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Abstract

ABSTRACT
Valtteri Uusitalo
From Turku University, Faculty of Medicine, Department of Clinical Physiology and Nuclear Medicine,
Doctoral Programme of Clinical Investigation, Turku PET Centre, Turku, Finland

Cardiac Imaging in the Diagnosis of Coronary Artery Disease: The Value of Quantitative Imaging of
Myocardial Perfusion and Deformation
Atherosclerosis is a chronic and progressive disease of the vasculature. Increasing coronary atherosclerosis
can lead to obstructive coronary artery disease (CAD) or myocardial infarction. Computed tomography
angiography (CTA) allows noninvasive assessment of coronary anatomy and quantitation of atherosclerotic
burden. Myocardial blood flow (MBF) can be accurately measured in absolute terms (mL/g/min) by positron
emission tomography (PET) with [15O] H2O as a radiotracer.
We studied the coronary microvascular dysfunction as a risk factor for future coronary calcification in
healthy young men by measuring the coronary flow reserve (CFR) which is the ratio between resting and
hyperemic MBF. Impaired vasodilator function was not linked with accelerated atherosclerosis 11 years
later. Currently, there is a global interest in quantitative PET perfusion imaging. We established optimal
thresholds of [15O] H2O PET perfusion for diagnosis of CAD (hyperemic MBF of 2.3 mL/g/min and CFR of
2.5) in the first multicenter study of this type (Turku, Amsterdam and Uppsala).
In myocardial bridging a segment of the coronary artery travels inside the myocardium and can be seen as
intramural course (CTA) or systolic compression (invasive coronary angiography). Myocardial bridging is
frequently linked with proximal atherosclerotic plaques. We used quantitative [15O] H2O PET perfusion to
evaluate the hemodynamic effects of myocardial bridging. Myocardial bridging was not associated with
decreased absolute MBF or increased atherosclerotic burden. Speckle tracking allows quantitative
echocardiographic imaging of myocardial deformation. Speckle tracking during dobutamine stress
echocardiography was feasible and comparable to subjective wall motion analysis in the diagnosis of CAD.
In addition, it correctly risk stratified patients with multivessel disease and extensive ischemia.

Key Words: coronary artery disease, positron emission tomography, computed tomography, myocardial
bridging, stress echocardiography, speckle tracking
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Sydänkuvantaminen sepelvaltimotaudin diagnostiikassa: kvantitatiiviset kuvantamismenetelmät sydänlihaksen verenvirtauksen ja supistumisen arvioinnissa
Ateroskleroosi on krooninen ja etenevä verisuoniston sairaus. Oireettomuuden vuoksi sitä pidetään monesti
subkliinisenä löydöksenä. Ateroskleroosi voi kuitekin edetä verenvirtausta ahtauttavaksi
sepelvaltimotaudiksi tai sydäninfarktiksi. Moderni sydänkuvantaminen on tuonut uusia mahdollisuuksia
yksilöllisen sepelvaltimoanatomian ja fysiologian tutkimiseen kajoamattomasti. Sepelvaltimoiden
tietokonetomografia (TT) angiografia mahdollistaa sepelvatimoiden anatomian kuvantamisen.
Positroniemissiotomografiaa (PET) radioaktiivisesti leimatun veden avulla ([15O] H2O) voidaan käyttää
sydänlihaksen verenvirtauksen mittaamiseen (mL/g/min). Arvioimme tutkimuksessamme verisuonten
laajenemiskyvyn vaikutusta ateroskleroosin syntyyn mittaamalla perfuusioreserviä, joka on verenvirtaus
rasituksessa verrattuna lepoarvoon. Yllättäen alentunut perfuusioreservi ei ennustanut lisääntynyttä
sepelvaltimoiden kalkkeutumista 11 vuoden seurannassa terveillä nuorilla miehillä. Kvantitatiivinen
sydänlihaksen verenvirtauksen mittaaminen on herättänyt laaja-alaista kiinnostusta kardiologiassa.
Arvioimme ensimmäisessä monikeskustutkimuksessa (Turku, Amsterdam ja Uppsala) PET-kuvantamisen
tarkkuutta radioaktiivisesti leimatulla vedellä sepelvaltimotaudin diagnostiikassa. Tutkimuksessamme PETkuvantamisen diagnostinen tarkkuus oli erinomainen ja optimaaliset raja-arvot ahtauttavalle
sepelvaltimotaudille olivat rasituksessa sydänlihaksen verenvirtaus alle 2.3 mL/g/min ja perfuusioreservi
alle 2.5. Sepelvaltimoiden lihassillat ovat anatominen variantti, jossa sepelvaltimon osa kulkee
sydänlihaksen sisällä. Ne voidaan havaita TT:llä intramuraalisena sepelvaltimona tai kajoavalla
sepelvaltimoiden angiografialla systolisena kompressiona. Arvioimme [15O] H2O PET perfuusiolla
lihassiltojen vaikutusta sydänlihaksen verenvirtaukseen. Lihassillat eivät olleet yhteydessä alentuneeseen
verenvirtaukseen tai lisääntyneeseen ateroskleroosiin. Speckle tracking mahdollistaa kvantitatiivisen
sydänlihaksen liikkeen ultraäänikuvantamisen. Sovelsimme speckle tracking- tekniikkaa
rasitusultraäänikuvantamiseen dobutamiinirasituksen aikana. Se oli verrannollinen tavanomaisen
silmämääräisen analyysin kanssa. Speckle trackingin avulla pystyttiin hyvällä tarkkuudella toteamaan vaikea
monen suonen sepelvaltimotauti ja laaja-alainen sydänlihaksen hapenpuute.

Avainsanat: sepelvaltimotauti, positroniemissiotomografia, tietokonetomografia, lihassillat, rasitusultraääni, speckle tracking
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ABBREVATIONS
CAD

Coronary artery disease

CCS

Coronary calcium score

CI

Confidence interval

CFR

Coronary flow reserve

CT

Computed tomography

CTA

Computed tomography angiography

DSE

Dobutamine stress echocardiography

ECG

Electrocardiogram

FFR

Fractional flow reserve

HDL

High-density lipoprotein

ICA

Invasive coronary angiography

IM

Intermediate artery

LAD

Left anterior descending artery

LCX

Left circumflex artery

LDL

Low-density lipoprotein

LM

Left main artery

MB

Myocardial bridge

MBF

Myocardial blood flow

MRI

Magnetic resonance imaging

PET

Positron emission tomography

PSI

Post-systolic strain index

RCA

Right coronary artery

ROC

Receiver-operator curve

SPECT

Single-photon emission computed tomography
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1.

INTRODUCTION

In the normal coronary artery, three separate layers can be histologically distinguished in the coronary artery
wall. These layers are the inner intima, the intermediate media and the outer adventitia. The intima consists
of a single layer of endothelial cells covering the lumen side and a few subendothelial smooth muscle cells.
It is separated from the media by internal elastic lamina formed from collagen and elastin. In the normal
coronary artery, the media is the thickest layer with multiple layers of smooth muscle cells. The outmost
vascular layer, the adventitia, is composed of connective tissue, fibroblasts, nerves and small blood and
lymphatic vessels. Atherosclerosis is a multifactorial chronic progressive disease of the vasculature
characterized by pathological thickening of intimal layer. In Greek, athere means gruel (thin porridge) and
sklerosis means hard. In the absence of clinical symptoms, nonobstructive atherosclerotic lesions are often
considered subclinical. However, some of the lesions can progress into obstructive coronary artery disease
(CAD) or acute myocardial infarction. Unlike nonobstructive atherosclerosis, obstructive CAD impairs
myocardial blood flow (MBF) distal to coronary plaque resulting in an imbalance between myocardial
oxygen supply and demand also known as myocardial ischemia. Stable CAD is a chronic disease with
symptoms of chest pain during various levels of physical activity depending on its severity. In contrast to
stable CAD, myocardial infarction is caused by sudden prolonged ischemia and results in irreversible
myocardial injury (Thygesen et al. 2012). The rupture of an atherosclerotic plaque is the most common
culprit in myocardial infarction. Multiple large clinical trials have also demonstrated increased mortality
with clinically silent nonobstructive atherosclerosis (Min et al. 2011; Ostrom et al. 2008). It is now
recognized that dangerous vulnerable coronary plaques prone to rupture are frequently nonobstructive
(Ambrose et al. 1998; Narula 2008). Thus, nonobstructive atherosclerosis cannot be considered a truly
benign phenomenon.

Common clinical risk factors of CAD are hypercholesterolemia, hypertension, diabetes, smoking, the male
gender, a family history of premature vascular disease and obesity. Using these risk variables, clinical risk
11
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assessment tools for the development of CAD such as the Framingham risk score and SCORE have been
introduced (Montalescot et al. 2013). However, actual cardiac risk is frequently misclassified with the use of
the current risk assessment tools based on conventional risk factors (Erbel et al. 2010; Hecht 2015).
Fortunately, with the development of modern cardiac imaging coronary artery anatomy and physiology can
be evaluated noninvasively. Anatomic imaging of coronary arteries enables individualized risk assessment
based on the extent, location and morphology of atherosclerotic lesions. Previously the visualization of
coronary anatomy has required invasive vascular access and coronary catheterization. With the use of
computed tomography angiography (CTA), the anatomy of the coronary arteries can be studied with a great
precision. The high negative predictive value of CTA in the exclusion of obstructive CAD is currently
utilized in clinical cardiology. Multiple anatomic features of coronary plaques seen on CTA have also been
correlated with the presence of vulnerable plaque prone to rupture (Maurovich-Horvat et al. 2014).
However, the anatomic degree of coronary stenosis is a surprisingly poor predictor of the presence of
myocardial ischemia (Shaw et al. 2008; Meijboom and Meijs et al. 2008). Accurate evaluation of the
functional significance of coronary artery stenosis requires the assessment of coronary hemodynamics or
cardiac physiology.

Positron emission tomography (PET) enables noninvasive imaging and quantification of myocardial blood
flow (MBF) in absolute terms (mL/g/min). The diagnostic superiority of quantitative imaging of MBF
compared to qualitative evaluation is well established (Saraste et al. 2012; Joutsiniemi et al. 2014). Absolute
MBF excels in scenarios with balanced ischemia caused by multi-vessel CAD or global microvascular
disease which can confound the subjective image assessment. Currently, PET perfusion with the use of [15O]
H2O can be considered the functional gold standard in the evaluation of MBF (Saraste et al. 2012). Another
well-established functional imaging modality is stress echocardiography in which ischemia induced wall
motion abnormalities are evaluated visually. Reaching the same level of diagnostic accuracy as previously
published requires considerable expertise from echocardiographer. Quantification of wall motion with the
use of speckle tracking is a promising technology to overcome the limitations of subjective image analysis
(Marwick 2006). Recently, the combination of both anatomical and functional imaging modalities as hybrid
12
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imaging have allowed comprehensive assessment of CAD. Hybrid imaging of CAD with the use of PET/CT
has demonstrated incremental diagnostic value in the detection of obstructive CAD (Kajander et al. 2010).
Moreover, the diagnosis of microvascular dysfunction requires anatomical imaging to demonstrate the
absence of epicardial stenosis. This underlines the importance of both the anatomical and functional
evaluation of CAD as they provide information on different aspects of coronary pathophysiology.

This thesis and studies I-IV focus on the combination of coronary artery anatomy and function to evaluate
various aspects of CAD. In addition, the value of quantitative imaging of both anatomy and function with
various cardiac imaging modalities is evaluated. Quantitative PET perfusion with the use of [15O] H2O is
utilized in all of the studies (I-IV). The main focus of this thesis is noninvasive cardiac imaging in the
diagnosis of stable CAD.

2.

REVIEW OF THE LITERATURE

2.1

Coronary Artery Disease

2.1.1 Coronary Artery Atherosclerosis
Atherosclerosis is characterized by vascular wall lipid accumulation, smooth muscle cell proliferation,
inflammatory process, changes in hemostasis and progressive vascular calcification (Libby and Theroux
2005). These changes in coronary arteries typically begin in the 30's and progress depending on both
hereditary and environmental factors (Strong et al. 1999). The clinical presentation of atherosclerotic disease
depends on the anatomic location of the lesions. In addition to CAD, the spectrum of atherosclerotic vascular
disease include transient ischemic attack, stroke, peripheral artery disease, renovascular disease and aortic
aneurysms. The histological progression of atherosclerotic plaques is depicted in Table 1.
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The initial culprit of the atherosclerotic process is low density lipoprotein (LDL) which accumulates in the
intimal layer (Libby et al. 2000). It undergoes oxidation and other chemical modifications which result in a
pro-inflammatory response and the induction of foam cell transformation of macrophages. The fatty streak
caused by the transformation of lipid collecting macrophages into foam cells is the first visible presentation
of atherosclerosis (Hilgendorf et al. 2015). The cytoplasm of the foam cells is filled with lipid droplets that
cause the foamy outward appearance of the atherosclerotic vessel wall. Coronary bifurcations and curvatures
are the most susceptible locations for the initiation of atherosclerosis due to the elevated shear stress which
increases the permeability of the vessel wall for cholesterol rich macromolecules (Maurovich-Horvat et al.
2014). Intimal thickening activates endothelial adhesion molecules and leukocyte recruitment which in turn
further increase plaque inflammation (Libby and Theroux 2005; Moore and Tabas 2011). The fatty streak
can either progress into a mature coronary plaque or regress over time (Hanssen and Libby 2006).
Atherosclerotic macrophages in particular are thought to promote the transformation of pathological intimal
thickening into an actual fibroatheroma (Moore and Tabas 2011). As the fibroatheroma further matures,
increasing calcification with the proliferation of smooth muscle cells and connective tissue matrix cause its
protrusion to artery lumen. Vascular calcification is promoted by both the loss of inhibitors of mineralization
and the induction of osteogenesis (Johnson et al. 2009). A more complicated lesion with vulnerable features
may later form as a result of cell necrosis, mural thrombosis and plaque hemorrhage (Virmani et al. 2000).
However, as the definition of atherosclerosis is anatomical, atherosclerotic changes do not necessarily result
in functional abnormalities in MBF. Thus, nonobstructive atherosclerosis is often considered as subclinical.
This does not mean that asymptomatic atherosclerosis can be considered a benign phenomenon. In multiple
studies, extensive nonobstructive atherosclerosis is linked with worse cardiovascular prognosis than mild
changes or completely normal coronaries (Min et al. 2011 and Ostrom et al. 2008).
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Table 1. Histology and progression of atherosclerotic plaques
Stage

Type I

Presentation

Xanthomata (fatty streak)

Characteristic morphology

Intimal deposition of foam cells. No lipid core or fibrous cap. Nonatherosclerotic intimal lesion.

Development of progressive atherosclerotic lesion

Type II

Pathological intimal
thickening

Focal accumulation of lipids. Smooth muscle cell proliferation.
Endothelial activation and recruitment of leukocytes.

Type III

Fibroatheroma

Development of the fibrous cap and necrotic lipid core

Type IV

Thin-cap fibroatheroma

Large necrotic core with thin fibrous cap. Relatively low number of
smooth muscle cells. Intraplaque hemorrhage and high grade
inflammation. High risk for myocardial infraction.

Type V

Disrupted plaque

Fibroatheroma with ruptured fibrous cap. Thrombus caused by
hemostatic material communicating with blood. Can be occlusive or
non-occlusive

Modified from Virmani et al. 2000.

2.1.2

Obstructive Coronary Artery Disease

As atherosclerotic changes become more severe MBF can be compromised by epicardial coronary stenosis
causing an imbalance between the supply and demand of oxygen in the myocardium. This metabolic
imbalance and obstruction of coronary blood flow is the key difference between subclinical atherosclerosis
and CAD. As the number one cause of mortality in western countries prevention, accurate diagnosis and
treatment of CAD is of great importance in clinical and experimental medicine (Lopez et al. 2001).
Obstructive CAD can present as either stable chronic chest pain or more dramatically as acute myocardial
infarction, heart failure or ventricular tachycardia (Kannel 1997; Mozaffarian et al. 2015). Unfortunately,
also sudden cardiac death can be the first presentation of CAD (Virmani et al. 2000). Thus, early diagnosis
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and correct risk stratification of CAD patients is imperative. In addition to epicardial stenosis, endothelial
and microvascular function affect the coronary hemodynamics in CAD (Montalescot et al. 2013).

In clinical medicine the definition for obstructive CAD usually includes a significant atherosclerotic
narrowing of the coronary arteries which cause symptomatic ischemia (Montalescot et al. 2013). However,
myocardial ischemia can also be caused by other coronary etiologies such as microvascular dysfunction and
vasospasm. These different etiologies of ischemia frequently overlap and can be all considered to belong in
the spectrum of stable CAD (Montalescot et al. 2013). Further categorization of symptoms as stable or
unstable is imperative in the management of chest pain. Stable CAD is typically characterized by short
episodes of chest pain generally lasting less than 10 minutes during physical or emotional stress and are
rapidly alleviated at rest or by anti-ischemic treatment with nitrates. Characteristic for acute coronary
syndrome is prolonged, new or worsening chest pain. It can be further classified according to ECG and
cardiac enzyme measurements (Thygesen et al 2012). In unstable angina pectoris there is no evidence of
myocardial injury (Hamm et al. 2011). In contrast, myocardial infarction causes an elevation in cardiac
biomarkers indicating myocardial cell death (Thygesen et al 2012).

2.1.3

Myocardial Ischemia

In myocardial ischemia there is an imbalance between the supply and demand of oxygen and metabolic
substrates in myocardium. Unlike other vascular regions in the body, myocardial extraction of oxygen is near
maximal during rest (about 75%) (Feigl 1983). This means that any increase in myocardial oxygen demand
is primarily met by the increase of MBF. CAD impairs blood flow distal to the obstructive plaque and thus
oxygen transportation becomes compromised. The greatest ischemic burden is in the subendocardial layer
which is supplied by the more distal parts of the coronary tree. However, induction of myocardial ischemia
by an atherosclerotic plaque requires the presence of surprisingly severe coronary stenosis (>50-70%) as
small distal resistance vessels dilate to compensate for the diminished MBF (Klocke 1976; Klocke 1983;
Gould and Lipscomb 1974; Muzik et al. 1998). Even then chest pain only appears in the presence of
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increased myocardial oxygen consumption secondary to exercise or psychological stress. All factors
affecting the supply or consumption of oxygen in the myocardium such as anemia, tachycardia or drop in
blood pressure can precipitate the occurrence of ischemia. The impairment of resting MBF is seen only in a
subtotal coronary artery obstruction (Klocke 1976; Klocke 1983; Gould and Lipscomb 1974; Detry 1996).
Other minor factors affecting coronary flow resistance are the variable vascular compression caused by left
ventricular pressure and myocardial contraction during the heart cycle (Feigl 1983; Klocke 1976). This
effect is small compared to the importance of small resistance vessels. In addition to vascular resistance,
upstream coronary artery stenoses, diffuse atherosclerosis, endothelial function and collateral circulation are
important factors in determining MBF in CAD (Gould et al. 2000; Bartenstein et al. 1992; Abrams 1997).

Increasing myocardial ischemia initiates the characteristic ischemic cascade (Detry 1996). The first
observable physiological effects after decrease in blood flow are biochemical changes of the myocardium
followed by diastolic dysfunction, systolic dysfunction, elevated filling pressure and ECG changes. The final
step of the ischemic cascade is the symptom of chest pain. However, ischemia caused by CAD can also
present as a more atypical symptom such as dyspnea or decreased functional capacity and thus careful
clinical evaluation is needed. In some cases myocardial ischemia can be asymptomatic (Schang and Pepine
1977). Clinically silent ischemia has also been associated with worse cardiovascular prognosis (Deedwania
and Carbajal 1990). Recent studies suggest that patients with demonstrable ischemia due to epicardial CAD
benefit the most from coronary revascularizations (Tonino et al. 2009; Shawn et al. 2008). This underlines
the importance of functional imaging in guiding the treatment choices of CAD.

2.1.4 Risk Factors
The classic risk factors for CAD include high blood pressure, elevated low-density lipoprotein (LDL),
diabetes mellitus, smoking, age, and family history of CAD (Castelli et al 1986; Kannel and McGee 1979;
Myers et al. 1990; Wilson et al. 1998). Other hyperlipidemias such as hypertriglyseridemia and decreased
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high-density lipoprotein have been also associated with CAD (Castelli et al 1986; Davignon and Cohn
1996). Lipoprotein A is a subclass of LDL that has been linked with the development of atherosclerosis
(Tsimikas et al. 2010). In addition, obesity and sedentary lifestyle are independent predictors of CAD
(Franco et al. 2005; Ingelsson et al. 2007). Elevated biomarkers of inflammation and the presence of an
inflammatory disease such as rheumatoid arthritis are now recognized as a risk factor for the development of
CAD (Danesh et al. 2004; Wolfe 2003). There are multiple genes associated with accelerated
atherosclerosis. Previously, the most commonly studied polymorphic genes are involved in inflammation,
lipid metabolism, hemostasis and fibrinolysis (Roberts 2015). Not all patients deemed as high risk by the
traditional risk factors develop CAD. Similarly, some in the small risk population suffer from myocardial
infarction. Clearly, novel biomarkers and diagnostic methods are required to complement the traditional risk
scores to correctly reclassify patients according to their true cardiovascular risk.

2.1.5 Vulnerable Plaque
There are certain recognized high risk features of coronary plaques that make them more prone to rupture
and cause myocardial infarction. Vulnerable coronary plaques tend to have a large necrotic lipid cores and
thin inflamed fibrous caps (Finn et al. 2010). Two-thirds of acute coronary syndromes are caused by the
rupture of the fibrous cap and the remaining one-third result from the erosion of the intimal surface (Narula
et al. 2008). As the fibrous cap ruptures, the prothrombotic material inside is exposed to circulating blood
and acute thrombosis results. In vulnerable plaques, active inflammation is usually present with macrophage
infiltration and matrix metalloproteinases, which causes progressive matrix degeneration (Finn et al. 2010).
Outward remodeling is a characteristic for vulnerable plaques as is the pausity of smooth muscle cells
(Maurovich-Horvat et al 2014; Virmani et al 2003; Narula et al. 2008). The number of these high risk
plaques is limited, and there are usually less than three in one individual (Virmani et al 2003; Narula et al.
2008). They are frequently located in the LAD and usually in the proximal coronary segment (Virmani et al.
2003; Narula et al. 2008). A proximal high risk plaque increases the possibility of lethal myocardial
infarction as a larger myocardial area is affected. Vulnerable plaques are often large in volume and 75% of
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them cause greater than 50% coronary artery stenosis (Narula et al. 2008). However, a significant number of
myocardial infarctions are caused by non-obstructive coronary plaques that can be only detected by
anatomical imaging modality (Ambrose et al. 1998; Narula et al. 2008).

2.1.6 Coronary Flow Reserve
Coronary flow reserve (CFR) is the ratio between MBF during stress and rest. It’s a measure of the coronary
arteries’ ability to increase MBF during maximal exercise or pharmacological stress. Usually myocardial
resting flow is between 0.7-1 mL/g/min and can increase 4-5 times during stress as distal resistance vessels
open (Klocke 1976; Uusitalo et al. 2012). According to previous observations validated against fractional
flow reserve (FFR), CFR can be considered abnormal when the ratio is less than 2.5 (Kajander et al. 2010).
However, in other quantitative perfusion studies there is a high variance in the optimal CFR threshold which
is probably caused by methodological differences between studies (Danad et al. 2013; Muzik et al. 1998).
CFR gives information on both epicardial and microvascular function and in the absence of epicardial CAD,
it can be used to evaluate microvascular dysfunction. The importance of microvascular integrity to has been
increasingly recognized. Furthermore, pharmacologic treatment of microvascular angina may differ from the
treatment of epicardial CAD (Montalescot et al. 2013). In addition, CFR confers prognostic value
independent of the anatomic degree of CAD (Murthy et al. 2012; Taqueti et al. 2015).

2.1.6.1 Endothelial Dysfunction
The vascular endothelium contributes to the regulation of coronary vasomotor activity by both endotheliumderived relaxing and contracting factors. The main endothelium-dependent control of vascular smooth
muscle tone is mediated through the production of vasodilator substances. In addition to the regulation of
vascular tone, the endothelium is also physiologically active in the regulation of blood coagulation and the
modulation of inflammatory response (Münzel et al. 2008). Thus, alterations in endothelial function have
important role in the pathophysiology of atherosclerosis (Abrams 1997; Münzel et al. 2008). Dysfunctional
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endothelium is characterized by the impaired release of vasodilative factors such as nitric oxide while
release of vasoconstrictive factors are increased (Abrams 1997; Münzel et al. 2008). Endothelial function
can be assessed by measuring vasodilation in coronary or brachial arteries after infusion of acetylcholine, by
releasing manual pressure or by modulating blood pressure by cold pressor test (Zeiher et al. 1991; Münzel
et al. 2008). Impairment of vasodilation due to endothelial dysfunction may cause decrease in MBF during
stress and thus contribute to myocardial ischemia. The risk factors of endothelial dysfunction are similar to
those of CAD including hypertension, diabetes, high cholesterol, smoking, positive family history, and age
(Abrams 1997; Münzel et al. 2008).

2.1.6.1 Microvascular Dysfunction
Microvascular dysfunction is a result of the impaired vasodilative function of small distal resistance vessels.
It can cause clinical symptoms of microvascular angina similar to obstructive CAD (Camici and Crea 2007:
Parrinello et al. 2014). Microvascular dysfunction can be primary or related to heart diseases such as left
ventricular hypertrophy, dilated cardiomyopathy or hypertrofic cardiomyopathy (Camici and Crea 2007).
Iatrogenic causes of microvascular disease are radiation therapy and percutaneus coronary intervention
(Camici and Crea 2007). Microvascular angina has been linked with more atypical clinical presentation and
is frequently nonresponsive for nitrates (Lanza and Crea 2010; Montalescot et al. 2013). Similarly to
epicardial disease, microvascular dysfunction can be stable or unstable (Lanza and Crea 2010). In a previous
study, myocardial infarction without epicardial disease was associated with poor outcome, probably
reflecting the lack of possible treatment interventions to microvasculature (Planer et al. 2014). Stable
microvascular angina is linked with a more favorable prognosis (Kaski et al. 1995; Lamendola et al. 2010).
However, 20-30% of patients may have progressively worsening symptoms (Cannon et al. 1990; Lanza
2007; Lanza and Crea 2010). Differentiation of CAD and microvascular disease is problematic without the
use of both an anatomical and functional imaging modality.
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2.1.7 Myocardial Bridging
Myocardial bridging is a common variant of coronary artery anatomy where a segment of coronary artery
travels inside myocardium instead of the normal epicardial route (Alegria et al. 2005; Bruschke et al. 2013).
In a segment with myocardial bridging, contracting myocardium results in the obstruction of coronary flow
during systole and sharp increase of flow velocity when the bridging segment opens in diastole. After an
initial sharp increase in flow velocity during diastole velocity decreases and plateaus (Ge et al. 1999;
Schwarz et al. 1997). Interestingly, although the majority of MBF occurs during diastole, previous
observations have demonstrated that coronary hemodynamics are affected beyond systolic coronary flow
(Escaned et al. 2003; Ge et al. 1999; Schwarz et al. 1997). As the heart rate increases during exercise,
diastole shortens in relation to systole and cardiac contractility in the covering myocardial band increases,
which may induce myocardial ischemia. Previously, myocardial bridges have been associated with stable
chest pain and reversible ischemia (Gawor et al. 2011; Alegria et al. 2005; Bruschke et al. 2013). In addition,
atherosclerotic plaques tend to develop proximally in myocardial bridges while the coronary segments
affected by bridging are spared (Kawawa et al. 2007; Konen et al. 2007). Currently, it is unclear whether
myocardial bridging is associated with increased atherosclerotic burden or just the proximal location of
plaques. In diagnostic medicine myocardial bridging is a frequent incidental finding as intramural course on
CTA and systolic compression on ICA. In previous studies the prevalence of intramural coronary artery have
been 5-58% on autopsies and 4-58% on CTA studies (Möhlenkamp et al. 2002; Wirianta et al. 2012;
Bruschke et al. 2013). Only 21-46% of intramural courses are functionally active and cause systolic
compression (Leschka et al. 2008; Kim et al. 2009; Kim et al. 2011). The prognosis of myocardial bridging
is usually excellent (Kramer et al. 1982; Ural et al. 2009; Rubinshtein et al. 2013).
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2.1.8 The Effect of Pretest Probability on the Selection of Diagnostic Test
Chest discomfort is a common symptom in clinical practice and can be caused by multiple different
etiologies. Accurate anamnesis of both symptoms and risk factors of CAD are required to assess the
possibility of cardiac etiology. Typical angina pectoris is defined as retrosternal pain that presents during
physical or psychological stress and is alleviated by nitrates and rest within minutes. The retrosternal pain
can typically radiate to the arms or neck. Atypical chest pain shares two and nonanginal chest pain only one
or none of the features of typical angina pectoris (Montalescot et al. 2013). Using presentation, gender and
age, patients can be categorized according to their pretest probability of CAD (Genders et al. 2011;
Montalescot et al. 2013). This is of great importance since according to the Bayes' theorem pretest
probability of the disease affects the accuracy of diagnostic testing (Diamond and Forrester 1979). However,
before any diagnostic testing comorbidities and their prognosis needs to be pragmatically considered. If it is
unlikely that revascularization is a reasonable option, further clinical testing should be kept to a minimum.
Instead, a trial with anti-anginal medication could be performed (Montalescot et al. 2013). Exercise ECG is
a good, inexpensive initial diagnostic test for evaluating a patient with stable chest pain as it also offers
important prognostic information and guides the decision between pharmacological treatment and possible
revascularization. However, ECG abnormalities such as left bundle branch block, paced rhythm and WolfParkinson-White syndrome may distort the ST-segment analysis and cardiac imaging might be needed.
Other known factors affecting exercise ECG interpretation are abnormal resting ECG, left ventricular
hypertrophy, electrolyte imbalance, atrial fibrillation, female gender, conduction abnormalities and the use of
digitalis (Morise and Diamond 1995; Androulakis et al. 2007; Montalescot et al. 2013). Furthermore,
patients with conditions like arthrosis or peripheral vascular disease might be unable to exercise and thus
require pharmacologic stress testing. Table 2 demonstrates the rationale of the pretest probability of CAD in
clinical evaluation.
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Table 2. Evaluation of the pretest probability of coronary artery disease.

Age (years)

Typical angina pectoris

Atypical angina

Non-anginal chest pain

Men

Women

Men

Women

Men

Women

30-39

59 %

28 %

29 %

10 %

18 %

5%

40-49

69 %

37 %

38 %

14 %

25 %

8%

50-59

77 %

47 %

49 %

20 %

34 %

12 %

60-69

84 %

58 %

59 %

28 %

44 %

17 %

70-79

89 %

68 %

69%

37 %

54 %

24 %

>80

83 %

76 %

78 %

47 %

65 %

32 %

Data are presented as percentages. Color indicates different pretest likelihoods (Gray < 15%, green 15-65%,
yellow 66-85% and red > 85%, respectively). Modified from Genders et al. 2001.

2.1.8.1 Low Pretest Probability
Evaluating patients with low pretest probability of CAD (<15%) with exercise ECG can be problematic.
Although a negative test result is a reassuring finding, the low likelihood of disease greatly increases the
chance of a false positive test (Diamond and Forrester 1979; Genders et al. 2011). False positive findings are
a frequent problem especially in women (Morise and Diamond 1995; Kwok et al. 1999). Because of a high
rate of false positive findings, no diagnostic testing is recommended without a compelling reason if the
pretest probability of CAD is below 15% (Montalescot et al. 2013). To complement the low pretest
likelihood, a diagnostic test with good sensitivity for exclusion of obstructive CAD is required. CTA is
widely used in the exclusion of CAD in the intermediate pretest risk population given its excellent
sensitivity (Budoff et al. 2008; Meijboom et al 2008). Patients with low pretest probability of CAD also
have less coronary calcification which improves the image quality and thus increases the diagnostic
accuracy of CTA (Budoff et al. 2008; Chen et al. 2011). Even though problematic and not recommended,
exercise ECG is frequently used in the low risk population as it is inexpensive, provides information about
functional capacity and a negative test result may reassure patient (Miller et al. 2005).
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2.1.8.2 Intermediate Pretest Probability
Patients with intermediate pretest probability (15-85%) are ideal candidates for further diagnostic evaluation
of CAD (Diamond and Forrester 1979; Genders et al. 2011). Intermediate probability can be further divided
into low- (15-65%) and high intermediate (66-85%) probability. Exercise ECG is an ideal initial test in the
low intermediate probability group (Montalescot et al. 2013; Genders et al. 2011). Further diagnostic
evaluation should be done as needed with the use of noninvasive cardiac imaging. With increasing pretest
probability, the chance of incorrect exercise ECG results becomes higher than true positive results. Thus,
exercise ECG is not recommended in patients with high intermediate pretest probability (Montalescot et al.
2013; Genders et al. 2011). Nevertheless, exercise ECG can still be used for risk stratification of patients
while further noninvasive cardiac imaging with better diagnostic accuracy is used to establish the diagnosis.
CTA without combined hybrid imaging should only be considered in the low intermediate pretest group
since its greatest strength is in ruling out obstructive CAD (Budoff et al. 2008; Meijboom et al 2008). Other
noninvasive cardiac stress testing modalities such as stress echocardiography, single-photon emission
computed tomography (SPECT), PET and magnetic resonance imaging (MRI) should be used according to
patient suitability, availability and local expertise (Montalescot et al. 2013).

2.1.8.3 High Pretest Probability
In the case of high pretest probability, the diagnosis of CAD is essentially clinical as the further testing has
little to add in terms of diagnostic value. However, exercise ECG and cardiac imaging can still provide
prognostic information (Montalescot et al. 2013). The next recommended imaging modality in patient
management is invasive coronary angiography (ICA). Cardiac imaging of myocardial viability before or
after ICA may be used to guide revascularization. Other noninvasive evaluation with cardiac imaging is not
generally recommended as it only increases radiation and contrast agent dose without further adding to
accuracy of the diagnosis (Fihm et al. 2012; Montalescot et al. 2013).
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2.1.9 Clinical Risk Stratification
Risk assessment is always necessary to guide treatment choices in CAD. Factors associated with severe
CAD include male gender, previous myocardial infarction, typical angina pectoris, old age, diabetes and the
use of insulin (Pryor et al. 1993; Miller et al. 2005). Progressive severe angina unresponsive to treatment is a
high risk feature (Califf et al. 1988; Fihm et al. 2012). The presence of peripheral atherosclerotic vascular
disease and chronic kidney disease increase cardiovascular risk (Pryor et al. 1993; Di Angelantonio et al.
2010). Since exercise ECG is widely available and inexpensive, it is frequently used for further risk
stratification. Moreover, low functional capacity remains one of the strongest predictors of cardiac adverse
events (Myers et al. 2002; Gupta et al. 2011; Lauer 2011). Other high risk features on exercise ECG include
ischemia or chest pain at low level of exercise, slow heart rate recovery, frequent ventricular ectopic beats
and inadequate rise of blood pressure (Myers et al. 2002; Lauer 2007; Fihn et al. 2012; Montalescot et al.
2013). High risk patients benefit from further invasive assessment of coronary arteries while patients with
normal exercise test or good functional capacity have a favorable prognosis (Miller et al. 2005; Lauer 2011;
Montalescot et al. 2013). In the presence of left ventricular dysfunction patient should be referred to ICA for
the assessment of possible ischemic cardiomyopathy as depressed left ventricular function is strongly
associated with increased mortality (Emond et al. 1994; Daly et al. 2003). Interestingly, Daly et al. observed
that only a minority of patients with left ventricular dysfunction had prior diagnosis of heart failure which
underlines the importance of routine echocardiography in risk stratification (Daly et al. 2003). Furthermore,
with echocardiography the presence of valvular heart disease or left ventricular thrombus can be evaluated
for prediction of additional cardiac risk (Fihn et al. 2012). Left ventricular hypertrophy and increased
chamber diameter independently predicts future cardiac events (Levy et al. 1990; Fihn et al. 2012).
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2.2

Anatomical Imaging of Coronary Artery Disease

2.2.1 Computed Tomography Angiography (CTA)

2.2.1.1 Basics of CTA
Modern CTA imaging have been feasible since the arrival of multi-detector computed tomography
technology. In 2005, a 64-row computed tomography (CT) device became available allowing 64 slices in
one gantry rotation and image slices as thin as 0.5mm. Further development of CT technology has been
rapid and 256- and 320-row machines have now been introduced. The basic concept of CTA is the
reconstruction of image slices of the heart from multiple projections obtained by rotating X-ray source and
detector around the patient. These slices are combined to form a three-dimensional dataset that can form
unlimited reconstructed oblique slices with dedicated analysis software. In the reconstructed image of the
heart anatomical structures can be differentiated by different attenuation values. An iodine based contrast
agent is used to visualize the coronary artery lumen. Prospective ECG-triggering, sequential and high pitch
scans, lower tube voltage and iterative reconstruction algorithms have decreased the radiation dose
substantially (Roobottom et al. 2010). The average radiation dose of modern CTA is around 1-5 mSv.
Limitations to consider in patient selection are the poor quality of the image in patients with elevated heart
rate (> 70/min) and irregular rhythm. Beta-blockers can be used before the study to decrease the heart rate.
Other exclusion criteria for a CTA study are pregnancy, iodine allergy and kidney disease.

2.2.1.2 Calcium Score
Coronary calcium score (CCS) is a measure of total atherosclerotic burden of coronary arteries obtained by
non-contrast computed tomography. The possibility to detect coronary calcification by fluoroscopy was
demonstrated in the late 1950s and the ability to predict cardiovascular risk was subsequently observed
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(Blankenhorn and Stern 1959; Margolis et al. 1980). Electron beam computed tomography was commonly
used for CCS but has now been replaced by modern multi-detector computed tomography. The most widely
used method for calculating a calcium score is the Agatston CCS where the area of coronary calcifications
are multiplied by different weight factors according to plaque's radiodensity (1 for 130-190 HU, 2 for 200299 HU, 3 for 300-399 HU and 4 for > 400 HU) (Alluri et al. 2014). A CCS of zero rules out significant
CAD with good probability and is a strong predictor of good cardiovascular prognosis even in the presence
of conventional CAD risk factors (Blaha et al. 2009; Sarwar et al. 2010). The risk for future cardiac events
rises in a step-wise manner as CCS increases in both symptomatic and asymptomatic population (Detrano et
al. 1996; Greenland et al. 2007; Detrano et al. 2008). The technique for obtaining CCS is simple with a low
radiation dose and without the use of contrast agent. In addition, new radiation dose reduction techniques
such as tube current optimization, overlapping thick image slices and prospective triggering can be used to
decreases the radiation dose even further (Alluri et al. 2014). The average radiation dose for obtaining CCS
is less than 1 mSv which is comparable to mammography. The clinical use of CCS in the screening of
atherosclerosis and guiding treatment choices has long been debated. The strengths of CCS are its low
radiation dose, low price and the possibility to use it as a gate keeper for further diagnostic testing. CCS
could also be used to evaluate the suitability of patients for a CTA study as its image quality decreases in the
presence of extensive calcification (Gutstein et al 2008; Arbab-Zadeh et al. 2012).

2.2.1.3 Diagnostic Value
The strength of CTA in the evaluation of CAD is its excellent negative predictive value of almost 100%
(Budoff et al. 2008; Meijboom and Meijs et al. 2008). However, the relationship between stenosis severity
and the presence of myocardial ischemia is complex. As an anatomical imaging modality CTA cannot
accurately evaluate the presence of ischemia caused by intermediate plaques (30-70%) (Meijboom and van
Mieghem et al. 2008). The strongest indication for CTA is currently the exclusion of obstructive coronary
plaques in patients with low intermediate pretest probability of CAD (Taylor et al. 2010; Montalescot et al.
2013). Patients with high pretest probability of CAD have a high probability for intermediate lesions and
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extensive calcification which lowers the accuracy (Taylor et al. 2010; Montalescot et al. 2013; Arbab-Zadeh
et al. 2012). Furthermore, lower specificity frequently leads to subsequent imaging with functional imaging
modality or invasive coronary angiography to evaluate the hemodynamic significance of the found coronary
plaque. This results in an increased dose of contrast agent and radiation. The unique strength of CTA is the
ability to visualize the coronary artery wall and to assess the coronary plaque morphology for properties of
vulnerable plaque (De Graaf et al. 2013; Maurovich-Horvat et al. 2014). The characterization of coronary
atherosclerosis by CTA has been well validated against intravascular imaging (Fischer et al. 2013).

Table 3. Sensitivity and specificity of different noninvasive cardiac imaging modalities
Sensitivity (%)

Specificity (%)

Anatomical imaging modality:
CTA

95-99

64-83

Magnetic resonance angiography*

87-88

56-70

Exercise ECG

45-50

85-90

SPECT

73-92

63-87

Stress echocardiography

80-85

80-88

SPECT

90-91

75-84

PET

81-97

74-91

Dobutamine stress echocardiography

79-83

82-86

Vasodilator stress echocardiography

72-79

92-95

Dobutamine stress MRI

79-88

81-91

MRI perfusion

67-94

61-85

Functional imaging: Exercise stress

Functional imaging: Pharmacological stress

CTA = computed tomography angiography; MRI = magnetic resonance imaging; PET = positron emission
tomography; SPECT = Single-photon emission computed tomography. Modified from Montalescot et al. 2013. * from
Fihn et al. 2012
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Coronary artery anomalies and coronary bypass grafts can also be studied by CTA. However, coronary
artery stents cause a blooming artefact similar to extensive calcification and high spatial resolution is needed
for successful imaging. Currently there are no data to support CTA screening of asymptomatic individuals
for CAD (Taylor et al. 2010). Although, screening for CAD in patients with strong family history for
premature heart disease might be appropriate (Taylor et al. 2010). An overview of the diagnostic accuracy of
different cardiac imaging modalities in the diagnosis of CAD are shown in Table 3.

2.2.1.4 Prognostic Value
CTA has great potential in clinical risk stratification of patients with either atherosclerosis or obstructive
CAD since it can offer information about atherosclerotic burden, location, degree of obstruction and plaque
composition. Interestingly, in a recent study coronary anatomy was an even better predictor of adverse
events than the presence of ischemia in a myocardial perfusion study (Mancini et al. 2014). Multiple large
clinical trials have demonstrated an association between the number of obstructive coronary vessels and
cardiovascular prognosis (Ostrom et al. 2008; Min et al. 2011). Although the culprit lesion for myocardial
infarction can be a nonobstructive plaque, the majority of culprit lesions are obstructive (Narula et al. 2008).
However, extensive nonobstructive atherosclerosis is also associated with worse prognosis in both
obstructive and nonobstructive disease (Bittencourt et al. 2014; Ostrom et al. 2008; Min et al. 2011).
Elevated plaque burden might increase the possibility of the vulnerable plaques. More proximal coronary
lesions are associated with worse prognosis, and based on previous observations, vulnerable plaques also
tend to be located in the proximal coronary segments (Narula et al. 2008).

Unfortunately, the spatial resolution of the current CTA technology is insufficient for measuring the
thickness of the fibrous cap of the coronary plaque. Fortunately, other markers for thin-cap fibroatheroma
have been described and validated against intravascular ultrasound, optical coherence tomography and
autopsy studies (Narula 2008; De Graaf et al. 2013; Maurovich-Horvat et al. 2014). The CTA characteristics
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of vulnerable plaquse in previous studies have been low-attenuation plaque (<30 HU), positive remodelling
and spotty calcification (Narula 2008; Maurovich-Horvat et al. 2014). Especially the small spotty
calcification phenotype has been associated with the presence of thin-cap fibroatheromas (van Velzen et al.
2011). As the amount of calcification increases, the chance of thin-cap fibroatheroma decrease (van Velzen
et al. 2011). The finding of a hypoattenuation area surrounded by ring-like fibrous density attenuation in
coronary plaque (napkin-ring sign) is frequently associated with the presence of thin-cap fibroatheroma and
the risk of future cardiac events (Otsuka et al. 2013; Maurovich-Horvat et al. 2014). These high risk features
of atherosclerotic plaque are additive in the prediction of acute coronary syndrome (Motoyama et al. 2009;
Otsuka et al. 2013). Curiously, the features of plaque vulnerability are also associated with the presence of
inducible ischemia (Shmilovich et al. 2011; Park et al. 2015).

2.2.2 Invasive Coronary Angiography
ICA is the gold standard of anatomical coronary artery imaging. A catheter is brought to the coronary artery
by arterial access from a radial of the femoral artery. After a bolus of contrast agent X-ray images can be
obtained from multiple different angles. The strengths of ICA are its excellent spatial resolution (0.2-0.5mm)
and the ability to perform interventional procedures immediately after diagnostic angiography. Patients with
high pretest probability of CAD or with high risk features should be primarily referred to ICA (Montalescot
et al. 2013). A coronary artery stenosis degree greater than 70% is usually considered obstructive. However,
there is a poor correlation between the anatomical degree of stenosis and its functional significance (Fischer
et al. 2002; Park 2015). To complement this limitation, fractional flow reserve (FFR) with a pressure wire
can be used to evaluate the pressure drop after atherosclerotic lesion. FFR is calculated by comparing the
ratio of pressure after coronary lesion to the pressure in the coronary ostium during adenosine vasodilatation.
Previous studies have demonstrated the superiority of ischemia guided revascularization by FFR (Tonino et
al. 2009; Pijls et al. 2010). Unfortunately, standard ICA and FFR measurements do not offer information
about microvascular integrity.
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2.2.3 Magnetic Resonance Angiography
Magnetic resonance imaging (MRI) is based on the resonance of hydrogen atom nuclei to radiofrequency
waves. When a strong magnetic field is applied, all hydrogen protons align instead of the normal random
orientation. By radiofrequency excitation the alignment of nuclei can be disturbed. After excitation nuclei
relaxation occurs and resulting received radiofrequency waves can be used to construct image. Using a
gadolinium contrast agent MRI can be used for coronary angiography. Yet, in clinical cardiology CTA is
more frequently used since it has superior sensitivity in the exclusion of obstructive CAD (Schuetz et al.
2010). Cardiac motion, complex three-dimensional anatomy and the small diameter of the coronary artery
cause technical challenges for MRI technology (Pennell et al. 2004; Fihn et al. 2012). CTA is also faster and
currently has better availability. However, the strength of MRI is that it is a radiation free imaging modality.
Similarly to CTA, MRI can be used to visualize abnormalities in coronary anatomy. In addition, MRI is also
the gold standard of the anatomical imaging of the myocardium. Furthermore, late gadolinium enhancement
can be used to image cardiac fibrosis caused by a previous myocardial infarction which provides
incremental prognostic information (Pennell et al. 2004; Catalano et al. 2012: Rachid et al. 2013).

2.3

Functional Imaging of Coronary Artery Disease

2.3.1 Exercise Stress vs. Pharmacological Stress
In stable CAD, an elevation of myocardial oxygen demand is needed for induction of physiological effects
of ischemia. The heart muscle’s metabolic demand increases during exercise. The oxygen demand can only
be met by increasing the MBF. At lower levels of exercise higher cardiac output is achieved by elevation in
both stroke volume and heart rate. At maximal stress cardiac output MBF may need to increase more than
fourfold which is mainly dependent on heart rate (Christie et al. 1987; Laaksonen et al. 2007). Exercise
stress is usually recommended whenever patient is able to exercise as functional capacity is a strong
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prognostic indicator (Myers et al. 2002; Gupta et al. 2011; Lauer 2011). The level of exercise can be easily
correlated with the patient’s work capacity and daily symptom burden. Moreover, symptoms during exercise
and the Duke exercise score help in risk stratification (Mark et al. 1991). The goal of exercise stress is
usually to reach at least 85% of the age predicted maximal heart rate. However, a significant proportion of
patients do not reach the target heart rate and pharmacological stress might be needed. In addition, patients
with pulmonary disease, an orthopedic condition, obesity, frailty or peripheral vascular disease might be
unable to exercise and need a pharmacological stressor. Some imaging modalities and protocols such as PET
perfusion also favor pharmacological stress for technical reasons. Furthermore, patients with conditions like
left bundle branch block or paced rhythm have uninterpretable stress ECG. Left bundle branch block may
also cause heart rate dependent perfusion artefacts and thus vasodilator stress should be favored.

Vasodilator stress induces maximal coronary vasodilatation with a decreased peak MBF in areas with
obstructive CAD compared to normal coronary artery segments. Adenosine is a heterocyclic purine
compound produced in vascular endothelium. Adenosine 2A receptor stimulation induces vasodilatation of
coronary arteries (Sato et al. 2005). Caffeine and theophylline are competitive inhibitors of adenosine
receptor and may thus interfere with vasodilator stress (Henzlova et al 2006). Adenosine has a short half-life
of less than two minutes and is completely cleared from the body within two minutes (Henzlova et al. 2006).
Like adenosine, dipyridamole is a vasodilative substance. Its mechanism of coronary vasodilatation is
indirect by preventing adenosine reuptake and deamination (Henzlova et al 2006). Regadenoson is a novel
selective adenosine 2A receptor agonist which is given as an intravenous bolus at a fixed dose and has less
side effects than adenosine stress (Jaroudi and Iskandrian 2009). As a limitation in patient selection,
vasodilator stress may aggravate underlying asthma or bradycardia. Dobutamine is a synthetic
catecholamine. Unlike adenosine or dipyridamole, an infusion of dobutamine results in strong B1- receptor
depended elevation in heart rate and myocardial contractility (Elhendy et al. 2002; Henzlova et al. 2006).
(Elhendy et al. 2002). Beta-blockers attenuate dobutamine stress significantly and should be withdrawn prior
to testing. Side effects with dobutamine are common and include palpitations, chest pain, arrhythmia and
hypotension (Elhendy et al. 2002).
32

Review of the Literature
2.3.1.1 Comparison of Pharmacological Stressors in Perfusion Imaging
Vasodilator stress works through decreased subendocardial blood flow secondary to inappropriate coronary
vasodilation and coronary steal phenomenon. Adenosine, dipyridamole and regadenoson stress cause modest
increase in heart rate (10-20 min-1) and decrease in systolic and diastolic blood pressure (8-10 mmHg)
(Cerqueira et al. 1994; Miller et al. 2009). Increase in heart rate with regadenoson is slightly higher
compared to adenosine (Jaroudi and Iskandrian 2009). Adenosine is usually given as a 4-6 minute infusion
(140 ug/Kg/min) and the isotope is injected 3 minutes after initiation of stress (Henzlova et al. 2006; Miller
et al. 2009). For dipyridamole stress, an infusion of 0.56 mg/Kg over 4-minute period is generally used
(Henzlova et al. 2006). The hemodynamic effect of dipyridamole is longer and the isotope is injected 3-5
minutes after the initiation of infusion. Regadenoson is given as a rapid injection (400 ug) followed by saline
flush. The isotope is usually injected 10-20 seconds after the saline flush (Iskandrian et al. 2007). The
diagnostic accuracy of perfusion imaging during vasodilator stress with adenosine, dipyridamole and
regadenoson appears to be comparable (Kim et al. 2001; Iskandrian et al. 2007; Jaroudi and Iskandrian
2009).

In contrast to vasodilator stress, dobutamine acts through the increase in myocardial oxygen demand.
Dobutamine is frequently used as a stressor for stress echocardiography and MRI. However, it is less
frequently utilized for perfusion imaging. For PET and SPECT perfusion imaging, dobutamine can be given
at a starting dose of 5 ug/Kg/min and increased in step-wise manner every three minutes to a maximum of
40 ug/Kg/min (Henzlova et al. 2006). If dobutamine infusion is insufficient in reaching the target heart rate,
intravenous atropine can be administered as 0.5 mg to 1 mg increments (up to 2 mg) (Elhendy et al. 2002;
Henzlova et al. 2006). Dobutamine generally increases the heart rate greatly with a modest increase in
systolic blood pressure and with a decrease in diastolic blood pressure at a moderate dobutamine dose
(around 20 ug/Kg/min) (Hays et al. 1993; Elhendy et al. 2002). Absolute MBF measured during dobutamine
stress appears to differ from MBF measured during vasodilator stress (Tadamura et al. 2001; Jagathesan et
al. 2006) Therefore, dobutamine stress for perfusion imaging should be reserved for patients with
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contraindications for exercise and vasodilator stress.

2.3.2 Positron Emission Tomography (PET)

2.3.2.1 Basics of Cardiac PET
PET technology uses beta-plus decay of radioactively labeled tracers to produce images of the target organ.
In the 1980’s multiple studies demonstrated the feasibility of cardiac PET perfusion (Hack, et al 1980;
Bergmann, et al 1984; Knabb, et al 1985). Usually the PET target molecule labeled with
radiopharmaceutical is given as an intravenous bolus. The administered radiopharmaceutical has surplus of
protons and thus nuclear imbalance. The proton converts to a neutron and a positron is emitted. The positron
immediately annihilates with contact with an electron in the surrounding tissue. This results in two 511 kiloelectron volt gamma rays that travel in opposite directions in a 180 degree angle. Higher energy (511 vs. 140
keV for 99mTc) leads into less scatter and better spatial resolution compared to SPECT imaging which
translates into a better image quality (Bateman et al. 2006; Yoshinaga et al. 2006). The PET scanner's
detector ring around the patient detects these two opposite and simultaneous gamma rays and records them.
A computer algorithm is used for subsequent reconstruction of a tomographic image from the raw PET data.
Short-lived radionuclides of PET imaging can be labeled with a wide range of different molecules to study
normal physiological or pathological processes. The strengths of PET technology in cardiology are good
spatial resolution and the ability to quantitate MBF (Saraste et al. 2012). The radiation dose for PET
perfusion is also significantly lower than for cardiac SPECT (Einstein 2008).

The feasibility of MBF quantification is determined by both the properties of imaging device and tracer
characteristics. The device used defines the robustness and overall accuracy of the quantified signal. The
most commonly used tracers for the quantitative imaging of MBF are 15O water and 13N-ammonia. For
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absolute quantification of perfusion, mathematical tracer kinetic modelling is used. Different compartment
models representing tissue volumes can be used depending on radiotracers’ properties (Tamaki et al. 2010;
Saraste et al. 2012). These compartment models include both biochemical (tracer and labelled metabolite)
and physical factors (blood and intracellular fluid). During the dynamic acquisition the time-course of
radioactive signal within the left ventricular cavity can be measured. Usually, correction for spill over and
partial volume effect is included. Dedicated software can perform the kinetic modeling in the selected
volumes to calculate regional blood flow values.

2.3.2.2 Perfusion Imaging with 15O-Water
15

O-labeld water is close to an ideal tracer for quantification of MBF and can be considered as the gold

standard of myocardial perfusion imaging (Saraste et al. 2012). It is metabolically inert, not affected by the
metabolic state of the myocardium and freely diffusible (Saraste et al. 2012). In addition, its extraction factor
is not affected by the flow rate and thus mathematical extraction correction is not required at high flow
values (Saraste et al. 2012). 15O-water has a short half-life of 123 seconds and has to be produced by an onsite cyclotron which limits its spread to clinical use. On the other hand, the short half-life means that studies
can be repeated in a fast sequence. It is administrated an intravenous bolus. 15O-labeld water is well
validated for quantitative imaging of absolute MBF (Iida, et al 1988). Recently, an MBF less than 2.5
mL/g/min was shown to be highly accurate in the diagnosis of CAD when compared to invasive coronary
angiography and fractional flow reserve (Kajander et al. 2010). The radiation dose of rest-stress [15O] H2O
cardiac PET (around 1 mSv) is significantly lower than for SPECT perfusion imaging (Kajander et al. 2009).

2.3.2.3 Other Radiotracers of PET Perfusion imaging
Multiple other PET radiotracers can also be used to image and quantitate MBF. Since 82Rubidium can be
produced by a 82Strontium reactor and does not require on-site cyclotron, it is the most widely used
radiotracer in cardiac PET imaging (Yoshinaga et al. 2010). 82Rubidium is a potassium analogue with a short
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half-life of 76 seconds and similar kinetic properties with 201Thallium (Yoshinaga et al. 2010). The short
half-life enables effective sequential rest-stress imaging. However, the limitations of 82Rubidium perfusion
are its nonlinear extraction fraction and high positron range which affects the image quality. This makes its
application to the quantitative measurement of MBF challenging but with technological advancements
several previous studies have reported its feasibility and value in the diagnosis of CAD (Beanlands et al.
2007; Yoshinaga et al. 2010).

13

N-ammonia has a half-life of 10 minutes and thus requires production by on-site cyclotron. It diffuses

freely through cell membranes and is retained in the myocardium (Krivokapich et al. 1982). The extraction
of 13N-ammonia is not complete and mathematical correction is needed at higher myocardial flow rates
(Schindler 2015; Saraste et al. 2012). The strength of 13N-ammonia is high retention of tracer in the
myocardium resulting in good image quality. Compared to other cardiac PET tracers, the longer half-life of
10 minutes requires a longer imaging protocol for rest-stress study. However, the longer half-life also
enables the use of exercise stress (Krivokapic et al. 1989; Aggarwal et al. 2015). Quantitative imaging of
MBF with 13N-ammonia is well validated and comparable to that of 15O-labeld water (Bol et al. 1993; Muzik
et al. 1993; Swada et al. 1995).

To overcome the requirement of an on-site cyclotron, fluorine-18 based radiotracers for PET perfusion have
been developed (Saraste et al. 2012; Schindler 2015). Fluorine-18 has a longer half-life of 110 minutes and
can be transported to other regional imaging facilities. F18-Flupiridatz binds to the mitochondrial complex I
with high affinity (Nekolla and Saraste 2011; Schindler et al. 2015). The safety and feasibility of 18Fflupiridaz have been established recently (Berman et al. 2013). In addition, Flupiridatz PET was superior to
SPECT imaging in the diagnosis of CAD (Berman et al. 2013). It has a good extraction rate to the
myocardium which is proportional to flow rate. (Schindler et al. 2015). This combined with good signal to
noise ratio suggests great potential in PET perfusion imaging. However, further validation studies for 18FFlupiridaz are warranted.
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2.3.2.4 PET Perfusion and Coronary Artery Disease
PET perfusion is an accurate modality for the diagnosis of obstructive CAD and itis superior to SPECT
perfusion in both image quality and detection (Mc Ardle et al. 2012; Jaarsma et al. 2012; Montalescot et al.
2013). In previous diagnostic studies the sensitivity and specificity of PET perfusion for obstructive CAD
have been 81-97% and 74-91%, respectively (Mc Ardle et al. 2012; Jaarsma et al. 2012; Montalescot et al.
2013). MBF distal to obstructive plaque is diminished in the corresponding myocardial area, which can be
detected and quantified. Perfusion abnormalities occur early in the ischemic cascade which translates into a
good sensitivity for PET perfusion technology. The quantitation of MBF has been shown to be more
accurate than qualitative flow analysis in the diagnosis of CAD (Saraste et al. 2012; Joutsiniemi et al. 2014).
Furthermore, the superior accuracy of hyperemic MBF compared to CFR has been shown, which has paved
a way to stress-only imaging protocols (Kajander et al. 2010). Since MBF is a measure of both epicardial
and microvascular function it can be used for the diagnosis of microvascular disease (Knuuti et al. 2009).
Another strength of absolute MBF is the possibility to demonstrate balanced ischemia in a three vessel
disease (Knuuti et al. 2009). With the conventional qualitative reading severe multivessel disease might be
underestimated or missed. Currently, the cost of the PET technology and the availability of PET perfusion
tracers limit its more wide-spread use in clinical practice.

2.3.2.5 Prognostic Value
The extent of myocardial ischemia reflects the myocardium at risk and is a strong incremental predictor of
cardiovascular prognosis. Patients with greater than 10% of ischemic myocardium or ischemia at multiple
vessel areas are at higher risk (Dorbala et al. 2013; Dorbala and Di Carli 2014). Conversely, lack of
inducible ischemia is associated with lower cardiac risk (Dorbala 2013). The clinical value of ischemia
guided revascularization has also been demonstrated (Tonino et al. 2009; Pijls et al. 2010). The presence of
viable myocardium can be studied with use of glucose analogue FDG. The presence of mismatch between
myocardial flow and metabolism helps to identify the presence and size of viable myocardium that could be
salvaged with a subsequent coronary revascularization (Tillisch et al 1986; Bax and Wijns 1999). The size of
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nonviable myocardium is also associated with cardiac risk (Bax and Wijns 1999). CFR is an important
prognostic marker as it reflects both epicardial and microvascular health. Diminished CFR is related to a
worse prognosis independent of the presence of epicardial CAD (Dorbala and Di Carli 2014; Taqueti et al.
2015). Compromised microvascular integrity is also associated with a poor prognosis after coronary
revascularization (Taqueti et al. 2015).

2.3.3 Single-Photon Emission Computed Tomography
SPECT perfusion imaging has been widely used with a good clinical experience in the evaluation of stable
chest pain. The availability and cost of SPECT scanners and radiopharmaceuticals are better compared to
PET technology. Previously published results on the sensitivity and specificity of SPECT perfusion for the
diagnosis of CAD ranges from 73-92% and 63-87%, respectively (Heijenbrok-Kal et al. 2007; Montalescot
et al. 2013). To diagnose ischemia, relative MBF distribution at rest and during stress is qualitatively
analyzed. With the use of rest images, the viability of ischemic myocardial areas can also be evaluated. ECG
gating allows the imaging of left ventricular function and volumes. Regional assessment of myocardial
contractility adds to diagnostic confidence (Abidov et al. 2013). The limitation of SPECT technology is the
frequent underestimation of the extent of ischemic myocardium. Qualitative analysis of MBF might even
misdiagnose balanced ischemia caused by three vessel CAD as normal flow (Heller et al. 2009; Knuuti et al.
2009). However, assessment of transient ischemic dilatation and increased lung up-take provide some
benefit for the diagnosis of severe CAD. Compared to PET technology, attenuation artefacts are common
clinical problem with cardiac SPECT (Heller et al. 2009). Perfusion defects in SPECT perfusion is a strong
prognostic marker of cardiac events while the lack of ischemia is associated with a favorable prognosis
(Iskander and Iskandrian 1998; Hachamovitch et al. 2003). Normal SPECT perfusion indicates a small
annual risk of cardiac events less than 1% while abnormal scan increases the risk approximately 12-fold
higher (Iskander and Iskandrian 1998).
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The most common SPECT radiotracers are 99mTechnetium and 201Thallium which both are reactor produced.
201

Thallium is a potassium analog and thus its myocardial uptake relies on Na/K transport. Since its

transportation inside the myocardial cell is energy dependent, uptake can only occur in viable myocardium.
201

Thallium’s long half-life of 73 hours allows subsequent redistribution imaging. 99mTechnetium is currently

more used than 201Thallium. The two main radiotracers of 99mTechnetium include Sestamibi and Tetrofosfim.
These tracers cross the cell membrane passively and are bound to the negative charge of mitochondria. The
higher energy of 99mTechnetium (140 keV) over 201Thallium (69-80 keV) is more optimal for detection with
standard collimated cameras and with less attenuation. Furthermore, technetium has a significantly shorter
half-life of 6 hours which allows injection of a higher tracer dose safely. The limitation of both 201Thallium
and 99mTechnetium is their low extraction factor resulting in a plateau of tracer uptake during high
myocardial flow rates.

2.3.4 Echocardiography

2.3.4.1 Basics of Stress Echocardiography
An ultrasound probe uses alternating current to a quartz crystal to emit ultrasound frequency radio waves.
These waves are reflected back to the probe from different anatomic structures and used to build an
ultrasound image. In stress echocardiography the diagnosis of CAD is based on the visual assessment of
regional wall motion (Pellikka et al. 2007). Imaging is done during exercise or pharmacological stress. For
pharmacologic stress dobutamine or a vasodilator can be used. In standard dobutamine protocol, the dose is
increased step-wise until 40 ug/Kg/min is reached. If the heart rate is still not sufficiently elevated repeated
doses of atropine can be given (Sicari et al. 2008). Echocardiographic images are recorded and can be
subsequently studied offline. The limitation of stress echocardiography is that it requires considerable
experience to reach the published level of accuracy. In some of the patients image quality is suboptimal and
another imaging modality or the use of contrast echocardiography should be considered. The strengths of
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stress echocardiography are that it is a radiation free and inexpensive technology compared to other cardiac
imaging modalities. In addition to wall motion assessment, coronary flow velocity can be measured with the
use of pulsed wave Doppler (Meimoun and Tribouilloy 2008). Furthermore, gas-filled microbubbles can be
used to image myocardial perfusion (Seol and Lindner 2014).

2.3.4.2 Deformation imaging
In deformation imaging myocardial wall motion is quantitatively analyzed (Marwick 2006). Tissue Doppler
uses the Doppler effect to measure myocardial motion relative to a transducer. In contrast, two-dimensional
speckle tracking measures the motion of myocardial speckles relative to each other. Speckles can be thought
of as the fingerprints of the myocardium and differ in each myocardial region. The limitation of tissue
Doppler is that it is angle dependent (Mor-Avi et al. 2011). On the other hand, speckle tracking might be
limited by its frame rate requirements at higher heart rates (Mor-Avi et al. 2011). Both techniques require
good image quality for the accurate calculation of strain curves. With speckle tracking technology,
longitudinal, circumferential and radial strain can be assessed and multiple different echocardiographic
variables derived. The basic deformation variable strain is the percentage of myocardial shortening. The
strain rate is strain divided by time (% / seconds) (Marwick 2006). Both strain and strain rate are decreased
in the presence of obstructive CAD (Voigt et al. 2003; Mor-Avi et al. 2011). Post-systolic strain is another
potential marker of ischemia (Voigt et al. 2003; Asanuma and Nakatani 2015). It is defined as the difference
in peak strain and peak systolic strain. The post-systolic strain index (PSI) is a measure of post-systolic
strain and defined as post-systolic strain divided by peak strain. In previous studies deformation imaging has
been successfully applied to stress echocardiography (Voigt et al. 2003; Bjork Ingul et al. 2007). A potential
advantage of deformation imaging is that it does not require the considerable experience of subjective wall
motion analysis. There is also evidence that deformation imaging provides incremental prognostic
information independent of ejection fraction (Bjork Ingul et al. 2007; Kalam et al. 2014).
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2.3.4.3 Stress Echocardiography
In the diagnosis of CAD stress echocardiography has excellent specificity (80-88%) with slightly lower
sensitivity (72-85%) as wall motion abnormalities come late in the ischemic cascade. Previously published
results on accuracy are mainly from the time before echocardiographic contrast which may considerably
affect the current diagnostic value (Plana et al. 2008). Exercise, vasodilator and dobutamine stress seem to
confer similar diagnostic accuracy for CAD (Cohen et al. 1993; Loimaala et al. 1999; Picano et al. 2000). In
wall motion analysis, new or increasing wall motion abnormality is considered as a positive test. Small CAD
lesions, distal stenoses and single vessel disease do not always cause wall motion abnormality and may
result in a false negative test (Geleijnse et al. 1997; Marwick 2003). Compared to pharmacological stress,
exercise offers additional diagnostic and prognostic information about heart rate, blood pressure and ECG.
However, if there is a known wall motion abnormality in rest echocardiogram, dobutamine stress should be
considered as the viability of myocardium can be assessed (Sicari et al. 2008; Montalescot et al. 2013). With
a low dose of dobutamine, the contraction of the viable myocardium improves and the nonviable
myocardium stays unchanged (Sicari et al 2008).

2.3.4.4 Prognostic Value
The prognostic value of stress echocardiography is well established in previous studies and is incremental to
clinical risk factors and exercise ECG (Chuah et al. 1998; McCully et al. 2002; Marwick et al. 2002). For
prognostic evaluation the presence, location, severity, extent and timing of stress induced wall motion
abnormalities should be assessed (Chuah et al. 1998; Sicari et al. 2008). A normal echocardiographic finding
is associated with very low event rate (< 1% per year) (Marwick et al. 2002) while left ventricular
dysfunction is a strong predictor of poor prognosis (Chuah et al. 1998; Sicari et al. 2008). The prognostic
value of exercise and different pharmacological stressors seem to be comparable (Pingitore et al. 1999;
Marwick et al. 2002). Furthermore, stress echocardiography provides similar prognostic information as
cardiac SPECT imaging (Olmos et al. 1998). Stress echocardiography after myocardial infarction can help in
the risk stratification of patients (Carlos et al. 1997). It also aids in the prediction of perioperative risk of
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major vascular surgery (Poldermans et al. 1995).

2.3.5 Functional Magnetic Resonance Imaging
MRI can be used for the functional imaging of CAD with either the assessment of myocardial perfusion or
wall motion. Currently, MRI perfusion is more commonly used than wall motion analysis. Perfusion MRI
with gadolinium is comparable or even better than nuclear perfusion imaging in the diagnosis of obstructive
CAD (Greenwood et al. 2012; Schwitter et al. 2012). Furthermore, MRI perfusion has shown good
agreement with both qualitative and quantitative assessment of MBF compared to invasive FFR
measurements (Lockie et al. 2011; Manka et al. 2015). Perfusion analysis can be done either visually or with
the use of computer assistance to identify the areas of decreased MBF. An ischemic finding on MRI
perfusion is associated with elevated cardiac risk while normal perfusion confers favorable prognosis
(Jahnke et al. 2007; Macwar et al. 2013).
Using cine images, regional wall motion abnormalities can be assessed by MRI during dobutamine infusion
(Wahl et al. 2004). The assessment of wall motion is similar to stress echocardiography but provides
superior image quality. In addition, deformation of myocardium can be quantified similarly to speckle
tracking technology (Korosoglou et al. 2009). Moreover, newer 3 Tesla MRI technology seems to increase
diagnostic accuracy even further in the evaluation of ischemia (Cheng et al. 2007; Bernhardt et al. 2012).
Dobutamine stress MRI is an attractive option for patients with a suboptimal acoustic window and
contraindications for vasodilator stress. Normal stress MRI is associated with a small annual event rate (<
1%) while the presence of ischemia elevates cardiovascular risk significantly (Lipinski et al. 2013; Al Sayari
et al. 2015).

2.3.6 Computed Tomography Perfusion Imaging
Recent advancements in CTA technology offer the new possibility of noninvasive imaging of MBF (Becker
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and Becker 2013). Vasodilator stress such as adenosine or dipyridamole is used similarly to nuclear
perfusion imaging. Perfusion is assessed by tracking the flow of an ionated contrast agent. Maximal
enhancement difference between ischemic and nonischemic myocardium can only be seen for a brief
duration and the imaging needs to be performed at this time window. Differences in myocardial regions can
be quantitated as Hounsfield units but absolute MBF cannot be measured. The accuracy of CT perfusion in
the diagnosis of obstructive CAD has been comparable to SPECT perfusion and has shown good sensitivity
(75-100%) and specificity (74-99%) (Blankstein et al 2009; Rocha-Filho et al. 2010). In addition, a novel
noninvasive assessment of FFR by CT perfusion has been developed using computational fluid dynamics
(Deng et al. 2015). However, noninvasive FFR is still an experimental technique (Precious et al. 2015).
Further studies before wide-spread use in the clinical cardiology are warranted for both CT perfusion and
noninvasive FFR.

2.3.7 Fractional Flow Reserve vs. Coronary Flow Reserve
FFR is currently considered as the gold standard of the functional imaging of CAD (Pijls et al. 1996).
Normally the epicardial coronary artery exerts an insignificant amount of resistance to MBF. Since pressure
is fully maintained throughout the epicardial coronary artery, distal coronary pressure equals the central
aortic pressure. In the case of obstructive CAD, pressure declines in the coronary artery lumen distal to a
stenosis. This pressure drop can be invasively measured by an intracoronary pressure wire. The
microvasculature is fully opened with adenosine to account for microvascular resistance. Then the FFR is
calculated as the ratio between the central pressure in coronary orifice and the pressure distal to the coronary
lesion. An FFR less than 0.75 or 0.8 is considered as ischemia causing. The clinical value of FFR quided
revascularizations have been demonstrated (Tonino et al. 2009; Pijls et al. 2010). Unlike FFR, CFR is not a
lesion specific measurement. CFR is composed from both epicardial coronary arteries and microvasculature.
This explains the previously found only modest correlation between FFR and CFR (Johnson et al. 2012). In
the presence of normal microvasculature and endothelial function, CFR and FFR are similar (Johnson et al.
2012). Since FFR and CFR reflect different aspects of coronary pathophysiology, the information they
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provide should be viewed as complementary instead of conflicting (Johnson et al. 2012).

2.4

Hybrid Imaging

2.4.1 Basics of Hybrid Imaging
Hybrid imaging techniques combine the information provided by two different imaging modalities. The
technology was at first used mostly in oncology in the late 1990’s (Beyer et al. 2000). With the progress in
modern CTA technology, the hybrid imaging approach became more attractive for the evaluation of CAD.
The most common hybrid imaging modalities are SPECT/CT and PET/CT. In this combination the CTA
image locates the coronary arteries and epicardial plaques. Perfusion imaging can be used to assess the
presence of ischemia matching with coronary stenosis (Valenta et al. 2013). PET/MRI is another promising
but currently rare hybrid imaging modality (Rischpler et al. 2015). It is possible to produce hybrid images by
either a software of hardware based approach. The hardware based approach uses a PET/CT or SPECT/CT
scanner that can obtain a CTA and nuclear perfusion image almost simultaneously. Since the patient’s
position is fixed, image fusion can be performed fully or semi-automatically. The strengths of this approach
are a fast imaging protocol and the ability to use anatomical data in attenuation correction. In the software
based approach, image data is obtained by separate devices at different time points and later fused manually.
The main limitations of hybrid imaging are its higher cost and increased radiation dose. Fortunately,
developments especially in CTA technology have decreased radiation doses substantially. Currently, the
radiation dose for combination of CTA and rest-stress PET perfusion is usually less than 10 mSv (Kajander
et al. 2009).
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2.4.2 Diagnostic Value of PET/CT
The diagnostic strength of PET/CT is that anatomy (CTA) and physiology (PET) both complement each
other's limitations. The strength of the CTA is the high negative predictive value in the exclusion of
obstructive CAD (Budoff et al. 2008; Meijboom and Meijs et al. 2008). However, there is a poor correlation
between coronary stenosis severity and the presence of myocardial ischemia (Shaw et al. 2008; Meijboom
and Meijs et al. 2008) which limits the specificity of CTA technology in the diagnosis of CAD. With the
hybrid imaging approach, PET perfusion can be used to further confirm or exclude the presence of ischemia.
This combination of anatomical and functional imaging has been shown to add incremental value in the
diagnosis of CAD (Kajander et al. 2010). Accurate identification of the culprit lesion and assessment of its
anatomy is also possible with CTA. This is of great importance in the presence of complex coronary
anatomy such as coronary artery bypass grafts or coronary anomalies and might help to guide
revascularizations. Normal coronary arteries by CTA and decreased MBF by PET can point to a disease of
distal coronary arteries which might be hard to visualize by CTA or the presence of microvascular
dysfunction (Kaufmann & DiCarli 2009; Knuuti et al. 2009).

2.4.3 Prognostic Value of Hybrid Imaging
The size of the ischemic myocardial area is a well-established prognostic marker and also helps to guide
revascularizations (Dorbala et al. 2013; Dorbala and Di Carli 2014). However, nuclear perfusion alone
cannot evaluate the presence and extent of nonobstructive atherosclerosis. The prognostic strength of CTA is
the ability to accurately evaluate atherosclerotic burden which is a well-known predictor of adverse events
(Bittencourt et al. 2014; Ostrom et al. 2008; Min et al. 2011). Furthermore, CTA can assess plaque
vulnerability and the location of coronary obstructions. It is logical that this combination of myocardial
perfusion imaging and CTA would also yield complementary value in the prediction of cardiac events. In the
presence of extensive atherosclerosis, CTA also helps to guide the initiation of preventive cardiovascular
medication. Interestingly, in a recent SPECT/CT study, the worst prognosis was observed in patients with
matching CTA stenosis and perfusion abnormality (Pazhenkottil et al. 2011). This suggests a potential
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incremental prognostic value for hybrid imaging. The prognostic value of cardiac PET/CT and its ability to
guide treatment choices needs to be confirmed in future studies.
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3.

AIMS OF THE STUDY

The purpose of the present study was to evaluate novel noninvasive and quantitative cardiac imaging
modalities in the diagnosis and evaluation of coronary artery disease. We used quantitative positron emission
tomography imaging to evaluate the effect of myocardial bridging to myocardial blood flow. The detailed
objectives were as follows:
1. To study whether a reduced coronary flow reserve in healthy young men independently predicts the
extent of future coronary artery calcification (Study I).
2. To evaluate the hemodynamic significance of myocardial bridging and its effect on coronary
atherosclerosis (Study II).
3. To determine the accuracy of quantitative [15O] H2O PET perfusion in the diagnosis of obstructive
coronary artery disease in a multicenter setting and to establish the optimal threshold for absolute
myocardial blood flow and coronary flow reserve in the detection of flow-limiting coronary artery
stenosis (Study III).
4. To study the clinical value of quantitative two-dimensional speckle tracking technology applied to
stress echocardiography in the diagnosis of obstructive CAD (Study IV).
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4.

MATERIALS AND METHODS

4.1

Study Design

The study consists of four sub-studies (I-IV). Study I was conducted between years 1996-1997 for baseline
PET perfusion and 2007-2008 for follow-up CCS. PET/CT imaging for Study II was carried out during
2007-2009. Imaging studies for Study IV was done during 2009-2012. Patients from Study II and IV were
included in the Study III conducted in 2012-2013. The purpose of this thesis was to evaluate novel
quantitative and noninvasive cardiac imaging modalities in the diagnosis and evaluation of CAD. We also
evaluated the hemodynamic effect of myocardial bridging to MBF measured in absolute terms by [15O] H2O
PET perfusion (Study II).

The objective of the study I was to evaluate the longitudinal association between decreased CFR as
measured by [15O] H2O PET and the extent of coronary calcification by calcium score. Study I brings novel
information about the relationship between the anatomical and functional features of coronary
atherosclerosis. At the baseline of our study, absolute MBF at rest and during vasodilator stress was
obtained. After median of 11 years CCS was measured by computed tomography. Study II investigates the
effect of myocardial bridging to MBF as assessed by quantitative perfusion PET. Myocardial bridges were
identified as both intramural coronary artery (CTA) and systolic compression (ICA). Furthermore, the
relationship between atherosclerosis and myocardial bridging was studied. Study III evaluates the diagnostic
value and optimal cutoff values for quantitative [15O] H2O PET perfusion for the diagnosis of obstructive
CAD. The study was conducted as a multicenter study and patients were enrolled in Turku, Amsterdam and
Uppsala. Study IV investigates the diagnostic value of quantitative two-dimensional speckle tracking applied
to stress echocardiography for the diagnosis of obstructive CAD. In addition, the value of speckle tracking in
the detection of severe CAD was assessed.
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4.2

Study Population

The total number of participants in all studies was 414. The characteristics of the patients in Studies I-IV are
depicted in Table 4. For Study I individuals were enrolled from the healthy control group of two different
PET perfusion studies (Laine et al. 1998; Raitakari et al. 2001). The initial study group consisted of 129
healthy, lean, non-smoking, normotensive and non-diabetic men of the age of less than 45 years. The
average age was 36 ± 4 at baseline. After a median of 11 years of follow-up, 77 individuals underwent CCS
measurement and formed the final study group. At the follow-up 52 subjects were lost. One individual had
died of a non-cardiac cause and the others either could not be contacted (n=25) or refused to participate (n
=26). The exclusion criteria for Study I were a body mass index greater than 27 kg/m2, blood pressure higher
than 150/90 mmHg, elevated serum fasting glucose (>6.0 mmol/L) or known atherosclerotic disease.

The study population of Study II consisted of 100 patients aged 63 ± 7 years. The patients were being
evaluated for stable chest pain with an intermediate pretest likelihood of obstructive CAD. The exclusion
criteria were previous acute coronary syndrome, atrial fibrillation, second- or third-degree atrioventricular
block, heart failure (NYHA IV), iodine allergy, severe kidney failure, pregnancy and severe symptomatic
asthma. Patients with a previously ICA proven CAD were excluded.

In Study III, three institutions participated in patient enrollment: Amsterdam's VU University Medical
Center (n=163), Turku University Hospital (n=161) and Uppsala University Hospital (n=6). All patients
were referred to ICA with a clinical indication. The patients were enrolled prospectively to undergo
quantitative [15O] H2O perfusion PET. The exclusion criteria were atrial fibrillation, second- or third-degree
atrioventricular block, severe symptomatic asthma, pregnancy or a documented history of CAD (previous
revascularization or myocardial infarction). There were no ECG signs of previous myocardial infarctions in
any of the study participants. Echocardiography, when performed, showed normal left ventricular function
without regional wall motion abnormalities. All myocardial coronary artery areas with intermediate stenosis
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(30-90%) without FFR measurements were excluded from the study.

In study IV, 52 patients were prospectively recruited for the investigation of stable chest pain. All patients
had an intermediate likelihood for significant CAD based on the clinical symptoms, gender, age and exercise
ECG finding. The exclusion criteria for study IV were: age (<30 or >75 years), acute coronary syndrome,
known diagnosis of CAD, ejection fraction < 35%, asthma, significant valvular disease, congenital heart
disease, cardiomyopathy, uncontrolled severe hypertension, recent (<6 months) cerebral ischemic attack,
active cancer, atrial fibrillation, atrioventricular block and pregnancy. One patient was excluded because of
poor image quality and one because of known obstructive CAD. Thus, the final study group consisted of 50
individuals aged 63 ± 7 years.

Table 4. Patient characteristics in studies I-IV
Variable
Patients (males)
Age (years)
Hypercholesterolemia
Hypertension
Smoking history
Diabetes
Family history of CAD

Study I *
77 (100%)
36 ± 4
0
0
0
0
-

Study II
100 (42%)
63 ± 7
52%
41%
16%
14%
11%

Study III
330 (58%)
61 ± 9
50%
46%
33%
14%
30%

Data are presented as numbers and percentages. * At the baseline of the study.
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Study IV
50 (26%)
63 ± 7
62%
58%
16%
14%
14%
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4.3

Methods

4.3.1 Imaging Acquisition

4.3.1.1 CTA Imaging
The CCS scan of Study I was done with a 64-row PET/CT scanner (GE Discovery VCT, General Electric
Medical Systems, Waukesha, WI, USA). The tube voltage was 120 kV, tube current 200 mA, rotation time
400 ms and collimation 16 × 2.5 mm. Data were acquired using a prospective ECG-triggering at 70% of the
R–R interval. CTA imaging for Study II was also done with a 64-row PET/CT scanner (GE Discovery VCT,
General Electric Medical Systems, Waukesha, WI, USA). The collimation was 64 x 0.625 mm, gantry
rotation time was 350 ms, tube current was 600-750 mA, and voltage was 100-120 kV, depending on patient
size. For CTA imaging in Study II patients received 800 ug of sublingual nitrate before the scan. Intravenous
metoprolol 0-30 mg was also administered before the CTA scan to reach a target heart rate of 60 bpm.
Iodinated contrast infusion (60-80 mL of 400 mg iodine/mL iomeprol at 4-4.5 mL/s) was followed by a
saline flush. To reduce the radiation dose, prospectively triggered acquisition was applied whenever
possible.

4.3.1.2 PET Imaging
All PET imaging in Studies I-IV were done after an overnight fast. Caffeine and alcohol were prohibited 12h
before the PET study. Rest-stress perfusion PET was performed in all of the individual studies (I-IV). In
Study I hyperemic MBF was measured during intravenous adenosine (n=42) or dipyridamole (n=35) stress.
In Studies II-IV only intravenous adenosine was used for pharmacologic stress. For quantification of MBF
15

O-labeled water was used in all studies (I-IV). For the production of 15O, a low energy deuteron accelerator

Cyclone 3 was used (Ion Beam Application, Louvain-la-Neuve, Belgium). 15O-labeled water was produced
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using dialysis techniques in a continuously working water module. In all studies (I-IV) 15O-labeled water
(900-1100 MBq) was injected (Radiowater Generator, Hidex Oy, Finland) at rest as an intravenous bolus
over 15s. A dynamic acquisition of the heart was performed (14x5 s, 3x10 s, 3x20 s, and 4x30 s), after which
a vasodilator-induced stress scan was performed. Adenosine infusion was started 2 minutes before the scan
and continued at the rate of 140 µg/Kg/min until the scan was completed. In patients imaged with
dipyridamole, the flow was measured after 2 minutes of administrated intravenous dipyridamole (0.56
mg/Kg body weight over 4 min).

4.3.1.3 Stress Echocardiography
In Study I, an Acuson 128XP/10 or Sequoia 512 (Acuson, Inc., Mountain View, CA, USA) equipped with a
2.5/3.5 MHz phased arrayed transducer was used for echocardiography and bicycle exercise was used as a
stressor. In study IV, images were obtained with a GE Vivid 7 and M4S transducer (GE Healthcare, Horten,
Norway). The dobutamine stress echocardiography (DSE) in study IV was performed using a standard
staged protocol (Sicari et al. 2008). Dobutamine was infused intravenously with a mechanical pump. The
starting dose was 10 µg/Kg/min. The dose was increased every 3 minutes to 20, 30 and 40 µg/Kg/min.
Intravenous atropine up to 2 mg was given if necessary to reach the target heart rate (85% of age-predicted
maximal). Blood pressure and ECG were continuously monitored. The termination criteria of the test were
achieving the target heart rate, development of new wall motion abnormalities, angina pectoris, severe
ischemic ECG changes, systolic blood pressure above 240 mmHg, abnormal blood pressure reaction or
significant arrhythmia. Beta blockers were withdrawn for two days and long acting nitrates from the
morning of DSE. Standard two-dimensional grey scale images of three standard apical views (four chamber,
two chamber and apical long axis), parasternal long axis and parasternal short axis views at the level of
mitral valve, papillary muscles and apex were acquired at each dobutamine dose. A cine image of one
representative cardiac cycle per stage and view was digitally stored for subsequent off-line analysis. In order
to optimize the speckle tracking analyzes in study IV, the echocardiographic image was optimized for left
ventricle individually. Analysis and frame rate was increased to achieve the target of 60 - 90 frames/second
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without compromising image quality.

4.3.1.4 Invasive Coronary Angiography
ICA was used as the gold standard for obstructive CAD in studies II-IV and was performed according to the
standard clinical protocol. In Study II, ICA was also used to visualize and quantitate systolic compression of
myocardial bridges. All patients studied in Turku university hospital were studied with a Siemens Axiom
Artis coronary angiography system (Siemens, Erlangen, Germany). The quantitative analysis of coronary
angiograms (Quantcore, Siemens) for CAD and systolic compression was done by an experienced reader.
Coronary branches were studied according to the seventeen standard segments model (Austen et al. 1975).
For the measurement of FFR, a 0.014-inch sensor tipped guide wire was used. Intravenous adenosine was
used for vasodilator stress. FFR was calculated as the ratio of average distal coronary pressure and average
arterial pressure during adenosine induced hyperemia.

4.3.2 Cardiac Risk Factors and Laboratory tests
In all studies (I-IV), conventional CAD risk factors and medications were screened by interview and
laboratory tests. Blood pressure was measured by the electronic oscillometric arm cuff method. All venous
blood tests were taken after an overnight fast. Serum total cholesterol, HDL cholesterol and triglycerides
were measured using standard enzymatic methods (Boehringer Mannheim GmbH) with an automated
analyzer (Hitachi 704; Hitachi Ltd, Tokyo, Japan). LDL concentration was calculated using the Friedwald
formula. Plasma glucose concentration was determined by the enzymatic hexokinase technique (Glucose
reagent, Olympus). Serum creatinine concentration was measured using standard photometric methods
(Olympus Diagnostica GmbH, Hamburg, Germany) and by a Konelab 60i Clinical Chemistry Analyzer
(Thermo Electron Co, Finland).
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4.3.3 Data Analysis

4.3.3.1 Definition of Obstructive Coronary Artery Disease
In Study II, significant CAD was defined as greater than 70% coronary stenosis in ICA or an FFR less than
0.8. In Study III, obstructive CAD was defined as a tight coronary lesion (>90%) or a reduced FFR less than
0.8. Coronary arteries with intermediate stenosis (30-90%) without FFR measurements were excluded from
the study to confirm the hemodynamic significance of coronary lesions in the study. In Study IV,
hemodynamically significant CAD was defined as greater than 75% anatomical coronary artery stenosis in
ICA and in the case of intermediate stenosis (40-75%) a FFR less than 0.8 or a myocardial perfusion defect
matching coronary lesion.

4.3.3.2 CTA and CCS Analysis
In Study I, coronary calcification was quantified by CCS as described by Agatston et al. (Agatston et al.
1990) using commercially available software (SmartScore, GE Healthcare). Total CCS was the combination
of the CCS obtained from the left main, left anterior descending, left circumflex and right coronary artery. In
Study II, the standard 17-segment American Heart Association model for coronary artery anatomy was used
for CTA image analysis (Austen et al. 1975). Vessels were analyzed with an ADW 4.4 Work station (General
Electric, Piscataway, NJ). The presence of intramural courses of the coronary artery were evaluated from
multiplanar reconstruction images (Study II). Bridging segments were divided into superficial (1-2mm) or
deep (>2mm) intramural courses. The relation between intramural courses and epicardial coronary plaques
were described as proximal, at intramural segment, or distal to intramural segment. Coronary atherosclerosis
in Study II was also further characterized for properties of the vulnerable plaque as previously described
(Motoyama et al. 2009).
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4.3.3.3 PET Analysis
The values of MBF are expressed in milliliters/minute/gram of heart muscle (mL/g/min) in all studies (I-IV).
In Study IV, hyperemic MBF was further categorized as mildly reduced (2.0 – 2.5 mL/g/min) or severely
reduced (< 2.0 mL/g/min). In Study III, absolute MBF was also corrected for rate pressure product to
account for changes in resting flow caused by heart workload. CFR is defined as the ratio between resting
flow and flow during vasodilator stress. Images were analyzed with Carimas software (Nesterov et al. 2010).
In study III, Cardiac Vuer software was used in the VU University Medical Center and Uppsala University
Hospital. Based on our recent observations, stress myocardial blood flow < 2.5 mL/g/min was considered as
abnormal (Kajander et al. 2010). In Study I, visual analysis of the PET data did not reveal any regional
differences in the distribution of MBF. Therefore, the average flow of global left ventricular myocardium
was used and no regional analysis was done. In all studies arterial input function was extracted directly from
the dynamic PET data and a single tissue compartment model with correction for perfusable tissue fraction
was used to generate parametric MBF images. Information from anatomical imaging modalities (CTA and
ICA) was used to match coronary artery regions to MBF (Study II-IV).

4.3.3.4 PET/CT Hybrid Imaging
In Study II and IV hybrid imaging was used to match MBF to coronary artery lesions and anatomy. In both
studies standard polar plots and parametric volume of the heart were produced, thus allowing image fusion
with ADW 4.4 software (CardiIQFusion). In Study II, PET/CT hybrid images were used to match coronary
artery segments affected by myocardial bridging to the corresponding myocardial flow areas. Myocardial
regions chosen for flow analysis were distal to the myocardial bridges. The myocardial areas of other
coronary branches with obstructive CAD were avoided as much as possible to minimize their confounding
effect on MBF.
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4.3.3.5 Stress Echocardiography
In studies I and IV, wall motion was analyzed simultaneously by at least two experienced
echocardiographers blinded to the results of the other diagnostic investigations. Wall motion was studied in
all apical and short axis views at all stages of the test using a standard 16 segment model (Pellikka et al.
2007; Sicari et al. 2008). Both online and off-line analyses were used for visual wall motion analysis and
wall motion score was calculated as previously described (Pellikka et al. 2007; Sicari et al. 2008). Any new
wall motion abnormality induced by exercise or dobutamine infusion was considered as a positive result for
ischemia.

4.3.3.6 Deformation Imaging
Quantitation of deformation by two-dimensional speckle tracking was used in study IV. Strain analyses were
done with commercially available software (EchoPack PC version 10, GE healthcare, Horten, Norway) by
an experienced analyzer blinded to the other diagnostic results of the patient. The endocardial borders were
traced manually at the end-systolic frame in three standard apical views. The computer software then
automatically tracked myocardial deformation and rejected poorly tracked segments. Poorly tracked
segments were manually readjusted and myocardial segments rejected by both the software and the analyzer
were excluded from the study. If more than two myocardial regions were excluded from one coronary artery
area the vessel was excluded from the study. Speckle tracking strain was analyzed in four different time
points: at rest, at dobutamine dose of 20 µg/Kg/min, peak stress and at recovery (1 minute after stress).

Strain is a measure of regional myocardial deformation and calculated as (L-L0)/L0 where L is the length of
the object after deformation, and L0 is the baseline length of the object. In our study we measured peak
systolic longitudinal strain. Strain rate is the rate of myocardial deformation and expressed as seconds -1. We
measured peak systolic longitudinal strain rate. Post-systolic strain is defined as peak systolic strain
subtracted from peak strain. In our study we used a post-systolic strain index (PSI) which is defined as the
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ratio between post-systolic strain and peak strain. Computer software automatically approximated the end of
systole and this was also confirmed by the visual assessment of aortic valve closure from the apical long axis
view. Strain, strain rate and PSI were measured in all of the 16 regions of the left ventricle. Mean values
were calculated for the whole left ventricle to form global speckle tracking variables and for myocardial
regions supplied by major coronary arteries (LAD, LCX or RCA) to form regional speckle tracking
variables. In the presence of obstructive coronary stenosis, the myocardial risk area was defined according to
the stenosis location in anatomic imaging modalities (ICA and CTA). In the case of a left main coronary
artery stenosis, the coronary lesion was considered to affect both LAD and LCX regions.

4.4.4 Statistical Methods

4.4.4.1 Study I
Continuous variables are presented as mean and standard deviation. Normally distributed variables were
compared with Student's T-test and non-paired variables with the non-parametric Mann–Whitney U test.
Multivariate logistic regression analysis was used to study the relationship between CFR and the risk factors
of CAD. As ageing is known to be related to CCS, age at the time of calcium scan was included in the model
as a variable and all other variables were normalized for age at the time of baseline PET study. Assuming a
mean CFR of 4.1 ± 1.3, a study group of 77 individuals is enough to detect a 6% difference in CFR with a
power of 90% and a confidence level of less than 0.05. Two-tailed P-values of less than 0.05 were
considered statistically significant. Statistical analyses were done with SPSS statistical software (SPSS, Inc.,
Chicago, IL, USA).

4.4.4.2 Study II
Mean and standard deviation were calculated for variables. Normally distributed variables were studied
57

Materials and Methods
using the non-paired T-test and other variables with the use of non-parametric Mann–Whitney U test.
Nominal data was analyzed using Chi-square test. In the case of multiple measurements from a single
patient, a paired T-test and Wilcoxon signed rank test were used. McNemars test was used for paired nonparametric comparisons. Two-tailed P-values of 0.05 were considered statistically significant. Statistical
analyses were done with SPSS (SPSS, Inc., Chicago, IL, USA).

4.4.4.3 Study III
Continuous variables are presented as a mean and standard deviation, while categorical variables are
expressed as numbers. Continuous and normally distributed variables were studied using the non-paired Ttest. A receiver-operator characteristic curve (ROC) analysis and the Youden index were used to study PET
perfusion cutoff values. A comparison of ROC curves was done as described by deLong et al. (DeLong et al.
1988). The association between MBF, CFR and CAD risk factors were studied using univariate and
multivariable linear regression analysis. A linear mixed-effects model with per patient random effects was
used to account for the multiple coronary artery flow measurements from a single patient. Sensitivity,
specificity, negative predictive value, positive predictive value, and accuracy on a per-patient and per-vessel
basis were calculated for PET perfusion. Differences in diagnostic accuracy were studied using Chi-square
or McNemar tests. A p-value less than 0.05 was considered statistically significant. Statistical analyses were
performed with IBM SPSS Statistics software version 20 (IBM SPSS Statistics, IBM Corporation, Armonk,
New York) and MedCalc software 12.7.4.0 (MedCalc Software, Mariakerke, Belgium).

4.4.4.4 Study IV
Continuous variables are presented as mean and standard deviation. Normally distributed variables were
studied with a paired or non-paired T-test when appropriate. Non-parametric variables were compared with a
Wilcoxon signed-rank test or Mann–Whitney U test. Two tailed p-values of less than 0.05 were considered
statistically significant. ROC curves were used to compare the diagnostic performance of strain variables
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and visual wall motion analysis as described by deLong et al. (DeLong et al. 1988). Differences in
diagnostic accuracy were studied using McNemar's test. Coefficient of variation and Bland-Altman analyzes
were used to test repeatability of deformation imaging during DSE. Statistical analyses were done using
SPSS statistical software (SPSS inc., Chicago, IL, USA).

5.

RESULTS

5.1

Coronary Flow Reserve and Coronary Calcification (Study I)

5.1.1 Baseline Characteristics
The final study group consisted of 77 men who were healthy, non-smoking, lean and normotensive. All
individuals underwent baseline PET perfusion with 15O-water at baseline and CCS measurement with CT at
follow-up. Mean age was 36 ± 4 years at the time of the baseline PET studies. None of the individuals had
symptoms or medications of CAD at baseline. The average MBF at rest, during vasodilator induced
hyperemia and the average CFR were 0.79 ± 0.2 mL/g/min, 3.3 ± 1.2 mL/g/min and 4.1 ± 1.3, respectively.
There were 22 individuals with reduced MBF of less than 2.5 mL/g/min after dipyridamole or adenosine
stress and 6 individuals with decreased CFR of less than 2.5. There was no association between common
risk factors of CAD and CFR. Age, lipids, body mass index, fasting glucose, systolic and diastolic blood
pressure were all comparable in patients with CFR lower or higher than median (4.0). Left ventricular mass
was also comparable in individuals with CFR < 4.0 (183 ± 24 g, n=15) and > 4.0 (194 ± 33 g, n=13).
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5.1.2 Follow-Up Characteristics
The follow-up studies were done 11 ± 1 years after the baseline PET perfusion imaging. In the follow-up
laboratory measurements there was a significant increase of total cholesterol (5.3 ± 1.0 vs. 5.6 ± 1.0
mmol/L, p=0.02), triglycerides (1.2 ± 0.7 vs. 1.8 ± 1.1 mmol/L, p<0.001), HDL (1.5 ± 0.5 vs. 1.6 ± 0.5
mmol/L, p<0.01), fasting glucose (5.1 ± 0.5 vs. 5.9 ± 1.3 mmol/L, p<0.001) and systolic and diastolic blood
pressure (124 ± 13 vs. 131 ± 15, p<0.001 and 70 ± 10 vs. 82 ± 10 mmHg, p<0.001, respectively). There was
statistically significant decrease in LDL (3.4 ± 0.9 vs. 3.2 ± 0.9 mmol/L, p=0.03).

At the time of follow-up, none of the individuals had symptoms of ischemic heart disease but 16 individuals
were being treated for hypertension (n=8), hypercholesterolemia (n=10) or diabetes (n=2). A subgroup of
patients (n=28) who underwent exercise echocardiography had no evidence of inducible ischemia. During
the follow-up period seven individuals had started smoking. The prevalence of coronary calcification (CCS
> 0) was 39% at the mean age of 46 ± 4 years. The average CCS was 25 ± 66 in the whole study group and
65 ± 93 in individuals with calcification.

5.1.2 Predictors of Coronary Calcification
Baseline MBF at rest and during vasodilator stress was comparable in individuals with and without coronary
calcification at the follow-up CT scan (0.8 ± 0.2 vs. 0.8 ± 0.2, p=0.79 and 3.3 ± 1.2 vs. 3.3 ± 1.2 mL/g/min,
p=0.99, respectively). Furthermore, baseline CFR was comparable in both groups (4.2 ± 1.4 vs. 4.0 ± 1.2,
p=0.44). Similarly, the calcium score was not elevated in individuals with decreased hyperemic MBF (< 2.5
mL/g/min, n=22) (23 ± 61 vs. 26 ± 68, P=0.79). In addition, univariate and multivariable analyses showed
no association between CFR, systolic blood pressure, total cholesterol, body mass index at the baseline and
CCS at follow-up (p always > 0.05). Conventional CAD risk factors at follow-up including: blood pressure,
lipids, plasma glucose and body mass index were also comparable in individuals with and without coronary
calcification. However, systolic and diastolic blood pressure measured at follow-up were significantly higher
in the presence of coronary calcification (128 ± 11 vs. 137 ± 18, p=0.04 and 78 ± 11 vs. 86 ± 12 mmHg,
p=0.01, respectively).
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5.2

Myocardial Bridging and Myocardial Blood Flow (Study II)

5.2.1 General
Myocardial bridging as an intramural course of coronary artery was more frequent in men than in women
(29 vs. 5, p < 0.001). There was no association between the presence of a myocardial bridge and
conventional CAD risk factors. An intramural course was detected in 34% of patients by CTA in 48 different
coronary segments and 50% of these were classified as deep intramural courses (> 2 mm of overlying
myocardium). Most of the intramural courses were located in the LAD and its diagonal branches (n = 18), in
LCX and its marginal branches (n = 15) or in the intermediate coronary artery (n = 12). Intramural courses
in the RCA were rare (n = 3). Systolic compression was found by ICA in 14 of the 48 (29%) coronary artery
segments with an intramural course on CTA. All systolic compressions were less than 50% on quantitative
ICA analysis. Of these 14 segments with systolic compression, 5 were located in the LAD and its diagonal
branches, 5 in the LCX and obtuse marginal branches and 4 in an intermediate coronary artery. There was no
observed systolic compression in RCA.

There was no difference in the presence of angina pectoris or positive exercise ECG finding in patients with
and without an intramural course of coronary artery (59 vs. 52%, p = 0.47 and 87 vs. 79%, p = 0.32) or in
patients with and without systolic compression of the coronary artery (75 vs. 51%, p = 0.11 and 84 vs. 85%,
p = 0.95). The results remained comparable in patients with and without an intramural course after
individuals with obstructive CAD were excluded (61 vs. 42%, p = 0.17 and 68 vs. 80%, p = 0.30,
respectively). There was also no difference in the frequency of angina pectoris and positive exercise ECG in
patients with and without systolic compression after exclusion of patients with significant CAD (44 vs. 83%,
p = 0.06 and 78 vs. 71%, p = 0.72). After a median follow-up of five years, a total of three patients had died
(all non-cardiac causes), one patient had an event of unstable angina pectoris, one had a myocardial
infarction and one patient underwent elective coronary artery bypass surgery. These events were equally
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distributed in patients with and without myocardial bridging (3 vs 2).

5.2.2 Myocardial Bridging and Myocardial Blood Flow
Hyperemic MBF distal to segments with an intramural course were comparable to remote myocardial
control regions of the same patients (2.8 ± 1.1 vs. 2.9 ± 1.0 mL/g/min, p = 0.55). MBF distal to a superficial
and deep intramural course were also comparable (3.0 ± 0.9 vs. 2.8 ± 1.2 mL/g/min, p = 0.47). There were
no differences in regional MBF in myocardial segments with an intramural course and matched control
myocardial regions of the control patients. In univariate analysis corrected for multiple comparisons, there
was no statistically significant association between resting or hyperemic MBF and the presence of
superficial or deep intramural course of the coronary artery (p > 0.05). There were no significant differences
in resting or hyperemic MBF in the myocardial regions supplied by intramural courses with or without
systolic compression on ICA (1.0 ± 0.2 vs. 1.0 ± 0.2, p = 0.68 and 3.0 ± 0.9 vs. 2.7 ± 1.0 mL/g/min, p =
0.43, respectively). On univariate analysis, systolic compression was not associated with decreased resting
or hyperemic MBF (p always > 0.05). We analyzed further the subgroup of patients with an intramural
coronary artery (n = 12) and an abnormally reduced MBF (<2.5 mL/g/min). The reduction of MBF was
explained by an obstructive CAD (> 70% stenosis or FFR < 0.8) in most of the cases (10 of the 12 patients).
In the remaining two patients the etiology of reduced MBF remained unexplained.

5.2.3 Myocardial Bridging and Coronary Atherosclerosis
Atherosclerotic changes could be observed in the majority of patients (79%) in 186 of the total of 300
coronary arteries. There was no significant difference in the presence and average number of atherosclerotic
plaques in patients with or without an intramural course of coronary artery (73% vs. 60%, p = 0.14 and 2.0 ±
1.7 vs 1.5 ± 1.6, p = 0.06). However, coronary plaques were more frequently located proximal to (n=20,
71 %) than at (n = 2, 7%) or distal to the segment with an intramural course (n = 6, 21%). Average CCS and
total number of calcified plaques was not elevated in coronary arteries with an intramural course (172 ± 279
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vs. 120 ± 263, p = 0.21 and 0.6 ± 1.0 vs 0.6 ± 1.0, p = 0.46). The average number of partially calcified and
non-calcified coronary plaques were also comparable (1.1 ± 1.3 vs. 0.7 ± 1.1, p = 0.06 and 0.3 ± 0.6 vs. 0.2
± 0.5, p = 0.38). There was no difference between a superficial or deep myocardial bridge in the average
number of atherosclerotic plaques, CCS or the presence of obstructive CAD (2.2 ± 1.9 vs. 1.9 ± 1.6, p =
0.64; 298 ± 374 vs. 75 ± 109, p = 0.07 and 29% vs. 30%, p = 0.94). There was also no difference in the
presence of vulnerable plaque features in atherosclerotic lesions located proximal to an intramural course
and in vessels with no bridging (non-calcified plaque, remodeling and spotty calcification).

The presence of systolic compression on ICA was not associated with an elevated CCS (121 ± 140 vs. 127 ±
270, p = 0.38) or the number of atherosclerotic plaques when compared to control coronary arteries (2.2 ±
1.7 vs. 1.5 ± 1.6, p = 0.18). Moreover, there was no association between systolic compression and the
number of calcified, partially calcified and non-calcified plaques on CTA (0.9 ± 1.1 vs. 0.6 ± 0.9, p = 0.17;
1.2 ± 1.2 vs. 0.8 ± 1.1, p = 0.18 and 0.2 ± 0.4 vs. 0.2 ± 0.5, p = 0.64, respectively).

5.3

Diagnostic Value of 15O-Water PET Perfusion (Study III)

5.3.1 General
The prevalence of nonobstructive atherosclerosis and obstructive CAD in patients fulfilling the enrollment
criteria of the study were 59% in 165 patients and 41% in 116 patients, respectively. In total 689 (70%)
coronary arteries contained a nonobstructive coronary plaque while an obstructive lesion was present in 174
(17%) of the coronary arteries. A total of 127 (13%) of the analyzed coronary arteries were excluded from
the study due to the absence of a FFR measurement to evaluate the hemodynamic significance of the
intermediate severity coronary plaque. There were no significant differences in the hemodynamic
parameters (systolic and diastolic blood pressure or rate-pressure product) at rest or during adenosine
induced hyperemia in patients with and without obstructive CAD. However, peak heart rate was slightly
lower in patients with significant CAD (83 ± 14 vs. 78 ± 12, p = 0.01).
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5.3.2 Obstructive Coronary Artery Disease and Myocardial Blood Flow
Global MBF was 1.0 ± 0.3 mL/g/min at rest, 2.9 ± 1.1 mL/g/min at vasodilator induced hyperemia with a
CFR of 3.1 ± 1.1. The average regional myocardial flow was 1.0 ± 0.3 mL/g/min at rest, 2.9 ± 1.1 mL/g/min
at adenosine stress and with a CFR of 3.1 ± 1.2, respectively. Resting flow and hyperemic MBF were
significantly lower in areas supplied by an obstructed (FFR < 0.8) coronary vessel (0.9 ± 0.2 vs. 1.0 ± 0.3
mL/g/min, p < 0.001 and 1.7 ± 0.7 vs. 3.3 ± 1.0 mL/g/min, p < 0.001). CFR and CFRcorr corrected for
baseline hemodynamics (rate-pressure product) were both lower in the coronary artery areas with
obstructive CAD (2.6 ± 0.9 vs. 3.4 ± 1.1, p < 0.001 and 2.0 ± 0.9 vs. 2.6 ± 0.9, p < 0.001). Discordancy
between resting MBF, hyperemic MBF and CFR with ICA measured FFR was observed in 16 %, 20 % and
21 % of the coronary arteries. In univariate analyses, age (p < 0.01), female gender (p < 0.001), type two
diabetes (p = 0.01), hypertension (p = 0.02) and FFR < 0.8 (p < 0.001) were all associated with reduced
hyperemic MBF. In multivariable analyses, age, gender, hypertension, a positive family history of CAD and
FFR were independent predictors of hyperemic MBF.

5.3.3 Diagnostic Value of [15O] H2O PET perfusion
In regional analyses for the detection of obstructive lesions, the area under curve for resting MBF,
hyperemic MBF, CFR and CFRcorr were 0.60 (95% confidence interval (CI) 0.55;0.60), 0.90 (CI 0.88;0.93),
0.85 (CI 0.82;0.89) and 0.85 (CI 0.82;0.89), respectively. The diagnostic performance of hyperemic MBF
was significantly better compared to resting MBF, CFR and CFRcorr (p always < 0.001). The diagnostic value
of CFR and CFRcorr proved to be comparable on both a regional (p = 0.88) and a global (p = 0.95) basis.

The optimal cutoff value in the prediction of obstructive CAD (FFR < 0.8) for regional MBF during
vasodilator stress was 2.3 mL/g/min and 2.5 for CFR. The optimal cutoff of MBF 2.3 mL/g/min remained
with the use of different FFR thresholds (FFR 0.65, 0.70 and 0.75) in statistical analyses. Using these cutoff
values, the diagnostic accuracy of regional and global hyperemic MBF were similar (85 % and 86 %),
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whereas regional and global CFR had an accuracy of 81% and 78%. Global hyperemic MBF and CFR had
similar sensitivity (89 % and 86 %) but MBF outperformed global CFR in both specificity (84 % vs. 72 %, p
< 0.01) and accuracy (86 % vs. 78 %, p < 0.01). Regional hyperemic MBF had both greater specificity
(85 % vs. 82 %, p = 0.05) and sensitivity (87 % vs. 80 %, p = 0.01) for obstructive CAD than CFR and thus
superior accuracy (85 % vs. 81 %, p < 0.01). The diagnostic accuracy of quantitative PET perfusion was
significantly higher in female patients in both regional and global flow analyses (82 % vs. 92%, p = 0.02).

5.4

Speckle Tracking in Stress Echocardiography (Study IV)

5.4.1 General
The final study group consisted of 50 patients (26 males) aged 63 ± 7 years. There were no signs of previous
myocardial infarcts or structural heart disease in echocardiography. Ejection fraction was normal in all
patients at rest (68 ± 5.2 %) and during peak dobutamine stress (77 ± 7 %). Obstructive CAD was defined as
> 75 % stenosis or in the case of intermediate coronary stenosis (40-75 %) with either a FFR < 0.8 or a
matching perfusion defect in the PET perfusion study. Obstructive CAD was present in 22 of 50 (44%) the
patients and in 36 of 150 (24%) the coronary arteries.

5.4.2 Reproducibility of Speckle Tracking
Interobserver coefficient of variation for global peak systolic strain and strain rate were 6% and 3% at rest,
6% and 4% at the dobutamine dose of 20 µg/Kg/min, 5% and 3% at peak stress, and 8% and 5% at
immediate recovery (1 min after peak stress). Intraobserver CVs for strain and strain rate were 6% and 5% at
rest, 6% and 6% at the dobutamine dose of 20 µg/Kg/min, 9% and 9% at peak stress, and 7% and 6% at
immediate recovery. Thus, the assessment of reproducibility of strain and strain rate revealed good
repeatability at rest and during dobutamine stress. For PSI interobserver and intraobserver the CVs were
24% and 18% at rest, 19% and 18% at the dobutamine dose of 20 ug/Kg/min, 43% and 13% at peak stress,
and 14% and 20% at immediate recovery. The variation of PSI was highest at peak stress. The clinical
significance of PSI variation was further studied using Bland-Altman analyses (Figure 1).
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Figure 1. Reproducibility of speckle tracking measured post-systolic strain during dobutamine stress
echocardiography

Bland-Altman analyses for the reproducibility of post-systolic strain index during dobutamine stress
echocardiography. Intraobserver variability at rest (A) and at peak dobutamine stress (B). Interobserver
variability at rest (C) and at peak dobutamine stress (D). PSI = Post-systolic strain; SD = Standard deviation.

5.4.3 Global Strain, Strain Rate and Post-systolic Strain
The differences in global peak systolic strain, strain rate and PSI at rest and during dobutamine stress in
patients with and without obstructive CAD are shown in table 5. Global peak systolic strain remained
relatively stable during dobutamine stress as compared to rest. In contrast, global strain rate increased
significantly when measured at the dobutamine dose of 20 µg/Kg/min, peak stress and recovery.
Interestingly, PSI was the highest at the recovery phase after stress in patients with obstructive CAD.
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Table 5. Global strain variables in patients with (n=22) and without (n=28) coronary artery disease (CAD)
during dobutamine stress.
Variable
Strain (%)
Rest
20 ug/Kg/min
Peak stress
Recovery
Strain rate (% / s)
Rest
20 ug/Kg/min
Peak stress
Recovery
PSI (%)
Rest
20 ug/Kg/min
Peak stress
Recovery

No CAD

P-value
(vs. rest)

CAD

P-value
(vs. rest)

P-value (vs. No CAD)

-19.0 ± 2.5
-21.0 ± 2.3
-18.9 ± 2.8
-19.8 ± 2.1

< 0.001
0.61
0.04

-18.3 ± 2.5
-20.0 ± 2.8
-17.9 ± 4.0
-17.2 ± 4.0

0.004
0.56
0.12

0.34
0.21
0.25
0.01

-1.1 ± 0.2
-1.7 ± 0.3
-2.2 ± 0.4
-1.9 ± 0.3

< 0.001
< 0.001
< 0.001

-1.0 ± 0.2
-1.6 ± 0.3
-2.1 ± 0.4
-1.6 ± 0.4

< 0.001
< 0.001
< 0.001

0.08
0.40
0.22
0.02

2.8 ± 2.5
3.4 ± 2.4
4.3 ± 3.9
3.0 ± 1.8

0.22
0.07
0.30

4.1 ± 2.7
6.4 ± 5.1
6.3 ± 3.8
7.7 ± 5.7

0.13
0.03
0.01

0.03
0.01
0.04
< 0.001

Data are presented as mean ± SD. CAD = coronary artery disease, PSI = post-systolic strain index.

The relationship between the presence of multivessel CAD and extensive ischemia (> 2 segments) were
studied in the tertiles of strain, strain rate and global PSI as depicted in Table 6, 7 and 8. Multivessel disease
and extensive myocardial ischemia (> 2 myocardial segment) by PET perfusion were significantly more
common in patients with a global PSI in the highest tertile at rest, the dobutamine dose of 20 µg/Kg/min and
early recovery phase than in those with a PSI in the lowest tertile. Furthermore, multivessel disease and
extensive myocardial ischemia were significantly more common in patients with a strain rate in the highest
tertile at peak dobutamine stress and strain in the highest tertile at the early recovery phase.
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Table 6. Global strain according to tertiles and the presence of severe coronary artery disease
Strain
baseline

1st
2nd
3th
P-value
> 20.0 % 20.0–17.8 % < 17.8 % (1st vs. 2nd)

Multivessel CAD

4 (25%)

1 (6%)

5 (29%)

0.14

0.78

0.09

> 10% ischemia

5 (31%)

2 (13%)

8 (47%)

0.32

0.35

0.07

P-value
(1st vs. 3th)

P-value
(2nd vs. 3th)

Strain
20 ug/Kg/min

1st
2nd
3th
P-value
> 22.1 % 22.1-19.4 % < 19.4 % (1st vs. 2nd)

P-value
(1st vs. 3th)

P-value
(2nd vs. 3th)

Multivessel CAD

2 (13%)

3 (18%)

5 (29%)

0.68

0.24

0.42

> 10% ischemia

3 (19%)

4 (24%)

8 (47%)

0.60

0.04*

0.14

Strain
Peak stress

1st
2nd
3th
P-value
> 20.0 % 20.0-17.5 % < 17.5 % (1st vs. 2nd)

P-value
(1st vs. 3th)

P-value
(2nd vs. 3th)

Multivessel CAD

3 (19%)

2 (13%)

5 (29%)

0.63

0.48

0.24

> 10% ischemia

3 (20%)

3 (20%)

9 (60%)

1.0

0.03*

0.03*

Strain
Recovery

1st
2nd
3th
P-value
> 20.0 % 20.0-17.3 % < 17.3 % (1st vs. 2nd)

P-value
(1st vs. 3th)

P-value
(2nd vs. 3th)

Multivessel CAD

1 (6%)

3 (18%)

6 (35%)

0.32

0.04*

0.24

> 10% ischemia

1 (7%)

4 (25%)

10 (67%)

0.17

0.001***

0.02*

Data are presented as numbers and percentages. * p < 0.05, ** p < 0.01, *** p < 0.001. CAD= Coronary artery
disease; PET= Positron emission tomography

Table 7. Global strain rate according to tertiles and the presence of severe coronary artery disease
SR
baseline

1st
>1.11 s-1

2nd
1.10-1.02 s-1

3th
<1.02 s-1

P-value
(1st vs. 2nd)

P-value
(1st vs. 3th)

P-value
(2nd vs. 3th)

Multivessel CAD

3 (18%)

3 (18%)

4 (25%)

1.0

0.61

0.61

> 10% ischemia

4 (24%)

6 (38%)

5 (38%)

0.38

0.38

0.96

P-value
(1st vs. 2nd)

P-value
(1st vs. 3th)

P-value
(2nd vs. 3th)

SR
20 ug/Kg/min

1st
>1.82 s-1

2nd
3th
1.82-1.63 s-1 <1.63 s-1

Multivessel CAD

1 (6%)

4 (24%)

5 (29%)

0.17

0.09

0.70

> 10% ischemia

3 (20%)

6 (38%)

6 (40%)

0.28

0.23

0.89

SR
Peak stress

1st
>2.30 s-1

2nd
2.30-2.00 s-1

3th
<2.00 s-1

P-value
(1st vs. 2nd)

P-value
(1st vs. 3th)

P-value
(2nd vs. 3th)

Multivessel CAD

2 (12%)

3 (19%)

5 (33%)

0.58

0.17

0.41

> 10% ischemia

3 (18%)

5 (31%)

7 (54%)

0.31

0.04*

0.27

SR
Recovery

1st
>2.05 s-1

2nd
2.05-1.65 s-1

3th
<1.65 s-1

P-value
(1st vs. 2nd)

P-value
(1st vs. 3th)

P-value
(2nd vs. 3th)

Multivessel CAD

2 (12%)

2 (13%)

6 (35%)

0.95

0.11

0.13

> 10% ischemia

5 (29%)

3 (23%)

7 (44%)

0.70

0.39

0.24

Data are presented as numbers and percentages. * p < 0.05, ** p < 0.01, *** p < 0.001. CAD= Coronary artery
disease; PET= Positron emission tomography; SR= Strain Rate
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Table 8. Global post-systolic strain index (PSI) according to tertiles and the presence of severe coronary
artery disease
PSI
baseline

1st
< 2.1%

2nd
2.1-3.3%

3th
> 3.3%

P-value
(1st vs. 2nd)

P-value
(1st vs. 3th)

P-value
(2nd vs. 3th)

Multivessel CAD

0

4 (50%)

6 (71%)

0.03*

<0.01**

0.52

> 10% ischemia

1 (7%)

4 (27%)

10 (59%)

0.16

<0.01**

0.07

2nd
2.6-5.0%

3th
> 5.0%

P-value
(1st vs. 2nd)

P-value
(1st vs. 3th)

P-value
(2nd vs. 3th)

PSI
20 ug/Kg/min

1st
< 2.6%

Multivessel CAD

0

4 (24%)

6 (35%)

0.04*

0.01*

0.52

> 10% ischemia

1 (7%)

6 (38%)

8 (50%)

0.050

0.01*

0.48

PSI
Peak stress

1st
< 3.0%

2nd
3.0-6.2%

3th
> 6.3%

P-value
(1st vs. 2nd)

P-value
(1st vs. 3th)

P-value
(2nd vs. 3th)

Multivessel CAD

2 (13%)

3 (18%)

5 (29%)

0.68

0.24

0.42

> 10% ischemia

2 (13%)

6 (40%)

7 (44%)

0.10

0.06

0.83

1st
< 2.7

2nd
2.7-4.9

3th
>4.9

P-value
(1st vs. 2nd)

P-value
(1st vs. 3th)

P-value
(2nd vs. 3th)

PSI
Recovery
Multivessel CAD

0

2 (12%)

8 (47%)

0.16

<0.01*

0.02*

> 10% ischemia

1 (7%)

3 (20%)

11 (69%)

0.28

<0.001***

0.01*

Data are presented as numbers and percentages. * p < 0.05, ** p < 0.01, *** p < 0.001. CAD= Coronary artery
disease; PET= Positron emission tomography and PSI= Post-systolic strain index.

5.4.4 Regional peak strain, strain rate and post-systolic strain
Differences in regional peak systolic strain, strain rate and PSI in patients with and without obstructive CAD
are shown in Figure 2. Peak systolic strain was decreased in the myocardial regions supplied by obstructed
compared nonobstructed coronary artery at early recovery (p < 0.001). However, regional strain rate was
comparable between non-ischemic and ischemic regions at rest, the dobutamine dose of 20 µg/Kg/min, peak
dobutamine stress and early recovery. Regional PSI was significantly elevated in the ischemic regions at rest
(p=0.01), the dobutamine dose of 20 µg/Kg/min (p=0.03), peak stress (p=0.02) and at early recovery
(p<0.001).

The impact of depth of ischemia to myocardial deformation were further studied. Normal MBF was defined
as a flow greater than 2.5 mL/g/min, mild ischemia as 2.0-2.5 mL/g/min and severe ischemia as a flow less
than 2.0 mL/g/min. Compared to normal myocardial areas, myocardial strain was significantly decreased in
areas with severe ischemia at the dobutamine dose of 20 µg/Kg/min and at early recovery (-21.0 ± 3.9 vs. 19.0 ± 4.2 %, p < 0.05 and -19.5 ± 4.1 vs. -16.6 ± 4.7 %, p < 0.01, respectively). In addition, PSI was
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significantly elevated in severely ischemic regions at early recovery (4.2 ± 9.4 vs. 9.3 ± 9.5 %, p = 0.03).
Thus, both decreased peak systolic strain and PSI were associated with severe ischemia during early
recovery.

Figure 2. Regional strain, strain rate (SR) and post-systolic strain index (PSI) in patients with and without
obstructive coronary artery disease.

Differences in regional speckle tracking variables in myocardial areas with and without significant coronary artery
disease, and increase or decrease of A) peak systolic strain, B) strain rate (SR) and D) Postsystolic strain index (PSI)
during dobutamine stress echocardiography at different dobutamine doses. Significant corononary artery disease is
defined as > 75% stenosis in invasive coronary angiography. In intermediate stenoses of 40-75%, hemodynamic significance was confirmed by reduced fractional flow reserve (<0.8) or abnormal myocardial positron emission tomography perfusion. * p < 0.05, ** p < 0.01 and † p < 0.001.
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5.4.5 Diagnostic Value of Speckle Tracking
Subjective visual wall motion analysis resulted in a sensitivity and specificity of 59% and 86% with an
accuracy of 74% for the detection of obstructive CAD on per patient basis. Due to the effort to localize
ischemia, comparisons between different techniques were done on vessel basis. The diagnostic accuracies of
peak systolic strain, strain rate and PSI at different dobutamine doses are shown in Table 9. Of the speckle
tracking variables, a PSI greater than 6.2% at early recovery performed best for the detection of obstructive
CAD with a sensitivity, specificity and accuracy of 60%, 79% and 74%, respectively. It was also comparable
to visual wall motion analysis. In contrast, the accuracies of strain and strain rate were inferior to subjective
wall motion analysis.

Table 9. Diagnostic accuracy of speckle tracking echocardiography for regional ischemia during dobutamine
stress compared to wall motion analysis
Variable

Cutoff

Sensitivity

Specificity

PPV

NPV

Accuracy

WM
Rest

Positive

44

91

62

84

80

P-value
vs
WM
-

Strain (%)
-18.6
54
55
29
81
56
<0.001
Strain rate (% / s) -1.00
49
62
29
80
59
<0.001
PSI (%)
3.7
54
72
38
84
68
<0.001
20ug/Kg/min
Strain (%)
-19.8
50
61
29
79
58
<0.001
Strain rate (% / s) -1.6
50
61
29
80
59
<0.001
PSI (%)
6.6
52
81
46
84
74
0.11
Peak stress
Strain (%)
-18.1
61
56
31
82
57
<0.001
Strain rate (% / s) -2.0
55
65
34
82
63
<0.001
PSI (%)
4.1
56
65
33
82
63
<0.001
Recovery
Strain (%)
-18.4
72
65
39
88
66
0.01
Strain rate (% / s) -1.6
60
66
36
84
65
<0.001
PSI (%)
6.2
60
79
47
86
74
0.16
Data are presented as percentages. NPV = negative predictive value; PPV = positive predictive value; PSI = postsystolic strain index; predicting value; WM = wall motion analysis
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6.

DISCUSSION

6.1

Coronary Flow Reserve and Coronary Calcification

In study I we assessed the predictive value of CFR by 15O-water perfusion PET for coronary calcification
over 10 years of follow-up in healthy young males. To avoid the confounding effect of conventional
coronary risk factors to coronary artery calcification, the individuals selected for current study were
normotensive, non-smoking, non-diabetic and lean. Previously, alterations of coronary endothelial function
have been demonstrated to precede atherosclerotic changes in experimental and clinical studies (Raitakari et
al. 2001; Tamaki et al. 2010; Schindler et al. 2010). In a previous cross-sectional study Wang et al.
demonstrated that coronary vasodilator function measured by CFR was inversely associated to the presence
and severity of coronary calcification in a population of 222 asymptomatic individuals (Wang et al. 2006) In
contrast, Pirich et al. found no association between CCS and CFR in a study of 22 asymptomatic individuals
with a positive family history of premature CAD (Pirich et al. 2004). Curillova et al. documented a
statistically significant but weak relationship between CCS and CFR in patients studied for suspected
obstructive CAD (Curillova et al. 2009). Based on these recent findings, we hypothesized that coronary
microvascular function measured as CFR by PET perfusion would predict the development of coronary
atherosclerosis. Our current study is the first longitudinal study to evaluate the independent predictive value
of CFR and the long-term development of coronary atherosclerosis more than 10 years later. Interestingly, in
contrast to the majority of previous studies, our results suggest that in young asymptomatic males with low
likelihood of obstructive CAD, microvascular dysfunction is not a strong predictor of future coronary artery
calcification.

There are several potential reasons for the lack of association between CFR and future coronary calcification
in our study. Although it has been previously suggested that microvascular and endothelial function are the
key events that precede the development of coronary atherosclerosis, the relationship between the
anatomical and physiological features of atherosclerosis might not be straightforward and they might
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actually reflect different aspects of pathophysiology (Pirich et al. 2004; Yan et al. 2005; Andersson et al.
2011). CCS is a well-established marker for atherosclerosis (Agatston et al. 1990; Hecht 2015). However, it
does not provide information about the phenotype of atherosclerotic plaques and might actually detect stable
calcified coronary lesions. In a recent study, statin medication was found to increase coronary calcification
as a possible mechanism for plaque stabilization (Puri et al. 2015). Since microvascular dysfunction and
epicardial atherosclerosis share multiple risk factors, it is of great importance to study their relationship in
healthy individuals without confounding effects such as hypertension, obesity, diabetes and smoking. As a
result, the likelihood of CAD and microvascular dysfunction were small in this population. When compared
with the previous cross-sectional studies, our study group was much younger and had less coronary
calcifications.

The fact that our study group was selected might explain the lack of association between the common risk
factors of CAD and the presence of coronary calcification. The presence of risk factors of CAD at baseline
were comparable in patients with and without coronary calcification at the time of follow-up. However,
systolic and diastolic blood pressure at the follow-up were elevated in patients with coronary calcification.
The possibility that significant changes in lifestyle might have confounded the association between baseline
risk factors of CAD and coronary calcification at follow-up cannot be excluded. There was also a number of
individuals who had started the use of cardiovascular medication during follow-up. Especially the initiation
of statin medication might be a confounding factor (Puri et al. 2015). Possible bias due to a relatively large
number of individuals who did not participate to the follow-up study cannot be excluded. Obstructive
epicardial stenosis could influence the relationship between MBF and CCS. Invasive coronary angiography
was not done in the current study as it was clinically unjustified in individuals with low pretest probability of
CAD. In addition, regional myocardial perfusion was homogenous in all individuals and the subgroup of
individuals who underwent stress echocardiography had no findings suggesting inducible ischemia. Due to
logistic reasons only a subgroup of patients with coronary calcification underwent stress echocardiography
at follow-up. Unfortunately, a CCS scan was not available at baseline and thus the change in calcification
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cannot be measured. In previous studies, increasing coronary calcification in serial scanning has shown
incremental prognostic value (Raggi et al. 2004; Budoff et al. 2013). Measurement of PET perfusion at
follow-up might have also provided additional information but would have also increased the radiation dose.

6.2

Myocardial Bridging and Myocardial Blood Flow

Myocardial bridging is an anatomic variation of coronary anatomy in which a band of myocardium overlies
a segment of coronary artery. Contraction of the myocardium at the bridging segment can cause dynamic
coronary stenosis during cardiac systole. Although myocardial bridging has been thought of as a relatively
benign congenital variation of coronary artery anatomy, some previous clinical studies have associated it
with chest pain, ischemia, left ventricular dysfunction, arrhythmia and even sudden cardiac death (Bruschke
et al. 2013; Alegria et al. 2005). In Study II, the association between MBF and dynamic stenosis of myocardial bridging was evaluated with the use of multimodality imaging. Myocardial bridging was evaluated by
both an anatomical definition as intramural course (CTA) and a functional definition as the systolic compression of coronary artery (ICA). MBF was quantified in absolute terms by [15O] H2O PET perfusion. In
addition, the relationship between myocardial bridging and coronary atherosclerosis was comprehensively
evaluated by CTA. To our knowledge, we are the first to describe the effects of myocardial bridging defined
as both an intramural course of a coronary artery and as systolic compression to absolute MBF. The strength
of our patient population is that it represents symptomatic patients with an intermediate probability of CAD,
those who are generally considered as candidates for cardiac imaging in clinical medicine. In other studies
patients have been highly selected based on systolic compression by ICA.

An intramural coronary artery was a common CTA finding in our study group (34 %) while only a third of
these intramural segments had observable systolic compression on ICA study. The frequency of systolic
compression in bridging segments was similar to previous studies (21-46 %) (Leschka et al. 2008; Kim et al.
2011; Kim et al. 2014). None of the bridging segments had severe systolic compression (>50%). This
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suggests that the presence of severe coronary compression previously associated with myocardial ischemia
is a rare finding. Our results are similar to previous clinical studies demonstrating an excellent
cardiovascular prognosis with myocardial bridging (Juillière et al. 1995; Rubinstein et al. 2013). In our
study, absolute MBF during adenosine stress was not influenced by myocardial bridging. Furthermore, there
was no association between increased atherosclerotic burden and bridging. However, as in previous studies,
coronary plaques were predominantly localized proximal to the coronary segments with myocardial bridge.
The coronary atherosclerosis proximal to myocardial bridges were further characterized for high risk
features. The presence of CTA findings associated with plaque vulnerability were found to be comparable
with other coronary arteries. Therefore, according to our findings myocardial bridging was not associated
with accelerated atherosclerotic disease.

Our findings of unaffected myocardial perfusion in the presence of coronary artery bridging are in contrast
to the majority of previous publications. Based on our findings and on previous studies, a threshold of
greater than 50-75% of systolic compression seems to be required for the induction of myocardial ischemia
(Ahmad et al. 1981; Vallejo et al. 2005; Gawor et al. 2011). However, as segments with a myocardial bridge
are frequently associated with proximal atherosclerotic plaques the threshold might be lower in patients with
CAD. Although in our study all systolic compressions were less than 50%, systolic compression is a
dynamic stenosis that is not always seen on ICA without a provocation test (Escaned et al. 2003; Hazenberg
et al. 2008). Furthermore, it is possible that the degree of systolic compression has variability. Previous
studies have focused on highly selected patient populations with detected systolic compression on ICA
study. Our study group was less selected and unlike most of the previous studies was not limited to mid
LAD. A considerable amount of segments with myocardial bridging was found in other branches of the
coronary tree.

In Study II adenosine was used as a stressor for PET perfusion. As a vasodilator it differs from exercise
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stress but is comparable to dipyridamole used in some of the previous studies. Elevated heart rate in exercise
and dobutamine stress affect the relative length between systole and diastole and thus they might be more
effective in inducing perfusion abnormalities caused by the systolic compression of myocardial bridges.
However, exercise and dipyridamole SPECT have been previously validated for imaging of myocardial
bridging and found comparable (Vallejo et al. 2005). We cannot exclude the possibility that beta-blockers
used prior to the CTA scan in our hybrid imaging protocol affected the MBF by alleviating systolic
compression. However, we have previously demonstrated that beta-blockers received before the CTA scan
had no effect on MBF in our imaging protocol (Joutsiniemi et al. 2014). It can be also be argued that
adenosine can increase coronary susceptibility to systolic compression by microvascular vasodilation.
Myocardial bridges were commonly associated with proximal atherosclerotic plaques, which is a
confounding factor in our study. We acknowledge the possibility of a type two statistical error due to the
small number of patients with myocardial bridging without CAD. The current study was underpowered to
study the effect of myocardial bridging on cardiovascular prognosis.

6.3

Diagnostic Value of [15O] H2O PET Perfusion

In Study III, the diagnostic value of 15O-water perfusion PET for obstructive CAD was investigated. The
study was a collaborative study to standardize and establish accurate thresholds for quantitative [15O] H2O
PET perfusion in three imaging centers (Turku, Amsterdam and Uppsala). Currently, there is a global
interest in utilizing noninvasive PET imaging for the diagnosis of CAD and large multicenter trials are
needed. Defining the optimal threshold for myocardial ischemia is the fundamental issue in quantitative
cardiac PET. Furthermore, collaborative studies facilitate patient management and the exchange of patient
data for future imaging trials. There are previous cardiac PET imaging studies which have reported good
diagnostic accuracy with 15O-water. However, these single-center studies often lack the use of a functional
gold standard for ithe dentification of CAD induced ischemia. In addition, they are hampered by the inherent
limitations of a single-center study setting. In the present study both ICA and FFR were used to determine
the hemodynamic severity of coronary stenoses in a clinical cohort of patients studied for the suspicion for
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symptomatic CAD. Since the anatomic degree of coronary stenosis is a poor predictor of the presence of
myocardial ischemia a strict anatomic definition for flow-limiting stenosis was used (>90%) and FFR
measurements were favored. The symptomatic patients of Study III also represent well the individuals that
are usually the target of diagnostic cardiac imaging in a clinical setting.

In addition to absolute hyperemic MBF, CFR and CFRcorr adjusted for baseline, hemodynamics were
evaluated. The optimal threshold to detect CAD induced ischemia were 2.3 mL/g/min for hyperemic MBF
and 2.5 mL/g/min for CFR. Correction of CFR for baseline hemodynamics with rate-pressure product did
not add significantly to the diagnostic value. Hyperemic MBF provided an accuracy of 86 % in the detection
of flow-limiting coronary stenoses and was superior compared to the accuracy of CFR (78 %). Age and
gender were both significant independent predictors for the diagnostic accuracy of the quantitative PET
study. Currently, there is a lack of uniformity in the previously described absolute flow value thresholds for
myocardial ischemia (Kajander et al. 2010; Danad et al. 2013). This variability might be explained by the
use of different radiotracers with different kinetic properties and imaging protocols. Also, the study
populations of previous single-center studies may differ significantly. However, a general cutoff value for
obstructive CAD is important in order to facilitate the greater use of cardiac PET in clinical medicine. This
variation of optimal cutoff values in different studies also underlines the importance of our study which had
a robust functional gold standard for ischemia. Detected optimal cutoff values were in line with the previous
study by Kajander et al. (2.5 mL/g/min for both stress MBF and CFR) who also used 15O-water in patients
with intermediate pretest probability for obstructive CAD (Kajander et al. 2010). However, Danad et al.
have previously observed that a considerably lower flow value of 1.9 mL/g/min had the best accuracy
(Danad et al. 2013). This might be explained by the methodological differences. Interestingly, in the study
by Kajander et al. there was routine use of FFR in invasive angiographies. Similarly to our study, better
diagnostic value of hyperemic MBF compared to CFR has been previously described (Haijiri et al. 2009;
Danad et al. 2013; Joutsiniemi et al. 2014). Diminished hyperemic MBF might result in normal CFR
depending on resting flow value. This dependency on resting flow might explain the diagnostic superiority
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of hyperemic MBF. Our observation paves way to stress-only PET imaging protocols which could reduce
per patient radiation dose and improve the workflow of the imaging department through decreased scan
time. However, the incremental prognostic value of CFR has been previously observed (Herzog et al. 2009).

There was a high diagnostic performance with the use of [15O] H2O PET perfusion for flow-limiting CAD
and only 13 (5%) obstructive coronary stenoses were missed by quantitative PET. The high accuracy of the
current study is in agreement of the previous single-center studies (Kajander et al. 2010; Danad et al. 2013).
Although normal myocardial perfusion rules out CAD with good negative predictive value (96% per vessel
and 92% per patient), a decreased flow does not always imply to epicardial coronary obstruction. In the
present study there was a discrepancy between invasive FFR and hyperemic MBF in 16% of the
measurements. This is in line with previous observations (Meuwissen et al. 2001; Johnson et al. 2012).
However, since FFR and CFR reflect different aspects of the pathophysiology of coronary arteries their
information should be viewed as incremental instead of conflicting. While FFR is a lesion specific marker of
decreased pressure, CFR is a combined measurement of both epicardial and microvascular function. Thus,
decreased MBF in the presence of normal FFR can be due to a microvascular disease. A limitation in Study
III is that FFR was only measured in the case of intermediate stenoses (30-90 %). This decision was based
on a previous observation that subtotal coronary lesions are virtually always hemodynamically significant
(96%) (Tonino et al. 2010). Visual assessment of perfusion images was not done as the quantitative
assessment of perfusion has been shown to provide better diagnostic accuracy (Kajander et al. 2011;
Fiechter et al. 2012). Although intracoronary administration of adenosine is the reference standard in
invasive FFR, intravenous adenosine was also used. There was no diagnostically significant difference in
FFR in patients with intracoronary and intravenous adenosine. Although the matching of coronary anatomy
(ICA) to MBF areas was done carefully, some misclassification may have occurred. We cannot exclude the
effect of different imaging centers to MBF values. However, great care was used to standardize image
analysis. Our results with [15O] H2O PET might not be applied directly to other PET perfusion tracers or
study populations.
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6.4

Diagnostic Value of Speckle Tracking Stress Echocardiography

The diagnostic accuracy of stress echocardiography for obstructive CAD has been established in multiple
studies (Sicari et al. 2008). However, considerable expertise is required to achieve the published levels of
accuracy with the visual assessment of myocardial wall motion. Quantitative echocardiographic analysis of
myocardial deformation by strain imaging may aid in the detection of wall motion abnormalities induced by
myocardial ischemia. Previous studies have indicated the potential diagnostic value of speckle tracking
strain and strain rate in the detection of obstructive CAD (Voigt et al. 2003; Voigt et al. 2004; Bjork Ingul et
al. 2007). In addition, post-systolic strain has also been suggested as a marker for myocardial ischemia
(Asanuma and Nakatani 2015). However, there is a need for further studies for the evaluation of the clinical
value of post-systolic strain during quantitative two-dimensional (2D) speckle tracking DSE. In Study IV,
the clinical value of 2D speckle tracking strain, strain rate and post-systolic strain were prospectively studied
for the detection of myocardial ischemia during DSE. The study group consisted of symptomatic patients
with an intermediate pretest probability for CAD. The main finding in Study IV was that the evaluation of
strain and post-systolic strain can detect hemodynamically significant CAD during the early recovery phase
of dobutamine stress as well as provide information about the depth and extent of myocardial ischemia.
Quantitative [15O] H2O PET perfusion was used to evaluate the presence, depth and extent of inducible
ischemia. Post-systolic strain measured as PSI provided similar diagnostic accuracy than expert visual
analysis of myocardial deformation. The repeatability of speckle tracking was good at rest, the dobutamine
dose of 20 µg/Kg/min and during recovery. Strain variables were more variable during peak dobutamine
stress.

The results of Study IV are in line with the previous clinical and experimental studies that indicate that postsystolic strain is a useful marker for myocardial ischemia (Voight et al. 2003; Voigt et al. 2004; Asanuma and
Nakatani 2015). In these studies the accuracy of post-systolic strain have been similar to visual wall motion
analysis (Voight et al. 2003; Voigt et al. 2004). However, in another DSE study, PSI measured by speckle
tracking had a lower diagnostic accuracy than other strain variables (Ingul et al. 2007). This is potentially
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explained by the relatively low temporal resolution of speckle tracking that can miss subtle post-systolic
deformation at high heart rates. This is supported by our results of higher PSI variability at peak dobutamine
stress. The accuracy for the detection of CAD and severe ischemia were highest at the early recovery phase
and comparable to expert visual analysis. Furthermore, PSI performed better than strain and strain rate.
Interestingly, in previous observations PSI has been shown to persist after stress (Asanuma and Nakatani
2015). Imaging after dobutamine stress or exercise might provide a more optimal time point for imaging
considering the frame rate requirements of speckle tracking technology. In addition, the post-systolic strain
of normal myocardium has been shown to decrease while the post-systolic strain in the ischemic
myocardium stays elevated after stress (Asanuma and Nakatani 2015). As a novel finding in Study IV, high
PSI was associated with deep and extensive myocardial ischemia and could provide guidance in the
treatment of CAD.

Global peak systolic strain and strain rate demonstrated similar response patterns to dobutamine stress as in
previous studies (Voigt et al. 2004; Bjork Ingul et al. 2007; Mor-Avi et al. 2011). The normal physiologic
pattern of myocardial deformation during stress is an initial increase of peak strain while it later remains unchanged and might even decrease as diastolic filling decreases at elevated heart rates. However, strain rate
typically increases linearly during increasing stress (Mor-Avi et al. 2011). Decreased global peak longitudinal strain and strain rate during DSE have been promising markers for the diagnosis of obstructive CAD and
have been shown to provide incremental diagnostic value in combination with the visual analysis of wall
motion (Ng et al. 2009; Mor-Avi et al. 2011). Global strain and strain rate have been observed to be lower in
patients with a multivessel disease (Yu et al. 2013). As in the previous studies, we observed lower global
strain and strain rate in patients with obstructive CAD after DSE at the early recovery phase even though
most of the patients had a single-vessel disease. Interestingly, global PSI was elevated in patients with obstructive CAD at rest and all DSE phases. Global PSI was highest in patients with a multivessel disease or a
large area of myocardial ischemia.
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Regional peak systolic strain and strain rate have been shown to be able to detect and locate CAD induced
ischemia during DSE with similar accuracy to visual analysis (Ingul et al. 2007; Hanekom et al. 2007; MorAvi et al. 2011). In Study IV, while regional strain and strain rate were sensitive to obstructive CAD their
accuracy was limited by poor specificity. The reason for the lower diagnostic accuracy of 2D strain and
strain rate to visual wall motion analysis compared to some of the previous studies is unclear. However, similar results have been observed in some previous clinical studies (Voigt et al 2003, Celutkiene et al. 2012).
Postero-lateral location of coronary stenoses or differences in image acquisition protocols are possible reasons. Surprisingly, global strain rate was significantly decreased at early recovery while regional strain rate
was comparable in patients with and without obstructive CAD. This is probably due to the termination of the
stress test at lower dobutamine doses in patients with symptomatic CAD and could explain the lower average strain rate also in the non-ischemic parts of the myocardium. As in previous validation studies, strain
and strain rate were repeatable during DSE (Yamada et al. 2014). In contrast, the reproducibility of conventional stress echocardiography has previously been moderate even among imaging specialists (Hoffmann et
al. 1996; Hoffmann 2002). Thus, speckle tracking might increase the confidence of interpretation particularly in less experienced echocardiographers.

Compared to earlier studies, a clear limitation in Study IV is the lower overall sensitivity (59%) of DSE for
obstructive CAD, even though we utilized the standard protocol and visual analyzes were done by
echocardiographers with more than 20 years of experience with stress echocardiography. However, similar
sensitivity and accuracy of DSE have been observed in a recent multicenter trial (Neglia et al. 2015). The
sensitivity of DSE is probably affected by the large number of patients with single vessel CAD and stenoses
in distal or small coronary branches. Compared to PET perfusion used as a functional gold standard, an
inherent limitation of stress echocardiography is that wall motion abnormalities appear later in the ischemic
cascade than flow abnormalities which may translate into a lower sensitivity. It is possible that the
optimization of speckle tracking images during DSE could have affected the image quality of the
conventional echocardiographic reading. However, the primary goal of Study IV was to compare the
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accuracy and feasibility of different strain variables rather than to establish the absolute accuracy of
conventional DSE, which needs to be studied in a larger study setting. The number of patients with
obstructive CAD was relatively low in our study. However, the study group of symptomatic patients with
intermediate pretest probability of CAD represent the real target population for noninvasive cardiac imaging.
The cutoff values of the ROC analyses were applied to the same patient population they were derived from
and should be further studied in a separate study. There was no echocardiographic signs of cardiac diseases
other than CAD and therefore the results in Study IV might not apply to patients with different cardiac
conditions.

6.5.

Future Research Perspectives of Quantitative Cardiac Imaging

6.5.1 Quantitative Anatomical Imaging of CAD
The optimal selection of different cardiac imaging modalities for the diagnosis and risk stratification of CAD
is still debated. The optimal combination of anatomical and functional multimodality imaging is also
currently unknown. In a recent large imaging study, functional evaluation compared to CTA imaging of
CAD was found to have a similar effect on patient outcome (Douglas et al. 2015). On the other hand, the
optimal management of atherosclerosis based on CTA is currently unclear. CTA has great clinical potential
in selecting the correct patients for preventive treatment of atherosclerosis and the clinical value of
individualized CTA guided cardiovascular therapy should be evaluated in future studies. (Hecht 2015; Nasir
et al. 2015; Thomas et al. 2015). For example, in a previous study almost half of the patients eligible for
statin medication based on the current clinical criteria had no coronary atherosclerosis on CTA study (Nasir
et al. 2015). The application of modern imaging and reconstruction techniques increase the accuracy and
reduce the radiation dose of CCS scan even further (Hecht 2015). However, these methods need further
clinical validation. Multiple different features of nonobstructive atherosclerosis have been associated with
increased cardiac risk. Thus, a comprehensive quantitative atherosclerosis risk score integrating
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atherosclerotic burden, location of coronary lesions and specific subtypes of individual plaques could
potentially improve risk stratification of nonobstructive atherosclerosis (De Graaf 2014; Mushtaq et al.
2015). The prognostic value of such a comprehensive risk score should be validated in a large patient
population in the future.

Magnetic resonance angiography is technically challenging owing to the small size, tortuosity, complex
anatomy and motion of coronary arteries (Kohsaka and Makaryus 2008). Further technical progress is
needed to adapt the MRI imaging of coronary arteries to clinical cardiology. However, characterization of
atherosclerotic palaques by MRI has great potential for finding vulnerable plaques and predicting future
cardiac events (Kohsaka and Makaryus 2008; Matsumoto et al. 2015). Since MRI technology is radiation
free, serial imaging of coronary plaques could be utilized to measure the progression of atherosclerotic
lesions or the effect of pharmacological interventions (Noguchi et al. 2015).

6.5.2 Quantitative Functional Imaging of CAD
The diagnostic value of quantitative imaging of both MBF and myocardial deformation has been
demonstrated in multiple previous studies (Mor-Avi et al. 2011; Knuuti et al. 2009; Saraste 2012).
Nevertheless, larger clinical trials for the optimization of imaging protocols and for more accurate cutoff
values are needed. The prognostic significance of quantitative functional imaging has also been shown
(Mor-Avi et al. 2011; Acampa et al. 2015). However, there is a pausity of studies assessing the clinical
impact of quantitative functional imaging in guiding medical treatment and revascularizations. Reduced
CFR was not associated with increased future coronary calcification in Study I. True incidence, prognostic
impact and optimal clinical management of microvascular dysfunction should be evaluated in larger studies.
In Study IV, post-systolic strain provided a good diagnostic value for obstructive CAD. It also correctly risk
stratified patients with a large ischemic area or multivessel disease. Interestingly, the greatest diagnostic
accuracy for PSI was achieved after dobutamine stress. This is in line with previous observations where
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post-systolic stress has been shown to persist long after stress (Asanuma and Nakatani 2015). Thus, speckle
tracking echocardiography could have great potential, for example after exercise ECG in the diagnosis and
risk stratification of obstructive CAD. The lower heart rate after stress could prove to be more optimal for
the frame rate requirements of speckle tracking- technology. However, the diagnostic accuracy of cutoff
values obtained in Study IV for strain, strain rate and PSI should be evaluated in another larger study
population. Quantitative functional imaging by noninvasive FFR using CT perfusion has shown great
promise in initial imaging studies and its diagnostic and prognostic value should be further assessed in a
large-scale clinical trial (Min et al. 2015). There has also been considerable technical development in older
well-established cardiac imaging modalities. The diagnostic impact of different radiotracers, imaging
protocols, advancements in technology and techniques reducing radiation doses need to be evaluated in
future studies against conventional imaging methods (Underwood et al. 2014; Hecht 2015). The optimal
integration of quantitative anatomical and functional imaging in hybrid imaging is currently unknown. The
possible incremental prognostic value of hybrid imaging in the risk stratification of CAD should be also
evaluated in a future study.

6.5.3

Myocardial Bridging

In Study II, myocardial bridging was not associated with abnormally low myocardial blood flow. This is
probably explained by the fact that severe systolic compression (>50-75%) is a rare phenomenon in an
unselected study population. True incidence and the functional significance of severe systolic compression
(>50-70%) should be evaluated in future clinical studies. In addition, the diagnostic value of other imaging
modalities such as MRI and stress echocardiography for the functional assessment of myocardial bridging
should be studied. The potential difference in the diagnostic value of a vasodilator and dobutamine stress on
patients with myocardial bridging should be evaluated. Furthermore, clinical consensus for the optimal
management and assessment of myocardial bridging is needed.
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7.

CONCLUSIONS

The major findings and conclusions of the studies presented in this thesis are:
I

Coronary reactivity to vasodilator-induced hyperemia as assessed by [15O] H2O perfusion PET was
not predictive of the presence or amount of coronary calcification after a 11 year follow-up in
asymptomatic men with low likelihood of coronary artery disease.

II

Myocardial bridging seen as intramural course on CTA is a common finding, but only 29% of these
segments have visible systolic compression. Severe systolic compression (> 50%) is a rare
phenomenon. Myocardial bridges are not associated with abnormal myocardial blood flow during
vasodilator stress as assessed by [15O] H2O perfusion PET. Myocardial bridging is not linked with
increased atherosclerotic burden or vulnerable plaques. However, atherosclerotic plaques are
predominantly located proximal to segments with myocardial bridges.

III

The current study was the first collaborative study to assess the diagnostic value of quantitative [15O]
H2O perfusion PET. The optimal thresholds for the detection of flow-limiting coronary stenosis for
hyperemic myocardial blood flow was 2.3 mL/g/min and 2.5 for coronary flow reserve. Hyperemic
myocardial blood flow was accurate and superior to coronary flow reserve in the diagnosis of
obstructive coronary artery disease. These results imply that stress-only protocols are sufficient for
the diagnosis of ischemia in clinical PET protocols.

IV

Two-dimensional speckle tracking is feasible during dobutamine stress echocardiography. Postsystolic strain at the early recovery phase provides similar accuracy to visual wall motion analysis for
obstructive coronary artery disease. Both strain and post-systolic strain provide information on the
depth and extent of myocardial ischemia as assessed by [15O] H2O perfusion PET. Post-systolic strain
during and after stress may be useful for guiding decisions on coronary revascularization.
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