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Abstract

Background

Ischemic heart disease (IHD) remains the leading cause of death worldwide. Cardiac imaging plays a vital role in
diagnosing IHD. One such method is myocardial perfusion scintigraphy (MPS), which is established and widely
used. MPS uses single-photon emission computed tomography (SPECT) to acquire three-dimensional images of
the myocardial perfusion.

Aim

The aim of this thesis was to explore quantitative aspects regarding MPS to possibly improve and facilitate
interpretation. The first study introduce and validate the concept of the perfusion vector and its potential to assist
visual interpretation of MPS examinations. The second study compare the IQ-SPECT camera system with a
conventional SPECT camera in regard to perfusion data and left ventricular function. The IQ-SPECT camera
system uses a multifocal collimator that increases sensitivity, compared to the parallel hole collimator used in
conventional SPECT.

Methods

In the first study the perfusion vector is introduced as the difference between the anatomical centroid (in this case
the left ventricle) and the perfusion center of gravity. The perfusion vector was tested in both simulated and in
patient MPS images. Simulated images were created with various perfusion defect sizes and locations. Patient
studies included both normal and abnormal (with specific perfusion defects) images. In the second study, patients
were examined with both the 1Q-SPECT camera system and the conventional SPECT camera.

Results

The perfusion vector behaved as expected in simulated images, with the vector pointing away from perfusion
defects. When tested on patient images the vector magnitude was small for the normal group while changing
direction in mostly the expected way for the abnormal group. A correlation was found between vector size and
defect extent. When comparing the 1Q-SPECT with conventional SPECT similar mean values were found for
perfusion data while left ventricular volumes were lower and left ventricular ejection fraction (EF) was higher for
IQ-SPECT acquisitions.

Conclusions

The perfusion vector was shown to have potential in assisting the visual interpretation of MPS examinations. The
small vector magnitude in normal patients could be used to decide if an examination is normal or not.

No major differences in the interpretation of MPS studies regarding perfusion data can be expected between the
IQ-SPECT system and a conventional SPECT system. However, cardiac volumes were lower and EF higher for
IQ-SPECT, which should be further investigated using a reference method.
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Introduction

Ischemic heart disease

Ischemic heart disease (IHD) remains the leading cause of death worldwide (Khan
2020). Non-fatal IHD has a major impact on morbidity and quality of life. IHD
affects around 126 million people, and the high incidence will most likely continue
due to an aging population. The global cost of IHD in 2010 was around 863 billion
US dollars and is expected to grow to over 1 trillion US dollars in 2030 (Khan 2020).
Seeing the large impact of IHD, it is of great importance to improve disease
management.

Cardiac imaging plays a vital role in diagnostic testing for suspected IHD. One such
imaging method is myocardial perfusion scintigraphy (MPS). MPS is an established
and widely used imaging method (Sirajuddin 2021). This thesis aims to explore
guantitative aspects regarding this method.

Pathophysiology

IHD is the reduction of blood flow to the heart muscle, myocardium. This creates
ischemia, an imbalance between oxygen demand and supply. This often involves
coronary artery disease (CAD). CAD is the build—up of atherosclerotic plague in the
coronary arteries that supply the myocardium with blood. This is a complex process
that involves inflammation and deposits of lipids. The atherosclerotic plaque can
increase in size and eventually lead to a narrowing of the coronary artery that will
reduce the blood flow to a point where ischemia arises. This condition is typically
referred to as chronic coronary syndrome (CCS), and the plaque by then described
as a stenosis (Knuuti 2020). Another possibility is that an atherosclerotic plaque
ruptures. This leads to a formation of a thrombus that can give an acute occlusion
of the coronary artery, typically referred to as acute coronary syndrome (ACS). It is
important to point out that these are clinical presentations of CAD, but that the
disease is a dynamic process that can involve different presentations in a specific
patient.

In CCS the blood flow is initially maintained in affected arteries by autoregulation
that involves vasodilatation (Severino 2020). If the disease progresses this
regulatory system is compromised, at first only during high metabolic demands, like
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physical exercise. Hence symptoms of myocardial ischemia in CCS first often
manifest during such activities. Ischemia can produce symptoms like chest pain and
dyspnea, but patients may also have atypical or no symptoms.

If the ischemia is severe enough the end result will be myocardial infarction, which
is the irreversible tissue death of myocardium. This typically is the result of an ACS.
This can lead to impaired heart function with heart failure that reduces the heart’s
ability to pump enough blood to support the organs with oxygen.

Diagnosis and treatment

To improve the outcome of IHD it is vital with an early and accurate diagnosis. The
initial diagnostic management typically consists of multiple steps (Knuuti 2020).
Firstly, one must identify patients with symptoms indicative for ACS. In patients
without such symptoms the next step is to evaluate the patient’s general condition
and other potential causes. After basic testing and assessment of left ventricular
function, diagnostic testing is considered depending on the likelihood of CAD.
Diagnostic testing often includes some kind of cardiac imaging method. Once a
CAD diagnosis has been confirmed, therapy is decided based on the estimated event
risk. Therapy includes lifestyle management, medical therapy, and
revascularization. Medical therapy aims to reduce symptoms, halt the progression
of atherosclerosis, and reduce the risk of future major cardiovascular events.
Revascularization also aims to reduce symptoms and reduce the risk of future major
events.

Cardiac Imaging

Cardiac imaging methods have become an essential part of diagnosing and
managing IHD and includes both invasive and noninvasive methods. These methods
can be anatomical or functional in nature. Besides their use in diagnosing patients
with suspected IHD the findings will also affect prognosis assessment and
treatment. Different methods are used depending on the clinical likelihood for IHD
(Saraste 2019) and availability. Since MPS is the method used in the studies
included in this thesis, more emphasis will be placed on this description.

Myocardial perfusion scintigraphy

MPS is a noninvasive functional method where single-photon emission computed
tomography (SPECT) is used to visualize the perfusion of the myocardium (tissue
blood flow), mainly the left ventricle, and evaluate potential IHD. MPS can also
assess myocardial function using electrocardiogram (ECG)-gated images. A
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radiopharmaceutical is injected intravenously in the patient that will distribute in the
myocardium in proportion to blood flow. Gamma radiation is emitted and captured
by a gamma camera resulting in an image. MPS remains the most used noninvasive
cardiac imaging method because of its availability, well-established protocols and
years of data allowing for accurate diagnostic analysis and risk assessment
(Sirajuddin 2021).

Radiopharmaceuticals

A radioactive tracer, or a radiopharmaceutical, is a chemical compound in which a
radionuclide is coupled to a tracer substance. The properties of the tracer substance
will decide the distribution of the compound in the examined system. In MPS the
radioactive tracer will reside in viable myocytes, cardiac muscle cells. Today mainly
two different tracers labelled with the radionuclide technetium-99m (**™Tc) are used
in MPS: *™Tc-2-methoxyisobutylisonitrile (sestamibi) and %™Tc-1,2-bis[bis(2-
ethoxyethyl) phosphino] ethane (tetrofosmin) (Verberne 2015). These tracers are
cationic complexes that are taken up by myocytes in proportion to blood flow. The
uptake mechanism is not entirely known but probably depending on potential driven
diffusion across membranes where the tracers to some extent also enter
mitochondria (Arbab 1996, Platts 1995). Compared to the earlier used radioactive
tracer, thallium-201, they have a relatively short half-life of 6 h, allowing for higher
activities to be administrated, and emits higher energy gamma photons at 140 keV.
This will lead to better quality images and lower radiation burden for the patient.

Stress and rest test

An MPS examination includes a stress test in connection to the radiopharmaceutical
being injected in the patient. This can be done with either exercise, using a bicycle
ergometer or a treadmill, or with a pharmacological stress test (Verberne 2015). In
the latter either a vasodilator drug like adenosine or regadenosone is used, or a drug
with positive chronotropy or inotropy, like dobutamine. The stress test results in
increased blood flow in the coronary arteries either by increased myocardial oxygen
demand (exercise or dobutamine) or by inducing vasodilation independent of
oxygen demand (adenosine or regadenosone). The radiopharmaceutical is injected
at what should be maximal vasodilatation. In blood vessels with an atherosclerotic
plague decreasing the vessel diameter, blood flow will increase less compared to
healthy vessels. This is because this narrowing has led to vessels distal of the
stenosis dilating already at rest to preserve normal flow, so the flow reserve at stress
will be reduced. The uptake of the radiopharmaceutical by the myocardium reflects
the blood flow at the time of the injection.

A rest test is also performed. However, if the stress test is considered normal, the
rest study can be omitted. In the rest study, the radioactive tracer is injected at rest,
without an increased blood flow in the coronary arteries. This can be done either the
same day as the stress test or on a separate occasion (Verberne 2015).
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Image acquisition and reconstruction

After the stress or rest test the radionuclide now resides in the heart muscle cells,
the myocardium. Image acquisition is done with SPECT technology. The
radionuclide decays and emits photons in the form of gamma radiation. A gamma
camera is used to detect the photons and create in image (Anger 1964). In general,
a gamma camera consists of a detector, a collimator and photomultiplier tubes
(PMTs).

The detector is made of a scintillation crystal, typically sodium iodide. The crystal
absorbs gamma photons and convert some of the energy into visible light. PMTs
detect this light and convert it into electricity. A computer then constructs an image
based on these signals. To be able to locate the source of the original gamma photon
information about the angle of the detected photons is needed. For this, a collimator
is used. The collimator sits in front of the detector and consists of material with high
density and high atomic number, usually lead or tungsten, that will restrict the
passage of photons. The collimator is pierced with holes and allows photons with a
certain angle to pass through. Traditionally, the most used collimator type for MPS
has been parallel hole collimators, and this collimator type is still used as standard
in clinical practice (Dorbala 2018). This collimator consists of a lead plate where all
the holes are parallel to each other, see figure 1. This will only allow for photons
travelling perpendicular to the holes to reach the detector. The resolution and
sensitivity will depend on the size of the holes. Large diameter holes will increase
sensitivity but decrease resolution. Different types of parallel hole collimators are
named after sensitivity, resolution, and energy. Thicker wall between the holes
(septa) will be used in higher energy collimators. In recent years new technique has
made more complex collimator design possible (Van Audenhaege 2015). Some of
these new collimators are part of complete cardiac-centered gamma camera systems.
This allows for decreased radiopharmaceutical activity, reducing the radiation
exposure to patients, or a shorter acquisition time. One such system is the IQ-SPECT
system (Siemens Healthineers, Erlangen, Germany), that increases the sensitivity,
collecting up to 4 times more counts compared to systems with parallel hole
collimators (Hyafil 2019). This system uses a multifocal collimator with convergent
symmetry around the center, called SMARTZOOM, see figure 1. Further out close
to the edge of the collimator the holes are almost parallel, to reduce truncation. The
IQ-SPECT orbit is centered on the heart keeping it in the collimator’s magnification
area.
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Figure 1. The left part of the image shows a multifocal collimator, and the right side shows a conventional parallel
hole collimator.

A gamma camera can produce planar images in two dimensions, with a computer
creating a matrix of pixels corresponding to the signals from the detector. When
planar images are acquired, no information about depth is obtained, and signals from
separate structures can overlap. With SPECT technology, tomographic three-
dimensional images can be created. This is achieved by letting the detectors rotate
around the patient and acquire projections from multiple angles. Image
reconstruction based on these projections can then be performed. Two different
methods of reconstruction are available: filtered back projection (FBP) and iterative
reconstruction (Ravishankar 2020). The concept of FBP is to first filter the data from
all the projections and then run them back through the image to obtain an
approximation of the original. Each projection row corresponds to the sum of all
signals from that specific line through the object. Since the projections are limited
in number, they need to be filtered to reduce artefacts and blurring of the image. The
other method for image reconstruction, iterative reconstruction, starts with an
estimation of the image, typically this estimation is uniform intensity. Projection
data is estimated using forward projection which is then compared to measured
projections. This comparison is back projected and used to update the image
estimation. This process is then repeated until estimated projections agree with
the measured projections. A common iterative reconstruction method is the ordered
subset expectation maximization (OSEM) method.

An important aspect of image reconstruction is attenuation correction (Patton 2008).
Attenuation is the loss of energy of a photon traversing matter. The main mechanism
for this in SPECT is Compton scattering, where a photon interacts with an electron
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and scatter, losing some of its energy. This can lead to both loss of information, if
photons that were on a trajectory to pass the collimator now misses it, and to false
signals if scattered photons are detected. To combat this issue X-ray computed
tomography (CT) can be used in conjunction with SPECT (Hutton 2014).
Information from the CT images are used to create a density map which is used for
attenuation correction in the SPECT images. A density map used for attenuation
correction can also be obtained by rotating a Gadolinium source around the patient.
If attenuation correction is unavailable, images can be acquired with the patient in
prone position, in addition to the standard supine position. This does not eliminate
attenuation artefacts, but they will change location, while true defects will remain
unchanged (Hahn 2021).

Gated SPECT can be used to obtain information about cardiac function in addition
to assessment of coronary blood flow (Mansoor 1999). Gated image acquisition is
guided by ECG. The acquisition starts with the R wave on ECG, corresponding to
end-diastole. The cardiac cycle is then divided in multiple frames (often 8 or 16
frames) and data from each frame is added up over many cycles (Paul 2004). This
will generate a volume curve, representing the left ventricle volume for each of the
frames. End-diastolic volume (EDV) and end-systolic volume (ESV) for the left
ventricle are obtained as well as left ventricular ejection fraction (EF). From these
gated images, regional wall motion can also be estimated (Verberne 2015).

Interpretation

The generated images are then processed using computer software. The left ventricle
is segmented and often presented in one short axis view and two long axis views
(vertical and horizontal). The short axis view is displayed with slices going from the
base to the apex of the left ventricle. The two long axis views are displayed with
slices going from the septum to the lateral wall, and from the inferior wall to the
anterior wall, respectively, see figures 2 and 3. Besides these three views a polar
plot is usually also created for interpretation purposes, see figure 2. This plot
displays left ventricular perfusion in a single two-dimensional image, facilitating
interpretation comparing different regions of the left ventricle in the same image. In
this plot the apex is in the center and the basal parts on the outer edge. The polar
plot is typically divided into 17 segments (Czaja 2017). The polar plot can be also
divided into territories corresponding to the coronary vessels, see figure 2.
Typically, the intensity of the signal is set to maximum in the region with the highest
signal and the rest of the image is normalized in relation to this maximum.

Interpretation of reconstructed images is done in dedicated, commercially approved,
MPS software (Dorbala 2018). Different types of color scales or grayscales can
usually be applied. After evaluation of potential artifacts and image quality, the
images are analyzed regarding myocardial perfusion, reflected by tracer
distribution, and left ventricular function, if ECG-gated images were obtained. The
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examination will either consist of both stress and rest images or only stress images
If attenuation correction has been applied these images will be visualized as well.
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Figure 2. How the short axis views of the left ventricle are obtained, from the basal part to the apex. The upper right

image shows a polar plot with the 17-segment model. The lower right image shows a polar plot where the typical
= left anterior descending artery. LCx = left circumflex

territories for the different coronary arteries are shown. LAD
artery. RCA = right coronary artery.
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Figure 3. Short and long axis views of the left ventricle.
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If the patient only underwent a stress examination this usually indicates the images
were assessed as normal, with uniform perfusion and normal function with no
indications for IHD. If the patient underwent both stress and rest examinations, these
images are compared regarding myocardial perfusion and function. If uniform
perfusion and normal function is seen in both rest and stress images the examination
is assessed as normal. If perfusion defects of the same size and localization is present
in both rest and stress this usually indicates a myocardial infarction (or potentially
hibernating myocardium). If perfusion defects are found in stress images that are
not present in rest images this indicates stress-induced ischemia. Stress-induced
ischemia can also be suspected with significantly reduced function in gated stress-
images compared to rest.

Myocardial perfusion defects are evaluated in the reconstructed slices and the polar
plot using visual and qualitative analysis. The three image views (short axis and two
long axis) will be visualized and inspected, preferably simultaneously, see figure 4.
In addition, semi quantitative analysis is also recommended (Dorbala 2018). Using
the 17-segment model for the polar plot, defect severity is scored from 0 to 4, with
0 being normal perfusion and 4 being no perfusion (with normal perfusion being
derived from a reference population). The number of segments with reduced
perfusion will correspond to defect extent. A global estimation of perfusion is
obtained by combining severity and extent for all 17 segments into a single measure,
summed stress score (SSS) for the stress examination and summed rest score (SRS)
for the rest examination. Summed difference score (SDS) can then be calculated by
subtracting SRS from SSS, being the degree of reversible perfusion defect, and
potentially ischemia. Percent of affected myocardium, SS%, can be calculated with
dividing SSS with the maximum value (being 68 in a 17-segment model) and
multiplying with 100 (Czaja 2017). Quantitative analysis can also be made,
comparing regional tracer uptake with a reference population, expressed as standard
deviation.

Finally, the procedure and interpretation of the study is described in a written report,
sent to the referring, or treating physician (Tragardh 2015).
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Stress
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Figure 4. Short axis, vertical long axis, and horizontal long axis images. Polar plot images are shown to the right. This
patient has reduced perfusion during stress in apical/anterior parts of the left ventricle (arrow in the upper right image),
but normal perfusion at rest (lower right image). This indicates stress-induced ischemia.

Other cardiac imaging methods

Invasive coronary angiography

Invasive coronary angiography is considered the standard diagnostic imaging
method for patients with suspected CAD (Sirajuddin 2021). lodine-based contrast
agent is used in conjunction with X-rays to evaluate the blood flow in the coronary
arteries. Fractional flow reserve (FFR) can be used to calculate the pressure ratio
before and after a plaque and with that estimate the degree of stenosis. The main
benefit with coronary angiography is that besides the diagnostic possibilities,
intervention can be performed at the same time with percutaneous coronary
intervention. But since the method is invasive it involves some risk and many times
a non-invasive method is preferred initially.

Computed tomography angiography

Coronary computed tomography angiography (CCTA) is a non-invasive anatomical
method used to visualize the coronary arteries with iodine-based contrast and X-
rays. CCTA will identify atherosclerotic plague and estimate the degree of stenosis.
The main benefit of this method is its negative predictive value of 99%, where a
negative test in most cases excludes CAD (Sirajuddin 2021).

Magnetic resonance imaging

Cardiac magnetic resonance imaging (cardiac MRI) is a non-invasive method used
for both anatomical and functional assessments of the heart (Pahlm 2011). A
powerful magnetic field and radio waves are used together with the natural magnetic
properties of hydrogen atoms in the body to generate images. An extracellular
contrast agent, Gadolinium, is often used. Cardiac MRI is considered the gold
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standard for evaluating heart volumes and function, as well as myocardial infarction
(Salerno 2017). Cardiac MRI can also be used to assess myocardial perfusion. This
is done with using a vasodilatory substance and assessing first pass perfusion of
Gadolinium.

Positron emission tomography

Positron emission tomography (PET) is a non-invasive method that is similar to
MPS as it also detects radiation emitted from a radionuclide coupled to a tracer
substance (Sirajuddin 2021). PET uses positron emission, where the positron will
collide with an electron, and annihilation resulting in two gamma photons that can
be detected. PET has better resolution compared to MPS and can also be used for
guantitative measurements of perfusion. PET is considered the gold standard for
quantification of myocardial perfusion. Depending on the radiopharmaceutical
used, either cardiac perfusion or viability can be assessed.

Echocardiography

Echocardiography uses ultrasound to create images of the heart. It is a readily
available non-invasive method used for assessing cardiac anatomy and function.
Stress echocardiography can be used on patients with suspected CAD. Regional
wall motion is assessed in rest and stress (exercise or pharmacological), with
reduced motion in stress indicating ischemia. The main disadvantage is that
suboptimal image quality sometimes can limit the ability to diagnose disease (Pahlm
2011).
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AIms

The general aim of this thesis is to gain knowledge about different quantitative
aspects on MPS — from developing a new method that could potentially aid in the
visual interpretation of images to comparing images obtained from different SPECT
cameras.

The specific aim for each paper was to:

I Test the concept of the perfusion vector in simulated MPS images and
then to validate the method in a clinical setting.

Il. Compare the 1Q-SPECT and its multifocal collimator with a
conventional SPECT camera with parallel hole collimator regarding
stress perfusion data, left ventricular EF and cardiac volumes.
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Materials and methods

Study population

In the first study 1283 patients who underwent a MPS examination, both stress and
rest, in a clinical setting during 2007 in Malmd, Sweden, were considered for
inclusion. The patients were categorized into groups depending on the visual
interpretation of the examination. The first ten in each group assessed with having
specific perfusion defects were included. The specific defects were located in the
anterior, apical, lateral, or inferior left ventricle wall, either assessed as stress-
induced ischemia or as infarction. For the group assessed with having normal
myocardial perfusion the first 40 were included. In total 120 patients were included.

In the second study 41 patients who were referred for a MPS and agreed to be
examined on both camera systems were included, regardless of the examinations
being assessed as normal or as having perfusion defects. Patients were consecutively
included after installation of the 1Q-SPECT system in 2015. If the stress
examination were assessed as having reduced perfusion these patients also
underwent a rest examination. However, the number of patients with a rest study
were too low for these studies to be included.

MPS protocol and image acquisition

In the first study a 2-day gated stress/non-gated rest protocol with %™ Tc-tetrofosmin
(600 MBq at stress and at rest) was used. The stress tests were conducted with
maximal exercise on a bicycle ergometer (with patients reaching at least 85 % of
predicted maximal heart rate) or with adenosine according to standard protocols.
Image acquisition began 60 minutes later. Images were acquired with patients in
supine position using a Siemens e.cam dual-head gamma camera (Siemens
Healthineers, Erlangen, Germany), with a low-energy high-resolution (LEHR)
parallel hole collimator. SPECT was used over 180° elliptical and auto-contour
rotations from the 45 ° right anterior oblique position. 64 projections were obtained
in a 128 x 128 matrix with an acquisition time of 25 seconds for every projection.
FBP was used for image reconstruction. Tomographic reconstruction was
performed on e.soft software (Siemens AG Medical Solutions, Erlangen, Germany),
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generating short- and long-axis slices. No attenuation correction was applied.
EXINI Heart™ (EXINI Diagnostics AB, Lund, Sweden) software was used to
automatically derive the size of the perfusion defects, using an appropriate normal
database.

In the second study the stress tests were performed as in study I, with the same
radiopharmaceutical and dose being administered. The patients were examined in
supine position with both a Siemens e.cam dual-head gamma camera and a Siemens
Symbia system with IQ-SPECT (Siemens Healthineers, Erlangen, Germany). ECG-
gated images were also obtained.

The Siemens e.cam was the same system as in study I, with the same LEHR parallel
hole collimator and FBP used for image reconstruction of images without
attenuation correction. In contrast to study I attenuation correction was applied, with
a rotating Gadolinium source, *3Gd multiple-line source (Siemens AG Medical
Solutions, Erlangen, Germany), generating a density map. Images with attenuation
correction were reconstructed using an iterative filtered back projection (6
iterations).

The Siemens Symbia system with 1Q-SPECT used a multifocal collimator with
SMARTZOOM. SPECT was used over 180°, starting from the 59° right anterior
oblique position with a 76-degree angle between the detectors with a total of 32
angles. A 128 x 128 matrix was used with 14 seconds of acquisition time per angle.
Attenuation correction was applied, using CT to create a density map. lterative
image reconstruction was used, ordered subset conjugate gradient minimizer
(OSCGM), which is similar to OSEM (Onoguchi 2016). 3 iterations and 10 subsets
were used for images with and without attenuation correction, while 2 iterations and
10 subsets were used for gated images.

Reconstructed images were processed and analyzed in EXINI Heart™ using the 17-
segment model to automatically calculate SSS, for both images with and without
attenuation correction, see figure 5. Appropriate normal databases were used.
Calculations of cardiac volumes, EDV and ESV, as well as function (EF) were also
automatically calculated from gated images using EXINI Heart™,
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Corrected Stress

Figure 5. Polar plot with the 17 segments used to automatically calculate SSS. Attenuation correction has been
applied in this image. Image from EXINI Heart™.

The concept of the perfusion vector

In the first study we introduced the concept of the perfusion vector as a quantitative
method for interpretation of MPS. A vector is an object that has both a magnitude
and a direction. The concept is based on the difference between the anatomical
centroid and the perfusion center of gravity. The anatomical centroid being the
center of gravity in a two- or three-dimensional figure, in this case the left ventricle.
The perfusion center of gravity will depend on the relative perfusion in the left
ventricle. If normal and close to homogenous perfusion, the location of the perfusion
center of gravity will be in the proximity of the anatomical centroid. The left
ventricle is outlined from MPS images using the EXINI Heart™ software and is
represented by a surface of rectangles through the center of the myocardium, see
figure 6. Each rectangle is assigned an index i in the grid, a center position (X, Y, 2),
an area A, and a weight W. With W = 1 for all i, the anatomical centroid, Ca is
calculated, see equation 1. The perfusion center of gravity, Cp, is calculated by
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setting W to the measured intensity in the MPS image. The perfusion vector, P, is
the difference between the anatomical centroid and the perfusion center of gravity:

P =Cp—Ca, see figure 6. The perfusion vector would point away from the perfusion
defect, this since the perfusion center of gravity will be located on the opposite side,
with the magnitude corresponding to the extent of the defect and the direction
expressed on the x-, y- and z-axes.

X
>
y { Antenor

‘ Septal Lateral

Infenor

Figure 6. To the left the left ventricle as a surface of rectangles. In the middle the perfusion vector as the difference
between the anatomical centroid, Ca and the perfusion center of gravity, Cp. To the right the angle, a, for a simulated
defect.
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Computer simulations

In the first study simulated MPS images were used to test the concept of the
perfusion vector. Projection data was simulated with the SIMIND Monte Carlo
program (Ljungberg 1989), a program that describes a standard SPECT camera.
XCAT phantom (Segars 2010) was used to create a phantom of the left ventricle.
The phantom was made to represent a standard male with an EDV of 148 ml. Forty
static phantoms were created with the heart in different positions to simulate a
beating heart and breathing motion. Eight different perfusion defects, four anterior
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and four lateral defects, were simulated, with different angles, o, of 10°, 30°, 50°,
and 70°, see figures 6 and 7. Simulations without perfusion defects were also
performed. Iterative reconstruction was used for image reconstruction.

Anterior defects

0° 10° 30° 50° 70°

Lateral defects

Figure 7. The upper part with simulated anterior defects and the lower part with simulated lateral defects. The first
image in both rows without a defect.

Statistical analysis

In study | Kruskal-Wallis analysis were performed to investigate for differences
between normal and abnormal perfusion. When this was found, Mann-Whitney’s
test was used to test for differences. Patients with perfusion defects were compared
to the patients with normal perfusion. Since multiple comparisons were performed,
a Bonferroni correction was applied and a significance level of 0.0125 was used
when four groups were tested and 0.025 when two groups were tested. Spearman’s
correlation test was done to investigate the correlation between defect extent and
vector magnitude.

In study Il Bland-Altman analysis was performed to test for bias and limits of
agreements when comparing the two different camera systems.
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Results and discussion

Perfusion vector in simulated and patient MPS images

Interpretation of MPS examinations still largely relies on visual assessments that is
known to have inter- and intra-observer variability. The aim of the first study was
to test the concept of the perfusion vector as an objective quantitative method for
assisting in the interpretation of MPS images. Both simulated MPS images and MPS
images from selected patient examinations were analyzed.

A perfusion vector was calculated, P=Cp— Ca, for all simulated perfusion defects.
For anterior defects, the stress perfusion vector on the y-axis (anterior-inferior
direction) increased according to defect size, while it remained stable on the other
axes, see figure 8. For lateral defects, the stress perfusion vector on the x-axis
(septal-lateral direction) decreased according to defect size, while it remained more
stable on the other axes, see figure 8.

For anterior defects the stress perfusion vector should increase on the y-axis, since
this axis is in anterior-inferior direction, see figure 6, and the vector points away
from the defect. For lateral defects the stress perfusion vector should decrease on
the x-axis since this axis is in septal-lateral direction and the vector would then point
in septal direction. Hence, the stress perfusion vector behaved as expected.

Seeing the concept work in simulated MPS images, the same method was then
applied to patient MPS images. Mean total defect extent (automatically derived
from EXINI Heart™) was 0.17 % for the normal group and 25 % for the abnormal
group, patients assessed with having perfusion defects (15.6 % for ischemic defects
and 29.8 % for infarction). Stress perfusion vectors were calculated and compared
between the normal group and four different abnormal groups assessed with having
apical, inferior, anterior, or lateral perfusion defects. No distinction between
ischemia and infarction were done.

An important finding was that the perfusion vector range was small in all three
orientations for the normal group, indicating a low inter-individual variability, while
larger ranges was seen in the abnormal group, see figure 9. This means it could be
possible to use this method to help determine if a stress examination is normal,
hence reducing the amount of rest examinations that needs to be performed.
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Figure 8. Simulated MPS images. The upper image showing the perfusion vector for anterior defects and the lower
image the perfusion vector for lateral defects.

Significant differences were found on all axes when comparing the normal group to
the groups with apical or lateral defects, see figure 9. For inferior defects only the
y-axis was significantly different and for the anterior defects the same was true for
the z-axis (and not on the y-axis as expected). Seeing apical defects affecting the
perfusion vector in the opposite direction compared to lateral defects on the x-axis
and in the opposite direction compared to inferior defects on the y-axis can be
explained with apical defects often being located more towards the septal and
anterior part of the left ventricle. Lateral defects changed the perfusion vector
drastically on the x-axis, as expected. Lateral defects also changing the perfusion
vector on the y-axis can be explained with these defects often being located slightly
inferior in the left ventricle. Changes on the z-axis will depend on where the defect
is located in the apical-basal direction in the left ventricle. Apical defects were
included as a separate group to examine if such changes existed, and as expected
the perfusion vector for apical defects changed drastically on this axis.
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Figure 9. Box plots for stress perfusion vectors for normal patients and for patients with perfusion defects (ischemia or
infarction) in different locations for the x-axis (A), y-axis (B) and z-axis (C). The p-value is related to the normal group.

There was a significant correlation between defect size and stress vector magnitude
(vector size) with the magnitude increasing with larger defect extent (r = 0.63, p <
0.001). When comparing the difference vector magnitude (the difference between
stress and rest vector magnitude), there was a significant difference between normal
patients and patients with defects assessed as ischemia, but not with patients
assessed as having infarction, see figure 10. This could potentially be used to
distinguish between normal patients and patients with ischemia, but a large inter-
individual variability was also found. This variability could possibly be explained
with the patients in the abnormal group being selected only for the localization of
the perfusion defect, not the size. Another possible reason is the fact that patients
will not have completely homogenous perfusion in areas not assessed as having
significant perfusion defects, which will affect the calculation of the perfusion
vector.

31



251 0=0.001 p=0028
[ I}
=]
=
c 20F o 8
[=)]
(] I}
S -1 -
% 15 _
o
2
0 10}
)
3
c 5 -
o
()]
2 .
D 0 [ —l_ 1 1

Normal Ischemia Infarction

Figure 10. Box plots for the difference magnitude for normal patients and for patients with ischemia and infarction. The
p-value is related to the normal group.

Quantitative data comparing two MPS SPECT systems

This study aimed to compare IQ-SPECT with conventional gamma cameras
regarding both stress perfusion data (SSS) and left ventricular volumes (EDV and
ESV) and function (EF). This to investigate for differences affecting interpretation
of MPS examinations. Previous patient studies (Leva 2020, Havel 2014) and
phantom studies (Hippel&inen 2017) comparing the new 1Q-SPECT gamma camera
system with its multifocal collimator with conventional gamma cameras with
parallel hole collimators have shown somewhat conflicting results and some studies
only investigate left ventricular volumes and function and not perfusion data.

For stress perfusion data, SSS, similar mean values were found, both for images
with attenuation correction (AC) and with no attenuation correction (NC), see table
1. Left ventricular volumes (EDV and ESV) were lower for the 1Q-SPECT system
whereas left ventricular EF were higher for the IQ-SPECT system.
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Table 1. Quantitative parameters in IQ-SPECT and conventional SPECT

1Q-SPECT Conventional SPECT
Parameter (meanSD)
SSSAC 9.9+7.8 11.2+8.1
SSSNC 8.8+8.2 10.6+£9.1
EDV (ml) 87.3+32.0 104.1+31.3
ESV (ml) 19.9+20.3 29.3+19.4
EF (%) 81.1+14.0 74.0+11.4

Bland-Altman analysis were used to analyze the agreement between the two
methods, see figure 11. A low bias was found for SSS. Bias was larger for cardiac
volumes and EF. Limits of agreement (LoA) were overall large, especially for EF.

The findings indicate that there should be no majorly different approach, on a group
level, to assess stress perfusion when using the 1Q-SPECT system compared to
conventional SPECT. The EXINI Heart™ software was used to automatically
generate SSS using the 17-segment model. At our department we normally use these
numbers together with visual assessment to evaluate perfusion. There is no real
consensus on the best method and some departments more heavily emphasize
automated analysis.

MPS is known to underestimate left ventricle volumes (Hedeer 2010). The findings
in this study indicate that IQ-SPECT might underestimate volumes even more than
conventional SPECT. EF was found to be higher with IQ-SPECT, a parameter that
also has been shown to vary in previous studies.

A reason for these variations in findings could be that different studies used different
reconstruction parameters for the MPS images. This can influence the
measurements of cardiac volumes and function. Further studies comparing the
influence of different reconstruction parameters on left ventricular volumes and
function should be performed in order to optimize the method. Cardiac MRI could
be used as a reference method.

Studies also used different software to automatically calculate SSS, volumes and
function, which have been shown to affect these measurements (Ather 2014). Also,
it is not always clear what normal databases were used in different studies.

The European Association of Nuclear Medicine has now published guidelines for
MPS using cardiac-centered gamma cameras, such as the IQ-SPECT system (Hyafil
2019). Here, recommendations regarding image acquisition and interpretation are
provided.
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Figure 11. Bland-Altman analysis for agreement between 1Q-SPECT and conventional SPECT for SSS (with and
without attenuation correction), EDV, ESV and EF. Solid lines indicate bias and dashed lines indicate the 95% LoA.
Difference on the y-axis is 1Q-SPECT - conventional SPECT.

Ethical considerations

Ethical permissions from the local research committee at Lund University were
obtained for both studies. For study I, only clinical examinations were performed
and only some basic information from the medical records were needed. For study
Il an additional image acquisition was needed, but only patients that were fit enough
for this were asked to be included. A low-dose CT for attenuation correction was
needed for the examinations with the 1Q-SPECT system giving the patients



additional radiation exposure. However, since most patients referred to a MPS are
over 50 years old, the additional risk was regarded as negligible.

Limitations

For both studies only a relatively small number of patients were included, and no
other methods were used to validate the interpretation of the MPS images. In study
| there was no true normal control group since all the included patients were referred
to a clinical MPS. In study Il data from rest examinations were not included since
most patients only did a stress examination. The software EXINI Heart™ is no
longer registered for clinical use in Europe.
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Conclusions

The perfusion vector was shown to have potential in assisting the visual
interpretation of MPS examinations. The small variation in vector
magnitude in normal patients compared to patients with perfusion
defects could be used to decide if a stress study is normal or not, and
possibly reduce the amount of rest studies needed to be performed.
Further studies are needed to validate the concept.

No major differences in the interpretation of MPS studies regarding
perfusion data can be expected between the 1Q-SPECT system and a
conventional SPECT system. However, cardiac volumes were lower
and EF higher for 1Q-SPECT examinations, which should be further
investigated using a reference method.
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Popularvetenskaplig sammanfattning

Ischemisk hjartsjukdom ar en allvarlig folksjukdom. Den orsakas av fortrangningar
i de kérl, kranskérlen, som forsorjer hjartat med blod. Detta kan ge upphov till
syrebrist i hjartmuskeln vilket forsdmrar hjartats funktion. Om denna syrebrist blir
uttalad kan delar av hjartmuskeln do, vilket kallas for hjértinfarkt.

Olika metoder anvands for att diagnostisera ischemisk hjértsjukdom. En av dessa
metoder & myokardscintigrafi. Har anvéands ett radioaktivt &mne som binder in till
hjartmuskeln beroende pa hur bra kranskarlen fungerar. Sedan fangar en kamera
upp den stralning som hjartat avger nar det radioaktiva amnet sonderfaller. Pa
bilderna kan man sedan se om det finns tecken pa syrebrist i hjartmuskeln och aven
beddma hjéartats storlek och funktion.

Denna studie avser att understka och mojligen forbattra hur man kan bedéma dessa
bilder fran myokardscintigrafi. | den forsta studien berdknas en sa kallad vektor,
vilket & en matematisk storhet som har bade storlek och riktning, for olika bilder
fran myokardscintigrafi. En vektor kan liknas med en pil som har en viss riktning
och langd. Det visade sig att denna vektor forandrades beroende pa hur hjartats
blodforsérjning sag ut. Denna metod skulle kunna vara till hjalp nar man bedémer
bilder fran myokardscintigrafi. | den andra studien jamfors ett nyare kamerasystem
med det som anvants tidigare. Det nya systemet har teknik som mdjliggor battre
upplosning och lagre straldos eller kortare tid i kameran. Det visade sig att
bedémningen av hjértats blodforsorjning inte skilde sig sa mycket at. Daremot
skiljde sig beddmningen av hjartats storlek och funktion. Detta ar kunskap som kan
vara till hjalp nar man ska bedéma bilder fran myokardscintigrafi.
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