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”One of the biggest things holding people back from doing great work is the fear of making
something lame.” ­ Paul Graham
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Popular summary

The heart is located in the middle of the chest, between the lungs. This muscular organ
contains a right and a left side, each with an atrium on top and a larger ventricle at the
bottom. The right side of the heart pumps blood through the lungs, where the blood is
oxygenated, and carbon dioxide is ventilated, and then back to the heart. The left side of
the heart pumps blood from the lungs to the rest of the body, where the oxygen is used
as an oxidizer in the energy­metabolism. More specifically, the oxygen is used to oxidize
carbohydrates and fat to carbon dioxide.

The body of an average person requires 5 liters of blood each minute of blood at rest
in order to survive. During exercise, this demand rises until the maximum limit of the
person’s heart pumping performance is reached. For an average individual, this limit is
about twenty liters per minute. The heart muscle itself requires about 4­5% of the total
circulated blood volume to sustain its oxygen needs.

The blood is supplied to the heart muscle tissue through coronary arteries on the surface
of the heart. These relatively large blood vessels may be clogged in the event of coronary
artery disease. If such a coronary artery is suddenly completely blocked, the person will
experience a heart attack, which may cause severe chronic damage to the heart muscle or
even death due to acute loss of the ability to pump blood through the body.

The large coronary arteries are connected to smaller arterial vessels closer to the mus­
cular tissue that is the final destination for the oxygenated blood. These small vessels are
called arterioles and capillaries. The arterioles regulate the amount of blood that the local
downstream capillaries receive, and the capillaries are the smallest vessels where oxygen and
carbon dioxide exchange occur. Pathological processes affecting these micro structures are
called cardiac microvascular disease.

This thesis has used cardiac magnetic resonance imaging to investigate three different
diagnoses where cardiac microvascular disease is suspected: hypertrophic cardiomyopathy,
systemic sclerosis, and patients with suspected microvascular angina.

Study I of this thesis investigated patients with hypertrophic cardiomyopathy, which
is a disease were the cardiac wall thickens, without another underlying condition that can
explain the growth. The disease may cause fatal arrhythmia and is the most common cause
of sudden death in young persons and athletes. We investigated the heart muscle’s blood
flow using magnetic resonance imaging in young patients with hypertrophic cardiomyopa­
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viii Popular summary

thy or at the risk of developing the disease. The study found that the patients had lower
blood flow of the heart muscle than a reference group with healthy volunteers. This finding
was interpreted as a sign of cardiac microvascular disease.

Study II investigated patients with systemic sclerosis, which is a complex rheumatic
disease with multiorgan involvement. The investigation showed that the patients had lower
blood flow through the heart muscle than a reference group with healthy volunteers. This
finding was interpreted as a sign of cardiac microvascular disease.

Study III Investigated patients with chest pain, signs of insufficient blood flow through
the heart on exercise ECG and normal results when investigated with cardiac scintigraphy.
These patients were classified as having suspected microvascular angina. The investigation
showed that these patients had lower blood flow through the heart muscle than a reference
group of healthy volunteers, but not as low as another reference group with patients with
known coronary artery disease. The finding was interpreted as a sign of cardiac microvas­
cular disease in this group of patients, that in today’s clinical routine otherwise are relieved
from suspicion of ischemic heart disease by cardiac scintigraphy.

Study IV aimed to collect reference values for one of the methods used in this thesis
that is based on measurements of the blood flow through the cardiac muscle’s large vein
using magnetic resonance imaging. We also made control measurements against a com­
puter controlled mechanical pump to characterize the precision of the magnetic resonance
imaging method.

In conclusion, this thesis shows that:

I Patients with hypertrophic cardiomyopathy have lower blood flow through the car­
diac muscle then healthy volunteers.

II Patients with systemic sclerosis have lower blood flow through the cardiac muscle
than healthy volunteers.

III Patients with suspected microvascular angina have lower blood flow through the
cardiac muscle than healthy volunteers.

IV We have compiled reference values for the blood flow through the cardiac muscle
from healthy volunteers and also showed that coronary sinus flow derived global
myocardial perfusion by magnetic resonance imaging is accurate compared to a flow
phantom.



Populärvetenskaplig sammanfattning

Hjärtat är ett muskulärt organ lokaliserat centralt i bröstkorgen, bakom bröstbenet. Det
består av en höger­ och vänstersida. Den högra sidan pumpar blodet genom lungorna, där
blodet syresätts och koldioxid vädras ut. Hjärtats vänstra sidan pumpar blodet vidare från
lungorna till resten av kroppens alla vävnader. Väl framme i vävnaden avges syrgasen från
blodet för att användas som oxidationsmedel i hjärtmuskelcellernas energimetabolism, där
kolhydrater och fett förbränns till koldioxid.

En genomsnittlig person i vilotillstånd behöver ett blodflöde om c:a fem liter/minut för
att överleva. Vid ansträngning ökar detta behov till dess den maximala gränsen för person­
ens hjärtas pumpförmåga har uppnåtts, vilket är ungefär tjugo liter/minut. Hjärtmuskeln
i sig kräver cirka fyra till fem procent av den totala blodvolymen för att tillgodose sitt eget
behov av syrgas och energi.

Blodet levereras till hjärtmuskeln genom kranskärlen, som slingrar sig längs hjärtats
utsida. Dessa relativt stora blodkärl kan, i händelse av så kallad kranskärlssjukdom, vara
drabbade av förträngningar. Om ett kranskärl plötsligt blockeras drabbas personen av en
hjärtinfarkt på grund av att hjärtmuskulaturen nedströms blockaden får akut syrebrist. En
hjärtinfarkt kan orsaka allvarlig kronisk skada på hjärtmuskeln och i värsta fall leda till
döden.

De stora kranskärlen är anslutna till mindre kärl, vilka benämns arterioler och kapil­
lärer. Dessa små kärl ligger närmare hjärtmuskelvävnaden, som är slutmålet för det syresatta
blodet. Arteriolerna har till uppgift att reglera mängden blod till kapillärerna, som befinner
sig nedströms i den lokala muskelvävnaden. Dessa kapillärer är de allra minsta blodkärlen i
systemet. I kapillärerna sker syrgas och koldioxidutbytet. Sjukdomsprocesser som drabbar
dessa små blodkärl i hjärtat kallas mikrovaskulär hjärtsjukdom.

Denna avhandling har med magnetresonanstomografi (MR) undersökt tre olika
sjukdomar där mikrovaskulär hjärtsjukdom misstänks föreligga: hypertrof kardiomy­
opati (HCM), systemisk skleros (SSc), samt patienter med bröstsmärta av misstänkt
mikrovaskulär genes. Avhandlingen tillhandahåller även ett referensmaterial från friska
personer för en av mätmetoderna.

Studie I i avhandlingen undersökte hjärtmuskelns blodförsörjning hos unga patienter
med hypertrof kardiomyopati (HCM), samt personer med ärftlig risk att utveckla sjuk­
domen. HCM karaktäriseras av en sjuklig tillväxt av hjärtmuskeln och är den vanligaste
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x Populärvetenskaplig sammanfattning

orsaken till plötslig död hos unga personer och idrottare. Den ökade dödligheten orsakas
av allvarliga hjärtrytmrubbningar som kan leda till att hjärtat att sluta slå. Vår studie visade
att patienter med HCM har ett lägre blodflöde i hjärtmuskeln jämfört med en referens­
grupp med friska försökspersoner. Detta fynd tolkades som ett tecken till mikrovaskulär
hjärtsjukdom i patientgruppen. Gruppen med personer med endast ärftlig risk att utveckla
HCM visade ingen skillnad i blodförsörjning jämfört med friska försökspersoner.

Studie II undersökte patienter med systemisk skleros (SSc), som är en komplex reuma­
tisk sjukdom med ofta multipelt organengagemang. Sjukdomen är förknippad med sjukliga
förändringar i framför allt huden, men även i små blodkärl. Vår studie visade att patien­
ter med SSc har ett lägre blodflöde genom hjärtmuskeln än en referensgrupp med friska
försökspersoner. Detta resultat tolkades som ett tecken till mikrovaskulär hjärtsjukdom i
patientgruppen.

Studie III undersökte patienter med bröstsmärtor och tecken på syrebrist i hjärtmuskeln
vid arbets­EKG, men där hjärtscintigrafi inte kunnat påvisa några tecken på förträngningar
i de stora kranskärlen. I vår studie undersöktes dessa patienter med MR och vi fann
att patienterna hade lägre blodflöde genom hjärtmuskeln än en referensgrupp med friska
försökspersoner. Fyndet tolkas som ett tecken på mikrovaskulär hjärtsjukdom även i denna
patientgrupp.

Studie IV syftade till att samla in ett referensmaterial för en av de MR metoder som
användes i denna avhandling. Denna metod utgår från mätningar med MR av blodflödet
i hjärtmuskelns samlingsven. I studien genomfördes också kontrollmätningar med MR­
kameran mot en datorstyrd mekanisk pump, för att undersöka MR­metodens mätpreci­
sion.

Resultaten av studien visade att metoden som användes vid mätning av sinus coro­
nariusblodflödet har en god precision jämfört mot den mekaniska pumpen, men att sinus
coronariusmetoden ger högre värden än PET och kvantitativ förstapassage perfusion med
MR.

Nedan listas studiernas slutsatser i korthet:

I Patienter med hypertrof kardiomyopati har sämre blodförsörjning av hjärtmuskeln
jämfört med friska försökspersoner.

II Patienter med systemisk skleros har sämre blodförsörjning av hjärtmuskeln jämfört
med friska försökspersoner.

III Patienter med bröstsmärta av misstänkt mikrovaskulär genes har sämre blodförsör­
jning av hjärtmuskeln jämfört med friska försökspersoner.

IV Ett referensmaterial för hjärtats normala blodförsörjning från friska personer har
sammanställts.
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Research context





Chapter 1

Introduction

1.1 The biology of myocardial perfusion

The heart is a muscular organ located in the center of the thorax. The heart contains a right
and a left side. The right side pumps blood from the superior vena cava and inferior vena
cava into the pulmonary circulation, where gas exchange of oxygen and carbon dioxide
occurs. The left side of the heart pumps blood from the pulmonary veins into the aortic
entry of the systemic circulation. The amount of blood that the heart pumps each minute
is called the cardiac output.

The body of an average person requires 5 L/min of blood to remain in homeostasis at
rest. During increasing exercise, this demand rises until the maximum limit of the person’s
cardiac output is reached. For an average person, this limit is about 20 L/min. The heart
itself requires about 4­5% of the cardiac output at rest to sustain its energy and oxygen
needs. The subsections below describe the blood’s journey from the coronary arteries’ entry
through the myocardial capillaries, the coronary veins, and the final exit to the right atrium.

1.1.1 Coronary arteries

The epicardial coronary arteries are typically 0.5­5.0 mm in diameter. These vessels add
very little vascular resistance to the coronary circulation under healthy circumstances. The
vessel wall of these arteries consists of three layers: the outermost adventitia that contains
nerves and a network of small blood vessels that supply the artery itself; the central media
that contains smooth muscle cells; and the innermost intima that harbors the vascular
endothelium that provides a barrier against the bloodstream, Figure 1.1.

There are two main branches of the coronary arteries, the left main coronary artery
(LM) and the right coronary artery (RCA). The LM emerges from the root of the aorta
next to the left cusp of the aortic valve. After about 1­2 cm, LM splits to form the left
anterior descending artery (LAD) and the left circumflex artery (LCx). The gross anatomy
of the coronary vessels is illustrated in Figure 1.2.

1



2 CHAPTER 1. INTRODUCTION

Adventitia (nerves, small blood vessels)

Smooth muscle cells

Intima (endothelium)

Endothelium

Epicardial coronary artery Capillary

Arteriole

Media (smooth muscle cells)

Figure 1.1: Histological overview of the epicardial coronary arteries, arterioles and
capillaries constituting the arterial coronary circulation. The vessel walls of these
arteries consists of three types of layers: the adventitia that contains nerves and a
network of small blood vessels that supply the artery itself; the media that con­
tains smooth muscle cells; and the intima that harbors the vascular endothelium
that provides a barrier against the bloodstream. Illustration by: Servier Medical
Art, CC BY 3.0 <https://creativecommons.org/licenses/by/3.0>. Original illustrations
arranged in a collage with added annotations.
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Aorta

LAD

LM

RCA
LCx

Figure 1.2: Anatomical overview of the epicardial coronary arteries. LM = Left
main coronary artery, LAD = Left anterior descending artery, RCA = Right coro­
nary artery, LCx = Left circumflex artery. Illustration by: Servier Medical Art,
CC BY 3.0 <https://creativecommons.org/licenses/by/3.0>. Annotations added to the
original illustration.
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The LAD descends along the anterior interventricular sulcus and supplies the anterior
wall and interventricular septum with blood. About half of the blood supply to the left
ventricular (LV) myocardium comes from the LAD. Consequently, an occlusion of LAD,
if left untreated, poses an acute risk of being fatal. The LCx follows the left coronary sulcus
and supplies the posterolateral LV myocardium. From the LCx, one or more left marginal
artery branches divert.

The RCA arises from the root of the aorta next to the right cusp of the aortic valve and
descends along the right coronary sulcus. It supplies the right ventricle, right atrium and
the posterior portion of the interventricular septum of the heart with blood.

The posterior descending artery supplies the inferior portion of the heart. This artery
may either arise from the end of LCx, the end of RCA, or a combination of both.

Thinner, transmural branches that dives into the myocardium are emitted from the epi­
cardial arteries. These transmural arteries compress during systole by the increased intra­
mural pressure from the myocardial contraction, which is why little blood flow can perfuse
the myocardium at this stage (Figure 1.3). Instead, the epicardial arteries elastically buffer
the incoming blood­volume, which is passed down to the intramural vessels during diastole
when the myocardium relaxes and the intramural pressure decreases.

1.1.2 Pre­arterioles, arterioles, and capillaries

The microvascular circulation of the myocardium includes the pre­arterioles, arterioles, and
capillaries, Figure 1.1. The arteries connect to pre­arterioles ranging from 100­500μm in
diameter. The key function of the pre­arterioles is to maintain a steady pressure for the
arterioles. The pressure is regulated through local sensing of pressure and flow, and is not
directly controlled by metabolic signaling from downstream myocytes.

The pre­arterioles branch to the arterioles, which are small vessels ranging 10­100μm
in diameter. The main function of the arterioles is to regulate blood flow to the thinner
capillaries that supply the myocytes. This regulation is conducted by a thin layer of smooth
muscle cells that is able to change the arteriole diameter, hence changing vascular resistance.
The call to the arteriole to adjust the blood flow is mainly sent from the myocytes down­
stream. Whenever the myocyte’s intracellular oxygen level decreases, there is an increase
of vasodilator signaling substances released to the local microenvironment. One of these
potent vasodilator substances is adenosine. Adenosine levels are increased during oxygen
depletion due to increased adenosine triphosphate degradation. Adenosine is released from
the myocyte to the adjacent interstitial space, where it signals to the smooth muscle cells of
the arterioles to dilate.

The arterioles connect to the smallest vessels of the system, the capillaries. The capillar­
ies are about 5­8μm in diameter and consist of a single layer of endothelial cells. The role
of the capillaries is to facilitate diffusion of blood gases, nutrients and metabolites between
the blood and the interstitium surrounding the myocytes.
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Figure 1.3: A Wiggers diagram[1] showing the events of the cardiac cycle. The
perfusion of the myocardium takes place mainly during the ventricular relax­
ation (diastole). During the ventricular contraction (systole) the ventricular wall
pressure is increased which reduces the myocardial perfusion. Red line = Aortic
pressure, yellow line = atrial pressure, blue line = ventricular pressure, pink line
= ventricular volume, green line = electrocardiogram (ECG), gray line = phono­
cardiogram annotated with the position of the heart tones. Illustration by: adh30
revised work by DanielChangMD who revised original work of DestinyQx; Redrawn
as SVG by xavax ­ Wikimedia Commons: Wiggers Diagram.svg, CC BY­SA 4.0,
https://commons.wikimedia.org/w/index.php?curid=50317988
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1.1.3 Coronary veins

The deoxygenated blood flows from the capillaries to the venules and is returned down­
stream to the right atrium through the coronary veins. 95% of the LV drainage is collected
through the great cardiac vein, middle cardiac vein, small cardiac vein, and LV posterior
vein, which join to form the coronary sinus (CS) that exits into the right atrium[2]. The ve­
nous flow from the right chamber is collected by the anterior cardiac veins that individually
connect and empty into the right atrium’s anterior wall.

1.2 Methods to diagnose cardiac microvascular dysfunction

Due to spatial resolution limitations, no current non­invasive technique can directly vi­
sualize cardiac microvascular disease or dysfunction in vivo. Nevertheless, it is possible
to indirectly detect unhealthy microvasculature by measuring the functional abilities of
the microvascular system. Because functional tests cannot differentiate microvascular from
epicardial coronary artery disease, the latter must be ruled out by preferably coronary an­
giography or possibly CT­angiography. If invasive measures are not available, microvascular
disease should still be suspected if there is no regional hypoperfusion but pathological find­
ings on functional imaging.

Several methods can be used to assess the functional abilities of the microvascular sys­
tem, such as cardiac magnetic resonance imaging (MRI), cardiac positron emission to­
mography (PET), transthoracic echocardiography (TTE), and coronary angiography. A
brief overview of these methods is given below, with extra focus on cardiac MRI given the
scope of this thesis. The maximum blood velocity or blood flow during pharmacological
stress, or the ratio between stress and rest is commonly used to describe the vasodilatory
capacity of the coronary microvascular system. Adenosine, regadenoson, or dipyridamole
which causes endothelium­independent vasodilation of the coronary circulation are widely
utilized to test the functional properties of the vascular bed.

Adenosine is the vasodilator that has been used in the studies within this thesis and is
known to increase the coronary blood flow up to for times by stimulating the adenosine
A2 receptor[3]. The sympathetic Beta 1­adrenoreceptor agonist dobutamine may also be
used. Dobutamine causes an increase in cardiac workload, mimicking the effect of physical
exercise. A third method to induce vasodilation is by performing a cold pressor test. A
cold pressor test begins with submerging the patient’s hand in ice­cold water. The pain
will cause an increase in heart rate and blood pressure, which induces vasodilation of the
pre­arterioles and thereby increasing the myocardial perfusion (MP)[4, 5].

Cardiac MRI

Cardiac MRI has the highest indication (class 1A 2014 ESC/EATS Guidelines on myocar­
dial revascularization) for diagnostic testing of symptomatic patients with suspected stable
coronary artery disease (CAD)[6]. Cardiac MRI can measure both regional and global
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MP. Regional MP is measured using first­pass perfusion techniques, while global MP is
calculated by either averaging all segments from quantitative first­pass perfusion, or by cal­
culating the value from the CS flow and LV mass.

When data collection was conducted for the studies included in this thesis, fully quan­
titative first­pass perfusion was not available but has been developed since. The principle
of first­pass perfusion is that a bolus of the paramagnetic gadolinium­based contrast agent
is injected while SSFP images are continuously collected[7]. During the first pass of the
contrast agent through the myocardium, there is an increase in the signal intensity of the
myocardium proportional to the perfusion of the tissue. Differences in signal intensity
between healthy myocardium (bright) and hypoperfused (black) myocardium can be rec­
ognized by visual inspection of the images[8]. The method has shown high diagnostic
performance to detect significant CAD[9–11] and has similar diagnostic performance as
cardiac PET[12].

Lately, a quantitative, dual sequence, single bolus first­pass perfusion method has been
developed and is deployed in our research group[13, 14]. Using this method, measure­
ments in low­resolution proton density images optimized for high gadolinium concentra­
tion in the LV blood pool are used to calculate the arterial input function. In addition,
high­resolution perfusion images are acquired. Motion correction and conversion of signal
intensities to gadolinium concentration are performed, and quantitative perfusion maps
of the LV are constructed. More importantly, quantitative first­pass perfusion has shown
improved diagnostic strength over visual analysis to detect significant obstructive CAD[15]
and to detect coronary microvascular dysfunction in in patients with angina and nonob­
structive coronary artery disease[16].

An alternative approach used to quantify global MP with cardiac MRI is to measure
the ratio between the blood flow in the CS and the LV mass at stress and rest. The CS
flow method is well­validated phantom experiments and in­vivo and benefits from being
independent of models that adjust for non­linearities between signal and contrast media
as in the case with quantitative first­pass perfusion[17–22]. Combining the information
from global MP with that of the first­pass perfusion increases the ability to localize patients
with significant CAD, and the SYNTAX score is higher in patients with low coronary flow
reserve (CFR) from CS global MP as a sign of multivessel disease[23]. Using a combina­
tion of catherization during exercise and adenosine stress cardiac MRI, patients with angina
without obstructive CAD and a CFR < 2.5 has been shown to have both a disrupted phys­
iological response to exercise and global myocardial ischemia, contrary to patients with
normal coronary flow reserve[24].

Even in the absence of fibrosis or regional hypoperfusion, CFR from MRI CS flow
measurements has been shown to be an independent predictor of major adverse clinical
event (MACE) in patients with known or suspected coronary artery disease, which fur­
ther strengthens the argument for using CFR from MRI CS flow measurements to detect
coronary microvascular dysfunction (CMD)[25].
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A more in­depth description of the MRI technology is given under the section ”Mag­
netic resonance imaging”.

Cardiac PET

Cardiac PET is an established method for non­invasive measurements of MP. Like cardiac
MRI, cardiac PET also has the highest indication (class 1A 2014 ESC/EATS Guidelines on
myocardial revascularization) for diagnostic testing of symptomatic patients with suspected
stable CAD[6]. The method is based on measurements of radiated photons from a ra­
dioactive tracer that has been injected intravenously in the patient[26, 27]. There are many
radioactive tracers that can be used when performing a cardiac PET, such as Rubidium­
82, Nitrogen­13 ammonia, and Oxygen­15 water[28]. As the injected isotope undergoes
positron emission decay, the emitted positron interacts with nearby electrons, causing the
radiation of a gamma photon that is detected by the scanner. The number of detected
photons is then used to calculate the perfusion from the tissue of interest. For instance,
global MP by Nitrogen­13 ammonia PET has been validated with an excellent agreement
(r = 0.95 to 0.96) against microspheres in canines experimentally[29].

Cardiac CT

CT can be used both to detect calcifications in the epicardial coronary arteries but also
for functional imaging of the MP. Time­attenuation curves during the first pass of an io­
dine contrast medium are used to quantify the myocardial perfusion[30], and the method’s
ability to detect segments with hypoperfusion is validated against MRI[31]. The clinical
application for functional imaging with CT is limited by the usage of high radiation doses
and the need for a long breath­hold during the scan[31]. The method is also constrained
by the technical requirement to reduce the heart rate during the examinations by the use
of beta­blockers, which attenuates the effect of the vasodilators[32].

Echocardiography

Pulse­wave echocardiography can measure coronary blood flow velocity in the epicardial
coronary arteries[33]. For TTE, the proximal LAD is usually examined due to its advan­
tageous anatomical position, and the method has proved accurate compared to invasive
measurements[34]. The measurements can be done in both rest and during pharmacolog­
ical vasodilation, enabling calculations of CFR. CFR measurements in LAD by TTE have
shown a good ability to predict the outcome in patients with suspected or known CAD
using a dipyridamole stress/rest protocol where a CFR > 2 marks a significantly increased
risk of poor outcome[35].
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Invasive coronary angiography

Invasive coronary angiography is based on the injection of a radio­opaque contrast agent
into the epicardial coronary arteries while visualizing the passage of the contrast using X­ray.
Coronary blood flow velocity can be measured using a Doppler wire inserted in an epicar­
dial coronary vessel[36], and blood flow can be estimated from the average velocity of the
passing blood and the measured vessel diameter from the X­ray[37]. A coronary blood flow
velocity reserve < 2.5 after percutaneous coronary intervention due to ST­elevation acute
myocardial infarction was associated with a fourfold increased risk of long­term cardiac
mortality, highlighting the clinical importance of a diseased microvasculature[38].

Stenotic lesions of epicardial coronary arteries can also be investigated with fractional
flow reserve (FFR). FFR is a measure of the blood pressure drop across a stenosis in the
epicardial coronary vessel and is used to describe the severity of the stenosis. Interestingly,
CAD patients with a normal FFR but with an abnormal coronary flow velocity reserve
have an increased risk for major adverse cardiac events rate throughout ten years of follow­
up, independent of the FFR. In contrast, an abnormal FFR with a normal coronary flow
velocity reserve shows a similar clinical outcome compared to patients with both normal
FFR and coronary flow velocity reserve[39]. Though invasive coronary angiography enables
a definite rule out of coronary artery stenosis in patients, the method is limited by its
invasive nature. Hence, non­invasive functional imaging is recommended in patients with
suspected stable CAD as the first line of diagnostics before deciding if proceeding with
coronary angiography is necessary[6].

1.3 Diseases with coronary microvascular dysfunction

As described in the previous section about pre­arterioles, arterioles, and capillaries, there
are many mechanisms involved in myocardial blood flow regulation, and these structures
may be affected by cardiac microvascular disease. Pathological changes of the microvascular
system that affect the normal regulation of the myocardial bloodflow is called cardiac mi­
crovascular disease (CMD). Such issues are seen in many diseases and commonly involves
a combination of pathological alterations of the cardiac microvascular circulation. Con­
tributing components may be endothelial dysfunction, smooth vascular cell dysfunction,
vascular remodeling, increased intramural pressure, and luminal obstruction[40]. This the­
sis focuses on three different diseases with suspicion of CMD: hypertrophic cardiomyopa­
thy (HCM), systemic sclerosis (SSc), and patients with suspected microvascular angina
(MVA).

1.3.1 Hypertrophic cardiomyopathy (HCM)

The first disease investigated in this thesis is HCM. HCM is a disease where the myocar­
dial wall thickness increases intrinsically and not due to an underlying condition, such as
another cardiac, systemic, or metabolic disease[41].
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The prevalence of persons with HCM phenotype, defined as a maximal LV wall
thickness ≥ 15 mm and a non­dilated left ventricle, is about 0.2% in the general popula­
tion[42, 43]. If also including persons carrying an HCM mutation, the prevalence is about
0.5%[44].

In about 6/10 HCM­patients, there is an autosomal dominant mutation of genes en­
coding sarcomere proteins[45, 46]. The sarcomeres are long proteins that slide past each
other to contract the muscle fiber and create force. In about 1/10 of the HCM­patients, the
disease is associated with other genetic disorders, syndromes, and chromosome disorders,
and in the final 3/10 patients, the cause of hypertrophy is unknown[41].

Patients with a sarcomere protein mutation have a higher risk of progressive heart failure
and death than patients who do not have such a mutation[47]. The highest risk of sudden
cardiac death in patients with HCM is at the age of 9­12 years, with the most common
cause being arrhythmia[48]. Furthermore, the disease is the most common cause of sudden
death in young persons and athletes[49].

Out of the patients with a known mutation, the most common of these mutations,
prevalent in 42%[50] of HCM­patients, is that of MYBPC3, which encodes the protein
named Myosin Binding Protein. In knock­out mice, the function of Myosin Binding Pro­
tein is to inhibit the actin­myosin interaction, which acts as a brake on the muscle fiber
shortening, reducing the overall exerted force on the tissue[51], and absence of the pro­
tein causes severe hypertrophy, myocyte disorganization, and interstitial fibrosis[52]. The
second most common mutation is prevalent in 40%[50] of HCM­patients and is that of
MYH7, which encodes the protein named Myosin Heavy Chain Beta. Myosin Heavy
Chain Beta is a vital component of myosin and therefore plays a major role in myocyte
contractility. The third most common mutation, prevalent in 6.5%[50] of HCM­patients,
is in the TNNT2 gene which encode the protein named Cardiac Muscle Troponin T. This
protein regulates myocyte contraction in response to changes in intracellular calcium ion
concentration.

Ex vivo, pathological variations of the intramural coronary arteries have been observed
in HCM. About 4/5 HCM­patients are found to have wall thickening of these vessels due to
the proliferation of medial or intimal vessel components[53]. Moreover, a blunted increase
of MP after administration of dipyridamole in studies using PET suggests microvascular
dysfunction in the majority of the HCM­patients[54, 55]. Such an inadequate response to
dipyridamole has proved to be strongly correlated to increased risk of heart failure progres­
sion and death[56]. In about 1/3 of the HCM­patients, severe microvascular dysfunction
has been detected using MRI quantitative first­pass perfusion[57]. In these patients, areas
with severe microvascular dysfunction not only failed to increase during adenosine stress,
but decreased compared to the resting value[57].

When this thesis was planned, there was no previous study investigating the MP with
MRI in young patients with HCM or risk of developing the disease. Study I in this thesis
describes our work investigating the MP in these patients.
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1.3.2 Systemic sclerosis (SSc)

The second disease investigated in this thesis is SSc, which is a rheumatic connective tissue
disease with multi­organ involvement. The disease is characterized by collagen deposits in
the skin, lungs, arteries, kidneys, heart, gastrointestinal tract, and muscles. The disease is
associated with increased morbidity and mortality, and attempts to treat the disease need
to be carefully tailored to fit the organ involvement of the individual patient[58].

SSc has a low prevalence of about twenty cases per one million and is more common
in women than men[59]. The disease is divided into two major subgroups: the limited
cutaneous form with skin involvement below the elbows and knees, but no proximal or
facial involvement, and the diffuse cutaneous form with the additional engagement of the
proximal extremities and the face[60].

The etiology of SSc is highly complex, with pathological changes currently known in
three types of cells: fibroblasts, endothelial cells, and immune cells[61]. Changes in these
cells often result in severe and progressive fibrosis of the skin and internal organs, such as
a reduced lumen size of small arteries and arterioles, production of auto­antibodies, and
mononuclear cell infiltration of affected tissues[61].

Patients with SSc also suffer from an increased risk of cardiovascular mortality[62]
and have an increased prevalence of coronary atherosclerosis when compared to healthy
controls[63]. The atherosclerosis occurs in both arterioles, small­, and medium­sized coro­
nary arteries[63, 64] and an impaired CFR in SSc­patients was demonstrated already in
1985[65]. It has been hypothesized that repeated focal ischemia is the cause of the high
prevalence of myocardial fibrosis in SSc­patients[66].

When this thesis was planned, there was limited knowledge about the MP in SSc­
patients. Such knowledge could potentially be used to better understand the disease and
inform development of new investigative methods and treatments. Therefore, study II of
this thesis was designed to investigate the prevalence of CMD in SSc­patients by investi­
gating their global MP with cardiac MRI.

1.3.3 Microvascular angina (MVA)

The third disease investigated in this thesis is MVA. Symptoms of significant epicardial
coronary artery stenosis, such as chest pain or shortness of breath during exercise, are com­
monly examined by coronary angiography or non­invasive imaging of MP to rule out sig­
nificant coronary artery stenosis. Despite no evidence of epicardial coronary stenosis on
invasive angiography, up to 70% of patients with suspected ischemic chest pain show evi­
dence of ischemia[67]. These patients are considered to suffer from MVA[68]. Although
MVA­patients do not have epicardial coronary artery stenosis, they suffer from a worse
prognosis than persons with normal findings on stress/rest perfusion imaging[69, 70].

Three different causes of MVA have been suggested[71]: 1) underestimation of the
functional significance of coronary arterial stenosis on invasive angiography; 2) CMD; and
3) coronary spasm. Histological analysis has revealed obliteration of the arteriolar lumen
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and decreased capillary density in heart­transplanted patients without epicardial coronary
artery stenosis[72]. These findings indicate that microvascular disease may be present with­
out coincident disease in the large coronary arteries and that the observed microvascular
remodeling correlates with impaired microvascular function[72].

Patients with MVA have a worse prognosis than patients without myocardial is­
chemia[73]. Hypertension and diabetes have been recognized as risk factors for developing
MVA[74–76]. However, independent of other risk factors, MVA detected by a decreased
coronary flow reserve is an independent predictor of major adverse clinical advents. Fur­
thermore, the issue with MVA has been highlighted as a source of undiagnosed chest pain,
especially in women[77].

Currently, treatments for MVA are limited but a recently published abstract by Bowe et
al. suggests that weight loss, increased physical activity, and optimized medical treatment
for hypertension, dyslipidemia and diabetes reduce chest pain in patients with CMD[78].
However, despite the reduction of chest pain, Bowe et al. reported no increase in coronary
flow velocity reserve[78].

Studies using PET or myocardial perfusion single photon emission computed tomogra­
phy (MPS) have shown that patients with a very low coronary flow reserve (< 1.5) but with­
out regional ischemia have a severely increased annual risk of death compared to healthy
volunteers (3.6% vs. 0.1%)[79]. A threefold risk of major cardiovascular events has been
observed for patients referred to MPS due to suspicion of ischemic heart disease[80].

At the time this thesis was planned, there were studies that had investigated CMD in
patients with MVA, but there was no published work on CS flow derived global MP in such
patients. Furthermore, there was limited knowledge about potential gender differences
within the disease. Because of that, these matters were investigated in paper III of this
thesis.

1.3.4 Reference values for CS flow derived global myocardial perfusion (MP)

The previous sections of this thesis describes diseases where cardiac microvascular disease
may be suspected. Cardiac microvascular disease may cause CMD which may be de­
tected by a reduction of global MP or CFR during a pharmacological stress/rest test. Cur­
rently, there are three candidates for non­invasive quantitative measurement of MP: 1)
cardiac PET[26, 27]; 2) CS flow derived global MP[20]; and 3) MRI first­pass perfusion
imaging[7, 14] and all three methods have successfully been used to investigate suspected
CMD[81–83].

For CS flow derived global MP, however, there is a lack of gender­specific reference val­
ues from healthy persons that cover a clinically acceptable age range. Such reference values
for CS flow derived global MP are needed to improve the usability of the method for future
studies investigating CMD in diseases with suspected cardiac microvascular involvement.

Therefore, study IV of this thesis aimed to collect a reference data set on CS flow derived
global MP from both young and old healthy men and women. The study also aimed to
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validate MRI sequence used for the CS flow derived global MP method against a pulsatile
flow phantom.

1.4 Magnetic resonance imaging

1.4.1 Historical background

The history of today’s high­quality MRI dates back to the late 1930s when Isidor Isac
Rabi conducted experiments demonstrating that electromagnetic radiation is emitted when
molecules are sent through a magnetic field[84]. This phenomenon was named nuclear
magnetic resonance (MR). Rabi also showed that the radio frequency (RF) of the emitted
electromagnetic radiation is coupled to the type of molecule sent through the magnetic
field. Further work was conducted by Felix Bloch and Edward Mills, who investigated the
nuclear MR properties of solid materials and liquids. For these groundbreaking efforts,
Rabi was awarded the 1944 Nobel prize in Physics, and Bloch and Mills the 1952 Nobel
Prize in Physics[84, 85].

The concept the MR body scanner was proposed in 1969 by Raymond Damadian who
also reported that tumour cells could be differentiated from normal cells using MR[86]. In
the early 1970s, Paul Launterbur introduced methods describing how MR measurements
could be transcoded into imagery[87]. Significant technological improvements were made
by Peter Mansfield, who introduced frequency and phase encoding by spatial gradients of
the magnetic field, which improved the speed and accuracy of the image acquisition[88].
The important work made by Lauterbur and Mansfield jointly awarded them the 2003
Nobel Prize in Physiology or Medicine.

In 1977 the first human body part (the intermediate phalanx in the middle finger of the
right hand) was imaged using MR[89], and full­body images were finally achieved in august
1980[90]. In 1981 the first superconducting magnet was utilized in an MRI scanner[91].
From that time, the magnetic field strength has increased and 1.5­3T magnets are now
common in clinical use. Large magnets with extreme field strengths of up to 10.5T and
magnet weights of as much as 110 metric tons are used for research purposes[92].

Cardiac implementations of nuclear MR dates back to 1976 when energy metabolism
in isolated rat hearts was investigated with phosphorus­31 nuclear MR spectroscopy[93].
Successful contrast imaging of myocardial infarction in canine models using paramagnetic
ionic contrast agents was presented in 1982[94], and cardiac MRI of acute myocardial
infarction in canine models recognizing alterations in T1 and T2 relaxation times was pre­
sented in 1983[95].

Myocardial perfusion imaging was introduced in 1990 using a bolus injection of
gadolinium contrast agent with subsequent measurements of first­pass wash­in and wash­
out of the contrast agent[96]. From that, the first pass perfusion technology has seen
constant refinement, and it is now possible to extract fully quantitative myocardial perfu­
sion maps at both rest and pharmacological stress testing in a clinical setting[13].
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The concept of cardiovascular blood flow imaging was introduced in 1984 with se­
quence development, phantom experiments, and in vivo measurements of two volunteers’
carotid and femoral arteries[97]. The technology behind flow measurements has also been
subject to impressive development and it is now possible to acquire time resolved three­
dimensional flow measurements in patients.

To summarize this section about MR history, the now available MRI technology is
a translational research product spanning over almost a century. The benefit that it has
brought to patient care cannot be overemphasized.

1.4.2 Physics of the MR signal

This section briefly describes the physics in MRI technology. Atoms contain a nucleus with
positively charged protons, neutrally charged neutrons, and negatively charged electrons
bound to the nucleus. The positively charged nucleus spins around its own axis. The
movement of an electrical charge induces a magnetic field. Because of that, each nucleus is
a tiny magnetic dipole with its magnetic vector pointing in the direction of the rotational
axis of the nucleus. The human body contains about 60% water with the benefit that there
are large amounts of hydrogen atoms whose magnetic properties are readily available for
MR experiments.

When not subjected to an external magnetic field, the hydrogen atoms that make up
the human body directs their magnetic vectors randomly in space. The sum of all these tiny
magnets can be added together and described as the summed magnetic field M . When the
body is outside the strong magnetic field of the MRI scanner, the net magnetization M is
zero, and consequently, the magnetic field M has no direction. However, when the body
is placed inside the strong magnetic field of the MRI scanner, B0, the magnetic vectors of
the individual hydrogen atoms are effected by B0 and start to wobble, precessing around
the directional axis of the magnetic field B0. When the previously randomly spinning
hydrogen atoms precess around the axis of the magnetic field B0, the magnitude of M
grows in the direction of B0.

The frequency at which the hydrogen nucleus precess is called the Larmor frequency
ƒ0 and is calculated as the field strength of B0 × γ. In this thesis, 1.5 T MRI scanners
have been used, which operates at a frequency of approx. 64 MHz (1.5 T × 42.6MHz/T).
This is within the VHF­frequency band commonly used in many other radio technologies.
To shield the system from external electromagnetic noise, the room that encloses the MRI
scanner is carefully shielded with a Faraday cage.

To be able to extract information about M , it has to be separated from B0. To do this,
the direction of B0 is used to construct a coordinate system, X , Y , and Z. As shown in
Figure 1.4.A, Z is defined as the direction of the magnetic field of B0, and X and Y are
perpendicular to Z. M is then referenced relative to this coordinate system as the vector
−→
M . By forcing the direction of

−→
M from its resting orientation parallel to Z, the properties

of M are separated from B0, and can be measured.
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Figure 1.4: Illustration of how the MR signal is generated. The Z axis of the
coordinate system is defined by the direction of the static magnetic field B0 of
the MRI scanner, while X and Y are perpendicular to Z. A: When the body
is placed in B0, the rotation of the summed magnetic vector M of the body’s
hydrogen nuclei align with the Z axis. B: A radio pulse B1, in this example with
a flip angle of 90°, is transmitted which causes M to precess perpendicular to the
Z axis on the XY plane. C: When B1 is turned off, the direction of M relaxes
to Z in a spiral motion. D: The oscillation of the magnetic vector M in the XY
plane induces a radio signal called free induction decay. This is the signal picked
up by the radio receivers of the MRI scanner.
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Deviation of
−→
M is induced by exposing the body inside the camera to an orthogonal

oscillating electromagnetic field B1 tuned to ƒ0. When exposed to B1, the
−→
M reacts with a

diversion of the precession axis of
−→
M as shown in Figure 1.4.B. The angle from theZ axis at

which
−→
M precess is called the flip angle, α. The word ”resonance” in ”magnetic resonance

imaging” refers to this phenomenon, where the radio wave resonate with the nuclei spins.

T1, T2, and T2*

When B1 is turned off,
−→
M will return to its relaxed state in a complex pattern shown in

Figure 1.4.C. The individual components of X , Y , and Z for
−→
M are used to describe the

MR­signal in closer detail. The time it takes for 63% of
−→
MZ to rebuild during relaxation

after a 90° B1 RF pulse is called T1, and the time it takes for 63% the
−→
MXY to dephase is

called T2.
The rebuild of

−→
MZ and dephasing of

−→
MXY are independent processes which is why

T1 and T2 have different values for any given tissue.
T1 is dependent on the microenvironment around the nuclei, such as surrounding

molecules, temperature, and contrast media. For this reason, the
−→
MZ ­relaxation is also

called spin­lattice relaxation, with ”lattice” referring to the surrounding microenvironment.
T2 is, additional to effects of the microenvironment around the nuclei, also dependent

on interactions with other proximate nuclei’s magnetic fields. For this reason, T2­relaxation
is also called spin­spin relaxation.

In addition to T1 and T2 relaxation, there is also a dephasing of spins due to the mag­
netic field’s inherent local inhomogeneity. These field strength variations cause the nuclei
to precess at slightly different frequencies in the transversal XY plane during relaxation
after a 90° RF pulse. The sum of transversal signal decay due to spin­spin interactions and
local magnetic field inhomogeneity is called T2*.

1.4.3 MRI parameters and sequences

There are many types of RF pulse sequences and parameters, each engineered to induce as
much signal in return as possible for the specific type of tissue that is desired to be imaged.
The paragraphs below discuss some of the basic parameters and pulse sequences that have
been used in the different studies of this thesis.

Flip angle (FA) is the angle to which the spin is excited by the RF pulses. By lowering
the FA, the time it takes for

−→
MZ to rebuild is reduced. This is why the repetition time (TR)

(described later) can also be reduced when FA is decreased without risking any unwanted
attenuating effects. However, a flatter FA comes with the cost of a lower signal in the XY
plane.

Time to echo (TE), is the length of the period from that an RF pulse is emitted until
there is a peak in the returned signal, called an echo.
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Inversion recovery (IR) RF pulses consist of a 180° pulse that flips
−→
MZ to the negative

−→
MZ axis. After a recovery period, referred to as time to inversion (TI), a second 90° RF
pulse is transmitted, and signal readout is performed directly after the second pulse. IR
pulse sequences are often used to collect T1 weighted images. The length of TI is dialed
to suppress the signals from unwanted tissue. For instance, the signals from fat are sup­
pressed with short tau inversion recovery (STIR) sequences, and the signals from water are
suppressed with fluid attenuated inversion recovery (FLAIR) sequences.

Spin echo (SE) RF pulses begin with a 90° excitation pulse that flips
−→
M to the XY

plane. Due to local variations in the magnetic field, the RF varies slightly, causing a desyn­
chronization of the magnetic movements, hence a decay of potential signal, on the XY
plane. To overcome this, a second 180° refocusing pulse which flips the magnetic move­
ments is transmitted. This has the effect that the individual magnetic movements reverses
on theXY plane and begin to catch up. When synchronization of the individual magnetic
movements occurs, a signal echo is detected.

The time interval between the first 90° excitation pulse and the second 180° refocusing
pulse is referenced as τ . TE = 2τ which is why TE can be tuned by selecting an appropriate
τ . Tuning TE is necessary since T2 relaxation occurs as usual while waiting for the echo;
hence the length of TE defines which type of tissue will dominate the signal in the echo.

Gradient­echo (GRE) sequences have similarities to the SE sequences. Just as with SE
sequences, GRE sequences begin with a excitation pulse that flips

−→
M to the XY plane.

The key difference is that re­phasing is accomplished with a magnetic gradient instead of a
second refocusing RF pulse. Directly after the excitation RF pulse, a negative magnetic field
gradient is applied. This causes the spins to precess at different frequencies depending on
their positions in the now purposely inhomogeneous magnetic field. After a short period,
an inverse positive magnetic field gradient is applied. This reverses the process, and after
TE, a so­called GRE can be detected when the spins re­phase.

TR is the time between each consecutive repetition of a sequence. If the TR is shorter
than the time it takes for

−→
MZ to rebuild during relaxation completely,

−→
M will not be aligned

with the Z axis when the next RF pulse is transmitted. This causes the returned signal
to gradually decrease for each sequence in the train of repeated sequences. Since different
tissues have different T1 values, adjustment of TR can attenuate signals from specific tissues,
increasing the contrast between attenuated and non­attenuated tissue in the final image.

1.4.4 Spatial encoding with gradient coils

In the previous sections, the fundamental principles of how to create an MR signal have
been described. However, additional steps to spatially encode the signal to a specific posi­
tion within the scanned tissue are needed. The signal’s spatial encoding is done by specific
hardware called magnetic gradient coils, and RF pulses purposed for spatial encoding.

Inside the MRI scanner’s core, there are three electromagnets called gradient coils,
which can be rapidly turned on or off by the machine. The gradient coils are designed
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so that when a specific gradient coil is turned on, it induces an additional magnetic field
in either the X , Y , or Z direction where Z is constrained to the direction of the static
magnetic field, B0. The gradient coils are designed to create magnetic gradients in the
otherwise homogeneous B0. For each of the three dimensions, the gradients are utilized
differently and described in more detail below.

Z axis (slice selection)

The first step is to make a slice selection, in which signals only are collected from one
position along the investigated tissue’s Z axis. In other words, this is a method to get
signals from only one cross­sectional slab of the body. By applying a magnetic gradient in
the direction of the Z axis, the nuclear precession frequency will vary along the axis. By
matching the RF pulse frequency to the specific precession rate for a given position along
the Z axis, only nuclei located in that specific position will get excited. Because of this,
only nuclei in the specific, selected slice will contribute to the read­out signal at the later
stage; hence, the Z dimension has been encoded.

X axis (frequency encoding)

The second step is to encode the signal on the X axis in the remaining XY plane. This is
done similarly to slice selection, but the difference is that the magnetic gradient is applied
during signal readout instead of during excitation. By applying the gradient during signal
readout, the nuclei in a specific position on the X axis will emit an RF signal with a fre­
quency specific to the known magnetic field strength in that location. By that, the signal
has been successfully encoded on the X axis.

Y axis (phase encoding)

The third and last step is to encode the remaining Y dimension. This is done by applying
a magnetic gradient along the Y axis for a short period. During this period, the spins will
precess at different rates along the Y axis, which causes them to precess asynchronously.
This asynchrony is preserved when the magnetic gradient is switched off, and the nuclei
return to precess at the same rate. The signal during readout will then contain the summed
signal from the nuclei spinning at different phases. It is impossible to determine the pro­
portion of the signal attributed to a specific phase with only one experiment. This is solved
by rapidly repeating the experiment with increments in phase shift before each readout. By
comparing the amplitude of the composed signal from the array of repeated experiments,
it is possible to calculate the individual signal components originating from the different
positions along the Y axis.
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FT

Figure 1.5: Illustration of image information arranged in k­space to the left and
after a Fourier transform (FT) to the right. The positions in the k­space do not
correspond to the positions of the pixels in the final image. Instead, each position
in the k­space contains information about all pixels in the final image. k­space
is equivalent to a diffraction pattern of the final image, and is translated by the
Fourier transformation to a readable image.

1.4.5 k­space and Fourier Transformation

The radio signal registered during readout contains a mix of different frequencies with dif­
ferent amplitudes. The individual wave components are organized in a 2D matrix called
k­space with the axes kx, ky. ”k” stands for spatial frequency, defined as 1/wavelength. In
other words, k is the number of wave tops by one length unit. Each step of the frequency
encoding represents a column in k­space, and each step of the phase encoding represents a
row. These positions are filled with the signal collected by the radio receivers during read­
out. The spatial positions in the k­space do not correspond to the pixel’s spatial positions in
the final image. Instead, each position in the k­space contains information about all pixels
in the final image. k­space is equivalent to a diffraction pattern of the final image, which
is why a Fourier transformation is needed to reveal the final readable image (Figure 1.5.





Chapter 2

Aims

Cardiac microvascular disease contributes to poor outcomes and suffering. Today, there are
virtually no clinically available non­invasive diagnostic methods for cardiac microvascular
disease. The development and refinement of such methods are needed for both improved
diagnostics and the long­term goal of enabling treatments.

Therefore, the overall aim of this thesis is to determine how magnetic resonance imaging
(MRI) can be utilized to determine myocardial perfusion (MP) abnormalities in patients
with diseases that are known or suspected to have myocardial microvascular involvement.
The specific aims for each study (I ­ IV) are listed below.

I To determine if global MP during adenosine stress is reduced in young patients both
at risk of developing, and fully developed hypertrophic cardiomyopathy (HCM)
compared to healthy controls. The study also aimed to determine if MP correlates
with diastolic dysfunction in the investigated patients.

II To determine if global MP during adenosine stress is reduced in patients with sys­
temic sclerosis (SSc) compared to healthy controls.

III To determine if patients with suspected microvascular angina (MVA) have lower
global MP during adenosine stress compared to healthy controls and coronary artery
disease (CAD) patients, and to determine if there are sex differences of global MP
within the groups.

IV To determine normal reference values for global MP at rest and adenosine stress by
measuring the coronary sinus (CS) flow with MRI in healthy controls. The study
also aimed to determine the accuracy of the MRI sequence used for CS flow mea­
surements with a phantom experiment.
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Chapter 3

Materials and methods

All four studies included in this thesis were approved by the regional ethics committee,
Lund, Sweden. In all four studies, written informed consent was obtained from the persons
participating in the studies. For Study I, written informed consent was also obtained from
the parents if the patient was a minor.

Patients were recruited to all studies from the clinical throughput at Lund University
Hospital, and healthy volunteers were recruited to all four studies. Study II­IV constituted
both coronary sinus (CS) flow data from newly recruited healthy volunteers and CS flow
data that had been previously published by coauthors to the current study[98]. An overview
of the persons included in the four studies are shown in Figure 3.1

3.1 Study populations

Study I recruited patients with established hypertrophic cardiomyopathy (HCM) or risk
of developing the disease. The following criteria were used to classify the participants into
three study groups: (i), ”HCM” if the interventricular septum and/or posterior wall thick­
ness exceeded 13 mm (young adults, >18 years of age) or >3 SD on Z­score (pediatric
patients) on echocardiography with confirmed myocardial hypertrophy and/or fibrosis on
magnetic resonance imaging (MRI); (ii), ”HCM risk” if the disease was present among
first­degree relatives, but with normal morphology on MRI. In total, 10 HCM patients (2
women, age 22.3 ± 6.4 years), 14 HCM risk (7 women, 18.9 ± 3.8 years), and 12 healthy
controls (3 women, 22.8 ± 4.5 years) were included in the study (Table 3.1).

Study II recruited patients diagnosed with SSc in compliance with the American Col­
lege of Rheumatology/European League against Rheumatism 2013 classification [99]. 19
SSc patients (17 women, age 61 ± 10 years) and 22 healthy controls (10 women, 62 ± 11
years) were included in the study (Table 3.2).

Study III recruited both patients with suspected microvascular angina (MVA) and pa­
tients with established coronary artery disease (CAD). The following criteria classified par­

23
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Study populations

Study I

HCM (10)

M (8) W (2)

HCM­risk (14)

M (7) W (7)

Healthy (12)

M (9) W (3)

Study II

SSc (19)

M (2) W (17)

Healthy (22)

M (12) W (10)

Study III

MVA (18)

M (8) W (10)

CAD (19)

M (11) W (8)

Healthy (22)

M (12) W (10)

Study IV

Healthy (54)

M (30) W (24)

Figure 3.1: Overview of the patients included in the four studies of this thesis. All
healthy volunteers included in study II were also included in study III. All healthy
volunteers included in study I, II, and III were also included in study IV. The
group sizes are written in parentheses. M = men, W = women, HCM = hyper­
trophic cardiomyopathy, Healthy = healthy controls, SSc = systemic sclerosis, MVA
= suspected microvascular angina, CAD = coronary artery disease.
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Controls HCM­risk HCM
(n = 12) (n = 14) (n = 10)

Age (years) 22.8 ± 4.5 18.9 ± 3.8 22.3 ± 6.4
Men 9 (75%) 7 (50%) 8 (80%)
BSA (m2) 1.9 ± 0.1 1.8 ± 0.05 2.0 ± 0.1
Beta blockers 0 0 3
EDV/BSA (mL/m2) 110 ± 5 89 ± 3* 91 ± 6*
ESV/BSA (mL/m2) 49 ± 3 38 ± 2* 39 ± 6*
Ejection fraction (%) 55 ± 2 57 ± 1 59 ± 3
LVM/BSA (g/m2) 56 ± 3 46 ± 2* 75 ± 12†
Left atrial size (mL) 82 ± 11a 64 ± 4 90 ± 6†b

Max IVS thickness (mm) 8.9 ± 0.5 8.5 ± 0.3 19.0 ± 2.4*†
Max PW thickness (mm) 7.2 ± 0.4 6.6 ± 0.2 9.6 ± 1.0*†

Table 3.1: Patient characteristics for the participants in the hypertrophic car­
diomyopathy (HCM) study (Study I). BSA = body surface area, EDV = end
diastolic volume, ESV = end systolic volume, IVS = interventricular septum,
PW = posterior wall. * P < 0.05 compared to controls, † P < 0.05 compared to
patients at HCM­risk, a n = 10, b n = 9 due to incomplete coverage of the left
atrium. Data are presented as mean ± SEM.
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Controls SSc­patients
(n = 22) (n = 19)

Age (years) 62 ± 11 61 ± 10
Men 12 (55%) 2 (11%)
BMI (kg/m2) 25 ± 3 26 ± 5
LVM/BSA (g/m2) 58 ± 11 54 ± 12
EDV/BSA (g/m2) 84 ± 12 76 ± 12*
ESV/BSA (g/m2) 32 ± 8 27 ± 7
CI (L/min/m2) 3.2 ± 0.4 3.6 ± 0.6
Skin involvement

diffuse 7
limited 12

Disease duration (years) 10 ± 6
Antibody

ANA 6
ACA 5
ARA 5
ATA 6

PAH 1
VC % expected 96 ± 12
DLCO % expected 80 ± 19
VC % predicted/DLCO % predicted 1.3 ± 0.3
Uric acid (μmol/L) 262 ± 59
Telangiectasias 14
Pitting scars 5
Nailfold CD (loops/mm) 5.0 ± 1.3
Skin score < 10 18
Skin score 10–20 1
Skin score > 20 1
Nifedipine 12
ERA 2
PDE5I 5

Table 3.2: Patient characteristics for the participants in the systemic sclerosis
study (Study II). BSA = Body surface area, BMI = Body mass index, LVM = left
ventricular mass, EDV = end diastolic volume, ESV = end systolic volume, CI
= cardiac index, PAH = pulmonary arterial hypertension, VC = vital capacity,
DLCO = diffusing capacity of the lung for carbon monoxide, ANA = anti nuclear
antibodies other than ACA, ARA or ATA, ACA = anti centromeric antibodies,
ARA = anti RNA polymerase III antibodies, ATA = anti topoisomerase I anti­
bodies, CD = capillary density, ERA = endothelin receptor antagonist, PDE5I =
phosphodiesterase type 5 inhibitor. * P < 0.05. Data are presented as mean ± SD.
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ticipants into the different in the study groups: (i), ”suspected MVA” patients with a his­
tory of angina pectoris and pathological ST­T reaction on a bicycle exercise stress test, but
normal findings on myocardial perfusion single photon emission computed tomography
(MPS), normal first­pass perfusion MRI, and no myocardial infarction on late gadolin­
ium enhancement (LGE) MRI; (ii), ”CAD patients” with verified coronary artery disease
defined as a significant coronary artery stenosis on angiography, and/or stress­induced is­
chemia on MPS, or stress­induced ischemia on CMR. 18 patients with suspected MVA
(65 ± 11 years), 19 CAD patients (69 ± 5 years), and 22 healthy volunteers (62 ± 11 years)
were included in the study (Table 3.3).

Study IV, that aimed to determine determine normal reference values for MRI CS flow
derived global myocardial perfusion (MP), included 54 healthy volunteers (age range 16­84
years, 24 women) (Table 3.4).

3.2 Magnetic resonance image acquisition and analysis

In all four studies, 1.5 Tesla MRI scanners with 32­channel coils were used. Due to sched­
uled MRI scanner replacement at the department, different scanners were used in the stud­
ies. In Study I, a Philips Achieva (Philips Healthcare, Best, the Netherlands) was used. In
Study II­IV, the Philips Achieva or a Siemens Magnetom Aera (SiemensHealthcare GmbH,
Erlangen, Germany) were used.

3.2.1 MRI image analysis

All MRI images were analyzed using the freely available image analysis software Segment
(Medviso, Lund, Sweden) [100].

3.2.2 Left ventricular mass and function

In all four studies, 2­, 3­, and 4­chamber and short­axis cine images of the heart were
acquired with an steady­state free precession MRI (SSFP) sequence during end­expiratory
breath­hold. MRI image parameters are shown in Table 3.5.

The left ventricular (LV) endocardial and epicardial border of the LV were manually
delineated in the short­axis cine images at both end­systole and end­diastole performed
(Figure 3.2). Anatomical landmarks from the 2­, 3­, and 4­chamber images were used to
improve the delineations’ precision in the short­axis images. LV mass was calculated as the
average end­systolic and end­diastolic myocardial volume and multiplied by 1.05 g/mL
(myocardial density). The end­diastolic volume (EDV) and end­systolic volume (ESV)
were measured as the enclosed volume by the endocardial delineation at its respective mo­
ment in the cardiac cycle. The stroke volume was calculated as EDV ­ ESV, and the cardiac
output was calculated as stroke volume multiplied by heart rate.
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Controls Suspected MVA CAD patients
(n = 22) (n = 18) (n = 19)

Age (years) 62 ± 11 65 ± 11 69 ± 5
Men 12 (55%) 8 (44%) 11 (58%)
LVM/BSA (g/m2) 58 ± 11 57 ± 15 61 ± 13
EDV/BSA (g/m2) 84 ± 12 76 ± 16 84 ± 19
ESV/BSA (g/m2) 32 ± 8 24 ± 6* 35 ± 20
EF (%) 64 ± 10 68 ± 4* 61 ± 13
CI (L/min/m2) 3.2 ± 0.4 3.5 ± 0.9 3.4 ± 0.8
Medications

Oral nitrates 0 6 13
Acetyl salicylic acid 0 7 16
Clopidogrel 0 0 4
Ticagrelor 0 1 4
Beta blockers 0 9 11
Ca­channel antagonists 0 5 9
Statins 0 5 17
ACE­inhibitors 0 7 12

Diagnoses
Hypertension 0 10 11
Hypercholesterolemia 0 5 11
Diabetes 0 3 5

Adenosine/bicycle exercise MPS 0/0 7/11 16/3
Philips/Siemens CMR 11/11 5/13 14/5

Table 3.3: Patient characteristics for the participants in the patients with suspected
microvascular angina (MVA) study (Study III). CAD = coronary artery disease,
BSA = body surface area, LVM = left ventricular mass, EDV = end diastolic vol­
ume, ESV = end systolic volume, CI = cardiac index. * P < 0.05 compared with
healthy volunteers. Data are presented as mean ± SD.
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(a) 4­chamber image of the left ventricle.

(b) Short­axis images of the left ventricle

Figure 3.2: (a) Typical 4­chamber image at end­diastole of the left ventricle (LV)
with the positioning of the short­axis (SA) image planes marked with red lines (b)
Corresponding SA images with endocardial (red) and epicardial (green) manual
delineations.
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Women Men
(n = 24) (n = 30)

Age (years) 54 ± 17 48 ± 20
LVM (g) 85 ± 17 134 ± 26*
LVM/BSA (g/m2) 50 ± 11 65 ± 11*
EDV (mL) 138 ± 23 196 ± 35*
EDV/BSA (mL/m2) 81 ± 13 95 ± 17*
ESV (mL) 54 ± 15 78 ± 21*
ESV/BSA (mL/m2) 32 ± 9 38 ± 10*
SV (mL) 84 ± 15 117 ± 22*
SV/BSA (mL/m2) 50 ± 8 57 ± 10*
Cardiac output (L/min) 5.5 ± 1.1 7.1 ± 1.8*
Cardiac index (L/min/m2) 3.3 ± 0.8 3.4 ± 0.8

Table 3.4: Left ventricular characteristics according to gender for the healthy
volunteers participating in Study IV. LVM = left ventricular mass, BSA = Body
surface area, EDV = end diastolic volume ESV = end systolic volume, SV = stroke
volume. Data are presented as mean ± SD. * P < 0.05.

3.2.3 Coronary sinus flow derived global myocardial perfusion

The CS flow image plane was planned with guidance from a basal short­axis image of the
LV. The image plane was placed as a cross­section to the coronary sinus and closely to the
orifice in the right atrium to include the middle cardiac vein (Figure 3.3). CS flow was mea­
sured at rest and after 4­5 min of adenosine (Life Medical, Stockholm, Sweden) infusion
(140 mg/kg/min) using a phase­encoded breath­hold turbo field echo velocity mapping
sequence. This method to measure coronary sinus flow has previously been validated and
used in a variety of studies [20, 98, 101] and is further validated in Study IV of this thesis.
Typical MRI image parameters for cine and CS flow imaging are shown in Table 3.5.

The CS was manually delineated through all time frames, and quantitative flow mea­
surements were extracted. Using these measurements, global MP (mL/min/g) was calcu­
lated as CS flow/LV mass. In study IV, CS flow derived global MP values at rest were
also presented with adjustment to rate pressure product using the formula 10000 × global
MP / systolic blood pressure × heart rate[102] to account for differences in external cardiac
workload.

3.2.4 First­pass perfusion (regional myocardial perfusion)

Regional MP images was acquired in Study I and Study III using an SSFP first­pass perfu­
sion sequence. A bolus of 0.05 mmol/kg gadolinium­based contrast agent (gadoteric acid,
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(a) Coronary sinus magnitude image. (b) Coronary sinus phase image.

(c) Placement of the coronary sinus image
plane.

Figure 3.3: (a) Magnitude image of the coronary sinus. (b) Flow velocity encoded
image of the coronary sinus flow. (c) Short­axis image of the right atrium and coronary
sinus ostium with a thin white line that marks the coronary sinus image plane. CS =
coronary sinus, RA = right atrium, LV = left ventricle.
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Coronary sinus flow Cine imaging
Philips Siemens Philips Siemens

Repetition time (ms) 5 5 2.9 2.5
Echo time (ms) 2.6 2.8 1.5 1.1
Flip angle (degrees) 15 20 60 69
Inversion time (ms) n/a n/a n/a n/a
Segmentation factor 4 4 17 17
Acq. spatial res. (mm) 2.1×2.1×7.0 1.7×1.9×8.0 2.0×2.0×8.0 2.2×2.2×6.0­8.0
Reconstr. spatial res. (mm) 1.2×1.2×7.0 1.6×1.6×8.0 1.3×1.3×8.0 2.2×2.2×6.0­8.0
Acq. temporal res. (ms) 34 40 50 40
Reconstr. time phases 20 20 30 25
SENSE/GRAPPA factor 2 2 2 2
VENC (cm/s) 80­120 80­120 n/a n/a
Slice gap (mm) n/a n/a 0 0­2

Table 3.5: MRI sequence parameters for coronary sinus flow measurements and
cine imaging of the left ventricle. SENSE = sensitivity encoding, GRAPPA =
generalized auto­calibrating partial parallel acquisition, VENC = velocity encod­
ing.

Dotarem, Guerbet, Gothia Medical AB, Billdal, Sweden) was used. Images were sampled
in three short­axis slices (base, mid­ventricular, and apical) during adenosine stress (140
mg/kg/min) and at rest, 10 minutes after the adenosine infusion was ended.

The first­pass perfusion images were visually analyzed in six basal, six mid­ventricular,
and four apical segments. Each segment was graded regarding the deficit’s transmural ex­
tent in each segment (< 50% or > 50%). The severity of the perfusion deficit was graded
as mild/moderate or severe based on the observer’s visually estimated hypo­enhancement
degree.

3.2.5 Late gadolinium enhancement (fibrosis)

Myocardial fibrosis was measured in Study I, II and III using LGE. LGE imaging was
performed with a 3D­inversion recovery (IR) gradient­echo (GRE) sequence (Philips) or
2D phase­sensitive inversion recovery (PSIR) GRE sequence (Siemens) acquired during
end­expiratory breath­hold. Short­axis slices covering the entire left ventricle from base
to apex and three long­axis projections were acquired 10–20 minutes after an intravenous
administration of an additional 0.1 mmol/kg of contrast agent after the resting perfusion
(Figure 3.4). MRI image parameters are shown in Table 3.6.

In Study I and II, fibrosis was quantified using a semi­automatic method of the LGE
images using threshold by SD from remote with manual corrections[103]. In Study III, a
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Figure 3.4: Typical short­axis basal late gadolinium enhancement MRI image
with fibrosis (marked with an arrow) as a result of myocardial infarction in the
LCx territory in a patient with coronary artery obstructions in LAD, RCA and
LCx on angiography

later developed method using threshold by expectation maximization to semi­automatically
include fibrosis areas was used[104].

3.3 Phantom­experiment design

In Study IV, a phantom was assembled to validate the CS flow sequence against a com­
puter controlled mechanical fluid pump (Figure 3.5). The phantom consisted of a plastic
bowl penetrated by four thin­walled (0.1­0.25 mm) plastic tubes with increasing inner di­
ameters (4.7, 5.8, 6.5, and 7.7 mm), serially connected to a custom made pulsating pump
and placed in the middle of the MRI scanner. The pump consisted of a linear actua­
tor attached to a compressor­chamber through which it exerted cyclic force to the fluid
compartment. Unidirectional flow was achieved by one­way valves on each side of the
compressor­chamber. The system was filled with tap water doped with manganese chlo­
ride (0.27 mM/liter) to resemble the T1­value of blood. The stroke volume of the pump
was gradually increased to achieve a set of different flow­velocities in the four tubes. The
pump­rate was dialed to 80 cycles/minute, which was considered to mimic a physiological
heart­rate. The phantom was scanned in the Siemens Magnetom Aera scanner with the
same velocity­mapping sequence used for CS flow measurements in the clinical studies.
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(a) Phantom with thin­walled vessels

(b) Mechanical pump setup

Figure 3.5: (a) Photo of the phantom consisting of a plastic bowl penetrated
by four thin­walled (0.1­0.25 mm) plastic tubes with increasing inner diameters
(4.7, 5.8, 6.5, and 7.7 mm). (b) Photo of the pump with the computer con­
trolled linear actuator on the left side avoiding the strong magnetic field. The
compressor­chamber and fluid compartment are inside the magnetic core.
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Regional perfusion LGE
Philips Siemens Philips Siemens

Repetition time (ms) 2.7 2.3 4.2 8.3
Echo time (ms) 1.4 1.0 1.3 3.2
Flip angle (degrees) 50 50 15 25
Inversion time (ms) 220­280 110 220­280 300
Segmentation factor n/a 69 49 20
Acq. spatial res. (mm) 2.0×2.0×10.0 2.4×2.8×8.0 1.5×1.5×8.0 1.3×1.8×8.0
Reconstr. spatial res. (mm) 1.4×1.4×10.0 2.4×2.4×8.0 1.5×1.5×8.0 1.3×1.3×8.0
Acq. temporal res. (ms) n/a 159 n/a n/a
SENSE/GRAPPA factor 3 2 0 2
Number of slices/heartbeat 5 3 n/a n/a
Slice gap (mm) Individual Individual 0 2

Table 3.6: MRI sequence parameters for first­pass perfusion and late gadolin­
ium enhancement (LGE). SENSE = sensitivity encoding, GRAPPA = generalized
auto­calibrating partial parallel acquisition.

3.4 Bicycle exercise test

In Study III, a bicycle exercise stress test was performed using a bicycle ergometer. Starting
load and increment were based on age, sex, and self­estimated fitness, typically starting at
30­60W with 10­20W/min load increments until exhaustion[105]. Two expert readers
analyzed the test results, and ST­T response was considered pathological if there was more
than 1 mm of stress­induced ST depression with a horizontal or downward sloping ST­
segment, or ST changes after 4 minutes of recovery were seen in the lateral chest leads
(V4­V6).

3.5 Statistical analysis

In Study I­IV, statistical analysis was performed using GraphPad Prism (GraphPad Software
Inc, San Diego, CA, USA). In Study II­IV, statistical analysis was also performed using IBM
SPSS (IBM Corp, Armonk, NY, USA) in conjunction with GraphPad Prism (GraphPad
Software Inc, San Diego, CA, USA).

In Study I, data were reported as mean ± standard error of the mean. In Study II­
IV, the data was reported as mean ± standard deviation. In Study I­II, the group means
were compared using the Mann­Whitney non­parametric test. In Study III, the group
means were compared using the non­parametric Kruskal­Wallis test with Dunn’s test post
hoc, and in Study IV, the parametric independent­samples t­test was used. Correlations
were analyzed in Study I and Study IV with either Spearman’s rank­order test or Pearson’s
bivariate correlation test. The Bland–Altman method was used to analyze the agreement
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between methods. In all four studies, differences with P < 0.05 was regarded as statistically
significant.



Chapter 4

Results and comments

The major findings of each study are presented and discussed in this chapter. More detailed
information is found in each manuscript in part II at the end of the thesis summary.

4.1 Study I ­ Cardiac microvascular disease in HCM

Hypertrophic cardiomyopathy (HCM) is the most frequent cause of sudden death in chil­
dren[106] and athletes[107]. A low myocardial perfusion (MP) has previously been re­
ported in studies investigating adult patients[54–56, 108], and it has been shown that a
low MP is a strong predictor of increased clinical severity and death in adult patients with
HCM [56]. Understanding the mechanisms that cause the increased risk of major adverse
events in young HCM­patients is crucial for the long term goal of preventing and treat­
ing the disease. When Study I was planned, there was no data available on global MP
in children and adolescents with HCM (HCM­patients) or risk of developing the disease
(HCM­risk). Therefore, we aimed to investigate the global MP in a group of pediatric
HCM­patients.

Table 4.1 shows the heart rate, blood pressure, and global MP at rest and adenosine
stress and Figure 4.2 shows the individual global MP values at rest and stress in scatter plots.
At rest, there was no significant difference in MP between the healthy controls, HCM­risk,
and HCM­patients. During adenosine stress, MP was significantly lower in HCM­patients
than HCM­risk and healthy controls. There was no significant difference in global MP
between patients with HCM­risk and healthy controls during adenosine stress.

Our finding of lower global MP during adenosine stress in HCM­patients as a sign of
coronary microvascular dysfunction (CMD) is coherent with a previous study by Petersen
et al.[109] using quantitative first­pass perfusion magnetic resonance imaging (MRI) to
investigate adult patients. More specifically, Petersen et al.[109], showed that global MP at
rest is similar in adult HCM­patients (0.71 ± 0.27 mL/min/g) and controls (0.85 ± 0.30

37
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Controls HCM­risk HCM
Rest Heart rate (BPM) 59 ± 4 67 ± 2* 74 ± 4*

Systolic BP (mmHg) 117 ± 3 112 ± 3 116 ± 3
Diastolic BP (mmHg) 66 ± 2 64 ± 2 64 ± 3
Global MP (mL/min/g) 0.8 ± 0.1 1.0 ± 0.1 0.9 ± 0.1

Stress Heart rate (BPM) 95 ± 4 98 ± 4 101 ± 5
Systolic BP (mmHg) 114 ± 3 109 ± 3 114 ± 4
Diastolic BP (mmHg) 68 ± 2 62 ± 2 69 ± 4
Global MP (mL/min/g) 3.9 ± 0.3 5.0 ± 0.5 2.5 ± 0.4†*

Table 4.1: Hemodynamic response at rest and during adenosine stress in healthy
controls and HCM­patients. BPM = beats/minute, MP = Myocardial perfusion.
Data are presented as mean ± SEM. * = P < 0.05 compared to heathy controls, †
= P < 0.05 compared to patients at risk of developing HCM

mL/min/g), but that global MP at stress is lower in HCM­patients (1.84 ± 0.89 mL/min/g)
than in healthy controls (3.42 ± 1.76 mL/min/g).

Though the finding of lower global MP during adenosine stress compared to healthy
controls in the children and adolescents participating in our study is similar to that of
adults reported by Petersen et al.[109], our global MP values are consistently lower, both
for controls and HCM­patients. This could be due to: (a), age differences in global MP
seen as lower values in the population in our study, or; (b), underestimation of global
MP by quantitative first­pass perfusion, or (c) overestimation of coronary sinus (CS) flow
derived global MP, or a combination of a, b and, c. Study IV of this thesis investigate age
differences in global MP in healthy volunteers and reports no decline in global MP with
age. However, additional studies are needed to determine potential age differences in global
MP in HCM­patients.

As discussed in the introduction chapter, the myocardium is normally perfused mainly
during the diastolic phase of the cardiac cycle. To investigate during what portion of the
cardiac cycle in which the myocardial blood flow is constricted, averaged coronary sinus
flow curves from the three study groups were plotted (Figure 4.1). These flow curves reveal
that altered flow patterns accompany the lower global MP observed in the HCM­patients.
More specifically, the normal biphasic flow during adenosine stress in healthy persons is
replaced by a more even CS flow in HCM­patients.

We hypothesized that such a flattened flow curve could be due to left ventricular (LV)
diastolic dysfunction where a prolonged diastole affects the perfusion during the diastolic
phase of the cardiac cycle. However, we were not able to test this hypothesis since only one
HCM­patient was found to have an E/e′ > 15 on echocardiography, which was considered
the cutoff for the potential of a diastolic dysfunction to generate an increased left ven­
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Figure 4.1: Top panels: Typical coronary sinus (CS) flow curves at rest (top left
panel) and adenosine stress (top right panel) for a healthy control (solid line), a
subject at HCM­risk (broken line) and an HCM­patient (dashed line). Bottom
panels: The average CS flow ± SEM for each group at rest (bottom left panel)
and adenosine stress (right panel). The CS flow during adenosine stress is lower
throughout the cardiac cycle in HCM­patients compared to healthy controls and
patients with HCM­risk. * = Average end systole.

tricular filling pressure[110, 111]. As discussed in the introduction chapter, the common
MYBPC3­mutation may contribute to the hyperdynamic systolic function commonly seen
in HCM[112], which hypothetically could limit the myocardial blood flow during systole.
However, this question needs to be addressed in future studies since our study only in­
cluded 3 HCM­patients and 4 HCM­risk patients with MYBPC3­mutation, which is an
insufficient population size for genetic subgroup stratification of the data.

Seven HCM patients had fibrosis on LGE (5 ± 1% fibrosis of the LV mass). There was
no correlation between degree of fibrosis and global myocardial perfusion during stress. No
controls or patients at HCM risk had fibrosis.

Six patients with a total of 30/126 segments (24%) were found to have a perfusion
defect during adenosine stress. Out of the 30 segments with perfusion defects, subendo­
cardial perfusion defects where seen in 12 segments, in which 11 were mild and one was
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Figure 4.2: Global myocardial perfusion (MP) at rest and during adenosine stress
for each individual in all three groups. Global MP was significantly lower dur­
ing adenosine in HCM patients compared to controls and subjects at HCM risk.
Error bars = mean ± SEM.

severe. The remaining 18 segments had transmural perfusion defects, in which six were
mild and 12 were severe. As mentioned in the introduction chapter of this thesis, Ismail
et al. have reported that about 1/3 of adult HCM­patients show severe microvascular dys­
function when investigated with quantitative first­pass perfusion imaging and that the areas
with severe microvascular dysfunction not only fails to increase during adenosine stress, but
decreased compared to the resting value[57]. Future studies combining quantitative first­
pass perfusion imaging and global MP from CS flow measurements in young HCM would
therefore be of interest.

Coronary angiography were not performed in our study and therefor obstructive epi­
cardial coronary artery disease (CAD) may not be ruled out as a cause a low global MP in
the investigated patients. However, epicardial CAD is rarely seen in young individuals and
coronary arteries may even have an increased diameter in HCM­patients[113]. The risk of
unknown epicardial CAD impacting the results is therefore considered low. Nevertheless,
coronary angiography may be considered in future studies investigating CMD in HCM
patients to rule out epicardial obstructive CAD.

Left ventricular outflow tract gradients and E/e′ were only measured at rest. Hypothet­
ical left ventricular outflow tract gradients and high E/e′ at stress can therefore not be ruled
out as factors affecting global MP at stress. Almost all known young patients with HCM
willing to participate in the uptake area of the clinic were included in the study. Yet, the
study population is small, and because of that, the results of Study I in this thesis need to
be confirmed in larger studies.

To summarize, Study I showed that pediatric patients with manifest HCM, but not
those only with a hereditary risk of the disease, have lower global MP during adenosine
stress than healthy controls. This finding is interpreted as CMD, which suggests that cardiac
microvascular disease is prevalent in young HCM­patients.
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4.2 Study II ­ Cardiac microvascular disease in SSc

SSc is a severe and biologically complex disease with multi­organ involvement[58]. From
a cardiovascular perspective, patients with systemic sclerosis (SSc) have an increased fre­
quency of cardiovascular mortality[62] even though there is little to no increase in epicar­
dial CAD[63, 114].

In a study using myocardial perfusion single photon emission computed tomography
(MPS), eight of ten SSc­patients with exercise­induced perfusion abnormalities were exam­
ined with coronary angiography, but none was found to have epicardial CAD[115]. This
suggests that patients SSc may suffer from cardiac microvascular disease affecting microvas­
cular coronary circulation. Therefore we aimed to determine if patients with SSc have lower
global MP at rest and during adenosine stress compared to healthy controls, as a measure
of CMD.

Table 4.2 shows the heart rate, blood pressure, and global MP at rest and adenosine
stress in patients with SSc and healthy controls. Figure 4.3 shows the individual global
MP values at rest and stress in a scatter plot. At rest, there was no significant difference in
global MP between patients and controls. During adenosine stress, however, SSc­patients
showed a significantly lower global MP compared to healthy controls. In our study, the
coronary flow reserve (CFR) was significantly lower i the SSc­patients compared to the
healthy volunteers (3.5 ± 1.9 vs. 4.3 ± 1.1, P = 0.09). Our observation of lower global MP
in patients with SSc are coherent with previous studies using coronary angiography and
echocardiography[65, 116].

Recently, a first­pass perfusion MRI study by Gigante et al. using a rest/stress proto­
col in which the patients submerge their hands in zero to four degrees Celsius cold water
for three minutes reported no difference in global MP between SSc­patients and healthy
controls[117]. However, in the study by Gigante et al.[117], there was only a moder­
ate increase in global MP at stress (23% in SSc­patients and 40% in healthy volunteers)
compared to the large increase reported in our study using an adenosine rest/stress proto­
col. This suggests that an adenosine protocol induces a stronger hemodynamic response
than a cold water protocol, which could contribute to the different results seen in Gigantes
study[117] compared to ours.

There was no significant difference in global MP between diffuse cutaneous and limited
cutaneous SSc at rest (0.9 ± 0.1 vs. 1.2 ± 0.2 mL/min/g), or during adenosine stress (3.0 ±
0.5 vs. 3.1 ± 0.2 mL/min/g).

Two SSc­patients had a substantially higher skin scores than the rest of the SSc­patients,
and these two patients also were found to have the lowest global MP at stress (Patient1 skin
score = 14, stress global MP = 1.8 mL/min/g, and Patient2 skin score = 49, stress global
MP = 2.1 mL/min/g). This suggests that patients with more severe disease may suffer from
worse CMD, but also that patients with mild disease may have a disturbed MP irrespective
of the degree of fibrotic skin involvement. However, larger studies, including more patients
with a higher skin score, are needed to test this hypothesis.
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Figure 4.3: Global myocardial perfusion at rest and during adenosine stress for
patients with SSc and healthy controls. There was a significant difference in my­
ocardial perfusion during adenosine stress, but not at rest, between the healthy
controls and the SSc­patients. Error bars = mean ± SD.
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Controls SSc­patients
Rest Heart rate (BPM) 65 ± 10 73 ± 11*

Systolic BP (mmHg) 124 ± 13 127 ± 20
Diastolic BP (mmHg) 73 ± 9 71 ± 13
Global MP (mL/min/g) 1.1 ± 0.3† 1.1 ± 0.5

Stress Heart rate (BPM) 85 ± 15 93 ± 13
Systolic BP (mmHg) 124 ± 17 124 ± 19
Diastolic BP (mmHg) 70 ± 11 65 ± 10
Global MP (mL/min/g) 4.2 ± 1.3 3.1 ± 0.9*
CFR 4.3 ± 1.1† 3.5 ± 1.9

Table 4.2: Hemodynamic response at rest and during adenosine stress in healthy
controls and SSc­patients. BPM = beats/minute, MP = Myocardial perfusion.
CFR = Coronary flow reserve. Data are presented as mean ± SD. * = P < 0.05
compared to heathy controls, † N = 18. Variables are presented as mean ± SD.

The nailfold capillary density was 5.0 ± 1.3 loops/mm, and there was no correlation
between nailfold capillary density and MP at stress. This suggests that peripheral capillary
involvement may not reflect the severity of CMD in SSc­patients.

late gadolinium enhancement (LGE) images were not obtained in three SSc­patients
because of inability to withstand further scanning due to discomfort.

Three out of the 19 SSc­patients had septal fibrosis in the right ventricular insertion
points, but none of these patients had signs of previous myocardial infarction (Figure: 4.4).
Global MP at stress in the patients with fibrosis was at level with the other patients within
the SSc group. Therefore it is likely that the fibrosis is a result of mechanical stress from a
pre­clinical hypertensive pulmonary circulation, rather than an effect of local microvascular
dysfunction.

First­pass perfusion imaging was not included in the study protocol of this study. How­
ever, the combination of first­pass perfusion and CS flow global MP would be of great in­
terest to rule out regional hypoperfusion. Recent studies suggest that environmental factors
such as silica dust, drugs, or infectious agents, may be risk factors for developing SSc[118,
119]. However, our study did not collect data about environmental factors, but future
studies correlating such factors with CMD would be of interest. The number of included
patients in the study was limited, mainly due to the rarity of patients with the disease.
Because of this, the results of Study II need to be confirmed in larger studies.

To summarize, Study II showed that the global MP is lower in patients with SSc com­
pared to controls. Finding non­invasive measures able to diagnose cardiac microvascular
disease in SSc would be of high clinical and scientific value. CS flow derived global MP is a
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Figure 4.4: Late gadolinium enhancement (LGE) images showing fibrosis in the
right ventricular insertion points in two patients with systemic sclerosis (SSc). The
white arrows points to tissue with enhanced signal due to fibrosis.
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candidate for this task, but further studies are needed to investigate the method’s prognostic
performance.

4.3 Study III ­ Cardiac microvascular disease in MVA

Coronary angiography or non­invasive MP imaging is usually performed to rule out stress­
induced regional myocardial ischemia due to stenosis in the epicardial coronary arteries[69].
However, stress­induced chest­pain with regional MP defects on quantitative first­pass per­
fusion cardiac MRI may appear in the absence of significant coronary arterial stenosis[120].
This phenomenon has lately been called microvascular angina (MVA)[68] or ischemia and
no obstructive coronary artery disease (INOCA)[71] and may be due to CMD.

In Study III, we sought to determine if patients with suspected MVA have lower global
MP during adenosine stress compared to healthy controls and a group of CAD patients.
Prevalence of MVA has been reported to be higher in women[69]. We therefore aimed to
explore sex differences in global MP in the patients with suspected MVA.

Table 4.3 shows the heart rate, blood pressure, and global MP at rest and adenosine
stress, and scatter plots of the same data are shown in figure 4.5. Due to insufficient image
quality, global MP could not be measured in four of the healthy volunteers at rest. There
were no significant differences in global MP between healthy controls, patients with sus­
pected MVA, and CAD­patients at rest. During adenosine stress, patients with suspected
MVA and CAD­patients showed a significantly lower global MP compared to healthy con­
trols.

In our study, the mean CFR was significantly higher in patients with suspected MVA
than the healthy controls and significantly lower in the CAD­patients than the healthy
controls. This is likely due to the high variability in global MP at rest in the group of
patients with suspected MVA, also resulting in high variability of the calculated CFR. Such
a large variability in global MP at rest resulted in difficulties in establishing the lower limit
of normal rest for positron emission tomography (PET) [121], and a wide range of regional
CFR has been revealed in healthy individuals using MPS[122].

CFR is commonly used when investigating CMD, and in a large study of women with
chest pain but no obstructive CAD, 26% of 963 symptomatic women were found to have
a CFR below two, which was used as a cutoff value to indicated CMD when assessed by
transthoracic Doppler echo[123]. A cut­off value of CFR < 2 has been shown to predict
the long­term risk of major adverse clinical event (MACE) in both men and women[124,
125]. However, the risk of MACE is higher in men than women when using a cut­off value
of CFR < 2 [16, 122] and a value of CFR < 2.32 to predict MACE in women has been
suggested[126].

Furthermore, a reduction in coronary flow velocity reserve measured by Doppler
echocardiography in the left anterior descending artery (LAD) has been shown to increase
the hazard ratio with 7% per 0.1 unit decrease in coronary flow velocity reserve. This in­
crease is mainly driven by an increased risk of myocardial infarction and heart failure[127].
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Figure 4.5: Global myocardial perfusion (MP) at rest and during adenosine stress
in patients with suspected microvascular angina (MVA), patients with coronary
artery disease (CAD) and healthy controls. Patients with suspected MVA showed
lower global MP than healthy volunteers, but there was no difference between
patients with suspected MVA and CAD patients. Error bars = mean ± SD. *P <
0.05, **P < 0.01.
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Controls Suspected MVA CAD­patients
Rest
Heart rate (BPM) 65 ± 10 67 ± 11 68 ± 10
Systolic BP (mmHg) 124 ± 13 132 ± 22 136 ± 36
Diastolic BP (mmHg) 73 ± 9 77 ± 11 81 ± 12
Global MP (mL/min/g) 1.1 ± 0.3 1.0 ± 0.8 0.9 ± 0.3
Adenosine stress
Heart rate (BPM) 85 ± 15 92 ± 14 86 ± 16
Systolic BP (mmHg) 124 ± 17 129 ± 17 132 ± 19
Diastolic BP (mmHg) 70 ± 11 73 ± 12 74 ± 14
Global MP (mL/min/g) 4.2 ± 1.3 3.3 ± 1.3* 2.5 ± 1.0*
Coronary flow reserve 4.3 ± 1.1 4.6 ± 3.0† 2.9 ± 1.7*

Table 4.3: Hemodynamic parameters at rest and during adenosine stress in healthy
controls, patients with suspected microvascular angina (MVA) and patients with
coronary artery disease (CAD). BPM = beats/minute, BP = blood pressure, MP =
myocardial perfusion. Data are presented as mean ± SD. * = P < 0.05 compared
to healthy controls, † P < 0.05 compared to CAD­patients.

In our study, both male patients with suspected MVA and male healthy controls had
significantly lower global MP than women within the study groups. Potential sex differ­
ences in global MP are known and discussed in more detail in the next section about Study
IV. In the present study, women with suspected MVA had lower global MP compared to
healthy women, which is in line with previous studies[77, 128, 129].

Currently, invasive coronary angiography is not recommended when MPS is normal
unless the patient has severe symptoms despite medication[71]. The presence of coronary
artery stenosis in the patients with suspected MVA cannot be ruled out since they were
included in the study based on a negative MPS and therefore invasive coronary angiography
was not performed in any of the cases. However, the risk of unknown significant CAD
is low given that the patients with suspected MVA included in the study had no regional
hypoperfusion or signs of myocardial infarction on MRI. A final limitation of Study III that
is worth noting is that the study population is relatively small and that the study thereby
has limited power.

In conclusion, the findings in Study III show that patients presenting with suspected
MVA have lower global MP than healthy volunteers and there is evidence of sex differences
in global MP in patients presenting with suspected MVA that warrants further investiga­
tions.
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4.4 Study IV ­ Normal CS flow derived global MP

CS flow measurement with MRI is well established, phantom­validated, and validated in­
vivo both invasively and non­invasively[17, 20, 22, 130]. Although the technique has been
available for almost three decades, there has been a lack of data on healthy volunteers. This
may partly be due to historical dominance of cardiac PET for research on cardiac perfusion
abnormalities in patients with suspected cardiac microvascular disease. However, with the
recent technological advances that have increased the clinical utility of MRI for investi­
gating cardiac microvascular dysfunction, the need for normal reference values in healthy
subjects has increased to enable differentiation between health and disease in subjects with
suspected but not yet diagnosed microvascular dysfunction.

In our study, there were no age­variations of heart rate at rest, but there was a lower
heart rate in old compared to younger individuals during adenosine stress. A weaker heart
rate response to adenosine in old persons has previously been shown in large studies and
may be attributed to a attenuated baroreceptor reflex [124, 131]. The lack of age­variation
of global MP during stress in our study is similar to a previous study by Czernin et al.[132]
who found no correlation between global MP at dipyridamole stress in healthy volunteers
using PET. However, the lack of age­variation of global MP during stress differs from other
PET studies using dipyridamole stress that have shown that global MP at rest increases
with age, and that global MP at stress declines with age[121, 133]. In the study by Uren
et. al it is suggested that lower increase in global MP at stress in older persons is due to a
less pronounced increase in heart rate[133]. In our study, however, we did not observe a
decline in global MP despite that the heart rate decreased with age during adenosine stress
for both genders.

Figure 4.7 shows the age variation of global MP for both genders, and Table 4.4 shows
the mean values. At rest, men had a lower unadjusted and rate pressure product adjusted
global MP compared to women. Men also had a lower global MP compared to women at
adenosine stress. Such a sex­difference with higher global MP in women compared to men
have recently been reported in a study by Nickander et al. using the quantitative first pass
perfusion MRI technique [134].

Global MP did not vary with age for any of the genders. Since there was no correla­
tion between age and global MP, subgroup categorization of different age ranges was not
performed. Previous PET studies have not found a significant difference in global MP be­
tween the genders using dipyridamole[121, 135]. In our study, we used adenosine that
has a higher vasodilator potency than dipyridamole[136]. In a study investigating coro­
nary microvascular dysfunction with O­15­PET using an adenosine rest/stress protocol,
61 healthy male volunteers were included with reported values of global MP similar to our
study (rest 0.87 ± 0.14 mL/min/g, stress 3.63 ± 1.2 mL/min/g)[137]. A higher increase in
women than men in global MP during cold pressor tests has also been observed using MRI
coronary sinus flow measurements in a study investigating young, healthy volunteers[5].
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Figure 4.6: Heart rate at rest and adenosine stress vs. age according to gender.
Solid line = quadratic regression line, dashed lines = 95% confidence interval.
BPM = beats/min.
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Women Men
Rest Heart rate (BPM) 68 ± 13 60 ± 8*

Systolic BP (mmHg) 123 ± 18 120 ± 12
Diastolic BP (mmHg) 72 ± 11 72 ± 10
Rate pressure product 8420 ± 2148 7218 ± 1201*
Global MP (mL/min/g) 1.2 ± 0.4† 0.8 ± 0.3†*
Corrected MP (mL/min/g) 1.4 ± 0.4† 1.1 ± 0.3†*

Stress Heart rate (BPM) 94 ± 14 83 ± 13*
Systolic BP (mmHg) 121 ± 17 122 ± 13
Diastolic BP (mmHg) 70 ± 11 70 ± 10
Global MP (mL/min/g) 4.9 ± 1.2 3.6 ± 0.9*
Coronary flow reserve 4.4 ± 1.4† 5.4 ± 2.6†

Table 4.4: Hemodynamic response at rest and during adenosine stress in healthy
men and women. BPM = beats/minute, MP = Myocardial perfusion. Data are
presented as mean ± SD. * P < 0.05. † N = 23.

To verify the consistency of the manual image analysis between readers for global MP
derived from coronary sinus flow measurements and LV segmentation, interobserver agree­
ment was assessed in 10 cases at both rest and stress. The difference in global MP between
the two observers was 0.1 ± 0.4 mL/min/g.

The mean error for MRI flow measurement vs. timer and beaker were 6 ± 3%, 2 ±
5%, −1 ± 4%, and −4 ± 5% for the Ø4.7 mm, Ø5.8 mm, Ø6.5 mm, and Ø7.7 mm pipe,
respectively (Figure 4.8). The linear regression equations for MRI flow measurement vs.
timer and beaker were Y = 1.12X ­ 5.08, Y = 1.08X ­ 5.36, Y = 1.03X ­ 4.33, and Y = 0.98
­ 1.61 for the Ø4.7 mm, Ø5.8 mm, Ø6.5 mm, and Ø7.7 mm pipe respectively.

Study IV of this thesis reports age and gender­specific characteristics of CS flow de­
rived global MP for healthy persons. The study also validated the CS flow method with a
phantom­experiment that proved high accuracy and precision of the flow measurements.
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Figure 4.7: Coronary sinus (CS) global myocardial perfusion (MP) vs. age at rest
and adenosine stress according to gender. There was no significant correlation
between age and global MP, neither at rest nor during adenosine stress. Therefore,
no further stratification of global MP based on age was performed. Solid line =
quadratic regression line, dashed lines = 95% confidence interval.
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Figure 4.8: Magnetic resonance imaging (MRI) flow measurements vs. timer and
beaker in a pulsatile flow phantom with 4.7mm, 5.8mm, 6.5mm, and 7.7mm
diameter thin­walled plastic pipe. Solid line = line of identity. Dashed line =
linear regression.



Chapter 5

Conclusions

The overall aim set out for this thesis was to determine how magnetic resonance imaging
(MRI) can be utilized to determine myocardial perfusion (MP) abnormalities in patients
with diseases that are known or suspected to have myocardial microvascular involvement.

Therefore, three studies were performed that investigated diseases that were known or
suspected to have myocardial microvascular involvement (hypertrophic cardiomyopathy
(HCM), systemic sclerosis (SSc) and microvascular angina (MVA)) with cardiac MRI. The
fourth study of this thesis aimed to collect reference values for global MP from healthy vol­
unteers and validate the MRI methods used to measure global MP in the different studies.

The main conclusions for each study (I ­ IV) are listed below.

I Study I found that young patients with HCM have lower global MP during adeno­
sine stress than healthy volunteers. Patients with heritable risk of HCM but normal
cardiac phenotype did not have lower global MP than healthy volunteers. The perfu­
sion deficit was present even in the absence of diastolic dysfunction or left ventricular
(LV) outflow tract obstruction. The observed coronary microvascular dysfunction
(CMD) suggests that patients with HCM may suffer from cardiac microvascular
disease.

II Study II reported that patients with SSc have lower global MP during adenosine
stress compared to healthy volunteers. This finding suggest that patients with SSc
suffer from cardiac microvascular disease. Future studies investigating the prognostic
impact and effect of therapeutic regimes regarding global MP are motivated.

III Study III showed that patients with suspected MVA have lower global MP than
healthy volunteers. Furthermore, there was a significant sex difference in global MP
in healthy volunteers and patients with suspected MVA, which imposes a need for
sex­specific normal limits for global MP assessment.
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IV Study IV provided age and sex­specific values of global MP from MRI coronary sinus
(CS) flow measurements. The study showed that global MP was lower in men than
women, which needs to be recognized when interpreting a quantitative assessment
of global MP. Furthermore, the CS flow measurement method was validated using a
mechanical flow phantom.
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