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Abstract

Coronary artery disease, leading to ischemic heart disease and myocardial infarction, is a major cause of mortality
and a leading cause of heart failure worldwide. Different cardiac imaging methods are used for detection of
myocardial ischemia and infarction as well as assessment of cardiac function, and play an important role for
clinical management and decision making in these patients. Myocardial perfusion single-photon emission
computed tomography (SPECT) is a widely used nuclear cardiac imaging method for diagnosing ischemic heart
disease and myocardial infarction and for assessment of volumes and ejection fraction (EF) of the cardiac left
ventricle (LV). Cardiac magnetic resonance imaging (CMR) is another imaging method considered to be the
reference method for detection of myocardial infarction and cardiac function. The overall aim of this thesis was to
further elucidate the diagnostic performance of myocardial perfusion SPECT (MPS) for detection of myocardial
infarction and assessment of cardiac functional parameters, using CMR as the reference method.

Paper | investigated the diagnostic performance of MPS for assessment of LV volumes and LVEF and compared
different MPS software, using CMR as the reference method. It was shown that MPS underestimates LV volumes
compared to CMR whereas accuracy for assessment of LVEF was better. Precision was low for all measures.
There were differences between the MPS software.

Paper Il investigated the sensitivity and specificity of MPS with electrocardiography gated technique and a
mtechnetium labeled radiotracer for detection of myocardial infarction, using late gadolinium enhancement (LGE)
CMR as the reference method. Gated MPS showed high sensitivity and specificity for infarct detection, only
missing the smallest infarcts <3% of the LV mass.

Patients with a specific disturbance in the cardiac electrical conduction system, left bundle branch block (LBBB),
are known to often have a specific tracer uptake pattern on MPS engaging the LV septal wall, mimicking perfusion
defects seen in ischemia and infarction. The underlying pathophysiological mechanisms behind this MPS uptake
pattern were investigated in Paper lll. The results showed that typical MPS uptake pattern in patients with LBBB
were mainly related to regional myocardial dyskinesia and wall thickening rather than myocardial fibrosis, stress-
induced ischemia and ECG characteristics.

Paper IV sought to investigate the diagnostic performance of MPS for detection of myocardial infarction and
assessment of LV volumes and LVEF, comparing a modern solid-state cadmium-zinc-telluride (CZT) detector
gamma camera technique with a conventional gamma camera, using CMR as the reference method. The results
showed a moderate sensitivity and high specificity for detection of infarcts >3% of the LV mass with no difference
betweeen the gamma cameras. LV volumes were underestimated compared to CMR with a slighlty higher
accuracy for the CZT compared to the conventional gamma camera and a relatively large impact on accuracy by
the MPS software used.

In summary, the papers of this thesis showed a moderate to high sensitivity and high specificity for MPS to detect
myocardial infarctions with no difference between modern and conventional gamma cameras. However, small
infarcts were still missed by MPS. LV volumes were underestimated by MPS with low precision whereas accuracy
for LVEF was better. The MPS software used had a higher impact on accuracy of LV volume and EF assessment
than did type of gamma camera. It might be of value to take these results into consideration when interpreting an
MPS study in a clinical setting.
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Wer ein Warum zu leben hat, ertrigt fast jedes Wie.
He who has a why to live can bear almost any how.

Friedrich Nietzsche, later used by Viktor Frankl
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Summary

Coronary artery disease, leading to ischemic heart disease and myocardial infarction, is
a major cause of mortality and a leading cause of heart failure worldwide. Different
cardiac imaging methods are used for detection of myocardial ischemia and infarction
as well as assessment of cardiac function, and play an important role for clinical
management and decision making in these patients. Myocardial perfusion single-
photon emission computed tomography (SPECT) is a widely used nuclear cardiac
imaging method for diagnosing ischemic heart disease and myocardial infarction and
for assessment of volumes and ejection fraction (EF) of the cardiac left ventricle (LV).
Cardiac magnetic resonance imaging (CMR) is another imaging method considered to
be the reference method for detection of myocardial infarction and cardiac function.
The overall aim of this thesis was to further elucidate the diagnostic performance of
myocardial perfusion SPECT (MPS) for detection of myocardial infarction and
assessment of cardiac functional parameters, using CMR as the reference method.

Paper I investigated the diagnostic performance of MPS for assessment of LV volumes
and LVEF and compared different MPS software, using CMR as the reference method.
It was shown that MPS underestimates LV volumes compared to CMR whereas
accuracy for assessment of LVEF was better. Precision was low for all measures. There
were differences between the MPS software.

Paper II investigated the sensitivity and specificity of MPS with electrocardiography

Pmtechnetium labeled radiotracer for detection of myocardial

gated technique and a
infarction, using late gadolinium enhancement (LGE) CMR as the reference method.
Gated MPS showed high sensitivity and specificity for infarct detection, only missing

the smallest infarcts <3% of the LV mass.

Patients with a specific disturbance in the cardiac electrical conduction system, left
bundle branch block (LBBB), are known to often have a specific tracer uptake pattern
on MPS engaging the LV septal wall, mimicking perfusion defects seen in ischemia and
infarction. The underlying pathophysiological mechanisms behind this MPS uptake
pattern were investigated in Paper III. The results showed that typical MPS uptake
pattern in patients with LBBB were mainly related to regional myocardial dyskinesia
and wall thickening rather than myocardial fibrosis, stress-induced ischemia and ECG
characteristics.

Paper IV sought to investigate the diagnostic performance of MPS for detection of
myocardial infarction and assessment of LV volumes and LVEF, comparing a modern
solid-state cadmium-zinc-telluride (CZT) detector gamma camera technique with a
conventional gamma camera, using CMR as the reference method. The results showed
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a moderate sensitivity and high specificity for detection of infarcts >3% of the LV mass
with no difference between the gamma cameras. LV volumes were underestimated
compared to CMR with a slightly higher accuracy for the CZT compared to the
conventional gamma camera and a relatively large impact on accuracy by the MPS
software used.

In summary, the papers of this thesis showed a moderate to high sensitivity and high
specificity for MPS to detect myocardial infarctions with no difference between modern
and conventional gamma cameras. However, small infarcts were still missed by MPS.
LV volumes were underestimated by MPS with low precision whereas accuracy for
LVEF was better. The MPS software used had a higher impact on accuracy of LV
volume and EF assessment than did type of gamma camera. It might be of value to take
these results into consideration when interpreting an MPS study in a clinical setting.
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Populirvetenskaplig sammanfattning

Blodet férsorjer kroppens olika organ med syre och niringsimnen via kirlsystemet.
Hjirtat ar kirlsystemets motor. Hjirtmuskeln sjilv behover ocksd blodforsérjning for
att kunna arbeta, vilken tillgodoses via hjirtats kranskérl. Hos friska personer anpassas
blodforsorjningen och syretillforseln efter behovet av syre i olika vivnader. En obalans
mellan tillgdng och efterfrigan pa syre i en vivnad kan dock uppstd. Sddan syrebrist i
vivnaden forsdmrar cellernas och vivnadens funktion och om syrebristen ir uttalad och
lingvarig kan cellerna och delar av vivnaden dé. Aven hjirtmuskeln kan drabbas av
syrebrist, vanligen till foljd av dderforkalkning i hjirtats kranskirl. Syrebrist i
hjartmuskeln férsimrar hjirtats funktion och kan ge symptom i form av kirlkramp.
Om syrebristen till hjartmuskeln 4r uttalad och lingvarig kan delar av hjartmuskeln do,

sd kallad hjirtinfarkt.

Inom medicinen finns olika bildgivande metoder for undersokning av hjirtat. Dessa
metoder ir viktiga verktyg for att kunna stilla korrekt diagnos och sitta in limplig
behandling pa en patient med misstiankt hjirtsjukdom. De bildgivande metoderna kan
exempelvis undersoka hjirtats pumpférmaga, om hjirtmuskeln har syrebrist och om
det finns tecken till drrvivnad i hjirtat efter en tidigare hjirtinfarke.

I arbetena i denna avhandling anvinds tvé bildgivande metoder for undersdkning av
hjirtat. 1) Vid myokardscintigrafi tar man hjilp av ett radioaktivt imne och en si kallad
gammakamera for att ta bilder av hjirtmuskelns blodflode och eventuell drrvivnad i
hjartmuskeln samt for att bestimma hjirtats storlek och pumpformaga. 2) Vid
magnetresonanstomografi (MR) utnyttjar man de magnetiska egenskaperna hos vattnet
i kroppen for att generera bilder av hjirtat. For avbildning av hjirtats storlek och
funktion samt for avbildning av eventuell 4rrvivnad i hjirtat &r MR facitmetod.

I avhandlingens delarbete I, IT och IV underséktes hur bra myokardscintigrafi ar pa att
hitta och utesluta drrvivnad pa grund av hjirtinfarkt samt hur bra myokardscintigrafi
dr pd att mita hjirtats storlek och pumpférméga. MR anvindes som facit och
undersokningarna utfordes pa patienter som kom pa remiss pa grund av misstinke
hjirtsjukdom. Olika datorprogram som anvinds for bearbetning av hjirtbilderna
jimfordes. Dessutom jimfdrdes om anvindandet av modern respektive traditionell
teknik i myokardscintigrafins gammakamera paverkar mitresultaten. Studieresultaten
visar att myokardscintigrafi dr ganska bra pa att hitta och bra pa att utesluta drrvivnad
i hjirtmuskeln, dock finns det risk att missa riktigt sma 4rr. Vilken gammakamerateknik
som anvindes hade ingen betydelse. Vidare underskattade myokardscintigrafi hjirtats
storlek pétagligt medan mitning av hjirtats formaga att pumpa ut blod var mer
rittvisande. Precisionen i mitningarna var lig. Vilken typ av datorprogram som
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anvindes hade ganska stor betydelse for mitresultaten av hjirtats storlek medan typ av
gammakamerateknik hade mindre betydelse.

I avhandlingens delarbete III underséktes en grupp patienter med en sirskild storning
i det system som leder hjirtats elektriska signaler. Man vet sedan tidigare att patienter
med sidan elektrisk storning kan uppvisa ett typiskt utseende pa
myokardscintigrafibilder som kan likna syrebrist eller 4rr efter hjirtinfarkt. Orsakerna
till detta typiska utseende ir inte helt kinda. Resultaten visade att det typiska utseendet
pa myokardscintigrafi hos patienter med stdrning i hjirtats elektriska system troligen
berodde pa hjirtats rorelseménster och hjirtmuskelns forméga ate fortjocka sig. Det
berodde oftast inte pé drrvivnad eller syrebrist i hjartmuskeln.
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adenosine triphosphate
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Introduction

Ischemic heart disease

Ischemic heart disease (IHD) is the number one cause of death worldwide, accounting
for more than 9 million deaths (47% women) in 2016 according to the World Health
Organization'? It is also considered the leading cause of heart failure**. IHD affects
both men and women and increases with age'’. In 2010, the global cost of
cardiovascular diseases was estimated to more than 850 billion US dollars®. Since IHD
has a major impact on mortality, morbidity and health care costs globally, improved
management of IHD patients is crucial. In this management, different diagnostic
testing including cardiac imaging is a corner stone. The studies in this thesis seek to
contribute to the field of cardiac imaging and hopefully to be beneficial to patients in
the world suffering from IHD.

Pathophysiology

Ischemia and atherosclerosis

Ischemia is defined as an imbalance between oxygen demand and supply in a tissue, for
example the myocardium®. The most common pathophysiologic process behind
ischemia in the myocardium is disease in the coronary arteries (CAD) as an effect of
atherosclerosis.

Atherosclerosis is a complex process in the arteries including a number of interacting
factors where inflammation seems to play an important role. The inner layer of the
arterial wall, the endothelium, is exposed to a large number of factors some of which
are stressors affecting the arterial wall in a negative way. These stressors are often
associated with known risk factors for CAD such as dyslipidaemia, hypertension,
glycated products associated with diabetes, and inflammatory cytokines associated with
overweight’. The effect of these stressors on the arterial endothelial cells is an increased
expression of molecules promoting adhesion of white blood cells. Via inflammatory
molecules such as cytokines, more white blood cells will be attracted. The white blood
cells migrate into the arterial wall and interact with the endothelial cells and smooth
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muscle cells. As a consequence the smooth muscle cells proliferate and generates extra
cellular matrix. This mix of white blood cells, proliferating smooth muscle cells and
excess of extracellular matrix binds modified lipoproteins and oxidized lipids. In
addition, some of the white blood cells transforms to macrophages who start to ingest
lipoproteins and lipids turning them into so called foam cells. The end-product of these
processes is a growing atherosclerotic lesion or plaque in the arterial wall”®, see Figure

1.

a

Arterial lumen

Arterial wall —[
L ]
Adventitia - - ./— Red blood cell

Media— . ® e = White blood cell
Intima >~ Endothelium

- -
.0 —
)

o
Stenosis Occlusion

Figure 1. Progression of arterial atherosclerosis. A cross section of a coronary artery. The arterial wall consists of
three basic layers. The inner layer is called the intima, contains smooth muscle cells and have a layer of endothelial
cells surfacing the blood in the arterial lumen (a). In (b), white blood cells have started to migrate into the arterial wall.
They interact with the smooth muscle cells which begin to proliferate and produce extracellular matrix. The white
blood cells transforms to macrophages which together with the excess of extracellular matrix binds lipids (c). Some of
the macrophages start to ingest lipids transforming them to foam cells. The atherosclerotic plaque continues to grow
and an arterial stenosis appears that may reduce the blood flow (d). A rupture of the atherosclerotic plaque will lead to
formation of a thrombus that may occlude the artery, leading to acute ischemia and possibly subsequent infarction
downstream the occlusion (e).
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The atherosclerotic process in CAD probably has a subclinical phase going on for many
years, which means that there is a progressive atherosclerotic process going on in the
coronary arteries not leading to any symptoms’. The clinical presentation of ischemia
as a consequence of atherosclerotic CAD mainly occurs in two ways:

1) Growth of an atherosclerotic plaque in a coronary artery with a successive narrowing
of the arterial lumen eventually reducing the blood flow, i.e. affecting oxygen supply.
Most often this effect becomes evident in situations when oxygen demand increases,
i.e. when myocardial work increases for example during exercise. This process is often
quite stable or only slowly aggravating and is called stable CAD or as recommended in
the new guidelines from European Society of Cardiology (ESC), chronic coronary
syndrome (CCS), including both non-obstructive and obstructive CAD®”.

2) An erosion or rupture of an atherosclerotic plaque leading to formation of a
thrombus, acute occlusion of the coronary artery and subsequent acute myocardial
ischemia. This process is called acute coronary syndrome (ACS)*'%'2,

Myocardial ischemia can also occur as a consequence of embolization or spasm in the
coronary artery or when oxygen supply for other reasons become low for example in

respiratory failure or severe anemia®’.

The ischemic cascade

The ischemic process emanating from the imbalance between oxygen supply and
demand is often referred to as the ischemic cascade®, see Figure 2. The ischemic cascade
includes a number of myocardial events seen as a consequence of ischemia, eventually
leading to cell death and myocardial tissue necrosis — myocardial infarction.

Metabolic alterations. Adenosine triphosphate (ATP) is the compound used for energy
demanding processes in the myocardial myocytes. One such important process is
maintaining membrane potentials. For effective production of ATP from different
energy sources, oxygen is needed — so called aerobic metabolism. In the case of ischemia,
the lack of oxygen causes a shift from aerobic to anaerobic metabolism. As a
consequence the production of ATP is markedly decreased and there is an imbalance
between ATP production and consumption, leading to changes in cellular ionic
equilibrium and intracellular acidosis'.

Diastolic and systolic dysfunction, i.e. impaired relaxation and contractility of the
myocardium, is seen as a consequence of ATP depletion, ionic changes and acidosis'“.

Changes in the electrocardiogram (ECG). The most evident changes to the ECG due
to ischemia are alterations in the ST-segment".
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demand and supply

Metabolic alterations
| ATP
Acidosis
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Systolic dysfunction
| Contraction

awi]

ECG changes
ST segment deviation

Angina pectoris
Chest pain/Dyspnea

If severe ischemia -
Myocardial infarct
Cell death

Figure 2. The ischemic cascade. An illustration of the events that occur after onset of myocardial ischemia.

Angina pectoris is the term of the typical symptoms associated with myocardial
ischemia. The classic symptom is chest pain, sometimes in conjunction with pain in
the back, shoulders, arms, neck and/or jaw. Sometimes pain is not the main symptom
of angina pectoris but rather dyspnea.

The term ischemic cascade implies that the events described above is a sequence of
events following a specific order, each event leading to the next. However, some authors

mean that this is not necessarily the case'.
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Mpyocardial infarction and heart failure

If the ischemia is severe and persists long enough, the myocytes will eventually be
irreversibly damaged and die. Tissue death due to inadequate blood supply, ischemia,
is called infarction. The magnitude of cell death in the myocardium is a function of
ischemia severity and persistence — the more severe and the longer the ischemia persists,
the more myocytes will die. As ischemia duration continues, the infarct typically
increases in a wavefront manner from the endocardium to the epicardium and will, if
blood supply is not restored, finally affect the full thickness of the myocardium in the
area supplied by the affected coronary artery'”. In addition to the importance of
ischemia duration for the final size of the infarcted myocardium, collateral flow from
other vessels as well as the localization of the artery occlusion are important factors
determining infarct size'". As the infarcted myocardial tissue heals, the dead cells are
replaced by scar tissue®.

The outcome after an infarction varies and is highly dependent on the size of the infarct.
If the blood supply is quickly restored and/or collateral flow and/or localization of artery
occlusion are favorable, the final infarct size can be very small and cardiac function
totally restored. However, the larger the infarct and myocardial scar, the lower the
subsequent cardiac function®'. If the infarct is large enough to impair cardiac function,
the development of heart failure is common. Heart failure can be described as “a
progressive disorder that is initiated after an index event... [and] disrupts the ability of
the myocardium to generate force, thereby preventing the heart from contracting
normally”®. An important process involved in the progression of heart failure is
myocardial remodeling. Remodeling occurs as a compensation of functional loss, with
components such as infarct healing, left ventricular (LV) hypertrophy and dilatation
but also myocardial wall thinning and sometimes even aneurysm formation®'.

Clinical management of ischemic heart disease

The clinical presentation of IHD includes a wide range of conditions, from the above
mentioned atherosclerotic process in the coronary arteries not giving any symptoms or
impairing an individual’s life, to the life-threatening condition of acute occlusion of a
coronary artery with acute severe ischemia in the myocardium.

Clinically, the acute ischemic condition is referred to as acute coronary syndrome
(ACS) whereas the stable obstructive or non-obstructive CAD is referred to as chronic
coronary syndrome (CCS) in the latest guidelines”'"'">. The distinction between the
chronic and acute conditions is not absolute. Rather the CAD is to be seen as a chronic
condition lasting for years, with a subclinical phase often developing to a symptomatic
phase and possibly with sudden episodes of acute worsening (ACS). Nevertheless, the
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disease is most often progressive and serious and clinically have to be managed with
diagnostic testing and treatment which overlap between chronic and acute conditions’.

Diagnosis
The diagnosis of suspected IHD follows a couple of steps that basically can be applied
to both chronic and acute conditions, of course with a difference in acuteness of the

diagnostic process’.

First of all, the symptoms of a patient have to be judged of being indicative of IHD or
not, most often symptoms of angina pectoris as described above. Secondly, the presence
of comorbidities have to be evaluated since they could affect therapeutic decisions.
Thirdly, basic testing, including biochemical tests, ECG and often different imaging
methods, is used followed by the fourth step which is assessment of clinical likelihood
for presence of IHD. The fifth step includes new diagnostic testing based on the
likelihood assessment in step four. This step often includes different kind of cardiac
imaging methods which is the focus for this thesis and will be discussed in further detail
below. The final step is choosing appropriate therapy based on the previous steps.

Therapy
The different treatment options of choice for IHD can basically be divided into three
main areas — lifestyle management®”, pharmacological therapy”'*'? and

revascularization?. Pharmacological therapy and revascularization are important areas
in both ACS and CCS, whereas lifestyle management is mainly focused upon in the
chronic setting.

Healthy lifestyle behaviours are important for prevention of IHD and its
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consequences”*® and include smoking cessation”, healthy diet™*, physical activity™

and normal weight’'.

Pharmacological therapy in IHD has two aims — reduction of ischemia and angina
symptoms and to prevent future cardiovascular events’. Important anti-ischaemic drugs
include beta-blockers, nitrates and calcium channel blockers. Beta-blockers reduce
myocardial oxygen demand by reducing heart rate, contractility and atrioventricular
conduction®. Nitrates act on symptoms of angina mostly by dilatation of peripheral
veins but also by dilatation of peripheral and coronary arteries™*. Calcium channel
blockers act mainly by vasodilatation and reduction of peripheral vascular resistance®.
Event preventing drugs include antiplatelet and anticoagulant drugs, lipid-lowering
drugs and drugs affecting the renin-angiotensin-aldosterone system’. Antiplatelet drugs
prevent the activation and aggregation of platelets whereas anticoagulant drugs prevent
the formation and action of thrombin’. Lipid-lowering pharmacological therapy aims
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to affect the atherosclerotic process by reducing deposition of lipids and lipoproteins in
the arterial wall**. Angiotensin-converting enzyme inhibitors and angiotensin receptor
blockers are drugs affecting the renin-angiotensin-aldosterone system and act by
lowering blood pressure and affecting myocardial remodeling, especially in patients
with heart failure’.

Revascularization in the case of ACS aims to restore myocardial perfusion as quickly as
possible since time is the main factor affecting how much myocardium will be injured
and infarcted. In CCS, the aims with revascularization are reducing angina symptoms
and improve prognosis. There are three main methods to obtain revascularization —
fibrinolysis by pharmacological intervention, percutaneous coronary intervention
(PCI) and coronary artery bypass grafting?®. Whereas pharmacological fibrinolysis is
used only for ACS in some circumstances, PCI is used for both acute and chronic
conditions and CABG mainly for chronic conditions but occasionally also in the acute
setting.

Cardiac imaging

There are currently several diagnostic methods available for use in patients with known
or suspected IHD, many of which are different imaging modalities. The different
imaging methods can be divided either into invasive and non-invasive methods or into
anatomical and functional methods, respectively. Below, I will describe the methods
used in the papers included in this thesis — myocardial perfusion single-photon emission
computed tomography (SPECT), cardiac magnetic resonance imaging (CMR) and
ECG — with a special focus on myocardial perfusion SPECT (MPS).

Myocardial perfusion SPECT

Myocardial perfusion single-photon emission computed tomography (SPECT) is a
non-invasive nuclear medicine technique used to investigate myocardial perfusion and
function. Myocardial perfusion SPECT (MPS) uses an intravenously injected
radioactive tracer to visualize the myocardium. The radiotracer is distributed in the
myocardium ideally in proportion to myocardial perfusion and can be administered
both at rest and at stress (exercise or pharmacological). Images are acquired using a
gamma camera. By acquiring gamma camera images gated to the ECG, different phases
of the cardiac cycle can be imaged, thereby enabling assessment of cardiac function by
measuring left ventricular (LV) volumes at end-diastole (ED) and end-systole (ES) as
well as left ventricular ejection fraction.
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The use of radioactive tracers to study cardiac function began already in the 1920s and
myocardial perfusion in the 1960s but it was not until the 1970s the method became
clinically available®.

Radiopharmaceuticals

Radioactive tracers or radiopharmaceuticals are compounds consisting of a radionuclide
coupled to a tracer substance. The tracer substance determines which physiological or
pathophysiological processes to be visualized and the radionuclide is used for the
visualization process — imaging.

In MPS, *'thallium (**'T1) or the "technetium (*™Tc) labeled tracers 2-methoxy-
isobutyl-isonitrile ("™ Tc-sestamibi) and 1,2-bis[bis(2-ethoxyethyl) phosphino] ethane
(*™Tc-tetrofosmin) are commonly used radiopharmaceuticals today.

“'Thallium is a radionuclide with “built-in” physiological properties. It is
biochemically an analogue to potassium, enters the myocardium via the sodium-
potassium-ATPase pump mechanism and is distributed in proportion to regional
myocardial blood flow. It redistributes over time, a property that can be used to assess
myocardial viability’>*®. Although **'Tl has physiological properties suitable for
myocardial perfusion imaging the use is declining due to some limitations. The
relatively long half-life (73 hours) gives a high radiation dose to the patient. Because of
the radiation dose, injected activity has to be low which impairs image quality,
especially for ECG-gated SPECT. The relatively low energy of the emitted photons
affects image quality and leads to significant soft tissue attenuation”. See Figure 3.
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Stress Rest

Figure 3. Anterior view of whole body planar scintigraphy with 2°'thallium (?°'Tl). Examinations were performed at the
Department of Clinical Physiology, Lund University Hospital, in June 1977 to assess the whole body distribution of
201T] at excerise stress and at rest. At exercise (left image) high tracer uptake is seen especially in the heart and in
skeletal muscle, whereas at rest (right image) high tracer uptake is seen especially in the abdominal organs.

Compared to *'Tl, the *™technetium labeled tracers tetrofosmin and sestamibi have
some properties making them more favourable. The half-life of ™Tc is shorter (6
hours) allowing for larger amounts of injected activity. Furthermore, the energy of the
emitted photons is higher. This yields higher image quality, less problems with soft
tissue attenuation and greater possibilities to perform ECG-gated SPECT compared to
21T still to a lower radiation burden®.

The tracers tetrofosmin and sestamibi form lipophilic, cationic complexes. They are
taken up by the myocytes in proportion to regional blood flow. The uptake mechanism
is not completely understood but is most probably dependent on potential-driven
transport where mitochondrial membrane potential seems to play a major role®**.
Neither of these two ™ Tc-labeled tracers are associated with any significant

redistribution.
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It should be stated that even if the myocardial uptake of **'Tl and the *™Tc labelled
tracers is proportional to regional myocardial blood flow, this is not true for all ranges
of blood flows. For myocardial blood flows of approximately >2 ml/g/min, tracer
uptake doesn’t increase linearly to blood flow but is underestimated*.

Gamma cameras and formation of images

A nuclear medicine tomographic imaging system for single-photon detection relies on
three key components — an element that restricts the photons coming from the
radiation source (a collimator), an element that detects the photons from the radiation
source (a detector) and an algorithm that reconstructs images.

The conventional gamma camera, sometimes referred to as an Anger camera, was
developed in the 1950s by the American engineer and biophysicist Hal O. Anger®*.
It consists of a lead collimator for restriction of incoming photons. The collimator is
mounted on a detector made of a scintillation material, a sodium iodide (Nal) crystal.
The energy of a photon that has passed the collimator is deposited in the scintillation
crystal. If the energy is high enough, the scintillation crystal will partly convert the
energy into a flash of light. The intensity of the flash is proportional to the energy
deposited by the gamma ray. In the conventional gamma camera, the flash is then
detected by light sensitive detectors, photo multiplier (PM) tubes, behind the
scintillation crystal. The PM tube converts the detected flash of light into an electronic
pulse proportional to the light intensity. In a conventional gamma camera, many tens
of PM tubes are applied to each detector. The output of the PM tubes are used to
determine the location of the flash in the scintillation crystal and thereby determining
the origin of the radiotracer gamma ray. By applying an energy window, one can choose
to account for photons of only a certain spectrum of energy, thereby rejecting for
example scattered photons which would increase noise and decrease resolution in the
final image. The forming of an image in the computer is based on applying a matrix of
points, pixels, in two dimensions and registering the electrical pulses from the PM tubes
for different locations in the matrix®.

The image produced in this way will be a two-dimensional image, i.e. the image will
not contain any information of the depth of which the gamma ray originated. To obtain
images of a three-dimensional object, such as the heart, one has to use the technique of
tomography, which means to produce cross-sectional image planes of a three-
dimensional object. In nuclear medicine single-photon imaging this technique is called
single-photon emission computed tomography, abbreviated SPECT. The basis of the
SPECT technique is to use a number of images of the object acquired from different
angles around the object. In a gamma camera this is accomplished by mounting the
detectors on a gantry that can be rotated around the object. In modern conventional
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gamma cameras, most often two detectors are mounted on the gantry which can be put
in different angles of each other and rotated around the object for image acquisition in
different angles®.

The recent decade, a new generation of gamma cameras using solid-state detectors has
evolved. Here the Nal crystal in the detectors of a conventional gamma camera has
been changed to a detector made of solid-state material, often cadmium-zinc-telluride
(CZT). In brief, the main difference between the CZT solid-state detector and the Nal
crystal scintillation detector is that the deposited energy of a photon in the solid-state
detector is directly converted into an electronic pulse. Hence, PM tubes are not needed,
and as a result the energy resolution becomes better. Additionally, the solid-state
detectors themselves are arranged into a “matrix”, meaning that the localization of the
electronic pulse is done directly in the detector and not via the array of PM tubes which
is the case in a conventional gamma camera. Another advantage of the new technique
is that it makes it possible to construct a gamma camera with optimized geometry,
including specific collimation, for example for cardiac dedicated gamma cameras™. All
together these properties of the CZT gamma cameras yield an improved spatial and
energy resolution as well as improved count sensitivity compared to a conventional
gamma camera.

The last key component is image reconstruction. There are basically two different
principles for image reconstruction in cardiac nuclear imaging, back-projection and
iterative techniques. The basic idea behind back-projection is to use all acquired image
angles, projections, from the gamma camera. The uptake intensity in each pixel of the
matrix is calculated from each image projection. A line is then “back-projected” to a
matrix the size of the field-of-view from all acquired image projections, where the
intensity of the line is proportional to the uptake intensity along that line. In sites where
objects with uptake are situated, the back-projected lines on the matrix will cross and
objects with uptake of different intensity will take form. Lastly, the back-projected
images are filtered and then ready for software processing and display. The idea behind
iterative techniques is to reconstruct an image from successive “guesses” about the true
image. The process starts with a guess of every pixel having the same intensity. The
guess is then modified for every iteration and will finally converge into the “true” image.
Examples of iterative reconstruction methods for myocardial perfusion nuclear imaging
are maximum likelihood expectation maximization (MLEM) and ordered subset
expectation maximization (OSEM)®. See Figure 4.
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Figure 4. lllustration of the principles of a conventional gamma camera (a) and a solid-state detector gamma camera
(b). A cardiac examination in a conventional gamma camera (a) is seen to the right with parallel hole collimator
detectors rotating around the object. A schematic illustration of the components of a conventional gamma camera
detector is seen to the left. Nal — sodium iodide, PM — photo multiplicator. In (b) a cardiac examination in a solid-state
detector gamma camera (GE Discovery NM 530c) is seen. The system has a design based on stationary CZT
detectors with pinhole collimation. The detector-pinhole units have a cricular arrangement with a focused field of view
of the heart. A schematic illustration of a solid-state detector is seen to the left (upper), and below an image of the
CZT detector of the GE Discovery NM 530c system. CZT — cadmium zinc telluride. lllustrations courtesy of Mikael
Peterson and Michael Ljungberg.

Examination princzples, image processing and interpretation

SPECT is nowadays the standard approach for image acquisition in myocardial
perfusion nuclear imaging. As mentioned above, image acquisition in the gamma
camera can be performed with ECG triggering, also called gated SPECT. By giving the
gamma camera acquisition system information about the cardiac cycle via the patients
ECG, time resolved images can be reconstructed. Most often the cardiac cycle is divided
into eight or sometimes sixteen intervals (frames/bins). This enables assessment of
cardiac function by visual interpretation of myocardial wall motion as well as
assessment of volumes and ejection fraction of the left ventricle by automated software

processing”’.

Myocardial perfusion SPECT (MPS) image processing is performed with computer
software. One of the most important features of such software is an algorithm for
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myocardial segmentation which is performed in all cardiac cycle intervals. Primarily
only the cardiac left ventricle (LV) is segmented. Furthermore, many software present
the LV in standard orientations, most often in short axis view and two long axis views.
Many software offers image display in grayscale or different colour scales. Importantly,
the standard way to display the images is in relation to the myocardial region with the
most intense uptake. This means that the region with most intense uptake is set to the
maximum level of the used grayscale/colour scale and all other parts of the LV
myocardium is scaled to this maximum uptake. Other features most commonly
included in different software packages are ways of automatic quantification of LV
volumes and ejection fraction as well as semi-quantification of regional myocardial

perfusion?>#>,

Myocardial perfusion SPECT is performed both at rest and at stress. Since ischemia
depends on a balance between oxygen demand and supply, patients with suspected
IHD and significant obstructive CAD are most often planned for MPS examination at
both stress and rest. A stress examination is performed to increase cardiac oxygen
demand by either exercise or pharmacological stress. Exercise is commonly performed
by bicycle ergometer or treadmill. Pharmacological stress uses either vasodilator drugs
such as adenosine or regadenosone or drugs that increase cardiac inotropy and
chronotropy such as dobutamine and atropine. The MPS radiopharmaceutical is
injected intravenously at peak stress (exercise or pharmacological). Images are then
acquired in the gamma camera. For a rest examination, the radiopharmaceutical is
injected at resting state and images are then similarly acquired. When images are
interpreted, the rest and stress examination are compared regarding myocardial
perfusion and function. An examination with uniformly distributed perfusion at rest
and at stress and with normal functional parameters (LV volumes and ejection fraction)
is typically interpreted as a normal examination. A regional perfusion defect present at
stress but not at rest is typically a sign of stress-induced ischemia, i.e. there is a balance
between myocardial blood demand and supply at rest but an imbalance at stress. A
regional perfusion defect present at rest and unchanged at stress is typically a sign of a
previous myocardial injury/scar or in some cases a sign of severe ischemia already at

rest. See Figure 5 and 6.
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Figure 5. Three cases, (a), (b) and (c), of myocardial perfusion SPECT using **™Tc-tetrofosmin. Corresponding
summed images of the left ventricle at stress (upper row) and at rest (lower row) are shown in short axis view (SAX),
vertical long axis view (VLA) and horizontal long axis view (HLA). A — anterior wall, L — lateral wall, | — inferior wall, S —
septal wall. Case (a) is an example of a normal examination. The tracer is homogenously distributed similarly at rest
and at stress. In case (b), homogenous tracer uptake is seen at rest, whereas decreased uptake is seen in the
anteroseptal wall at stress (arrows), as a sign of stress-induced ischemia. In case (c), inhomogenous tracer uptake
with absent uptake in the apical and inferior parts of the left ventricle is seen both at rest and stress. This is an
example of scar after a myocardial infarction.
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Figure 6. Two cases, (a) and (b), of ECG-gated myocardial perfusion SPECT (MPS) at rest using **™Tc-tetrofosmin.
Corresponding images at end-diastole (ED, upper row)) and end-systole (ES, lower row) are shown in short axis view
(SA), vertical long axis view (VLA) and horizontal long axis view (HLA). The thin white lines are the delineation of the
epicardial and endocardial left ventricular borders from the automated segmentation algorithm in the MPS software.
Case (a) is an example of a normal gated MPS and is the same patient as in case (a) in Figure 5. Note the myocardial
wall thickening and increased intensity of the radiotracer as well as the size of the left ventricular cavity in the images
at end-systole compared to end-diastole. Case (b) is an example of an enlarged left ventricle with almost no wall
thickening and only a minimal change of the left ventricular cavity at end-systole compared to end-diastole as signs of
markedly impaired function. This case is the same as case (c) in Figure 5 and the absent tracer uptake as a sign of
infarction can also be seen in the gated images.

Magnetic resonance imaging

Magnetic resonance imaging (MRI) is a non-ionizing, non-invasive technique used to
acquire images of the human body in any imaging plane.

The technique is based on complex physics. The human body consists, to a large extent,
of water. Every water molecule contains two hydrogen atoms. The nucleus of a
hydrogen atom have one positively charged proton. The proton spins around its own
axis and according to classic physics a charged particle in motion causes a magnetic
field. Thus, the proton behaves like a small magnet with two poles. When put into an
external magnetic field, the protons align with the external magnetic field and spin with
a certain frequency called the Larmor frequency. The Larmor frequency is proportional
to the strength of the magnetic field. To be able to detect the protons in a strong
magnetic field, as is the case in an MR scanner, one have to change the direction of the
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protons’ spins. This is accomplished by applying a radio frequency (RF) pulse which is
absorbed by the protons and changing the direction of the spins. When the RF pulse
ends, the protons again align with the external magnetic field while generating electrical
signals. These signals can be detected by the scanner. To localize the origin of the
signals, a gradient system is applied causing small variations in the magnetic field. Since
the Larmor frequency is proportional to the magnetic field it becomes possible to affect
protons by RF pulses in different parts of the body. The different amounts of hydrogen
protons and their surrounding molecular environment in different tissues of the human
body, make it possible to differentiate between different tissues and organs. Images are
generated by mathematical processing of the acquired signals, a process called Fourier
transformation®.

Assessment of myocardial infarction and cardiac function

As was described previously for MPS, image acquisition in cardiac magnetic resonance
imaging (CMR) can be performed with ECG triggering. This allows for acquiring MR
signals through the cardiac cycle and creating images of the moving heart, cine images,
for assessment of cardiac function. Compared with MPS, the spatial and temporal
resolution for CMR is significantly higher and CMR is considered the reference
method for cardiac functional assessment®®, see Figure 7. Special CMR methods for
quantification of regional myocardial function are also available, which uses different
ways to quantify deformation (strain) of the myocardial wall®.

End-diastole End-systole

Figure 7. Cine CMR images triggered to the ECG for assessment of cardiac functional parameters such as wall
motion, volumes and ejection fraction. Images are shown in short axis view (SA, upper panel) and 4-chamber view
(4ch, lower panel). Images at and-diastole to the left and end-systole to the right. LA— left atrium, LV — left ventricle,
RA —right atrium, RV - right ventricle.
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Sometimes the use of a contrast agent is necessary for MR characterization of specific
morphology and tissue properties. Contrast agents based on gadolinium is most
commonly used in CMR. Gadolinium (Gd) has paramagnetic properties and is thereby
able to affect the MR signal. In CMR, Gd is attached to a carrier molecule that is
distributed in the extracellular space. The contrast is injected intravenously and reaches
a steady state in the extracellular space after approximately 20 minutes. Thus, the
amount of contrast agent in a tissue is proportional to the amount of extracellular space.

The scar tissue of a myocardial infarction (MI) has a larger extracellular volume
compared to normal myocardium. Therefore, if a Gd-based contrast agent is injected,
the amount of contrast will be higher in the scar tissue compared to the normal
myocardium. In infarct imaging with MR, a Gd-based contrast agent is injected and
images are acquired after the contrast has reached steady state. Since the amount of
contrast agent will differ between scar tissue and normal myocardium, the MR signals
will differ between scar and normal myocardium which can be seen in the resulting
images. Typically, the MR sequences used for MI imaging try to null the signal from
normal myocardium. Normal myocardium will therefore appear black whereas scar
tissue will appear hyperenhanced. Hence the terms delayed contrast enhancement (DE)
or late gadolinium enhancement (LGE) are used for MI imaging in CMR. CMR s
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considered the reference imaging method for MI detection in vivo™, see Figure 8.

In addition, CMR can be used for assessment of myocardial perfusion’. Image
acquisition is performed simultaneously with the injection of a contrast agent and can
be performed both at rest and pharmacological stress. Territories with decreased
perfusion will have a decreased in-flow of contrast and therefore a lower MR signal
compared to territories with normal perfusion. This technique is referred to as first-
pass perfusion imaging.

SA 2ch

LGE-CMR

Figure 8. Imaging of a scar after myocardial infarction with late gadolinium enhancement cardiac magnetic resonance
(LGE-CMR). Images are shown in short axis view (SA) and 2-chamber view (2ch). Normal myocardium appears black
whereas scar tissue appears white (arrows). LA — left atrium, LV — left ventricle, RV — right ventricle.
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Electrocardiography

Electrocardiography (ECG) is a non-invasive technique used for graphically depicting
the electrical activity of the heart as a function of time. The standard 12-lead ECG is
formed by applying 10 electrodes in a specific manner on the human body surface. The
output in each lead is a function of the summed electrical vectors measured in that lead.
The electrical activation of the heart follows a strict pattern leading to a synchronized
way of cardiac motion. The cardiac cycle by ECG is traditionally divided into intervals
— P, Q, R, Sand T — each defining a specific part of the cardiac electrical cycle. See

Figure 9a.
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Figure 9. Three examples of 12-lead electrocardiograms (ECG). In (a), a normal ECG is displayed with the different
parts of the ECG complex shown in lead Il. An ECG with changes of ischemic origin is seen in example (b). Note the
changes in the ST segment (arrows). An example of left bundle branch block (LBBB) is seen in (c). The ECG fulfills
strict criteria for complete LBBB as suggested by Strauss et al.5? by increased QRS duration (150 ms), a QS complex
in leads V1 and V2, and mid-QRS notching or slurring in leads V5, V6, | and aVL.

ECG in ischemic heart disease

As mentioned previously, myocardial ischemia affects the myocytes and alters their
electrical properties. Ischemia causes repolarization disturbances which can be seen in
the ST segment of the ECG, an interval representing repolarization of the ventricles.
Upon ongoing myocardial ischemia, the ST segment can be depressed or elevated,
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depending on the extent and transmurality of the ongoing myocardial ischemia as well
as the location. If the ischemia leads to cell injury and myocardial infarction, other
changes to the ECG may appear such as alterations in the QRS complex and the T
wave. These kind of signs are used in diagnosing IHD by ECG especially in ACS'"'>>.
See Figure 9b.

Other cardiac electrical alterations that may appear in IHD and myocardial infarction
is disturbances in the cardiac electrical conduction system. The cardiac conduction
system consists of cells specialized in conducting the electrical signal through the heart
to provide a synchronized electrical activation. Under normal conditions, the electrical
activity origins in the sinoatrial node. It spreads through the atria and then reaches the
atrioventricular node and bundle on its way to the ventricles. On the ventricular side,
the conduction system is divided into two main branches, one on the left side and one
on the right side, and through them the electrical activity is further spread in the
ventricles. Disturbances that may appear in different cardiac conditions, for example in
IHD and myocardial infarction, is conduction blockage in the ventricular branches —
right bundle branch block (RBBB) and left bundle branch block (LBBB). Right bundle
branch block is considered a more benign conduction disturbance compared to LBBB
which may cause more profound alterations in the myocardial electrical activation, thus

affecting the mechanical properties of the hearc®>°

. The typical effect is uncoordinated
or dyssynchronous ventricular contraction leading to inefficient cardiac pumping.
However, the effect on cardiac pumping by LBBB differs substantially between
patients. LBBB causes typical changes to the ECG. This in turn makes it more difficult
to diagnose IHD with ECG since traditional ischemic signs on ECG are not valid.
LBBB does not only affect the diagnostic accuracy of IHD by ECG, but may also cause
challenges in other diagnostic methods, especially methods for assessment of

myocardial perfusion”. See Figure 9c.

Other cardiac imaging modalities

In addition to the methods described above there are a number of other imaging
methods used to diagnose IHD.

Coronary angiography is an invasive method based on X-rays and an iodine-based
contrast agent. It is used to assess the anatomy of the coronary arteries and thus enables
the possibility to assess presence and extent of CAD. The major advantage with this
method is that it enables diagnostics and intervention (PCI) to be performed in the

same session.

Computed tomography (CT) is a non-invasive method using X-rays to produce images
of the human body in three dimensions. For diagnosis of IHD this method is mainly
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used for non-invasive imaging of the coronary arteries. CT methods for assessment of
more functional aspects related to myocardial perfusion are under development, at this
date however not widely clinically available®®.

Echocardiography is a non-ionizing, non-invasive imaging method using ultrasound to
create images of the heart. It has the ability to describe cardiac anatomy, regional
myocardial wall motion and assess velocities such as blood flows™.

Positron emission tomography (PET) is a non-invasive nuclear medicine imaging
technique. Similarly to SPECT, as described previously, it detects the decay of a
radioactive tracer designed to assess a specific physiological or pathophysiological
process. The PET technique have better spatial and temporal resolution as well as count
sensitivity compared to SPECT. Furthermore, for myocardial perfusion assessment, the
main advantage of PET compared to SPECT is the superior ability to quantify

myocardial perfusion in absolute terms®.

Usage of cardiac imaging in ischemic heart disease

The use of cardiac imaging methods in ischemic heart disease may have values of
different kinds. The first and most obvious is using cardiac imaging to confirm or
exclude the suspected diagnosis of IHD. Secondly, cardiac imaging may provide
information affecting clinical decision making such as choosing between different
treatment options. Thirdly, cardiac imaging may give information about future
prognosis. Additionally, different cardiac imaging methods are used in research to gain
increased understanding on basic physiological and pathophysiological processes.

Myocardial perfusion SPECT is widely used for diagnostic purposes in patients with
known or suspected IHD. Its diagnostic accuracy for stress-induced ischemia has been
regularly evaluated with sensitivity and specificity of approximately 70-80 %°"*2. The
diagnostic accuracy of MPS using CZT gamma camera technique has also been
evaluated®. Choosing optimal therapy for patients with chronic coronary syndrome
and suspected myocardial ischemia has been debated during the last decade. Especially
after the COURAGE and BARI 2D studies concerning medical therapy alone vs.
addition of revascularization, where no obvious benefit was seen with revascularization

compared to optimal medical therapy alone®®

. It has been shown that using
physiology-based diagnostic methods to identify patients for revascularization therapy
may be beneficial compared to anatomy-based methods®®®’. Other studies have shown
that imaging of stress-induced ischemia can be used as a gatekeeper to revascularization

therapy®®. However, the preliminary results of the ISCHEMIA trial, as
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communicated on AHA Scientific Sessions in November 2019, revealed no benefit of
revascularization to optimal medical treatment alone in patients with moderate to
severe ischemia evaluated by stress cardiac imaging’®. Thus, further studies on the value
of cardiac imaging to guide clinical decision making and treatment are needed.

For prognostic evaluation, there are strong evidence showing that patients with a
normal stress MPS examination have a low annual rate of major cardiac adverse

events®>7172

. Conversely, the risk of major cardiac adverse events increase with
increasing perfusion deficit on MPS”'. Moreover, it has been shown that left ventricular

ejection fraction (LVEF) is a predictor of cardiac prognosis, where patients with low

LVEF have a higher risk of cardiac death”.

Compared to the extensive literature on MPS for stress-induced ischemia, data on the
diagnostic performance of MPS for detection of myocardial scar are not that extensive.
In brief, detection rate for large and/or transmural myocardial infarcts is good whereas
detection rate for subendocardial small infarcts is not as good’®. With regard to
prognosis, it has been shown that a fixed defect on MPS, increases the risk for future
cardiac events®. As previously stated, CMR is considered the reference method for
assessment of cardiac function and presence of scar. It has been shown that presence of
scar as well as impaired cardiac function on CMR are predictors for future MACE in
patients with IHD”>”7. A special diagnostic challenge are patients presenting with
symptoms of myocardial infarction but with non-obstructive coronary arteries
(MINOCA). Up to 5-10 % of patients with signs of myocardial infarction may belong
to this category’®. In this category of patients, CMR has the potential to play an
important role”. This highlights the importance of not only focus on stress-induced
ischemia but also on signs of myocardial scar when using cardiac imaging methods.

MPS is one of the non-invasive functional imaging methods recommended in the
guidelines for management of patients with chronic coronary syndrome, where the
other methods are stress echocardiography, stress CMR and PET for functional
assessment and coronary CT angiography (CCTA) for anatomical assessment’. In the
guidelines, all methods have strong evidence for use in patients with CCS. Thus, it may
be challenging for the referring clinician to select the proper imaging method. This is

elaborated on in a publication by Knuuti et al.*’

, where it is pointed out that different
diagnostic methods have different ranges of optimal performance depending on pre-
test probability of IHD in an individual patient. Thus, although a number of cardiac
imaging methods are recommended with equally strong evidence in guidelines for
management of patients with IHD, one method may be preferable compared to
another in an individual patient. Further studies on the diagnostic performance of a

method and comparison of different cardiac imaging methods are therefore warranted.
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Aims

The overall aim of this thesis was to further elucidate the diagnostic performance of
myocardial perfusion SPECT (MPS) for detection of myocardial infarction and
assessment of cardiac functional parameters. The specific aim of each individual paper

was:

Paper I

To explore the diagnostic performance of gated MPS for assessment of left ventricular
volumes and ejection fraction, by comparing four different MPS software packages,
using CMR as the reference method.

Paper IT

To determine the sensitivity and specificity of gated MPS with a *Tc-labeled tracer
for detection of myocardial infarction, using CMR as the reference method.

Paper IIT

To explore the underlying pathophysiological mechanisms behind left bundle branch
block-related tracer uptake pattern on MPS, by using CMR to assess myocardial
fibrosis, regional myocardial wall thickness and wall motion, and by assessing
characteristics of the ECG.

Paper IV

To explore the diagnostic performance of gated MPS with a cadmium zinc telluride
detector gamma camera compared to a conventional gamma camera for detection of
myocardial infarction and assessment of left ventricular volumes and ejection fraction,
using CMR as the reference method.
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Materials and Methods

Study population and study design

All studies in this thesis were approved by the regional Ethical Review Committee at
Lund University. All patients were enrolled at Skine University Hospital. Written
informed consent was obtained from all study participants.

Paper I and I1

These two studies prospectively included a total of 119 patients, all having a clinical
referral for elective MPS because of known or suspected CCS (Ethical Review
Committee permission LU 774-03, 2003-11-19). In addition to an MPS examination,
patients were asked to undergo CMR. Patients underwent pharmacological stress with
adenosine (n=111) or dobutamine (n=8) in the MR scanner. The MPS
radiopharmaceutical was injected intravenously at peak stress followed by injection of
MR contrast media. After completion of MR imaging, MPS images were acquired.
MPS rest imaging was performed the next day (a 2-day protocol) except for three
patients where MPS rest imaging was performed the same day (1-day protocol) for
logistical reasons. Seven patients did not complete CMR because of claustrophobia or
arrhythmia and were excluded. An additional twelve patients for Paper I and four
patients for Paper II had to be excluded because of inadequate image material for
further analysis. Thus, for Paper I 100 patients and for Paper II 108 patients could be
used for further image analysis.

Paper II1

This study included patients enrolled in the larger study “Lundahjirta — en studie av
hjirtats form och funktion med olika undersékningsmetoder” (Ethical Review
Committee permission LU 741/2004, 2004-12-22), where patients coming with a
clinical referral for CMR and/or MPS are prospectively included. Patients from
“Lundahjirta” with left bundle branch block (LBBB) who had undergone both CMR
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with cine and LGE imaging as well as MPS were retrospectively identified. In total, 23
patients were included.

Paper IV

This study included patients from two study cohorts:

1) The first study cohort (Ethical Review Committee permission LU 2013/4010, 2013-
06-19) consisted of patients who had undergone a clinical CMR examination because
of known or suspected heart disease. Patients who in the clinical CMR report were
judged to have a myocardial scar of ischemic origin were asked to participate and
undergo MPS at rest with image acquisition in both a dedicated cardiac solid-state CZT
detector gamma camera and a dedicated cardiac conventional gamma camera. Out of
47 included patients 11 were excluded — seven because MPS images from both gamma
cameras could not be obtained, one because of inadequate LGE-CMR image quality,
one because CMR was performed during the acute phase of myocardial infarction and
two because of presence of LBBB which is known to possibly affect the MPS image
uptake pattern.

2) The second study cohort (Ethical Review Committee permission 2013/550, 2013-
08-22) consisted of a subset of patients from another study (the MYOMER study) in
which patients clinically referred for an elective coronary angiography because of
known or suspected CCS were included. From the MYOMER study, 37 patients were
examined with CMR and MPS with image acquisition in both gamma cameras and
could therefore be included.

Thus, images from in total 73 patients could be used for further analysis.

Image acquisition and analysis

MPS

Image acquisition
In all studies, patients were injected intravenously with a weight adjusted dose of ™ T'c-
tetrofosmin. Images were acquired with the patient in supine and prone position at
stress and in supine position at rest. ECG-gated acquisition was performed using 8 bins
per cardiac cycle.
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For all patients in Paper I and II and for nine patients in Paper III, image acquisition
was performed using a Vertex dual-head gamma camera (ADAC Corporation).
Acquisition parameters were: 32 projections over a 180°orbit, 40 seconds per
projection, 64x64 matrix and a voxel size of 5x5x5 mm. Maximum likelihood-
expectation maximization (MLEM) iterative reconstruction with 12 iterations was used
followed by a Butterworth filter with a cut-off frequency of 0.55 and order 5.0.

For all patients in Paper IV, image acquisition was performed in both a CZT gamma
camera (Discovery NM 530c, GE Healthcare) and a conventional gamma camera
(Ventri, GE Healthcare). In Paper III, seven patients were imaged in GE Discovery
NM 530c and seven patients were imaged in GE Ventri. Acquisition parameters for
the GE Discovery NM 530c were: acquisition time 480 seconds and a voxel size of
4x4x4 mm. Images were reconstructed using an MLEM algorithm, 40 iterations,
Green OSL regularization alpha parameter of 0.51, a beta of 0.3 and post-filtered with
a Butterworth filter with a cut-off frequency of 0.37 and a power of 7. Acquisition
parameters for the GE Ventri were: 60 projections in a total angular range of 180°, 25
seconds per projection and the detectors in L-mode. Images were reconstructed with a
resolution recovery ordered subset expectation maximization (OSEM) algorithm
(Evolution, GE Healthcare), 12 iterations, 10 subsets and post-filtered with a
Butterworth filter with a cut-off frequency of 0.4 and a power of 10.

Image analysis

Analysis of myocardial infarction was performed by visual analysis in the software
QGS/QPS (Cedars-Sinai, Los Angeles, USA). The MPS images were analyzed by two
observers in consensus in Paper II and by one observer in Paper IV. A perfusion defect
in the summed MPS images at rest with decreased wall thickening in the systolic frames
of the gated MPS images was interpreted as infarction. An infarct was located to the
left descending artery territory or to the left circumflex/right coronary artery territory.
In Paper IV, a quantification of tracer uptake according to the standardized 17-segment
model®' was performed, using a 5-point scale ranging from 0 (normal uptake) to 4
(absent uptake).

Analysis of volumes, ejection fraction and mass of the left ventricle was performed using
fully automated algorithms of different MPS software packages. In Paper I four
different software were used — QGS/QPS, MyoMetrix (GE Healthcare), Emory
Cardiac Toolbox (Emory University Medical Center, Atlanta, USA) and EXINI Heart
(Exini diagnostics AB, Lund, Sweden). In Paper II the software QGS/QPS and
Segment (Medviso AB, Lund, Sweden) were used.
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In Paper III, MPS images were analyzed in QGS/QPS and Segment, respectively. A
visual analysis was performed by two observers in consensus. A perfusion defect present
at rest and stress involving the septal part of the left ventricle, not reassembling a typical
left anterior descending artery distribution, was considered a typical LBBB uptake
pattern. In addition, one observer quantified tracer uptake according to the
standardized 17-segment model, using a 5-point scale ranging from 0 (normal uptake)
to 4 (absent uptake) and summed rest scores (SRS) for the whole left ventricle as well
as for the septal and lateral wall were calculated.

CMR

Image acquisition

All patients in Paper I, II and III were examined on a 1.5 T Philips Intera (Best, The
Netherlands) MR scanner. In Paper IV, seven patients were examined on the 1.5 T
Philips Intera, sixty-three patients on a Siemens Magnetom Aera (Erlangen Germany)
and three patients on a Siemens Magnetom Avanto (Erlangen, Germany). For
evaluation of cardiac function, cine steady-state free precession (SSFP) short-axis
images were acquired for the entire left ventricle (slice thickness 8 mm). Cine images
were also obtained in the three standard long-axis planes (2-, 3- and 4-chamber views).
For evaluation of myocardial infarction, late gadolinium enhancement (LGE) images

were acquired 15 minutes after intravenous administration of a Gd-based contrast agent
(0.2 mmol/kg).

Image analysis

For Paper I, image analysis was performed using the software ViewForum (Philips, Best,
The Netherlands). For all other analyses the software Segment® was used.

For assessment of volumes, ejection fraction and mass of the left ventricle, manual
delineation of the endo- and epicardial borders at end-diastole and end-systole was
performed. In addition, in Paper III functional assessment was performed by analyzing
myocardial radial deformation with strain analysis using the feature tracking module in
the software Segment. Also, a visual analysis of regional LV wall motion in 17 segments
was performed, where each segment was scored according to a 5-point scale:
hyperkinesia, normokinesia, hypokinesia, akinesia and dyskinesia. Assessment of
myocardial infarction was performed on the LGE-CMR images. Hyperenhanced
regions extending from the endocardium according to typical coronary artery territories

were considered myocardial infarction. Infarct size was quantified using Segment®>*.
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ECG
In Paper III, all patients had a 12-lead ECG recorded on either a MEGACART-R

(Siemens-Elema, Solna, Sweden) or an EC Sense (Cardiolex, Solna, Sweden). Initial
LBBB diagnosis was made by a computer algorithm on EC Sense based on the Glasgow
ECG program. All ECGs were then manually analysed for the presence of LBBB using

strict criteria as suggested by Strauss et al.”.

Statistical analyses

Data are generally presented as mean+SD unless otherwise stated. A p-value of <0.05
was considered to indicate statistical significance. Continuous variables were compared
using a two-sided t-test, Mann-Whitney U-test or Wilcoxon signed-rank test. ANOVA
was used to compare more than two groups. Categorical variables were tested using
Fischer’s exact test.

Note at Lilla Fiskaregatan, Lund. Photo by Fredrik Hedeer.
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Results and Comments

Detection of myocardial infarction (Paper II and IV)

In Paper II and IV we sought to investigate the diagnostic accuracy for detection of
myocardial infarction of myocardial perfusion SPECT (MPS) with ECG-gated
technique and *™Tc-labeled radiotracer (Paper II) and if there were any differences
between a conventional gamma camera and a gamma camera with solid-state CZT

detector technique (Paper IV), using LGE-CMR as the reference method.

In Paper II, 108 patients with a clinical referral for MPS because of known or suspected
CCS were examined with " Tc-tetrofosmin gated MPS and LGE-CMR. Infarcts were
found in 30 patients with CMR and in 31 patients with MPS. The sensitivity,
specificity, positive predictive value (PPV) and negative predictive value (NPV) on a
per patient basis were 93%, 96%, 90% and 97% respectively. All infarcts >3% of the
LV mass by CMR were detected on gated MPS. Three cases were false negative on
gated MPS, which corresponded to the smallest infarcts by CMR — 2.3%, 1.9% and
1.8% of the LV mass. See Figures 10 and 11.

In Paper IV, 73 patients were examined with LGE-CMR and *"Tc-tetrofosmin gated
MPS with image acquisition in both a solid-state CZT detector gamma camera and a
conventional gamma camera. Thirty-six out of these patients were recruited since they
had suspected myocardial infarction in the CMR clinical report. Myocardial infarcts
were found in 42 patients by CMR and in 28 patients by both CZT and conventional
MPS. Thus, the infarct prevalence was higher in this study population compared to the
one in Paper II. The sensitivity, specificity, positive predictive value (PPV) and negative
predictive value (NPV) on a per patient basis were 67%, 100%, 100% and 69%. For
infarcts >3% of the LV mass by CMR, sensitivity was 82% for CZT MPS and 73% for
conventional MPS. See Figure 12.
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Figure 10. True postive myocardial perfusion SPECT (MPS). One apical/anterior and one inferior infarct, both of
which are detected on MPS (arrows). HLA — horizontal long axis, VLA — vertical long axis.
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Figure 11. False negative myocardial perfusion SPECT (MPS). On late gadolinium enhancement cardiac magnetic
resonance, anterolateral contrast enhancement is seen (arrows) not detected by MPS.
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The sensitivity and specificity for infarct detection in Paper II were higher than in
previously published studies, also for quite small infarcts™**%. However, the sensitivity
in Paper IV was lower than in Paper II. The main reason for this is probably the larger
number of small infarcts in Paper IV compared to Paper II.

In both Paper II and Paper IV specificity was high. This is probably due to assessment
of regional wall motion on gated MPS images in conjunction with evaluation of the
summed perfusion MPS images. In Paper IV no false positive cases were found on

MPS, whereas three patients were false positive in Paper II, two of which had left
bundle branch block.

Summed Gated ED Gated ES LGE-CMR

CZT

Conv

Figure 12. Patient examples of myocardial infarct (MI) by late gadolinium enhancement cardiac magnetic resonance
(LGE-CMR), myocardial perfusion SPECT (MPS) with a cadmium zinc telluride (CZT) detector gamma camera and
and a conventional gamma camera (Conv). Columns from left to right show summed MPS perfusion images, gated
MPS in end-diastole (ED) and end-systole (ES) and LGE-CMR images. Case (a) and (b) are examples of an Ml in the
apical inferior wall on CMR which is correctly diagnosed by both CZT and conventional MPS (arrows). Case (c) and
(d) are examples of an Ml in the apical lateral wall on CMR (arrow), missed by both CZT and conventional MPS. Case
(e) and (f) are examples of an Ml in the basal lateral wall on CMR (arrow) correctly diagnosed by CZT MPS (arrows)
but missed by conventional MPS.
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Assessment of LV volumes and LVEF (Paper I and IV)

In Paper I and IV, accuracy and precision of gated MPS for assessment of LV volumes
and LVEF were investigated, using cine CMR images as the reference method. In Paper
I, four different MPS software (QGS/QPS, Emory Cardiac Toolbox, MyoMetrix and
EXINI Heart) were compared. In Paper IV, comparison was made between a CZT
gamma camera and a conventional gamma camera and in addition two different

software (Segment and QGS/QPS).

In Paper I, LV volumes were underestimated by approximately 30% compared to
CMR, with some differences between software. For LVEF, accuracy was better. See
Figure 13.
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Figure 13. Percent mean bias+2SD for end-diastolic volume (EDV), end-systolic volume (ESV), stroke volume (SV)
and ejection fraction (EF) using four different myocardial perfusion SPECT software compared to cardiac magnetic
resonance. QGS — QGS/QPS, ECTb — Emory Cardiac Toolbox, Myo — MyoMetrix, Exini — EXINI Heart.

Also in Paper IV LV volumes were significantly underestimated whereas accuracy for
LVEF was better compared to CMR. There were significant differences between the
CZT and the conventional gamma camera but the absolute values of the differences
were small. Differences between software were larger with larger underestimation of LV

volumes by QGS/QPS compared to Segment. See Figure 14.
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Figure 14. Percent median bias for end-diastolic volume (EDV), end-systolic volume (ESV), stroke volume (SV),
ejection fraction (EF) and left ventricular mass (LVM) using MPS with two different gamma cameras (C — cadmium
zinc telluride detector gamma camera and A — conventional Anger gamma camera) and two different MPS software
(Seg — Segment and QGS - QGS/QPS) compared to cardiac magnetic resonance. Boxes extends from 25" to 751"
percentiles and whiskers extends from 10" to 90" percentiles.

In both Paper I and IV, ranges of bias (limits of agreement) for all measures were large,
i.e. precision was low.

An important reason for the underestimation of LV volumes by MPS, is the limited
spatial resolution associated with the SPECT technique, ranging between 7 and 15
7

mm?’, as compared to CMR where spatial resolution is approximately 1.5 mm.

Temporal resolution in gated MPS is also lower which may play a role®.

In a clinical perspective, assessment of LVEF by MPS is accurate on a population level,
whereas LV volumes are significantly underestimated. Precision is low for all measures.
Thus, in an individual patient, MPS values of LV volumes and LVEF should be
interpreted cautiously and in conjunction with visual evaluation of gated images. The
impact of MPS software on these measures is large whereas impact of different gamma
cameras is smaller. When comparing repeated MPS examinations in an individual
patient, the same MPS software should be used.
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Mechanisms behind typical MPS tracer uptake pattern in
patients with LBBB (Paper III)

In Paper III, underlying mechanisms behind LBBB-related tracer uptake pattern on
MPS were explored.

Visual evaluation of the MPS images of the 23 patients with LBBB resulted in 13
patients considered to have a tracer uptake pattern on MPS typical of LBBB whereas
10 patients were considered not to have such uptake pattern. For the entire population,
summed rest score (SRS) at MPS for the left ventricle ranged from 5 to 20, indicating
that the uptake pattern on MPS for a patient with LBBB vary considerably, see Figure
15. Patients with uptake pattern typical of LBBB had higher total SRS and a larger
difference in rest score between the septal and lateral wall compared to the patients with
no LBBB-typical uptake pattern. One out of 23 patients were considered to have stress-
induced ischemia.

LBBB patients classified as Defect+

Figure 15. Examples of three patients classified as having a tracer uptake pattern on myocardial perfusion SPECT
typical of left bundle branch block (LBBB) (Defect+), upper panel, and three patients classified not to have a typical
LBBB tracer uptake pattern, lower panel. Images are so called polar plots of the left ventricle with apex in the middle,
anterior wall — upper, lateral wall — right, inferior wall — lower and septal wall — left. The patient in the middle, lower
panel, had a myocardial infarct in the lateral wall (arrow) verified by late gadolinium enhancement cardiac magnetic
resonance.
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Visual assessment of wall motion on CMR images showed a larger proportion of
dyskinetic segments in the septal wall combined with a larger proportion of
hyperkinetic segments in the lateral wall for patients with LBBB-typical uptake pattern
on MPS compared to the patients with no such uptake pattern. There was a relation
between myocardial deformation by radial strain on CMR and tracer uptake on MPS,
with significantly higher strain values in segments with normal tracer uptake and
gradually lower strain values in segments with lower MPS tracer uptake, see Figure 16.
Patients with uptake pattern typical of LBBB had significantly thinner septal wall
compared to lateral wall whereas no such difference could be seen for patients without
LBBB-typical uptake pattern. However, the absolute values of the differences in wall
thickness were small and the impact on differences in uptake pattern on MPS seen in
this study was therefore probably minor. Six patients were found to have myocardial
fibrosis on LGE-CMR but in none of these cases the distribution or extent of fibrosis
corresponded to the distribution or extent of uptake defects on MPS. All patients but
two fulfilled the strict ECG criteria for LBBB. QRS duration on ECG, a measure of
electrical dyssynchrony, did not differ between patients with and without LBBB-typical
uptake pattern on MPS.
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Figure 16. Radial strain on cardiac magnetic resonance (CMR) in each segment according to American Heart
Association 17-segment model in all patients, correlated to visual assessment of uptake score in each segment on

myocardial perfusion SPECT (MPS). Boxes extends from 25th to 75th percentiles and whiskers from 10th to 90th
percentiles.
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Conclusions and Future perspectives

e Gated myocardial perfusion SPECT (MPS) with a *™Tc-labeled tracer has
moderate to high sensitivity and high specificity for detection of myocardial
infarction compared to the reference method LGE-CMR. There seems to be
no significant difference between using a solid-state detector gamma camera
compared to a conventional gamma camera (Paper II and Paper IV).

e Gated MPS systematically underestimates left ventricular (LV) volumes by
approximately 20-40% compared to the reference method CMR, depending
on which MPS software used. A solid-state detector gamma camera is slightly
more accurate than a conventional gamma camera. For assessment of LV
ejection fraction, the accuracy for MPS is better. Precision for all measures is

low (Paper I and Paper IV).

® DPresence of typical tracer uptake pattern on MPS in patients with LBBB, is
mainly related to regional myocardial dyskinesia and wall thickening rather
than myocardial fibrosis, stress-induced ischemia or ECG characteristics

(Paper III).

Gated myocardial perfusion SPECT was shown to have moderate to high sensitivity
and high specificity for detection of myocardial infarcts compared to CMR. However,
for small infarcts, <3% of the LV mass, the sensitivity of MPS was low. As previously
described, even a small myocardial infarct as assessed by CMR has a negative impact
on patient prognosis””. On the other hand, data on MPS show a good prognosis for

patients with normal MPS findings™**

. Thus, prospective studies looking at
prognosis with regard to presence of myocardial infarction in patients undergoing both
MPS and LGE-CMR are warranted. Does prognosis differ between patients where
there are discrepancies between MPS and LGE-CMR with regard to presence of

myocardial infarction, and patients where MPS and LGE-CMR agree?

Another question that arises, pertain to reconstruction of MPS images. The chosen
reconstruction parameters might be a trade-off to be able to interpret all different
pathophysiological parameters assessed by MPS, such as ischemia, infarction and
function. However, optimal MPS reconstruction may differ between different
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pathophysiological parameters, which opens up for future studies on reconstruction
optimization. Also, the studies on assessment of LV volumes and ejection fraction reveal
differences in MPS software which might be related to different implemented
algorithms for LV segmentation. This opens up for future studies on optimization of
LV segmentation in MPS software.

The mechanisms behind typical MPS perfusion pattern in patients with LBBB were
studied in a small number of patients. Investigation of these hypotheses in studies with
prospective inclusion of larger study populations are needed.

Afoot and light-hearted I take to the open road,
Healthy, free, the world before me,
The long brown path before me leading wherever I choose.

Walt Whitman, Song of the Open Road
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