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Popular Science Summary

The heart is a muscle that constantly pumps blood to the lungs and the organs of the
body. The heart muscle itself is supplied by blood through the vessels of the heart,
called coronary arteries. Coronary artery disease is caused by alterations in the blood
supply to the heart muscle. The blood supply of the heart muscle is called myocardial
perfusion (myo=muscle, cardial=heart, perfusion=blood flow). The buildup of fat, cho-
lesterol and other substances in the coronary arteries can lead to the development of ath-
erosclerotic plaques, decreasing myocardial perfusion. During stable periods, coronary
artery disease is referred to as chronic coronary syndrome (CCS), which is characterized
by insufficient myocardial perfusion as the oxygen demand of the myocardium increases,
for instance during exercise. When the blood supply to the heart muscle does not meet
the metabolic needs of the tissue, ischemia develops. Ischemia can lead to symptoms
such as shortness of breath and chest pain. Chest pain is one of the most common
reasons for patients to seek medical attention. However, shortness of breath and chest
pain can be caused by several conditions besides CCS. To assess if the symptoms are
caused by ischemia of the heart muscle, patients undergo diagnostic tests such as car-
diac magnetic resonance (CMR) or cardiac positron emission tomography (PET). These
diagnostic tests create visual images of the myocardial perfusion. Furthermore, CMR
and PET enable absolute quantification of myocardial perfusion, meaning these exam-
inations provide numbers on how much blood reaches the heart muscle in ml/min/g. If
a diagnostic test indicates that there is ischemia in the heart muscle, the patient might
be referred for a procedure called invasive coronary angiography (ICA), where catheters
guided by X-ray images are used to access the blood vessels of the heart. Anatomical
images of the blood vessels are obtained, and the degree of narrowing of the blood
vessels due to atherosclerosis is evaluated. A vessel with plaque can be opened with a
stent placed by the catheters, or replaced during open heart surgery. This is referred
to as revascularization.

The aim of this thesis was to investigate how different factors can affect myocardial
perfusion, and to evaluate different diagnostic methods for ischemia assessment.

Paper I showed that myocardial perfusion is influenced by sex, age, hypertension,
diabetes and smoking, regardless of the presence of atherosclerotic plaques in the coron-
ary arteries.

Paper II demonstrated that myocardial perfusion values in ml/min/g obtained
from PET images differ according to how the images are processed.

Paper III found that visual assessment of atherosclerosis on ICA has limitations
when used to detect reduced myocardial perfusion assessed with CMR.
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Paper IV revealed that change in myocardial perfusion and exercise performance
after revascularization are unrelated.

Paper V investigated the relationship between estradiol levels in the blood and
myocardial perfusion in healthy women, showing that at higher estradiol levels, myocar-
dial perfusion might be lower.

This thesis highlights the different factors that influence myocardial perfusion in
both patients with CCS and healthy women. The results of this thesis could contribute
to improve the diagnostics of patients with CCS.
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Populärvetenskaplig
sammanfattning

Hjärtat är en muskel vars huvudsakliga funktion är att pumpa syresatt blod till kroppens
organ och syrefattigt blod till lungorna. För att kunna genomföra detta arbete behöver
hjärtmuskeln förses med syre- och näringsrikt blod. Hjärtmuskeln försörjs med blod
genom blodkärl kallade kranskärl, som täcker utsidan av hjärtat och sedan grenar sig
till mindre kärl i hjärtmuskeln. När hjärtat behöver jobba extra h̊art, till exempel under
en löptur, ökar syrebehovet i hjärtmuskeln. För att möta detta ökade syrebehov vidgar
sig kranskärlen, vilket ökar blodflödet till hjärtmuskeln.

Kroniskt koronart syndrom är en vanlig diagnos som innebär att blodflödet till
hjärtmuskeln inte ökar tillräckligt mycket under ansträngning för att möta syrebeho-
vet, till exempel p̊a grund av förträngning i kranskärlen. Syrebrist i vävnaden kallas
för ischemi. Symptom p̊a ischemi kan vara uttalad andf̊addhet eller bröstsmärta vid
ansträngning. Dessa symptom är dock ospecifika och kan även bero p̊a andra bakom-
liggande orsaker. För att avgöra om symptomen orsakas av kroniskt koronart syndrom
kan patienten genomg̊a olika bilddiagnostiska undersökningar av hjärtat. Tv̊a exempel
p̊a bilddiagnostiska undersökningar är magnetkameraundersökning (MR), där kroppens
magnetiska egenskaper används för att avbilda organ, eller positronemissionstomografi
(PET), där patienten f̊ar ett radioaktivt ämne vars str̊alning detekteras med en kamera.
Vid hjärt-MR och hjärt-PET kan man beräkna blodflödet till olika delar av hjärtat. Om
undersökningarna kombinerat med den kliniska bedömningen tyder p̊a att patienten har
kroniskt koronart syndrom, kan medicinsk behandling sättas in för att lindra patientens
symptom och förbättra prognosen. I vissa fall kan patienten även genomg̊a koronaran-
giografi, där man g̊ar in med katetrar till kranskärlen genom artärerna i handleden eller
ljumsken. Med röntgenstr̊alning avbildar man kranskärlen och kan vid behov öppna
förträngningar i kranskärlen.

Syftet med denna avhandling var att undersöka vilka faktorer som kan p̊averka
hjärtats blodförsörjning och utvärdera olika bilddiagnostiska metoder för att mäta blod-
flödet i hjärtmuskeln.

Studie I visade att hjärtats blodförsörjning p̊averkas av kön, ålder, högt blodtryck,
diabetes och rökning oberoende av om kranskärlen har förträngningar.

Studie II presenterade skillnader i uppmätt blodflöde i hjärtmuskeln beroende p̊a
hur hjärt-PET bilderna har skapats och analyserats.

Studie III demonstrerade att visuell bedömning av förträngningar i kranskärlen p̊a
koronarangiografi har begränsad förm̊aga att p̊avisa nedsatt blodflöde i hjärtmuskeln.
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Studie IV visade att det inte finns n̊agot samband mellan förändring av blodflödet
i hjärtmuskeln och förändring av träningskapacitet efter öppnandet av kranskärlen.

Studie V undersökte sambandet mellan östrogenniv̊aer i blodet och blodflödet i
hjärtmuskeln hos friska kvinnor, och visade att blodflödet kan vara lägre vid högre
östrogenniv̊aer.

Sammanfattningsvis belyser denna avhandling olika patientspecifika och metodolo-
giska parametrar som p̊averkar det uppmätta blodflödet i hjärtmuskeln. Resultaten kan
hjälpa till att förbättra diagnostiken av patienter med kroniskt koronart syndrom.
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Chapter 1

Introduction

The main function of the heart is to deliver oxygenated blood to the organs of the body
and deoxygenated blood to the lungs. Cardiac muscle cells (myocytes) contract and
relax and thereby pump the deoxygenated blood from the right ventricle, through the
pulmonary artery, to the lungs. The oxygenated blood returns to the left atrium of
the heart through the pulmonary veins, continues to the left ventricle and is pumped
through the aorta to the systemic circulation, delivering oxygen to all organs. The
deoxygenated blood returns through the venae cavae to the right atrium and continues
to the right ventricle (Figure 1.1). The cardiac muscle is under a constant workload, in
need of its own oxygen supply. The arteries supplying the cardiac muscle with blood
are named coronary arteries.

Pulmonary

arte
ry

Aorta

RA

RV

LA

LV

Pulmonary 
veins Pulmonary 

veins

Vena cava

Vena cava

Figure 1.1: Overview of the anatomy and blood circulation of the heart and proximal vessels.
RA = right atrium, RV = right ventricle, LA = left atrium, LV = left ventricle. Created in BioRender.

Szekely, A. (2025) https://BioRender.com/s4x92re
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CHAPTER 1. INTRODUCTION

1.1 Coronary anatomy and function

There are three main coronary arteries: the left anterior descending coronary artery
(LAD), left circumflex coronary artery (LCX) and right coronary artery (RCA) (Figure
1.2). The main coronary arteries arise from the sinus valsalva of the aortic root and run
on the epicardial (outer) surface of the heart, hence referred to as epicardial coronary
arteries. The LAD and LCX both emerge from the left main artery of the left aortic
sinus, and the RCA emerges from the right aortic sinus. At rest, 5-4% of the cardiac
output (total blood volume ejected by the left ventricle in one minute) goes to the coron-
ary arteries. The epicardial coronary arteries branch into arterioles which continue into
a dense network of capillary beds through the myocardial wall towards the endocardial
(inner) surface of the heart. Hence, the myocardium is supplied from the ”outside”
(the epicardium) to the ”inside” (the endocardium). The metabolic demand of the
myocardium depends on the workload of the heart. At rest, the myocardium extracts
70-80% of the oxygen supplied by the blood through the coronary arteries. This is the
highest oxygen consumption at rest by any organ of the body. However, when workload
increases, for instance during exercise, the oxygen supply needs to be increased as well
to meet the metabolic demands of the myocardium. Since the extraction rate of oxygen
from blood is already near maximized, the increased oxygen demand can only be met
by increasing the perfusion of the myocardium. This is done by regulating the coronary
vascular resistance, through vasodilation of the vessels1, 2.

Vasodilation of a vessel increases the radius of the vessel, in turn decreasing the
resistance according to Poiseuille’s law:

R =
8Lη

πr4

(R = resistance, L = length of the vessel, η= viscosity of blood, r = radius of the vessel)

The decreased resistance increases the flow through the vessel, according to Ohm’s law:

Q =
∆P

R

(Q = flow, ∆P = difference in pressure, R = resistance)

The coronary vascular resistance is mainly modulated by vasodilation of the arterioles.
Increasing the blood flow through the microvasculature when the arterioles vasodilate
leads to further vasodilation of the prearterioles and epicardial coronary arteries (Figure
1.3).

2



CHAPTER 1. INTRODUCTION

LAD

RCA

LCXLM

Figure 1.2: Overview of the epicardial arteries of the heart. Created in BioRender. Szekely,
A. (2025) https://BioRender.com/7lwaz9p

Epicardial 
coronary 
arteries

Arterioles
Capillary bed

 Increased 
metabolic demand      

 Vasodilation, 
decreased resistance, 

increased flow

Flow mediated 
vasodilation

EpicardiumEndo-
cardium

Figure 1.3: An overview of the vascular bed of the myocardium. The epicardial coronary
arteries branch into smaller vessels from the epicardium through the myocardium to the endo-
cardium. Increased metabolic demand in the myocardium initiates vasodilation of the arteri-
oles, decreasing the resistance and increasing the blood flow, leading to further vasodilation of
the large arteries. Created in BioRender. Szekely, A. (2025) https://BioRender.com/3zq62o8
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CHAPTER 1. INTRODUCTION

1.2 Chronic coronary syndromes

Cardiovascular disease is the leading cause of death worldwide3. Coronary artery dis-
ease refers to conditions that reduce perfusion of the myocardium and can be divided
into an acute phase and a stable phase. In its stable form, coronary artery disease is
called chronic coronary syndrome (CCS), which includes functional and/or structural
alterations of the large arteries and microcirculation of the heart, leading to transient
ischemia of the myocardium, usually triggered by physical or emotional stress4.

Pathophysiology of CCS

Previous focus of the pathophysiology of CCS has mainly been on epicardial coronary
arteries and focal, flow-limiting stenoses. If the radius of an artery is compromised by
a stenotic lesion, the resistance will increase and the blood flow will decrease according
to Poiseuille’s and Ohm’s law (Figure 1.4). This can usually be compensated for during
rest through vasodilation. However, when the oxygen demand increases during physical
activity, a vessel with a significant stenosis is already maximally vasodilated and not
able to increase its radius. Therefore, the blood flow through the artery may not be
able to meet the metabolic demand of the tissue.

Normal blood flow

A) Coronary artery with no stenosis B) Coronary artery with flow limiting stenosis

Reduced radius (r)
Increased resistance
Reduced blood flow

r r

Stenosis

r

Figure 1.4: A) shows a coronary artery with no stenosis and normal blood flow. B) shows a
coronary artery with a flow limiting stenosis, reducing the blood flow according to Poiseuille’s
and Ohm’s law. Created in BioRender. Szekely, A. (2025) https://BioRender.com/8nxvbsf

However, the understanding of the pathophysiology of CCS has evolved from a simple
to a more complex model over the years. Epicardial disease in the coronary arteries
can be either structural, such as focal or diffuse atherosclerosis, or functional, such as
temporary vasospasm. Alterations of the microvasculature, referred to as microvascular
dysfunction, is another pathophysiological mechanism behind CCS. The alterations of
the microvasculature can also be structural, such as remodeling of the arterioles or
intravascular fibrosis, and functional due to endothelial dysfunction. The alterations
in the vasculature are predisposed by several known risk factors, such as hypertension,
dyslipidemia, smoking and increasing age4.
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CHAPTER 1. INTRODUCTION

Regardless of if the ischemia is caused by alterations in the macro- or microcirculation,
or caused by extra-cardial factors such as blood pressure drop or anemia, they all have
in common that they induce ischemia due to an inability to meet the oxygen demand of
the myocardium4. The consequences of ischemia occurs in several steps, often referred
to as the ischemic cascade. The ischemia induced in the myocardium impairs first
the relaxation of the myocardium (diastolic function) and then the contraction of the
myocardium (systolic function), since the relaxation during diastole requires a higher
energy consumption. During these phases, the ischemia is often not recognized clinically
and is referred to as silent ischemia. This is followed by electrocardiographic (ECG)
changes, and lastly the onset of symptoms such as chest pain (angina) or shortness of
breath (dyspnea)5.

Clinical presentation and evaluation of CCS

For proper clinical evaluation of a patient with suspected CCS, the clinical presentation
needs to be integrated with the available diagnostic tools. The 2024 ESC Guidelines
for the management of chronic coronary syndromes 4 is one of the latest guidelines for
the diagnostic process of patients with suspected CCS. An important corner stone in
the diagnostic process is the understanding of choosing wisely, aiming to provide the
correct diagnostic tool for the individual patient, avoiding unnecessary examinations
while providing the correct diagnosis.

To evaluate a patient with suspected CCS it is important to assess if the symptoms
are caused by ischemia of the myocardium or by another condition, and if the symp-
toms are stable or acute. Angina and dyspnea are the two most common symptoms
caused by CCS, however sex, age and comorbidities can affect the presentation of these
symptoms. The symptoms are usually triggered by physical or mental stress and re-
lieved at rest. Change in symptomatology over a short period of time, or symptoms
present already at rest can, indicate unstable angina, requiring acute care. Further-
more, risk factors of CCS need to be considered - for instance smoking, dyslipidemia,
hypertension, diabetes and heredity all increase the probability that the patient has de-
veloped CCS. Some commonly available tools to further understand the etiology of the
patient’s symptoms are blood pressure measurement, ECG assessment, heart and lung
auscultation, palpation of the area of pain, and blood samples. The information from
the initial examination enables an evaluation of the pre-test clinical likelihood of CCS,
based on symptom characteristics, risk factors, age and sex. Very low clinical likelihood
does usually not require any further testing. At low to moderate likelihood, computed
tomography (CT) angiography is recommended, which is an anatomical imaging tool
depicting the anatomy of the coronary vessels and the presence of atherosclerosis in
the coronary arteries. Furthermore, at moderate to high likelihood of CCS, functional
imaging modalities are recommended, such as single photon emission computed tomo-
graphy, photon emission tomography (PET), cardiac magnetic resonance (CMR) and
echocardiography. The choice of modality should be based on local expertise, availabil-
ity and the information required to be obtained from the examination. Table 1.1 shows
a comparison of imaging modalities used for evaluation of CCS. At very high clinical
likelihood, the patient should be referred for invasive coronary angiography (ICA) with
the possibility of revascularization4, 6.
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Table 1.1: General overview and comparison of imaging
modalities used clinically for evaluation of the coronary arteries
and myocardial perfusion according to the guidelines for CCS4.

CTA PET SPECT CMR Echocardiography ICA

Clinical likelihood low-moderate moderate-high moderate-high moderate-high moderate-high very high

Anatomical yes no no no no yes

Functional no yes yes yes yes yes (iFR, FFR, iMR)

Quantitative perfusion no yes no yes (limited) no no

Ionizing radiation yes yes yes no no yes

Invasive no no no no no yes

User dependent no no no no yes yes

CTA = computed tomography angiography, PET = positron emission tomography, SPECT = single
photon emission computed tomography, CMR = cardiac magnetic resonance, ICA = invasive

coronary angiography, iFR = instantaneous wave-free ratio , FFR = fractional flow reserve, iMR =
index of microvascular resistance.

The coronary angiogram might depict a coronary artery stenosis without any significant
effect on perfusion downstream of the lesion7. Likewise, a patient can present with
a normal angiogram but still suffer from ischemia due to non-obstructive coronary
artery disease. According to the most recent SWEDEHEART report, half of ICAs
performed on women aged 60-69 years show no significant coronary artery stenosis8.
Therefore, functional evaluation of myocardial perfusion can add significant diagnostic
information, and has become an important diagnostic tool to avoid unnecessary invasive
interventions, reducing patient risk4.

Treatment of CCS

Lifestyle changes such as smoking cessation, increased physical activity and improved
diet should be recommended to all patients suffering from CCS. The development of
pharmacological treatment options have improved survival and quality of life for pa-
tients suffering from cardiovascular diseases8. They include anti-anginal drugs like
beta-blockers, calcium-channel blockers and nitrates, anti-trombotic drugs like aspirin
and clopidogrel, blood pressure- and lipid-lowering drugs like angiotensin-converting
enzyme inhibitors and statins and glucose lowering SGLT2 inhibitors. This growing
collection of treatments enables patient-specific treatment depending on the presenta-
tion of the disease, comorbidities and tolerance4. If medical therapy does not improve
the symptoms of patients with obstructive coronary artery disease, invasive coronary
angiography with revascularization can be considered. Coronary artery bypass graft
surgery can be indicated if the patient has significant stenoses in all three main coron-
ary arteries, referred to as 3-vessel disease, or significant proximal left sided stenosis.
During this surgical procedure, healthy vessels from other parts of the body are grafted
to the coronaries, bypassing the obstructions9.
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Sex differences in CCS

Women are underrepresented within cardiovascular research and are under-diagnosed
and under-treated for cardiovascular diseases10. There are several sex differences in
the development and presentation of coronary artery disease. Women develop coron-
ary artery disease 10 years later than men11. After menopause, the risk of developing
cardiovascular diseases increases10. Women more often present with non-obstructive
coronary artery disease than men12, and approximately half of the women present-
ing with angina have microvascular dysfunction13. Furthermore, women have higher
myocardial perfusion at stress than men14 and sex-specific normal values for myocar-
dial perfusion have been proposed15, but this is currently not implemented in clinical
practice. Estrogen has been shown to have cardioprotective effects, and differences
in sex hormone levels might partly explain the sex differences in cardiovascular dis-
eases16. Hormone replacement therapy has been shown to improve anginal symptoms
in post-menopausal women17. A previous study has shown that hormone replacement
therapy increases myocardial perfusion reserve in women with angina18. Furthermore,
pre-menopausal women undergo cyclic variations in sex hormone levels during their
menstrual cycle, with low sex hormone levels during the early follicular phase (EFP)
and high estrogen and progesterone levels during the mid-luteal phase (MLP). Previ-
ous studies have shown that resting heart rate19, sympathetic activity20 and coronary
flow velocity reserve21 increase in the MLP. However, due to the practical challenges
of investigating cardiac function during different phases of the menstrual cycle22, more
comprehensive studies are lacking. Increased knowledge of the coronary physiology in
women in relation to sex hormone levels has the potential to contribute to a more equal
and individualized health care and to improve the clinical evaluation of women with
CCS.
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1.3 Positron Emission Tomography (PET)

Positron emission tomography is a nuclear imaging modality depicting the physiology
of the human body using radiopharmaceuticals - tracer molecules with radionuclide
emitting positrons. Different organs and processes can be visualized and quantified
using PET, including myocardial perfusion. PET is today considered to be the gold
standard for myocardial perfusion quantification23 and has shown high sensitivity and
specificity to rule in or rule out functionally significant coronary artery stenoses24.

Physics of PET imaging

The radionuclide has an unstable nucleus, with an excess number of neutrons or protons
leading to an abundance of energy. The nucleus aims to reach a stable, less energetic
state by changing its composition, i.e by undergoing a radioactive decay.

In PET, the nuclide usually has an excess of protons. The nuclide therefore trans-
forms a proton into a neutron through decay. This transformation mediates a positron
and a neutrino. The positron moves through the matter, until it loses enough of its
kinetic energy to annihilate with an electron. At this annihilation process, two annihila-
tion photons emerge. These photons travel in opposite directions of 180 degrees with an
energy of 511 keV. Photon detectors at opposite sides capture the annihilated photons
at the same time - this is referred to as coincidence. Since the photons travel with
the exact same speed, the position of the annihilation can be located (Figure 1.5)25.
Between the annihilation process and the detection, Compton scatter occurs due to the
interaction of the photons with electrons of the human tissue. This interaction changes
the direction of the photons, and decreases their energy. Depending on the distance
between the emitting tissue and the detector as well as the density of electrons in the
tissue, the number of photons reaching the detector without interaction with the tissue
decreases exponentially, leading to attenuation26. The number of decays per second is
referred to as the activity of the radionuclide. The activity decreases over time, and is
conventionally measured in Becquerel, Bq. The half-life of a PET radionuclide depends
partly on its activity, which in turn depends on the number of undecayed nuclei present.
The half-life also depends on the biological elimination of the radionuclide from the hu-
man body25. The half-life of the radiopharmaceuticals used in clinical practice is an
important parameter to consider for logistical reasons, as well as for radiation expos-
ure. Therefore, the choice of radiopharmaceutical plays an important role in clinical
examinations.

Radiopharmaceuticals

Several radiopharmaceuticals with different properties are available for myocardial per-
fusion imaging, including 15O water, 82Rb, 18F flurpiridaz and 13N ammonia27. Phar-
maceuticals with a short half-life, such as 15O water which has a half-life of less than
two minutes, require on-site cyclotrons. Furthermore, the extraction fraction of the
radiopharmaceutical, i.e. the fraction of the radiopharmaceutical extracted into the
myocardium from the blood, plays an important role in the perfusion quantification.
15O water PET is considered the reference method for perfusion quantification due to
its free diffusibility into the myocardium, providing a linear relationship of 1:1 between
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Figure 1.5: The physics behind PET imaging. From the radionuclide transforming a proton
(P+) to a neutron (n), a positron (β+) and a neutrino (v), to the annihilation of the positron
with an electron (e-), converting their mass to energy of a photon (γ), partly decreased by
Compton scatter before reaching the photon detector ring surrounding the patient.

signal intensity and myocardial blood flow, or a 100% extraction fraction28. Due to the
short half-life and free distribution of 15O water, the images produced have low counts,
and are mostly used for absolute perfusion quantification rather than qualitative visual
evaluation of images25. The current thesis uses 13N ammonia which has a half-life of
almost 10 minutes28. However, the extraction fraction for 13N ammonia is around 80%.
Hence, the higher perfusion, the more it diverges from 13N ammonia uptake27. How-
ever, 13N ammonia rapidly clears from blood, and therefore provides quality images for
visual interpretation25. Furthermore, 13N ammonia has a shorter positron range than
15O water, improving image resolution27. The radiation dose of a 13N ammonia PET
examination is 4 mSv including both the rest and stress examination, and the radiation
of the integrated CT examination29.

Image acquisition

The photon detectors are located around the patient and usually consist of scintillation
crystals, where the annihilated photons reaching the detectors interact with the crys-
tals. These scintillated photons are then detected by photonmultiplier tubes, where the
photon energy is used to create electrical currents26. List mode acquisition is a data
acquisition technique where detailed information of each detected event of coincidence
is recorded and saved separately. This allows flexible image reconstruction and analysis
after image acquisition30. After acquisition, the data collected by the detectors are or-
ganized in so called sinograms, based on calculations of the line of response, i.e. the line
between the annihilation and the detection of the photons26. Time-of-flight (ToF) is a
reconstruction method that improves the localization of the annihilation from the line
of response31, 32, increasing image quality33. As mentioned above, attenuation occurs
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due to scatter. Attenuation correction is usually conducted with an integrated CT25.
Ordered-subsets expectation maximization (OSEM) is the processing method for image
reconstruction used in the current thesis26. Time-frame schemes are used to determine
how the PET data should be segmented over time to reconstruct dynamic PET images.

Myocardial perfusion quantification

Myocardium with high uptake of the radiopharmaceutical is considered to have a
higher perfusion than myocardium with low uptake. Dynamic image acquisition en-
ables myocardial perfusion quantification. The activity concentrations as a function of
time in the left ventricular blood pool and myocardium are derived from the dynamic
PET images, creating time-activity curves (Figure 1.6). The temporal resolution of the
time-activity curves can be affected by choice of time-frame schemes. Furthermore, the
time-activity curve for the ventricular blood pool might be affected by different degree of
partial volume effects and spill in and spill out of activity, depending on the anatomical
location of the volume of interest (VOI) in the blood pool34. The exchange of activity
between the blood pool and the myocardium is described using a compartment model.
In the compartment model, rate constants are used to represent the transportation
of the radiopharmaceutical between the different compartments in the model (Figure
1.6)35. The deGrado36 and Krivokapich37 are two-compartment models (arterial blood
pool compartment and tissue compartment). Hutchins is a three-compartment model
(arterial blood compartment, interstitial and intracellular space compartment). Hence,
the tissue compartment is divided into two separate compartments in the Hutchins
model38. Different number of compartments and algorithms used in the mentioned
compartment models might affect the perfusion quantification39.

Blood pool

Myocardium
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k2
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Blood pool time-activity curve
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Figure 1.6: Left: A schematic figure of the two rate constants K1 (transportation of ra-
diopharmaceutical from blood pool to myocardium) and k2 (transportation of the radiophar-
maceutical from the myocardium to the blood pool) used in two-compartment models. In
three-compartment models, the myocardium is divided into an interstitial and an intracellular
compartment and the rate constants for these compartments are added to the model. Right:
A schematic graph showing the time-activity curve in the blood pool and myocardium used as
input information for the compartment models providing absolute perfusion values.
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1.4 Cardiac Magnetic Resonance (CMR)

Magnetic resonance imaging was developed for clinical use during the 20th century, and
today it is a widely-used imaging technique with a large array of clinical applications40.
Recent developments have enabled the use of magnetic resonance imaging for myocardial
perfusion quantification41.

Physics of CMR

Just like in PET, protons play an important role in CMR. However, in CMR it is the
magnetic properties of the protons of the body that create detectable signals used to
reconstruct images. Therefore, CMR has the advantage of being an examination free
of ionizing radiation.

Protons are positively charged and spin around an axis, creating an electric current
that generates a magnetic field. When these protons experience an external magnetic
field, B0, they create a net magnetization vector (M) parallel with B0. The net mag-
netization M in space can be divided into the magnetization in the longitudinal (z) and
transversal (xy) plane. M in the direction of B0 is referred to as Mz and represents
the longitudinal direction (Figure 1.7). Furthermore, the protons rotate around the
direction of B0, so called precession, in the transversal plane. The frequency of the
precession is decided by the external magnetic field B and the gyromagnetic properties
of the proton (γ) according to the Larmor equation:

Larmor frequency = γ ×B

Mxy is the magnetization in the transversal plane. In the presence of a single magnetic
field B0, the precession of the protons is distributed evenly in the xy-plane, hence Mxy

is zero40, 42. The strength of the magnetic field is measured in tesla (T). In the current
thesis, the external magnetic field, B0, of the MR scanner is 1.5T, which is often used
for cardiac imaging43.

To create a signal, the direction of the net magnetization vector needs to be changed,
or flipped, from the z-direction towards the xy-plane. This is done by applying a
radiofrequency pulse, which is a magnetic field that oscillates at the Larmor frequency,
called B1. The protons pick up energy from the radiofrequency pulse when they have
the same same frequency as B1, hence the name ”magnetic resonance”. The protons
start to precess around B1 and this flips the net magnetization from the z-direction
towards the xy-plane (Figure 1.7). However, the B1 component is only temporary, and
the net magnetization recovers towards the z-plane. During this recovery, the precession
of the net magnetization around B0 induces a voltage in the receiver coils. T1 is the
longitudinal relaxation time in milliseconds for Mz to return to 63% of its original value
in the z-plane. T2 refers to the transversal relaxation time for Mxy to decay to 37% of
its maximal value40, 42. To be able to differentiate spatial localizations of the protons,
the magnetic field temporarily needs to have different strengths at different parts of the
cross section of the body examined. This is done by using magnetic fields changing over
space, called gradients. The frequency of the precession of the protons is dependent of
the magnetic field strength according to the Larmor equation. Hence, the difference in
field strength caused by the gradients provides MR signals from different parts of the
body with different frequencies40.
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Figure 1.7: A simplified schematic figure of the net magnetization M in the magnetic field.
A) In the external magnetic field B0 the net magnetization is aligned with the longitudinal
direction, Mz. B) When an RF pulse (radiofrequency pulse) is applied on the magnetic field,
the net magnetization flips towards the transversal direction. The net magnetization M then
consists of the sum of Mz and Mxy.

The T1 and T2 time are affected by the tissue composition of the body. Water has a long
T1 time, while fat has a shorter T1 time. The T2 time depends on inhomogeneities in
the magnetic field. Larger molecules move more slowly, creating larger inhomogeneities
in the magnetic field, shortening the T2 time, while in water the T2 time is longer42.

Contrast agents can be used to enhance contrast in CMR images. The most common
MR contrast agents are gadolinium-based, which shortens the T1 time. Hence, tissue
with high gadolinium concentration appears brighter on T1 weighted post-contrast im-
ages40. Since gadolinium is an extra-cellular contrast agent, it reaches a steady-state
in the extracellular space after injection of the bolus. Late gadolinium enhancement
(LGE) images can for instance be used for assessment of extracellular volume (ECV)
of the myocardium and myocardial fibrosis44, 45, 46. The first passage of the gadolinium
bolus can be used to assess myocardial perfusion.

Quantitative first pass perfusion imaging

Quantitative first pass perfusion (qFPP) CMR is a new imaging technique that has been
validated against cardiac PET41. Since qFPP CMR enables the absolute quantification
of the perfusion of the myocardium, it can be used to detect functionally significant
coronary artery stenoses as well as balanced 3-vessel disease and microvascular dys-
function47.

Myocardial perfusion is quantified using a gradient echo sequence to acquire the
first pass of the gadolinium contrast agent from the veins to the arterial blood pool
and further to the myocardium. Myocardium perfused by non-obstructed arteries will
be reached by more gadolinium at the first passage than myocardium perfused by ob-
structed arteries. As mentioned above, gadolinium shortens T1, hence tissue with high
gadolinium concentration will have a higher signal intensity in T1 weighted images.
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However, the linear relationship between acquired signal intensity and gadolinium con-
centration decreases with increasing gadolinium concentration. The arterial input func-
tion (AIF) drives the delivery of the contrast agent to the myocardium and needs to
be assessed when quantifying myocardial perfusion. However, since there is a high con-
centration of gadolinium in the atrial blood pool after bolus injection, the non-linearity
to signal intensity will be pronounced when assessing AIF. This non-linear relationship
needs to be corrected to avoid bias48. This can be solved by the dual sequence ap-
proach, where separate sequences are used to optimize the image for the AIF and the
myocardium. ECG triggering is used during image acquisition. The ECG’s R-wave
triggers the acquisition of a low-resolution image in the basal short axis, from which the
AIF is measured. Then, multi-slice high-resolution myocardial images are collected49.
Myocardial images are acquired every or every other second RR-interval. If three slices
are acquired (usually apical, midventricular and basal short axis slices), the myocardial
high-resolution images can be acquired every RR-interval. However, if more slices are to
be added (usually 2-, 3- and 4-chamber long axis slices; Figure 1.8), the short axis slices
need to be acquired every other RR-interval, in-between the long axis slice acquisition,
since the acquisition time of one RR-interval isn’t enough to collect 6 slices. Image
acquisition takes 60-120 heart beats and is acquired during free breathing with motion
correction50.

The images are reconstructed using the Gadgetron software51. Myocardial perfusion
(in ml/min/g) is quantified at each image pixel using a two-compartment blood-tissue
exchange model. This model assesses the transport of gadolinium from the blood into
the myocardium through the endothelium49, 52. 
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Figure 1.8: Quantitative perfusion maps acquired in a short axis view (A), 2-chamber view
(B), 3-chamber view (C) and 4-chamber view (D) during adenosine stress.
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1.5 Adenosine

Adenosine is one of the most widely-used vasodilators for stress perfusion examina-
tions. It is a safe and well-tolerated drug, with a short half-life and few side effects.
Typical side effects of adenosine include flush, dyspnea and chest pain53. Adenosine in-
duces coronary vasodilation, which causes hyperemia in the myocardium. Furthermore,
adenosine causes peripheral vasodilation, decreasing the blood pressure, with a second-
ary increase in heart rate. According to current clinical guidelines, adenosine should
be administrated at a dose of 140 µg/kg/min. If heart rate does not increase by 10
beats/min or blood pressure does not decrease by 10 mmHg, the dose can be increased
up to 210 µg/kg/min43. A recent study demonstrated that an adenosine dose of 210
µg/kg/min significantly increased the myocardial perfusion in patients with reduced
ejection fraction when compared to the standard dose of 140 µg/kg/min54.

Caffeine is an adenosine receptor antagonist, decreasing the effects of adenosine.
Myocardial perfusion during adenosine stress increases after 24 hours of caffeine abstin-
ence, when compared with 12 hours of abstinence, on a group level. However, there is a
great variation on an individual level, with some patients not being affected by caffeine
intake. This suggests a variation of caffeine metabolism among patients55. The effect
of caffeine can be overcome by increasing the adenosine dose56.

Inadequate adenosine response poses an important clinical challenge. Up to 16% of
patients examined with adenosine do not achieve an adequate hyperemic response, and
there is a cyclic variation of the response during adenosine infusion57. Using imaging
modalities depicting the relative perfusion distribution, the absence of hyperemic effect
on the myocardium can mask regional perfusion defects, leading to false-negative ex-
aminations. Using qFPP CMR enables the assessment of splenic switch-off. Adenosine
induces vasoconstriction of the spleen, hence the signal intensity of the spleen decreases
with adequate adenosine effect. Furthermore, the absence of hyperemic response leads
to globally low absolute perfusion values, which can be interpreted as balanced 3-vessel
disease or microvascular dysfunction, but can also be an indicator of absence of ad-
enosine effect, especially when present with the splenic switch-off sign58, 59. Figure
1.9 shows a patient case from our department where inadequate adenosine effect was
suspected. A 62-year-old woman underwent qFPP CMR due to dyspnea. The even-
ing before the examination, she had a cup of coffee. Global rest perfusion was 0.9
ml/min/g and the ejection fraction 40%. The adenosine dose was increased from 140
to 170 µg/kg/min due to no heart rate increase, no blood pressure drop, and no symp-
toms. At 170 µg/kg/min, heart rate increased by 17 beats/minute and the patient
experienced adenosine-related symptoms. Due to globally reduced myocardial perfu-
sion (1.2ml/min/g) and no splenic switch off, absence of adenosine effect was suspected.
A new stress acquisition was performed in the same imaging session with an adenosine
dose of 210 µg/kg/min, showing normal global myocardial perfusion of 3.0 ml/min/g
without regional ischemia. Hence the patient report could free the patient from 3-vessel
disease and microvascular dysfunction. This patient case emphasizes the importance of
adequate adenosine effect on hyperemia to ensure correct diagnosis.
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qFPP CMR

62-year old woman
with dyspnea

Rest acqusition

Global MP: 0.9 ml/min/g

140 µg/kg/min:
No HR increase, BP drop or symptoms

170 µg/kg/min: 
HR increase and symptoms

Global MP: 1.2 ml/min/g Global MP: 3.0 ml/min/g

First adenosine stress acqusition

Parts of the figure is based on images from Servier Medical Art, licensed under a Creative Commons Attribution 3.0
Unported License (https://creativecommons.org/licenses/by/3.0/)
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Figure 1.9: Visual summary of the patient case described in the main text with the three
acquired myocardial perfusion maps and splenic switch off. Left; global rest perfusion of 0.9
ml/min/g. Middle; first stress acquisition with an adenosine dose of 170 µg/kg/min showing
a global stress perfusion of 1.2 ml/min/g. The white arrow indicates absence of splenic switch
off during this acquisition. Right; second stress acquisition with an adenosine dose of 210
µg/kg/min showing a global stress perfusion of 3.0 ml/min/g. The white arrow indicates
presence of splenic switch off. BP = blood pressure; CMR = cardiac magnetic resonance; EF
= ejection fraction; HR = heart rate; MP = myocardial perfusion; MVD = microvascular
dysfunction; VD = vessel disease; qFPP = quantitative first pass perfusion
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1.6 Invasive coronary angiography (ICA)

Invasive coronary angiography is an imaging modality that invasively depicts the coron-
ary anatomy, and was first introduced in the 1960s by Dr Mason Sones. Performed
under local anesthesia, the procedure involves guiding a catheter through the radial or
femoral artery to the coronary arteries. Contrast agent is used to visualize the arteries
via X-ray imaging. During the examination, stenotic lesions can be revascularized us-
ing stents, referred to as percutaneous coronary intervention (PCI). The most common
complication is bleeding at the access site. This risk increases when the femoral artery
is used, or during PCI where more anticoagulants are administered60. Furthermore, the
rate of death, stroke or myocardial infarction associated with the procedure is around
0.1-0.2%. According to guidelines, elective invasive coronary angiography should be
conducted in patients if the clinical likelihood of CCS is very high, if medical treatment
only does not improve patient symptoms or if extensive obstructive coronary artery
stenoses are suspected based on functional assessment of the left ventricle4. Degree
of coronary artery stenosis can be assessed visually from the coronary angiogram as
luminal diameter narrowing in %. However, the visual assessment of degree of stenosis
does not reveal any information about the functional significance of the obstruction on
downstream perfusion7. Recent developments have enabled functional assessment of
coronary artery stenoses and the microvasculature, which has improved the diagnostic
value of ICA. Fractional flow reserve measures the pressure drop over a coronary artery
stenosis during hyperemia (induced by adenosine, for example) by dividing the pressure
distal to the stenosis with the aortic pressure. Instantaneous wave-free ratio measures
the same pressure gradient, but without induced hyperemia, by timing the measure-
ment to diastole when the microvascular resistance is low. Microvascular function can
be assessed quantitatively using index of microcirculatory resistance and is not affected
by stenoses of the coronary arteries. It is calculated as distal pressure multiplied by
the mean transit time of a bolus saline through the microvasculature during hyperemia
(Figure 1.10)61.

Pa Pd

Coronary artery

Microcirculation

FFR = Pd/Pa  during hyperemia
iFR = Pd/Pa during diastole

iMR = Pd x Thyp

Figure 1.10: A coronary angiogram (left) and a schematic image of pressure measure-
ments over the cardiac vasculature when a coronary artery stenosis is present (right). FFR
= fractional flow reserve, iFR = instantaneous wave-free ratio, iMR = index of microvas-
cular resistance, Pa = aortic pressure, Pd = pressure distal to the stenosis, Thyp = mean
transit time through the microvasculature. Created in BioRender. Szekely, A. (2025) ht-
tps://BioRender.com/zbjc51y
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1.7 Cardiopulmonary exercise testing (CPET)

Cardiopulmonary exercise testing provides an integrated evaluation of the cardiopul-
monary system. The examination combines ECG and gas exchange assessment at rest,
during and after exercise, and guides diagnostics and prognostics of patients with pul-
monary and/or cardiac diseases62.

Gas exchange physiology

Exercise performance depends on the ability to transport oxygen (O2) to the muscles
and remove carbon dioxide (CO2) from the muscles. The cardiovascular system trans-
ports blood between the lungs and the organs, where capillary gas exchange of O2 and
CO2 takes place. The pulmonary system ventilates air in and out of the body through
the lungs, where O2 in the alveoli is exchanged with CO2 in the capillaries.

Oxygen uptake (VO2) depends on cardiac function and gas exchange in the tissue,
explained by the simplified Fick equation:

V O2 = Q · (CaO2 − CvO2)

(Q = cardiac output, CaO2 = arterial oxygen content, CvO2 = venous oxygen content)

During exercise, VO2 increases by increased cardiac output and higher extraction rate
of oxygen in the muscles. Furthermore, the vessels supplying the working muscles and
the lungs vasodilate, increasing the blood flow to the tissue. Ventilation of the lungs also
increases, matching the increased perfusion of the lungs. Hence, gas exchange depends
on several mechanisms that can be evaluated using CPET.

Examination procedure and interpretation

During CPET, exercise is usually performed on a treadmill or cycle ergometer with
simultaneous assessment of ECG-reaction including pulse reaction, blood pressure re-
action, work capacity and exercise-provoked symptoms. A face mask or mouth piece
is used to collect breathing gases, to measure O2 uptake, CO2 output and ventilation
rate63.

The highest volume of oxygen the body uses during exercise is termed VO2 peak
and is measured in L/min. Since body weight significantly affects exercise performance,
VO2 peak is often normalized to weight and presented as ml/kg/min. Furthermore,
sex, height and age also affect exercise performance, which can be normalized for using
VO2 peak % of predicted value64.

Both exercise capacity and myocardial perfusion have been shown to improve after
cardiac rehabilitation in post-infarction patients65. The prognosis for patients with
CCS is related to exercise capacity66, 67, 68 and VO2 peak is associated with myocardial
perfusion in patients with aortic stenosis69, diabetes70 and dilated cardiomyopathy71.
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Chapter 2

Aims

The overall aim of this thesis was to increase our understanding of the determinants
of myocardial perfusion using different imaging modalities, to improve diagnostics of
patients with CCS. The specific aims of the studies included in this thesis were to:

Paper I Investigate to what extent sex, age, hypertension, diabetes and smoking affect
myocardial perfusion assessed with 13N ammonia PET independent of degree of
coronary artery stenosis, in patients with suspected CCS.

Paper II Examine to what extent the quantification of myocardial perfusion from dynamic
13N ammonia PET images is affected by different time-frame schemes, recon-
struction algorithms, ToF, blood pool VOI locations and compartment models, in
patients with suspected CCS.

Paper III Evaluate the diagnostic accuracy of visual assessment of ICA using qFPP CMR
as reference, in patients with suspected CCS.

Paper IV Explore if change in myocardial perfusion assessed with cardiac 13N ammonia
PET correlates with change in VO2 peak assessed with CPET, before and after
revascularization.

Paper V Investigate if myocardial perfusion, assessed with qFPP CMR, correlates with
variations in serum estradiol levels during the menstrual cycle in pre-menopausal
women, as well as non-cyclic estradiol levels in post-menopausal women.
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Chapter 3

Materials and Methods

3.1 Study populations

The studies in this thesis were approved by the Swedish National Ethical committee
and followed the Declaration of Helsinki. All participants signed informed consent.

Papers I-IV were based on prospectively included patients at Sk̊ane University Hos-
pital, Lund, between 2013 and 2019. The cohort consisted of 100 patients with suspected
or established CCS, selected from the elective ICA list. Before and after the ICA, the
participants underwent 13N ammonia PET/CT and CMR with adenosine stress and
CPET examinations. The participants included from 2016 underwent CMR including
qFPP assessment. The angiographer was blinded to the results of the examinations
conducted within the study, and decision of revascularization was based on clinically
available information. Exclusion criteria were any contraindications for the examina-
tions. All participants were asked to avoid caffeine for 24h before the examinations.

Paper I

In Paper I, 86 patients (median age 69 (range 46-86) years, 24 women) were selected
from the main study. Additional exclusion criteria for this study were previous coronary
artery bypass graft surgery, dilated or hypertrophic cardiomyopathy, missing ICA data
or poor PET image quality. All patients underwent 13N ammonia PET/CT and CMR
2 weeks (range 0-18 weeks) prior to ICA.

Paper II

Twenty-five patients (mean age 70 ± 6 years, nine women) were selected from the cohort
of 100 patients. All participants underwent 13N ammonia PET/CT examinations for
quantification of myocardial perfusion.
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Paper III

Forty-nine patients (median age 70 (range 46-80) years, 15 women) from the main
study were eligible for inclusion. Additional exclusion criteria were left bundle branch
block, only non-quantitative CMR perfusion images, insufficient CMR image quality
and missing ICA data. All patients underwent adenosine stress qFPP CMR 2 weeks
(range 0-18 weeks) prior to ICA.

Paper IV

Sixty-two patients (median age 68 (range 46-86) years, 14 females) from the main study
were included in this study. Additional exclusion criteria were prior coronary artery
bypass graft surgery, hypertrophic or dilated cardiomyopathy, insufficient PET image
quality, missing ICA or PET data and failed revascularization attempts during ICA.
The patients underwent 13N ammonia PET/CT, CMR and CPET three weeks (range
0-18 weeks) before and 6 months (range 3-20 months) after ICA.

Paper V

Study V was based on prospectively included healthy pre-menopausal (n=12, 26 (range
21-35) years old) and post-menopausal (n=15, 63 (54-72) years old) women that un-
derwent adenosine stress qFPP CMR examinations and blood sample analysis for sex
hormone levels at Sk̊ane University Hospital, Lund, 2024-2025. Inclusion criteria for all
participants were female sex, age ≥ 18 years, ability to give written informed consent
and normal ECG at rest. Inclusion criteria specific for pre-menopausal women were age
≤ 35 years, regular menstrual cycle with predictable intervals of 25-32 days and body
mass index of 18.5-30 kg/m2. Inclusion criteria specific for post-menopausal women
were age ≥ 50 years and no vaginal bleeding in the last 12 months. Exclusion criteria
for both groups were medications affecting hormone levels or cardiac function, known
diseases affecting hormone levels or cardiac health, ongoing breast feeding or pregnancy,
blood pressure > 140/90 or < 90 mmHg systolic at rest, caffeine intake < 72h prior to
the examination, smoking and any contraindications to undergo adenosine stress CMR.
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3.2 Methods

Paper I
13N ammonia PET images were used for assessment of myocardial perfusion at rest and
stress, and for calculation of myocardial perfusion reserve (MPR) as a ratio between
myocardial perfusion at stress and rest. The myocardial segment of the left ventricle
with lowest myocardial perfusion for each main vessel territory (LAD, RCA and LCX)
was assessed. The degree of coronary artery stenosis of the culprit lesion (% narrowing)
was visually assessed from the coronary angiogram for each main vessel territory. Fur-
thermore, LGE images acquired during the CMR examinations were used to quantify
fibrosis of the left ventricle.

Paper II

Global rest, stress and MPR for the left ventricle were assessed from 13N ammonia PET
using different time-frame schemes, ToF, reconstruction algorithms, VOI locations and
compartment models.

Paper III

Myocardial perfusion at rest and stress was quantified from the qFPP CMR images,
and MPR was calculated. Mean perfusion for LAD, RCA and LCX was assessed.
Furthermore, the segment with lowest perfusion within each main vessel territory was
assessed. Presence of infarction or non-ischemic fibrosis was evaluated from the LGE
images. Furthermore, presence of hypertrophic or dilated cardiomyopathy on the CMR
images was evaluated. The degree of coronary artery stenosis in % narrowing was
assessed visually from the ICA images for LAD, RCA and LCX.

Paper IV

Mean myocardial perfusion at rest, stress and MPR was calculated for LAD, RCA
and LCX. Furthermore, global perfusion at stress and MPR for the left ventricle was
assessed. VO2 peak and VO2 peak % of predicted was calculated from the CPET
examination. Presence of fibrosis was assessed from the LGE images.

Paper V

The pre-menopausal women underwent adenosine stress qFPP CMR twice during one
menstrual cycle - once in the EFP and once in the MLP. The post-menopausal women
underwent the same examination on one occasion. During each examination, blood
samples were collected for measurement of sex hormone levels (estradiol, progester-
one, testosterone, sex hormone binding globulin, thyroid-stimulating hormone, thyroxin,
anti-müllerian hormone, luteinizing hormone and follicle-stimulating hormone). Global
myocardial perfusion at rest, stress and MPR was assessed from the qFPP CMR images
and compared between EFP and MLP as well as related to serum estradiol levels.
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Left ventricle segmentation

The left ventricular myocardium can be divided into 17 segments according to the 17-
segment model proposed by the American Heart Association. This 17-segment model
is based on the basal, midventricular and apical short axis image slices, positioned 90
degrees towards the long axes of the heart (Figure 3.1)72, 73. Segment 17 is the apical
segment, and is not included in the three short axis slices acquired with qFPP CMR.
Furthermore, due to apical thinning often present in PET images, image quality also
poses a challenge for the quantification of myocardial perfusion in segment 17. There-
fore, segment 17 was excluded from the analyses in the studies included in this thesis.
Furthermore, the segments of the left ventricle can be assigned to the main coronary
vessel (LAD, RCA or LCX) supplying the myocardium of the segment. Segments 1, 2,
7, 8, 13, 14, and 17 are supplied by LAD, segments 3, 4, 9, 10, and 15 by RCA and
segments 5, 6, 11, 12, and 16 by LCX. However, this is a generalization, since there is
anatomical variations of the coronary arteries between individuals72, 74. In this thesis,
myocardial perfusion was quantified in the qFPP CMR and 13N ammonia PET images
to obtain perfusion values in ml/min/g for each segment of the left ventricle.
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Figure 3.1: The horizontal and vertical long axis in relation to the apical, midventricular
and basal short axes divided into myocardial segments (A) and the 17-segment model divided
according to supplying coronary arteries (B). LAD = left anterior descending coronary artery,
RCA = right coronary artery, LCX = left circumflex coronary artery.
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Cardiac PET acquisition and analysis

The patients underwent 13N ammonia PET examinations with a Discovery 690 PET/CT
scanner (GE Healthcare, Waukesha, WI, USA), except in two cases at baseline and
one at follow up, when for logistical reasons a Discovery MI PET/CT scanner (GE
Healthcare, Waukesha, WI, USA) was used. Image acquisition was done in list mode
and total acquisition time was 15 minutes for rest and stress respectively, starting
with the rest images followed by a 50-minute break before the stress examination. A
scout view of the chest was used for localization of the heart, followed by a low dose
CT for the attenuation correction. Image acquisition started during the injection of
the radiopharmaceutical with an activity based on the patient’s weight, usually 500-
550 MBq. For the stress images, adenosine was administered for three minutes at a
dose of 140 µg/kg/min75, increased up to 210 µg/kg/min if absence of adenosine effect
was suspected, before image acquisition started. Adenosine infusion continued for four
minutes during the acquisition of the dynamic images. Before reconstruction, patient
motion between the CT and PET images was checked, and manually adjusted when
needed.

For papers I, II and IV, the dynamic images were reconstructed using a time-frame
of 5 seconds for the first minute (21 time-frames, framing scheme = 12 × 5 s, 4 × 10
s, 4 × 20 s and 1 × 60 s). Reconstruction was done using OSEM76 without ToF. The
reconstructed images were analyzed in the software Carimas77. Endo- and epicardial
borders of the left ventricle were delineated automatically and adjusted manually when
needed to assess the time-activity curve of the myocardium. A small, basal blood pool
VOI was placed in the left ventricle (Figure 3.2) to assess the time-activity curve of
the blood pool. The quality of the time-activity curves were checked for each image.
Furthermore, the deGrado two-compartment model36 was used to calculate myocardial
perfusion in ml/min/g.

Reconstruction 
and image 
analysis 
parameters 

Time 
frames 

Reconstruction 
algorithm 

ToF VOI 
placement 

Compartment 
model 

MBFstandard 5 s OSEM no basal deGrado 
MBF2s 2 s OSEM no basal deGrado 
MBF10s 10 s OSEM no basal deGrado 
MBFBSREM 5 s BSREM no basal deGrado 
MBFToF 5 s OSEM ToF basal deGrado 
MBFapicalVOI 5 s OSEM no apical deGrado 
MBFlargeVOI 5 s OSEM no large deGrado 
MBFHutchins 5 s OSEM no basal Hutchins 
MBFKrivokapich 5 s OSEM no basal Krivokapich 

 

 

Figure 3.2: Long axis PET image with three different blood pool volumes of interest (VOIs)
and delineated endo- and epicardium (orange). Red = standard basal VOI. Blue = small apical
VOI. Yellow = large VOI from base to apex.
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For Paper II, additional image reconstructions and changes of post-processing paramet-
ers were performed to assess differences in the quantification of myocardial perfusion.
Two other time-frame schemes were used, one of 2 seconds for the first minute (39
time-frames, framing scheme = 30 × 2 s, 4 × 10 s, 4 × 20 s and 1 × 60 s) and one of 10
seconds for the first 12 time-frames (15 time-frames, framing scheme = 12 × 10 s, 2 ×
30 s and 1 × 60 s). Reconstruction was performed using the block-sequential regularized
expectation maximization (BSREM) algorithm, known to reduce the background noise
of the image78, 79. Furthermore, reconstruction using ToF was conducted, as was image
analysis with a small apical VOI and a large VOI from apex to base (Figure 3.2). Ad-
ditionally two different compartment models - Hutchins38 (three-compartment model)
and Krivokapich37 (two-compartment model) - were used for perfusion quantification.
Table 3.1 summarizes the different reconstructions and analyses.

Table 3.1: Different reconstruction and image analysis
parameters for Paper II to assess myocardial perfusion.

Time-frame Recon. algorithm ToF VOI placement Comp. model

MBFstandard 5 s OSEM no basal deGrado

MBF2s 2 s OSEM no basal deGrado

MBF10s 10 s OSEM no basal deGrado

MBFBSREM 5 s BSREM no basal deGrado

MBFToF 5 s OSEM yes basal deGrado

MBFApicalVOI 5 s OSEM no apical deGrado

MBFLargeVOI 5 s OSEM no large deGrado

MBFHutchins 5 s OSEM no basal Hutchins

MBFKrivokapich 5 s OSEM no basal Krivokapich

MBF = myocardial blood flow, BSREM = block-sequential regularized expectation maximization, ToF
= time-of-flight, VOI = volume of interest, OSEM = ordered subset expectation maximization
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CMR acquisition and analysis

The patients in papers I, III and IV underwent CMR examinations using a 1.5 T
Philips Achieva (Best, the Netherlands) or MAGNETOM Aera (Siemens Healthineers,
Forchheim, Germany). Two different scanner were used due to an exchange of scanners
after the study started. The healthy women of Paper V underwent CMR using a 1.5
T MAGNETOM Sola (Siemens Healthineers, Forchheim, Germany), except for one
post-menopausal woman who was examined with the MAGNETOM Aera.

Scout imaging was done for the localization of the heart, followed by the planning
of the 2-, 3- and 4-chamber views and the short axis. The stress perfusion images
were acquired first. Adenosine infusion began at 140 µg/kg/min, and was increased
up to 210 µg/kg/min if absence of adenosine effect was suspected43. For Paper V
specifically, the adenosine dose was kept constant at 140 µg/kg/min. Image acquisition
began during the first pass of a 0.05 mmol/kg bolus of a gadolinium-based contrast
agent. For papers I, III, and IV, the agent used was Dotarem (Guerbet, Roissy, France
and Gothia Medical, Billdal, Sweden), while Clariscan (gadoterate meglumine, GE
Healthcare, Danderyd, Sweden) was used for Paper V. Adenosine infusion continued
during the acquisition. The qFPP maps in the basal, midventricular and apical short-
axis view as well as 2-, 3- and 4-chamber views were acquired using the single-bolus,
dual-sequence approach48 and reconstructed using Gadgetron51. Approximately 10
minutes after the stress acquisition, the perfusion images at rest were acquired.

The short axis cine images covering the left ventricle were acquired after the per-
fusion sequences. For Paper V, multi-parametric SAturation-recovery single-SHot Ac-
quisition (mSASHA) short-axis T1 and T2 maps were acquired pre and post contrast
agent administration80. LGE images in the short axis and long stacks were acquired
approximately 10 minutes after the last top-off dose of contrast agent was injected81.

All CMR image analyses were done using the software Segment (Medviso, Sweden,
http://segment.heiberg.se)82. The short-axis qFPP maps were manually delineated at
the endo- and epicardial borders. Right ventricular insertion points were placed in
the midventricular slice to indicate the orientation of the left ventricle (Figure 3.3).
Myocardial perfusion at rest and stress was quantified according to the 17-segment
model72. Furthermore, MPR was calculated as the ratio of myocardial perfusion at
stress and rest. In Paper III, myocardial perfusion at stress < 2.0 ml/min/g and MPR
< 2.4 was considered significantly reduced83.

Left ventricular mass and ejection fraction were assessed by manual delineation of
endo- and epicardial borders at end-systole and end-diastole of the left ventricle short
axis cine images covering the left ventricle, according to guidelines84.

Presence and location of infarction and/or non-ischemic fibrosis was assessed visually
on the LGE images and assigned a main vessel territory. In Paper I, infarction and non-
ischemic fibrosis were quantified using the EWA algorithm85 and expressed as % of left
ventricular mass.
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Figure 3.3: Delineated endocardial (green) and epicardial (red) borders of an adenosine stress
qFPP map (left) and a cine short axis image (middle). The right ventricular insertion points
are indicated by the black crosses in the qFPP map. A late gadolinium enhancement image
(right) is shown with a white arrow indicating a myocardial infarction. LV = left ventricle,
RV = right ventricle.

The mSASHA T1 and T2 maps were manually delineated at the endo- and epicardial
borders in the basal, midventricular and apical short axis images. Right ventricle in-
sertion points and a left ventricular lumen blood pool region of interest were defined in
the midventricular short axis slice. The ECV was calculated as previously described44:

ECV = (1−Hct) ·

(
1

T1postmyo
− 1

T1premyo

1
T1postblood

− 1
T1preblood

)

ECV = extracellular volume, Hct = hematocrit, T1premyo = T1 time pre contrast in
the myocardium, T1postmyo= T1 time post contrast in the myocardium, T1preblood = T1
time pre contrast of the blood pool, T1postblood = T1 time post contrast of the blood pool.
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ICA analysis

ICA was performed according to clinical routine at Sk̊ane University Hospital, Lund.
The coronary angiograms were analyzed visually by an experienced interventional car-
diologist. The culprit lesion for each main coronary vessel (LAD, RCA and LCX) was
defined as estimated luminal diameter narrowing and reported in %. The interventional
cardiologist assessing the angiograms was blinded to the results of the examinations per-
formed within the study. In Paper III, coronary artery stenoses ≥ 70% were considered
significant9.

CPET analysis

The CPET examinations were performed at Sk̊ane University Hospital, Lund, using
a cycle ergometer. The starting workload and the ramp gradient were based on the
patient’s sex, age and baseline fitness level, and were repeated for the follow up examin-
ation. VO2 peak was determined at peak workload in ml/min and adjusted for patient
weight (ml/min/kg). Furthermore, VO2 peak % of predicted value was calculated64.

Evaluation of the menstrual cycle

In Paper V, the qFPP CMR examinations were scheduled according to the participant’s
menstrual cycle (Figure 3.4). The first examination was conducted in the EFP during
day 2-5 of the menstrual cycle, with low levels of estrogen and progesterone. The day
of expected ovulation during the ongoing menstrual cycle was estimated as expected
first day of the next cycle minus 14 days22. Participant were provided with urine test
kits to check luteinizing hormone levels, which they used daily from five days before
expected ovulation. A positive test result indicated that ovulation will occur within
the next 24-48 hours. The second examination was planned 6-8 days after a positive
luteinizing hormone test result - in the MLP phase when there are expected to be high
levels of estrogen and progesterone. On the same day as each examination, pregnancy
tests measuring human chorionic gonadotropin were performed to exclude pregnancy.
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Luteal phaseFollicular phase

Day
0 4 14 28

Ovulation

Estrogen
Progesterone

LH
FSH

Hormone levels

266 82 18 20 22161210 24

First examination

Second examination

Figure 3.4: A schematic illustration of the hormone levels during the menstrual cycle. The
first qFPP CMR examination was done in the early follicular phase, when the hormone levels
are low. The second examination was done after ovulation, in the mid-luteal phase, when es-
trogen and progesterone levels are high. LH = luteinizing hormone, FSH = follicle-stimulating
hormone. Created in BioRender. Szekely, A. (2025) https://BioRender.com/9p643xp

Statistics and figures

Statistical analyses were done using GraphPad Prism (GraphPad Software, Boston,
Massachusetts, USA) and SPSS (Armonk, NY: IBM Corp). Continuous data was
presented as mean ± standard deviation or median (range) when the distribution
was skewed. In Paper V, D’Agostino and Pearson tests were used to assess normal
distribution. Paired t-tests were used to compare paired continuous parametric vari-
ables, and Wilcoxon tests were used for paired continuous non-parametric variables.
MannWhitney’s non-parametric test was used to compare continuous non-parametric
variables between groups. Pearson’s correlation coefficient was used to correlate para-
metric continuous variables, and Spearman’s rank correlation coefficient was used to
correlate non-parametric continuous variables. Interobserver variability was analyzed
using Bland-Altman (Paper I) or intra-class correlation coefficients. In Paper I, linear
mixed model analyses were performed to assess the independent association between
different variables and myocardial perfusion, taking multiple measurements for each
patient into consideration. For Paper II, Bland-Altman analyses86 were used to assess
the agreement between the perfusion assessed with different reconstruction and post-
processing parameters. For Paper III, sensitivity, specificity and accuracy for ICA using
qFPP CMR as reference was calculated. Furthermore, area under the receiver-operator
characteristic curve was presented with 95% confidence interval. A P value < 0.05 was
considered to indicate statistical significance in all papers.

Graphs were produced using GraphPad (GraphPad Software, Boston, Massachu-
setts, USA). Images were produced in Inkscape (The Inkscape Project, https://inkscape.org)
or Biorender (https://www.biorender.com/).
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Chapter 4

Results

4.1 Paper I

Paper I investigated to what extent sex, age, hypertension, diabetes and smoking af-
fect myocardial perfusion assessed with 13N ammonia PET independent of degree of
coronary artery stenosis in patients with suspected CCS.

Sex differences

The results showed that men have significantly lower myocardial perfusion at stress
(P < 0.001) and rest (P=0.002) than women, but there was no difference in MPR
(P=0.081). The difference in myocardial perfusion at stress between sexes was only
found in the vessel territories with ≤ 50 % coronary artery stenosis (P < 0.001), while
there was no difference between sexes in vessel territories with > 50% stenosis (P=0.16)
(Figure 4.1).

Figure 4.1: Myocardial perfusion at stress (a) and myocardial perfusion reserve (b) in vessel
territories with 0-50% and 51-100% coronary artery stenoses, divided by sex. Solid lines
indicate mean perfusion in each group. Dashed lines indicate a cut off for myocardial perfusion
at 2.0 ml/min/g.
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Age, hypertension, diabetes and smoking

Older age was associated with lower myocardial perfusion at stress (P=0.025) and
MPR (P=0.040). Patients with hypertension had lower MPR than normotensive pa-
tients (P=0.033), and patients with diabetes had lower myocardial perfusion at stress
than non-diabetic patients (P=0.023). However, there was no difference in myocardial
perfusion between current or previous smokers and non-smokers (Figure 4.2).

Figure 4.2: Myocardial perfusion at stress (left column) and myocardial perfusion reserve
(right column) divided between diabetic and non-diabetic patients (a and b), hypertensive and
normotensive patients (c and d) and smokers and non-smokers (e and f).
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4.2 Paper II

In Paper II, different reconstruction and post-processing methods for global myocardial
perfusion assessed with 13N ammonia PET were compared. The standard assessment
of myocardial perfusion used the time-frame scheme of 5 seconds, reconstruction model
OSEM, without ToF, with a basal blood pool VOI and the deGrado compartment
model. All adjustments of reconstruction and post-processing methods (Table 3.1)
were compared to this standard assessment.

Myocardial perfusion at stress and rest

Global myocardial perfusion in ml/min/g assessed using different time-frame schemes
(5s versus 2s or 10s) and reconstruction algorithms (OSEM versus BSREM) showed
good agreement (standard versus 2s: 0.02 ± 0.06; 10s: 0.01 ± 0.07; BSREM: 0.01
± 0.07). However, global myocardial perfusion assessed with and without ToF, with
different blood pool VOI placements (basal versus apical or large) and with different
compartment models (deGrado versus Hutchins or Krivokapich) showed a lower level
of agreement (standard verus ToF: 0.07 ± 0.10; apical VOI: 0.27 ± 0.25; large VOI:
0.11 ± 0.10; Hutchins: 0.08 ± 0.10; Krivokapich: 0.47 ± 0.50) (Figure 4.3). Similar
results were seen both when stress and rest were analyzed together and when analyzed
separately.

Myocardial perfusion reserve

Good agreement was shown between global MPR assessed with different time-frame
schemes (5s versus 2s or 10s), with and without ToF, and between the deGrado and
Hutchins compartment models (standard versus 2s: 0.01 ± 0.12; 10s: 0 ± 0.14; ToF:
0.01 ± 0.20; Hutchins: 0 ± 0.22). A lower level of agreement was seen when MPR was
assessed using different reconstruction algorithms (OSEM versus BSREM), different
blood pool VOI placements (basal versus apical or large), and between the deGrado
Krivokapich compartment models (standard versus BSREM: 0.06 ± 0.14; apical VOI:
0.20 ± 0.27; large VOI: 0.10 ± 0.10; Krivokapich: 0.45 ± 0.38) (Figure 4.4).
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MFR was found when comparing the MFRstandard with MFRs

obtained when using ToF, changing the time frame scheme

or using the compartment model Hutchins (MFRstandard vs.

MFRToF: −0.01 ± 0.20, Figure 3; MFR2s: −0.01 ± 0.12, Figure 3;

MFR10s: 0 ± 0.14, Figure 3; MFRHutchins: 0 ± 0.22, Figure 4). However,

a lower level of agreement in global MFR was found when comparing

the MFRstandard with MFRs obtained when varying the reconstruction

algorithm, changing the location of the blood pool VOI and when

using the compartment model Krivokapich (MFRstandard vs.

MFRBSREM: 0.06 ± 0.14, Figure 3; MFRapical VOI: −0.20 ± 0.27,

Figure 4; MFRlargeVOI: −0.10 ± 0.10, Figure 4; MFRKrivokapich:

0.45 ± 0.38, Figure 4).

F IGURE 3 Bland–Altman plots for the agreement between global MBFstandard or MFRstandard (stress and rest included) and (a) MBFToF,
(b) MFRToF, (c) MBF10s, (d) MFR10s, (e) MBF2s, (f) MFR2s, (g) MBFBSREM and (h) MFRBSREM. The solid line represents the mean difference between
the two reconstruction approaches; the dashed lines indicate the limits of agreement (+2SD and −2SD, respectively), the blue dots represent the
MBF at rest and the black dots represent the MBF at stress. BSREM, block‐sequential regularized expectation maximization; MBF, myocardial
blood flow; MFR, myocardial flow reserve.
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Figure 4.3: Bland-Altman plots for the agreement between global myocardial perfusion (left
column) and myocardial perfusion reserve (right column) assessed with the standard paramet-
ers and with ToF (a and b), time-frame scheme of 10s (c and d) or 2s (e and f) and recon-
struction with BSREM (g and h). The solid lines indicate the mean difference, the dashed
lines the limits of agreement (+2SD and -2SD). The blue dots represent perfusion at rest and
the black dots perfusion at stress. MBF = myocardial blood flow (synonym to myocardial per-
fusion), MFR = myocardial flow reserve (synonym to myocardial perfusion reserve), ToF =
time-of-flight, BSREM = block-sequential regularized expectation maximization.
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F IGURE 4 Bland–Altman plots for the agreement between global MBFstandard or MFRstandard (stress and rest included) and (a) MBFapical VOI,
(b) MFRapical VOI, (c) MBFlarge VOI, (d) MFRlarge VOI, (e) MBFHutchins, (f) MFRHutchins, (g) MBFKrivokapich and (h) MFRKrivokapich. The solid line represents
the mean difference between the two reconstruction approaches; the dashed lines indicate the limits of agreement (+2SD and −2SD,
respectively), the blue dots represent the MBF at rest and the black dots represent the MBF at stress. MBF, myocardial blood flow; MFR,
myocardial flow reserve; VOI, volume of interest.

4 | DISCUSSION

To the best of our knowledge, this is the first study to report the

extent to which quantification of MBF, from 13N‐NH3 cardiac PET

images, is affected by time‐framing, reconstruction and post‐

processing methods. The current study shows the importance of

keeping factors including compartment models, location of blood pool

VOI and use of ToF constant between studies from different

institutions, when quantifying absolute MBF in mL/min/g from

dynamic cardiac PET images. For the MBFs, there was a lower level
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Figure 4.4: Bland-Altman plots for the agreement between global myocardial perfusion (left
column) and myocardial perfusion reserve (right column) assessed with the standard para-
meters and with apical VOIs (a and b), large VOIs (c and d), Hutchins compartment model
(e and f) and Krivokapich compartment model (g and h). The solid lines indicate the mean
difference, the dashed lines the limits of agreement (+2SD and -2SD). The blue dots repres-
ent perfusion at rest and the black dots perfusion at stress. MBF = myocardial blood flow
(synonym to myocardial perfusion), MFR = myocardial flow reserve (synonym to myocardial
perfusion reserve), VOI = volume of interest.
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4.3 Paper III

This study investigated the diagnostic accuracy of ICA to detect reduced myocardial
perfusion acquired with qFPP CMR. Myocardial perfusion for each main vessel territory
(LAD, RCA and LCX) was defined in two ways: 1) As the myocardial segment of each
main vessel territory with lowest myocardial perfusion (myocardial perfusionmin and
MPRmin) 2) As the mean perfusion of all segments within each main vessel territory
(myocardial perfusionmean and MPRmean).

Sensitivity, specificity and accuracy

Table 4.1 shows the sensitivity, specificity and accuracy for visual assessment of ICA
(cut-off 70 % of coronary artery stenosis) for detecting reduced myocardial perfusion
at stress (< 2.0 ml/min/g) or MPR (< 2.4). The lowest sensitivity and specificity
for ICA was seen when MPRmean was used as reference (sensitivity 32%, specificity
70%). Figure 4.5 shows examples of when qFPP CMR and ICA match and when they
mismatch.

Table 4.1: Sensitivity, specificity and accuracy for visual
assessment of ICA to detect reduced myocardial perfusion.

Sensitivity Specificity Accuracy

Myocardial perfusionmin at stress 36% 76% 0.55

Myocardial perfusionmean at stress 41% 73% 0.64

Myocardial perfusionmin reserve 34% 75% 0.48

Myocardial perfusionmean reserve 32% 70% 0.55
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 Figure 4.5: Examples of when myocardial perfusion and invasive coronary angiography match
(green frames) and when they mismatch (red frames). LAD= left anterior descending coronary
artery, MP = myocardial perfusion.
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Correlation

Degree of coronary artery stenosis correlated significantly with myocardial perfusionmin

at stress (R = -0.27, p = 0.006). However, degree of coronary artery stenosis did
not correlate with myocardial perfusionmean at stress, MPRmin or MPRmean. Figure
4.6 shows the relationship between myocardial perfusion and degree of coronary artery
stenosis.
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Figure 4.6: The relationship between degree of coronary artery stenosis visually assessed from
the coronary angiography and myocardial perfusionmin at stress (A), myocardial perfusionmean

at stress (B), myocardial perfusionmin reserve (C) and myocardial perfusionmean reserve (D).
Red fields indicate a mismatch between myocardial perfusion and coronary angiography find-
ings and green fields indicate a match.
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4.4 Paper IV

In this study, the correlation between change in myocardial perfusion and VO2 peak
before and after revascularization was explored.

Change in myocardial perfusion

In total, 47 vessel territories in 35 patients were revascularized by PCI or coronary
artery bypass graft surgery between baseline and follow up PET examinations. Mean
myocardial perfusion at stress in revascularized vessel territories increased significantly
after revascularization, both when perfusion was < 2.0 ml/min/g (P=0.006) and when
perfusion was ≥ 2.0 ml/min/g (P=0.008) in the vessel territory at the baseline PET
examination. Mean MPR in revascularized vessel territories only increased significantly
after revascularization when baseline MPR was < 2.4 (P < 0.001), and not when
baseline MPR was ≥ 2.4 (P=0.41). Global myocardial perfusion at stress and global
MPR only increased significantly after revascularization when baseline perfusion was
reduced (stress P=0.02, MPR P=0.001) (Figure 4.7).

Figure 4.7: Myocardial perfusion at stress (A and B) and myocardial perfusion reserve (C
and D). The left column shows perfusion per vessel territory from baseline to follow-up in
revascularized vessel territories. The right column shows global perfusion in revascularized
patients. The cohort was divided according to baseline perfusion - indicated by the dotted
lines. Blue solid lines indicate median perfusion in each group.
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VO2 peak and VO2 peak % of predicted

No change in VO2 peak or VO2 peak % of predicted value was seen from baseline
to follow-up in either the revascularized or non-revascularized groups. Furthermore,
change in VO2 peak or VO2 peak % of predicted value from baseline to follow-up did
not correlate with change in global myocardial perfusion at stress or MPR in either re-
vascularized patients (Figure 4.8) or non-revascularized patients. No significant change
in VO2 peak and VO2 peak % of predicted value was seen in patients undergoing revas-
cularization of vessel territories with significantly reduced baseline myocardial perfusion
at stress (< 2.0 ml/min/g, P=0.63 and P=0.94) or MPR (< 2.4, P > 0.99 and P=0.96).

Figure 4.8: The upper row shows correlations between change in VO2 peak % of predicted
value and myocardial perfusion at stress (A), and myocardial perfusion reserve (B), in revascu-
larized patients. The lower row shows correlations between change in VO2 peak and myocardial
perfusion at stress (C), and myocardial perfusion reserve (D), in the same patients. MPR =
myocardial perfusion reserve.
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4.5 Paper V

Paper V investigated the relationship between estradiol levels and myocardial perfusion
in healthy pre- and post-menopausal women.

Myocardial perfusion during the menstrual cycle

Global myocardial perfusion at rest increased from EFP to MLP in the pre-menopausal
women (P=0.03). There was no significant change in global myocardial perfusion at
stress from EFP to MLP (P=0.54). However, global MPR decreased significantly from
EFP to MLP (P=0.03) (Figure 4.9). Additionally, native T1, T2 and ECV did not
change from EFP to MLP.

Figure 4.9: Global myocardial perfusion at rest (blue), stress (red) and MPR (black) in EFP
versus MLP. The asterisks mark a woman with an anovulatory cycle. EFP = early follicular
phase; MLP = mid-luteal phase, MPR = myocardial perfusion reserve.
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Myocardial perfusion in relation to estradiol levels

Global myocardial perfusion at stress and global MPR was lower with higher serum
estradiol levels in pre-menopausal women (R=-0,45, P=0.03 and R=-0.47, P=0.02).
Furthermore, global myocardial perfusion at stress was lower with higher serum es-
tradiol levels in post-menopausal women (R=-0.53, P=0.045). However, there was no
correlation between global MPR and estradiol levels in the post-menopausal women
(R=-0.42, P=0,12). Global myocardial perfusion at rest did not correlate with serum
estradiol levels in either pre- or post-menopausal women (R=0.31, P=0.14 and R=-0.19,
P=0.50) (Figure 4.10).

Figure 4.10: Correlations between serum estradiol levels and myocardial perfusion at stress,
rest and MPR in pre-menopausal women (A and C) and post-menopausal women (B and D).
The pre-menopausal data points are divided according to time of acquisition - during EFP
(circles) or during MLP (squares). EFP = early follicular phase; MLP = mid-luteal phase,
MPR = myocardial perfusion reserve
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Discussion

The main findings of this thesis showed that myocardial perfusion can be affected by sev-
eral patient-specific and methodological factors and is not coherent with visual findings
on ICA. Furthermore, improvement in perfusion after revascularization is not correlated
to change in VO2 peak.

Paper I and II highlighted factors that need to be considered when implementing
normal values for myocardial perfusion, to be able to evaluate the presence of ischemia
using quantitative myocardial perfusion modalities. Paper I showed that independently
of the presence of a coronary artery stenosis, myocardial perfusion is affected by sex, age,
hypertension, diabetes and smoking. To the best of our knowledge, Paper II is the first
study to evaluate to what extent the different reconstruction and post-processing para-
meters investigated affect myocardial perfusion quantification using 13N ammonia PET.
Hence, paper II showed that the determination of normal values for myocardial perfu-
sion needs to consider the method used for quantification. Normal values of myocardial
perfusion at stress and MPR for both qFPP CMR83, 15, 47, 87 and cardiac PET88, 89, 90

have been proposed by previous studies. Several of these studies have taken sex and
age differences into consideration when proposing normal values, which might improve
the detection of CCS. The potential of improving outcome for patients with suspected
CCS if implementing patient-specific normal values for myocardial perfusion evaluation
remains to be investigated.

The results of Paper V indicated that myocardial perfusion at stress and MPR might
decrease with increasing estradiol levels. To the best of our knowledge, this is the first
study investigating how myocardial perfusion assessed with qFPP CMR changes during
the menstrual cycle in pre-menopausal women. The results of this study might contrib-
ute to our understanding of the physiological determinants behind the sex differences
in cardiac function. Estrogen has shown to decrease microvascular resistance91. There-
fore, it would be expected that at higher estrogen levels, the vasodilation induced by
adenosine would increase, and thereby increasing myocardial perfusion at stress. How-
ever, this contradicts the results of Paper V. A potential explanation to the results
of Paper V could partly be that at lower estrogen levels, the oxygen demand of the
myocardium increases, as shown in animal experimental models92, 93. Increased oxygen
demand of the myocardium could potentially increase myocardial perfusion at stress in
women without CCS. Furthermore, the increased oxygen demand when estrogen levels
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are low may induce more ischemia at stress in patients with CCS, than when estrogen
levels are high. This is supported by previous findings showing that pre-menopausal
women with angina often experience worse symptoms during menstruation94, and that
myocardial ischemia is more easily induced during exercise testing in the EFP than in
the the MLP95. Paper V did not include any women with cardiac diseases. The WISE
study showed that patients with coronary artery disease have lower estradiol levels than
healthy controls96 and Knuuti et al. showed that MPR increases with hormone therapy
in women with angina18. Higher estrogen levels may be cardioprotective both due to
estrogen’s effect on the alterations of the cardiac vasculature, increasing perfusion at
stress in women with CCS, and by decreasing the oxygen demand of the myocardium,
decreasing perfusion at stress in healthy women. However, the explanations to the
potential effect of estrogen on myocardial perfusion needs to be further investigated.

Microvascular dysfunction has gained attention over the last years. The difference
in myocardial perfusion due to hypertension, diabetes and smoking presented in Paper
I might be explained by the increased risk of microvascular dysfunction in these pa-
tients, lowering the myocardial perfusion without the presence of obstructive coronary
artery disease97, 98, 99. The mismatch between qFPP CMR and visual assessment of
ICA shown in Paper III might be partly explained by the presence of microvascular
dysfunction. More than half of women undergoing elective ICA due to suspected CCS
present with non-obstructive coronary artery disease, compared to one third of men100.
Patients with non-obstructive coronary artery disease on ICA have a high prevalence
of microvascular dysfunction101 and women presenting with non-obstructive coronary
artery disease on angiograms have worse outcomes than men102. The CorMica trial re-
cently showed that medical therapy improves outcomes for patients with microvascular
dysfunction103. While imaging modalities depicting the relative perfusion distribution
of the myocardium might overlook the presence of global microvascular dysfunction,
qFPP CMR and cardiac PET enable the assessment of globally reduced perfusion caused
by microvascular dysfunction. Kotecha et al. have proposed different cut-off values for
myocardial perfusion assessed using CMR, to differentiate between obstructive coron-
ary artery disease, defined by fractional flow reserve, and microvascular dysfunction,
defined by index of microcirculatory resistance. Hence, using non-invasive quantitative
perfusion imaging can improve the detection of microvascular dysfunction47.

The results of paper III and IV highlight the need of functional evaluation of coron-
ary artery stenoses prior to revascularization, to avoid unnecessary interventions. The
relationship between degree of coronary artery stenosis assessed visually from ICA and
the functional significance on downstream perfusion has previously been shown to be
weak7. Paper III confirmed this by using qFPP CMR as reference method. Paper IV,
and previously Akil et al on the same patient population104, showed that revascular-
ization mainly improves myocardial perfusion when baseline perfusion is significantly
reduced. The benefit of revascularization compared to medical therapy alone has been
questioned by the ISCHEMIA trial105 and the COURAGE trial106. However, the eval-
uation of ischemia in these trials was based on a variety of different examinations,
including exercise stress testing, which is not recommended for ischemia evaluation in
the current guidelines4. Quantitative assessment of myocardial perfusion has shown
good ability to detect obstructive coronary artery disease and microvascular dysfunc-
tion47, 24, 88, 107, 108, 109 and has been shown to be a strong predictor of adverse car-
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diovascular outcomes83, 110. The CE-MARC II trial demonstrated that a strategy of
using CMR or single photon emission computed tomography to guide revascularization
led to fewer unnecessary angiographies than when following the UK National Institute
for Health and Care Excellence guidelines111, 112. Furthermore, a recent study showed
that first pass perfusion CMR can detect extensive myocardial ischemia in need of revas-
cularization, improving outcome for patients with multivessel disease113. Hence, non-
invasive assessment of ischemia prior to ICA is currently recommended by the guidelines
for management of patients with CCS, to avoid unnecessary invasive procedures4.

In Paper IV, we showed that change in myocardial perfusion after revascularization
does not correlate to change in VO2 peak. Hence, revascularization itself is not expected
to improve VO2 peak in patients with CCS. The ORBITA trial and the ISCHEMIA
trial showed that PCI leads to less angina in patients with CCS114, 115. However, the
ORBITA trial also showed that undergoing PCI does not increase exercise capacity116,
which is in line with the results of Paper IV. In Paper IV, the choice of revasculariza-
tion was not based on the results from the stress perfusion examinations. However, a
subgroup analysis of patients undergoing revascularization of vessel territories with re-
duced myocardial perfusion, defined as <2 ml/min/g, did not show any correlation with
change in VO2 peak. These results indicate that despite revascularization of ischemic
vessel territories, exercise capacity does not improve. A potential explanation is that the
relationship between myocardial perfusion and exercise capacity is more complex, and
is to a large extent influenced by other factors - for example exercise habits, medications
and comorbidities as well as peripheral factors affecting gas exchange.

To conclude, quantitative myocardial perfusion imaging has a significant role in the
clinical workflow for evaluating patients with suspected stress induced ischemia, and this
thesis aimed to increase the understanding of the determinants of myocardial perfusion,
to improve the diagnostics of patients with CCS.

Limitations

The results in this thesis should be interpreted in the light of some limitations.
The 17-segment model72 was used to divide the left ventricle into vessel territories

in papers I, III and IV. However, as mentioned in the methods section, individual
anatomical variation is known to exist74, and segments might be perfused by a main
coronary artery other than the one presented in the model. This was partly corrected for
in Paper I by visual assessment of the stress perfusion images in patients with coronary
artery stenoses present on the ICA. If there was an ischemic area in adjacent segments
of other vessel territories, those segments were considered to be supplied by the stenotic
vessel.

All CMR and PET examinations in the current thesis used adenosine as stressor.
As mentioned in the introduction section, inadequate adenosine effect might lead to
false low myocardial perfusion at stress. In Paper III, absence of adenosine effect could
explain some of the cases where myocardial perfusion was decreased despite no coronary
artery stenosis. However, only one patient in this study had globally low myocardial
perfusion at stress and absence of splenic switch-off, hence absence of adenosine effect is
not the main explanation to the results of this paper. In Paper II, absence of adenosine
effect should not affect the results, since the comparison of reconstruction and post-
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processing parameters was done within the same examination. Furthermore, in Paper
V, the adenosine was infused at a constant dose of 140 µg/kg/min to avoid bias in the
results due to different adenosine doses between examinations.

In papers I and III, only the highest degree of coronary artery stenosis in each vessel
territory was included in the analyses and the effect of serial stenoses and collateral
blood supply was not assessed. Furthermore, invasive functional evaluation was lacking
in several patients. Hence, the functional significance of the coronary artery stenoses
and microvascular dysfunction assessed from ICA was not explored in these papers.

In Paper II, different reconstruction and post-processing parameters were changed
one by one and compared with the standard parameters. Hence, the effect of changing
several parameters at once was not investigated. Myocardial perfusion quantification at
high perfusion levels might differ between radiopharmaceuticals with different extraction
fractions117. However, only one radiopharmaceutical (13N ammonia) was investigated
in Paper II. Furthermore, previous studies have shown that choice of software solutions
might affect myocardial perfusion quantification118. However, the results of Paper II
can only be applied to using the software Carimas.

In Paper V, the first examination of the pre-menopausal women was always conduc-
ted in the EFP. Therefore, the women were familiar with the examination procedure at
the second examination, which might decrease anxiety during the examination. Hence,
the order of the examinations might contribute to the decrease in perfusion at stress
in the MLP. However, the absolute hormone levels can vary between different men-
strual cycles in the same woman and the study aimed to investigate the variations in
myocardial perfusion during one menstrual cycle.

Confounders not accounted for in the statistical analyses due to lack of power might
influence the results of this thesis. For instance, in Paper I, only hypertension, diabetes
and smoking were added to the mixed model, but other comorbidities and medications
might also influence myocardial perfusion. In Paper IV, it would have been of interest
to include exercise habits of the patients, but this data was not collected. In Paper V,
the strict inclusion criteria of the participants aimed to eliminate several confounders,
but other factors such as level of exercise, amount of sleep and stress levels might affect
the results.
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Conclusions

The major conclusions of the five papers are as follows:

Paper I Sex, age, diabetes, hypertension and smoking affect myocardial perfusion inde-
pendently of degree of coronary artery stenosis in patients with suspected CCS.
Therefore, these factors need to be considered when assessing the significance of
reduced myocardial perfusion.

Paper II The addition of ToF, position and size of blood pool VOI and choice of com-
partment model affect myocardial perfusion quantification more than choice of
time-frame schemes and reconstruction algorithms. Therefore, these parameters
should be kept constant when comparing examinations.

Paper III Visual assessment of degree of coronary artery stenosis on ICA has limited dia-
gnostic accuracy for detecting reduced myocardial perfusion, as measured by
qFPP CMR.

Paper IV Change in myocardial perfusion after revascularization does not correlate with
change in VO2 peak in patients with CCS, regardless of the baseline level of
myocardial perfusion prior to revascularization.

Paper V Serum estradiol levels may influence myocardial perfusion at stress in healthy pre-
and post-menopausal women.
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Future perspectives

The results of this thesis give rise to several new research questions to be answered. As
paper I showed, together with several previous studies14, 15, 119, there is a sex difference
in myocardial perfusion. Paper V aimed to contribute to the understanding of the
physiological mechanisms behind the higher myocardial perfusion in women. However,
to establish how the sex differences should be accounted for in the clinical work to
improve outcome for patients, further research to understand the mechanism behind
the sex differences is needed.

In paper IV, only VO2 peak was included in the analyses. There might be other
CPET variables associating with change in myocardial perfusion, and investigating these
parameters might contribute to the understanding of the effect of revascularization on
cardiopulmonary capacity.

As mentioned in the introduction and limitations section, the absence of adenosine
effect can lead to false low myocardial perfusion at stress. Adenosine dose can safely be
increased up to 210 µg/kg/min53 and Brown et al recently showed that 210 µg/kg/min
does increase myocardial perfusion at stress in patients with reduced ejection fraction54.
Since absence of adenosine effect might lead to false negative examination results when
using modalities depicting the relative perfusion distribution of the myocardium, like
cardiac single photon emission computed tomography, the understanding of the effect
of adenosine on hyperemia needs to be further explored. A current clinical trial, the
HYPER trial, at the Department of Clinical Physiology, Sk̊ane University Hospital,
Lund, aims to investigate the effect of adenosine dose on the hyperemic response in
the myocardium in relation to anthropometric variables and comorbidities. Patients
and sex- and age-matched healthy volunteers undergo two adenosine stress perfusion
acquisitions during the same qFPP CMR examination. The participants are randomized
to start with either standard (140 µg/kg/min) or high (210 µg/kg/min) dose adenosine.
Since caffeine is an antagonist to adenosine, serum caffeine levels are measured at the
study visit.

To conclude, future research should explore how the modalities for quantitative
myocardial perfusion assessment should be implemented to maximize the outcome for
patients and increase our understanding of human physiology.
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