
faster computation times and stronger computation power, IR algorithms such as OSEM have 
gained popularity. This study demonstrates the difference between FBP and OSEM 
reconstructed data regarding LV volumes and EFs.  

Fully automated QBS demonstrated a strong correlation and close agreement with 4D-XCAT 
models in measuring LV volumes and EF values, offering a rapid and clinically useful technique. 
The high success rate observed in the automated processing of GBP-S studies with QBS 
reduces the necessity for manual intervention. This investigation has laid the foundation for 
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future research purposes in terms of GBP-S processing. Future research would focus on 
validating manual volume calculations for both left and right ventricles and optimising GBP-S 
reconstruction filters by comparing QBS-derived volume values to those from 4D-XCAT 
studies.  
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1. Introduction 
Gated blood pool (GBP) studies are integral to the field of Nuclear Medicine, providing crucial 

insight into cardiac function, particularly the left ventricle ejection fraction (LVEF). The LVEF 

assesses changes in ventricular volume during the end-diastolic (ED) and end-systolic (ES) 

phases of the cardiac cycle. It plays a pivotal role in detecting, diagnosing, and managing 

various cardiac diseases. The longstanding preference for GBP planar (GBP-P) methods in 

measuring the LVEF stems from their validation, non-invasiveness, and straightforward 

application. Nevertheless, GBP-P studies face challenges such as anatomical overlap, 

necessitating the use of background correction techniques. 

SPECT studies are the three-dimensional (3D) analogue of planar studies. Theoretically, 

superior, GBP SPECT (GBP-S) studies eliminate some of the GBP-P challenges by being truly 

volumetric, without the need for any background correction. GBP-S has also been found to 

enhance the evaluation of regional wall motion by reducing the effects of chamber overlap.  

Unfortunately, the transition to 3D volumetric studies necessitates the use of more complex 

algorithms and processing software. 

Accuracy and precision are vital in both GBP-P and GBP-S methods to prevent misdiagnosis, 

ensure appropriate treatment, and avoid negligence. Rigorous testing and comparison to 

known or true values are imperative for GBP-P and GBP-S processing software programs to 

meet the general standards as those outlined by regulatory organisations e.g. the Food and 

Drug Administration. Digital hybrid phantoms, which combine the strengths of voxelised and 

mathematical phantoms, can accurately mimic human anatomy and physiology. The 

unparalleled anthropomorphic details of the 4D-XCAT digital hybrid phantom has led to its 

success in cutting-edge research. These phantoms can be used in conjunction with the Monte 

Carlo code SIMIND to simulate GBP-P and GBP-S studies, generating databases for testing and 

validating various GBP-P and GBP-S software packages. The use of 4D-XCAT models to simulate 

GBP-P and GBP-S studies not only avoids radiation exposure to patients and researchers but 

also improves the reliability of outcomes of GBP-P and GBP-S software packages by providing 

benchmark input parameters for evaluation. 

2. Study Overview 

2.1 Research aim 
This study advocates the use of accurate computerised models of human anatomy and 

physiology, such as the advanced 4D-XCAT phantoms to mimic GBP-P and GBP-S studies. It 

further emphasises the importance of assessing the accuracy of new and existing processing 

software packages to determine LVEF values for both GBP-P and GBP-S studies. The study's 

primary goal was to assess the accuracy of LVEF values of GBP-P and GBP-S studies determined 

with commercial software programs. This was done by using simulated GBP-P and GBP-S 

studies of 4D-XCAT patient models with varying cardiac volumes and functions.  This chapter 

(Chapter 5) summarises the outcomes achieved for each objective, offering valuable insight 

and proposing directions for future research. 
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2.2 Research objectives 
In pursuit of our overarching aim, we established three distinct objectives, outlined in 

Chapter 1. Each of these objectives was treated as an independent research study, with the 

findings documented in three separate publishable manuscripts and documented in Chapters 

2, 3 and 4.  

In Chapter 2, Article 1, titled “Validation of a Monte Carlo simulated Cardiac Phantom for 

Planar and SPECT Studies”, the paramount importance of simulations takes centre stage. 

Firstly, we validated the modelled Siemens Symbia gamma camera successfully using 99mTc in 

accordance with the National Electrical Manufacturers Association (NEMA) guidelines. In the 

second phase of the study, a stereolithography printer was used to print two 3D cardiac 

phantoms. These phantoms represented the ED and the ES phases of the heart, respectively. 

These printed phantoms were filled with radioactivity (99mTc) and imaged as per published 

GBP-S guidelines, employing three distinct zoom factors. From the study results, the optimal 

zoom factor for acquiring GBP-S studies was determined to be 1.45. These acquisitions of the 

printed cardiac phantoms filled with 99mTc were also successfully simulated and verified using 

the SIMIND-modelled Symbia gamma camera.  

Acknowledging the constraints associated with physical phantoms, the third aspect of this 

study focused on assessing and validating the 4D-XCAT model. Segmented images created 

from the CT images of the two printed cardiac models were used to simulate GBP-P and GBP-

S images. Upon individually processing these simulated studies, a remarkable agreement 

between the known and GBP-P and GBP-S calculated ventricular parameters, specifically LV 

volumes and LVEF, confirmed the reliability of using the 4D-XCAT model to simulate cardiac 

imaging. This article was accepted for publication in Physica Medica (Appendix A) 1. 

The successful simulation of GBP-P studies using 4D-XCAT models paved the way for the 

investigation detailed in Article 2 titled, “Assessment of Planar Gated Blood Pool Processing 

Software using a Simulated Patient Phantom Database”, elucidated in Chapter 3. A database 

comprising 64 4D-XCAT models, each featuring diverse cardiac chamber volumes and EF 

values, was meticulously generated. These models were used to simulate 64 GBP-P studies 

and served as the foundation for evaluating the accuracy in determining LVEF values across 

four commercially available GBP-P processing software packages. A strong correlation was 

found between the calculated LVEF values of the GBP-P studies determined with the 

processing software packages and the known LVEF values obtained from the 4D-XCAT models, 

affirming the reliability and accuracy of the four commercially available GBP-P processing 

software packages. This manuscript has been submitted for review with the intent of 

publication in Heliyon (manuscript number: HELIYON-D-23-48640; Appendix B) 2. 

Chapter 4 expands on the research of 4D-XCAT models and GBP-S studies, with the title 

“Assessment of SPECT Gated Blood Pool Processing Software using a Simulated Patient 

Phantom Database”. This work will be submitted for publication as a third article. The 

previously generated 4D-XCAT GBP database was this time, simulated according to GBP-S 

guidelines, laying the foundation for the validation of a commercially available GBP-S 

processing software, namely QBS (Cedars-Sinai). Notably, this study also shed light on the 
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possible differences between FBP and OSEM reconstructed data, particularly in relation to LV 

volumes and EFs.  

In this investigation, the fully automated QBS processing software program demonstrated a 

strong correlation and close agreement with 4D-XCAT models in determining LV volumes and 

EF values. OSEM reconstructed studies resulted in a slightly better correlation with 4D-XCAT 

models LV volumes and EF values than the FBP reconstructed studies. The noteworthy success 

rate of automatically processed GBP-S studies with the QBS software further highlighted the 

reduced necessity for manual intervention, emphasising the efficiency and reliability of the 

automatic approach. 

3. Future work 
The work in Chapter 2 (Article 1) could be expanded by utilising a 3D printer to print an entire 

anthropomorphic torso and/or abdominal phantom based on a 4D-XCAT model's realistic 

anatomy with various organ inserts. The final phantom will therefore include a more realistic 

attenuation and scatter environment. This can be used to evaluate the effect of overlapping 

anatomies (for example lung, aorta, soft tissue), on the obtained LVEF values in GBP-P studies. 

The anthropomorphic torso phantom can also contribute to research, quality assurance, and 

training within the Nuclear Medicine field. 

Extending the use of the database of GBP-P studies created from the 4D-XCAT models (as 

described in Chapter 3) to a multi-centre study opens possibilities to assess the accuracy of 

LVEF value determination across various commercially available processing software packages 

and institutionalised protocols. These insights gained from these results can contribute to the 

development of new algorithms for LVEF calculation. Further investigations can delve into 

strategies to mitigate potential underestimation biases, particularly evident at lower LVEF 

values. The models can offer opportunities to develop more practical methods to determine 

the right ventricle EF from GBP-P studies. The database of GBP-P studies created from the 4D-

XCAT models can also be used to assess the accuracy of count-based methods for the 

calculation of LV volumes using LV volume values of 4D-XCAT models as reference. 

Future work will involve optimising reconstruction algorithms (used in Chapter 4), specifically 

focusing on filters, and number of iterations for iterative reconstruction algorithms. This 

refining will be achieved through a comparative analysis of volume and EF values obtained 

from the QBS software and those derived from the 4D-XCAT models. Expanding these 

investigations will include validating manual calculations for both left- and right ventricle 

volumes and EF values. Once the validation of QBS is successfully concluded, this investigation 

can broaden into a multi-centre study, validating other GBP-S processing software packages. 
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Appendix C: Additional information and results 

C1: 4D-XCAT parameter file (parameters used for gated blood pool simulations, rest of 

parameters were kept at their default settings) 
 

Table C1: Example of the 4D-XCAT parameter file 

mode = 0 
# program mode (0 = phantom, 1 = heart lesion, 2 = spherical lesion, 3 = plaque, 4 = 
vectors, 5 = save anatomical variation)  

act_phan_each = 1 # activity_phantom_each_frame (1=save phantom to file, 0=don't save) 

atten_phan_each = 1 # attenuation_coeff_phantom_each_frame (1=save phantom to file, 0=don't save) 

act_phan_ave = 0 # activity_phantom_average  (1=save , 0=don't save) 

atten_phan_ave = 0 # attenuation_coeff_phantom_average (1=save, 0=don't save) 

motion_option = 2 # motion_option  (0=beating heart only, 1=respiratory motion only, 2=both motions)  

out_period = 1 
# output_period (SECS) (if <= 0, then 
output_period=time_per_frame*output_frames) 

time_per_frame = 0.03125 # time_per_frame (SECS) (**IGNORED unless output_period<=0**) 

out_frames = 1 # output_frames (# of output time frames ) 

  

hrt_period = 1 # hrt_period (SECS) (length of beating heart cycle; normal = 1s) 

hrt_start_ph_index = 0.0 # hrt_start_phase_index (range=0 to 1; ED=0, ES=1.0)  

heart_base = vmale50_heart.nrb 
# basename for heart files (male = vmale50_heart.nrb; female = 
vfemale50_heart.nrb) 

heart_curve_file = 
heart_curve.txt # name for file containing time curve for heart 

uniform_heart = 0 
# sets the thickness of the LV (0 = default, nonuniform wall thickness; 1 = uniform 
wall thickness for LV) 

hrt_v1 = 132.1858 # sets the LV end-diastolic volume (0 = do not change);  

hrt_v2 = 72.9832 # sets the LV end-systolic volume (0 = do not change);  

hrt_v3 = 93.9268 # sets the LV volume at the beginning of the quiet phase (0 = do not change);  

hrt_v4 = 112.5587 # sets the LV volume at the end of the quiet phase (0 = do not change);  

hrt_v5 = 122.3835 # sets the LV volume during reduced filling, before end-diastole (0 = do not change);  

hrt_t1 = 0.5 
# sets the duration from end-diastole to end-systole, hrt_v1 to hrt_v2 (default = 
0.5s);  

hrt_t2 = 0.192 
# sets the duration from end-systole to beginning of quiet phase, hrt_v2 to hrt_v3 
(default = 0.192s);  

hrt_t3 = 0.115 # sets the duration of quiet phase, hrt_v3 to hrt_v4 (default = 0.115s);  

hrt_t4 = 0.193 
# sets the duration from end of quiet phase to reduced filling, hrt_v4 to hrt_v5 
(default = 0.193s);  

hrt_motion_x = 0.0 
#hrt_motion_x (extent in cm's of the heart's lateral motion during breathing; default 
= 0.0 cm) 

hrt_motion_y = 1.2 
#hrt_motion_y (extent in cm's of the heart's AP motion during breathing; default = 
1.2 cm) 

hrt_motion_z = 2.0 
#hrt_motion_z (extent in cm's of the heart's up/down motion during breathing; 
default = 2.0 cm) 

hrt_motion_rot_xz = 0.0 
#hrt_motion_rot_xz (extent in degrees of the heart's xz rotation during breathing; 
default = 0.0 )  

hrt_motion_rot_yx = 0.0 
#hrt_motion_rot_yx (extent in degrees of the heart's yx rotation during breathing; 
default = 0.0 )  
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hrt_motion_rot_zy = 0.0 
#hrt_motion_rot_zy (extent in degrees of the heart's zy rotation during breathing; 
default = 0.0 )  

gender = 0 
# male or female phantom (0 = male, 1 = female), be sure to adjust below 
accordingly 

organ_file = vmale50.nrb 
# name of organ file that defines all organs (male = vmale50.nrb, female - 
vfemale50.nrb) 

hrt_scale_x = 1.0 # hrt_scale x   

hrt_scale_y = 1.0 # hrt_scale y   

hrt_scale_z = 1.0 # hrt_scale z   

pixel_width = 0.09766 # pixel width (cm);  

slice_width = 0.1 # slice width (cm);    

array_size = 512 # array size    

subvoxel_index = 1 # subvoxel_index (=1,2,3,4 -> 1,8,27,64 subvoxels/voxel, respectively)  

startslice = 1220 # start_slice;   

endslice = 1520 # end_slice;  

myoLV_act = 1 # hrt_myoLV_act - activity in left ventricle myocardium;  

myoRV_act = 2 # hrt_myoRV_act - activity in right ventricle myocardium; 

myoLA_act = 3 # hrt_myoLA_act - activity in left atrium myocardium; 

myoRA_act = 4 # hrt_myoRA_act - activity in right atrium myocardium; 

bldplLV_act = 5 # hrt_bldplLV_act - activity in left ventricle chamber (blood pool) 

bldplRV_act = 6 # hrt_bldplRV_act - activity in right ventricle chamber (blood pool) 

bldplLA_act = 7 # hrt_bldplLA_act - activity in left atria chamber (blood pool) 

bldplRA_act = 8 # hrt_bldplRA_act - activity in right atria chamber (blood pool) 

coronary_art_activity = 9 # coronary_art_activity - activity in the coronary arteries 

coronary_vein_activity = 10 # coronary_vein_activity - activity in the coronary veins 

body_activity = 11 # body_activity (background activity); 

skin_activity = 12 # skin_activity (used if skin_thickness is > 0) 

liver_activity = 18 # liver_activity; 

r_lung_activity = 20 # right_lung_activity; 

l_lung_activity = 21            # left_lung_activity; 

spleen_activity = 36 # spleen_activity; 

art_activity = 42 # artery_activity; 

vein_activity = 43 # vein_activity; 

energy  = 140 
# radionuclide energy in keV (range 1 - 40MeV, increments of 0.5 keV) ; for attn. map 
only 

atten_table_filename= 
atten_table.dat    # for attenuation data calculation 
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C2:  Illustrating the differences between FBP and OSEM results for all 64 models regarding the 

LV EDV, ESV, and EF values. 
 

Figure C2: Differences (y-axis) between FBP and OSEM reconstructed results for all 64 studies (x-axis) in terms of LV a) EDV (ml), 
b) ESV (ml), and c) EF values (%) 
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Appendix D: Ethics approval letter 
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Appendix E: Posters and presentations 

E1: Poster presentation (SASNM 2023) 
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E2: Faculty Forum (UFS Health Sciences) Presentation (Abstract and cover page) 

Verification of a 3D Printed Cardiac Phantom with Monte Carlo Simulations for 

Clinical Validation 

Introduction and goal: Gated planar and SPECT blood-pool studies are commonly used to 
evaluate cardiac ventricular functions. Although SPECT studies have many advantages, it has 
not yet replaced planar studies, so a thorough evaluation is required. Such an evaluation can 
be performed using phantoms to avoid radiation hazards to patients and produce reliable 
outcomes. Physical phantoms are limited due to the fixed size and geometry and are often 
replaced by digital phantoms. Monte Carlo (MC) simulations of a cardiac phantom were used 
in this study to provide clinically relevant information.  The study aimed to verify the MC 
modelled cardiac phantom by comparing simulated gamma camera images of a digital 3D 
cardiac phantom with physical measurements of a printed 3D cardiac phantom.  

Method:  To verify the modelled gamma camera, NEMA performance criteria measurements 
were acquired and simulated using the MC code, SIMIND. The results of the simulated and 
measured data were assessed.  SPECT studies of a cardiac phantom, printed using a 3D printer, 
were acquired and simulated. Both measured and simulated SPECT studies were processed, 
and the images were compared. 

Results: NEMA performance criteria measurements and simulations of the gamma camera 
compared well. The energy resolution showed a 0.4% difference. For the spatial resolution 
values, the most significant percentage differences obtained in a scatter medium was 5.1%, 
and without the scatter medium, 7.9% The sensitivity measurement and simulation resulted 
in a percentage difference of 6.0%. Acquired and simulated images of the cardiac phantom 
compared well. The percentage differences between the acquired and simulated average 
counts for each projection were less than 12%. Line profiles of the measured and simulated 
projection data showed minor differences.  

Conclusion: The modelled gamma camera and cardiac phantom were verified and could be 
used for further studies.  
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Appendix F: Turnitin report 
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