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Abstract

In heart failure (HF), the heart is unable to pump effectively in order to satisfy the demands
of the body. The elevated filling pressure seen in HF leads to accumulation of fluid in the
lungs, i.e pulmonary congestion. While investigation with chest X-ray is recommended,
it has limitations in detecting pulmonary congestion. Ventilation/perfusion single-photon
emission computed tomography (V/P SPECT), i.e tomographic lung scintigraphy, is a
promising method to diagnose and quantify pulmonary congestion in HF but needs to
be validated by invasive right-heart catheterization. The variation of the blood volume in
the pulmonary circulation measured by magnetic resonance imaging (MRI) may also have
the potential to quantify the severity of HE The general aim of this thesis was to develop
and validate new non-invasive methods to diagnose and quantify pulmonary congestion
and variation of the pulmonary blood flow in patients with HE as well as to follow-up
pulmonary congestion. Paper I revealed that the degree of pulmonary congestion in HF
could be diagnosed and quantified using V/P SPECT. It was validated with right-heart
catheterization. V/P SPECT was more accurate than chest X-ray in diagnosing pulmonary
congestion in HE In Paper II V/P SPECT showed that the pulmonary perfusion pattern
was improved and that V/P SPECT could be used to follow treatment effect after heart
transplantation in patients with HF and quantify the degree of pulmonary congestion. It
was validated with right-heart catheterization. Paper III demonstrated that V/P SPECT
could be used to follow treatment effect and assess the degree of pulmonary congestion
in patients with HF after receiving cardiac resynchronization therapy (CRT). V/P SPECT
was associated with improvement in patients’ symptoms. Paper IV showed that the pul-
monary blood volume variation differed between patients with HF and healthy controls.
In patients with HE, approximately 40% of the variation could be explained by the left
ventricular longitudinal contribution to stroke volume and the phase shift between the in-
and outflow to the pulmonary circulation. The remaining variation (60%) likely occur
on a small vessel level. In summary, pulmonary congestion in HF is difficult to quantify
objectively. The non-invasive methods V/P SPECT and MRI might add complementary
information in the diagnosis of HE V/P SPECT can be used to follow treatment effects
after heart transplantation and CRT and may have a role in avoiding invasive right-heart
catheterization in selected cases and aid in treatment decision.
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Populirvetenskaplig sammanfattning

Hjartsvikt innebir att hjirtat inte pumpar tillrickligt med blod f6r att tillgodose kroppens
behov. Vid hjirtsvikt ses ett okat fyllnadstryck i hjartat som kan leda till lungédem, ett till-
stand dir vitska ansamlas i lungorna. Enligt riktlinjer undersoks detta med lungrontgen,
men studier har visat att detta inte fungerar tillfredstillande. Tomografisk lungscintigrafi ar
en lovande metod for att pavisa och kvantifiera graden av lungddem, men behover valideras
med hjirtkateterisering. Vidare kan man med magnetkamera (MR) underséka hur mycket
blodflédet i lungkretsloppet varierar, en metod f6r att kvantifiera graden av hjirtsvike. Hu-
vudsyftet med avhandlingen var att utveckla och validera nya icke-invasiva metoder for
att diagnostisera och kvantifiera lungddem och variationen av blodflédet i lungkretsloppet
hos patienter med hjirtsvike, same folja upp lungddem. Delarbete I visade att tomografisk
lungscintigrafi kan diagnostisera och kvantifiera graden av lungédem vid hjirtsvikt. Meto-
den validerades med hjirtkateterisering. Vid jaimf6relse med lungréntgen var tomografisk
lungscintigrafi bittre vid diagnostik av lungddem vid hjirtsvike. Delarbete II visade att
perfusionsmonstret i lungorna forbittrades hos hjirtsvikespatienter och kan anvindas for
att folja behandlingseffeke efter hjirttransplantation, samt kvantifiera graden av lungédem-
paverkan, dven hir validerat med hjirtkateterisering. Delarbete III visade att tomografisk
lungscintigrafi kan anvindas for att folja behandlingseffekten och mita graden av lungs-
dem hos hjirtsviktspatienter som fitt en biventrikuldr pacemaker for att synkronisera kam-
rarnas sammandragningar och 6ka pumpférmagan. Resultaten var ocksi associerad med
forbittring av patienternas symptom. Delarbete IV visade att variationen av blodflédet i
lungkretsloppet mitt med MR kan skilja mellan patienter med hjirtsvike och friska kon-
troller. Hos patienterna berodde ca 40% av variationen pa att hjartmuskelns formaga att
forkortas nir den drar ihop sig, vilket leder till att blodet sugs till fsrmaket fran lungvenerna,
ir nedsatt. Den berodde ocksa pd att tidpunkten dir den maximala blodvolymsvariationen
i lungorna intriffar senare dn hos kontroller. Den resterande variationen (ca 60%) sker
troligen pa smakirlsnivd. Sammanfattningsvis; lungédem vid hjirtsvike 4r en erkint svir
diagnos att kvantifiera objektivt. De icke-invasiva metoderna tomografisk lungscintigrafi
och MR kan erbjuda kompletterande information vid hjirtsviktsdiagnostik. Tomografisk
lungscintigrafi kan anvindas for att folja upp behandlingseffekten efter hjirttransplantation
och biventrikuldr pacemaker, samt ha en avgorande roll vid selektering av utvalda fall for
en hjirtkateterisering och vara en hjilp vid beslutsfattande av behandling.
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Preface

It was my dream to become a Biomedical scientist (Technologist) and reach a PhD degree
already back in high school. My first contact with the Department of Clinical Physiology
and Nuclear Medicine at Skidne University Hospital in Lund was when I performed my
extended clinical training there during my third and last year at the Biomedical scientist
program (with clinical physiology as specialty) at Malmo University. I was very lucky that
the research group, Lund Cardiac MR group, is a part of this department because that
meant that I was not far away from reaching my dream. I performed my bachelor and
master thesis at the same department. While performing my last year in the master’s stud-
ies (from Orebro University, Sweden) and working simultaneously in the clinic, I started
to plan the journey towards my PhD, which I still am very thankful to have been able to
perform at the department.

This thesis was performed under the supervision of Ph.D. Jonas J6gi and professor Hikan
Arheden.

I was very interested in research, especially research related to the heart and lungs. The
design of my thesis projects enabled me to work with both the heart and lungs. The inclu-
sion of patients in this project was a time-consuming process, but in the end, it resulted
in a unique patient population. The present thesis is about assessing the pulmonary blood
flow in patients with heart failure using novel and non-invasive diagnostic methods; ven-
tilation/perfusion single-photon emission computed tomography and magnetic resonance
imaging.

During my time as a PhD student, I worked in the clinic, attended conferences, supervised
students, and met many patients who I included in my project. The possibility to really be
part of the project from the very beginning, resulted in me acquiring good skills in this field.

The studies in this thesis were funded by the Swedish Heart Lung Foundation, ALF Medi-
cal Faculty grants at Lund University and the Swedish Research Council. The travel grants
were funded by the Swedish Society for Clinical Physiology, Scandinavian Society of Clin-
ical Physiology and Nuclear Medicine, the Swedish Heart Lung Foundation and Lund
University.






Thesis at a glance

Thesis at a glance

Title

Aim

Main results

Conclusions

Paper I: Diagnosing and grading
heart failure with tomographic per-
fusion lung scintigraphy: validation
with right heart catheterization.

To 1) evaluate the potential of V/P
SPECT as a non-invasive method to
assess and quantify pulmonary con-
gestion in patients with heart fail-
ure using right-heart catheterization
as reference method, 2) investigate
the performance of V/P SPECT com-
pared with chest X-ray in the clinical
setting.

The sensitivity for V/P SPECT (by
expert reader) in the assessment
of pulmonary congestion was 87%,
whereas it was 27% in the clinical as-
sessment of chest X-ray. The majority
of patients with elevated PAWP also
had abnormal V/P SPECT, and pa-
tients with normal PAWP had normal
V/P SPECT.

V/P SPECT can be used as a non-
invasive method to diagnose and
quantify pulmonary congestion in
patients with heart failure and is more
accurate than chest X-ray in diagnos-
ing pulmonary congestion in the clin-
ical setting.

Paper II: Deranged lung perfusion
pattern normalizes in patients with
heart failure after heart transplanta-
tion.

To investigate if V/P SPECT can be
used to assess treatment effect af-
ter heart transplantation using right-
heart catheterization as the reference
method.

V/P SPECT and PAWP were im-
proved and normalized after heart
transplantation. There was a correla-
tion between V/P SPECT and PAWP
and a discrimination can be made be-
tween normal and abnormal results.

V/P SPECT is a promising method
for objective assessment and quan-
tification of treatment effects in pa-
tients with heart failure after heart
transplantation and could be a non-
invasive and useful method in se-
lected cases to guide treatment and
catheterization during follow-up.

Paper III: Pulmonary perfusion
gradients from tomographic lung
scintigraphy improves in patients
with heart failure after cardiac
resynchronization therapy, and is
associated with improved NYHA-
classification.

To assess if changes in perfusion gra-
dients from V/P SPECT are associ-
ated with improvement in heart fail-
ure symptoms after CRT. In addi-
tion, to evaluate if perfusion gradi-
ents from V/P SPECT correlate to
currently used methods in the follow-
up of patients with heart failure after
receiving CRT.

‘The majority of the patients im-
proved in perfusion gradients from
V/P SPECT after CRT (68%) com-
pared to LVESV from echocardiogra-
phy (37%). Improvement in perfu-
sion gradients was associated with im-
provement in NYHA-classification,
n=11/13 (85%), p=0.0456.

Improvement of perfusion gradients
was shown in a larger proportion of
the patients after CRT compared to
echocardiography. Improved perfu-
sion gradients were associated with an
improvement of patients’ functional
capacity, according to NYHA. Perfu-
sion gradients could have an added
value to the currently used diagnos-
tic methods in the follow-up of pa-
tients with heart failure after receiv-

ing CRT.

Paper IV: Increased pulmonary
blood volume variation in patients
with heart failure compared to
healthy controls: a noninvasive,
quantitative of heart
failure.

measure

To evaluate whether PBVV differs in
patients with heart failure compared
with healthy controls and investigate
the mechanisms behind the PBVV.

Patients with heart failure had higher
PBVVgy compared to healthy con-
trols.  This could be explained by
LV contribution to SV and the phase
shift between in- and outflow. Both
variables predicted PBVVgy in a
multiple regression analysis model

with R?=0.38.

PBVVgy was higher in patients com-
pared with controls. Approximately
40% of the variation of PBVVgy in
patients can be explained by the LV
longitudinal contribution to SV and
the phase shift between pulmonary
in- and outflow. The remaining vari-
ation (60%) most likely occurs on a
small vessel level.

Abbreviations: tomographic lung scintigraphy = also referred to as V/P SPECT (ventilation/perfusion single-photon emission computed tomography); PAWP =
pulmonary artery wedge pressure; CRT = cardiac resynchronization therapy; NYHA = New York Heart Association; LVESV = left ventricular end-systolic volume;

PBVV = pulmonary blood volume variation; SV = stroke volume; LV = left ventricular
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Chapter 1

Introduction

The most essential and astonishing organ in the human body is the heart. The heart starts
to beat very early in the fetal development and never stops beating until we die. The heart
is therefore fundamental for living. Heart failure, on the other hand, leads to the inability
to deliver enough oxygen to the body [1] [1]. It is a condition where not only the heart
is affected, but also the lungs [1] [2] as well as other parts of the body such as the skeletal
muscles [3].

1.1 Basic anatomy of the heart and lungs

The heart

The human heart is a muscle, divided into a right and left side with four chambers, see
Figure 1.1. On both sides, there is one atrium and one ventricle. The main function of the
atrium is to receive the blood coming back to the heart, and the main function of the ven-
tricles is pumping and ejecting the blood. The left and right side are separated with a wall,
the septum. The plane that separates the atria and ventricles is named atrioventricular (AV)-
plane, where the valves are attached. The valve on the left side is the mitral valve, and the
valve on the right side is the tricuspid valve. Inferior and superior Vena cava takes the blood
coming from the lower and upper parts of the body to the right atrium. On the right side,
blood is ejected from the right ventricle (RV), through the pulmonary valve, to the lungs.
The blood thereafter returns to the left side of the heart through pulmonary veins. From
the left ventricle (LV), blood is ejected into the systemic circulation through the aortic valve.
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A\ 1. Vena cava superior 13. Right pulmonary
2. Vena cava inferior veins
\21 3. The heart 14. Left pulmonary

s 4., Tricuspid valve veins
5. Septum 15. AV-plane
6. Pulmonary valve 16. Aortic valve
7. Main pulmonary 17. Aorta
artery 18. Right brachio-
8. Right pulmonary cephalic artery
artery 19. Right brachio-
9. Left pulmonary cephalic vein
artery 20. Left brachio-
10. Right lung cephalic vein
11. Left lung 21. Larynx

12. Mitral valve 22. Trachea

Figure 1.1: Image of the heart, lungs, the pulmonary and parts of the systemic circulation. White arrows
shows blood flow on the right side of the heart delivering blood to the pulmonary circulation. Black arrows
shows blood flow on the left side of the heart, delivering blood to the systemic circulation. RA; right atrium,
RV; right ventricle, LA; left atrium, LV; left ventricle.

Image modified and used with permission from Servier Medical Art - Creative Commons Attribution 3.0 Unported
Licence.
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Right lung Left lung

= \Oblique fissure

Oblique fissure

Figure 1.2: Image of the right and left lung. There are three lobes in the right lung, and two in the left.
Image modified and used with permission from Servier Medical Art - Creative Commons Attribution 3.0 Unported
Licence.

The lungs

The human body has two lungs, one on each side, see Figure 1.2. Both the right and left
lung are divided into lobes; three on the right and two on the left side. The superior part
of the lungs is called the apex, and the lung base is the inferior part. Hilum is a location
in the lungs where arteries, veins, lymph vessels, and nerves enter and leave the lungs. The
heart is in close proximity to the left lung; which makes the right lung larger than the left.
The lobes of the right lung are separated with both horizontal and oblique fissures, whereas
the lobes on the left lung are separated with only an oblique fissure.

The lungs are surrounded by a sack named pleura. The pleura is located between the thorax
wall and the lungs. Pleura has two layers. The inner layer is the visceral pleura which is
attached to the lungs, and the outer layer is the parietal pleura which is attached to the
chest wall. Between them is the pleural space containing pleural fluid.

Air enters the lungs through the nose and mouth during inspiration, which continues into
larynx and trachea (the beginning of the bronchial tree), as seen in Figure 1.3. The tra-
chea is subdivided to one right and one left primary bronchus. The subdivision continues
into secondary bronchi for each lobe of the lungs, which is further branching into tertiary
bronchi (smaller bronchi). This is then divided into bronchioles. These bronchiole struc-
tures are in the conducting zone where there are no vessels and blood. The bronchioles are
subdivided to terminal bronchiole, which in turn are split to respiratory bronchioles. The
subdivision of the respiratory bronchioles continues and terminates into numerous alveolar
ducts and sacs (two or more alveoli share one duct). These structures are in the respiratory
zone, and the alveoli are supplied with a network of blood, capillaries, where the gas ex-
change between the blood and air take place. The pulmonary gas exchange occurs in the
alveoli.
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Figure 1.3: Image of the right and left lung with the corresponding lobes and bronchial tree. The bronchial
tree consists of primary-, secondary-, tertiary bronchies, bronchiole, alveolar duct, alveoli and small alveolar
sacs. The open part of the sacs is connected to the rest of the airways.

Image modified and used with permission from Servier Medical Art - Creative Commons Attribution 3.0 Unported
Licence.
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Pulmonary vessels
- Pulmonary arteries are divided into a left and right main branch from the pulmonary
artery (Truncus pulmonalis) and supplies both lungs with desaturated blood.

- Pulmonary veins return the saturated blood back from the lungs to the left atrium. There
are usually four pulmonary veins (two on each side). However, this can differ between
persons.

- Bronchial vessels are small bronchial arteries that originates from the systemic circula-
tion. These arteries also supply the lungs (including the small and large bronchi, septum
and connecting tissue) with oxygenated blood. Thereafter, the blood from the bronchial
vessels and arteries enter the left atrium through the pulmonary veins.

- Lymph vessels: are located in the supportive tissues of the lungs starting from the ter-
minal bronchioles, and terminates mainly in the right thoracic lymph duct, passing the
hilum [4]. These vessels are the ones that help in preventing pulmonary edema by elimi-
nating the leakage of plasma protein from the capillaries in the lungs.

1.2 The cardiopulmonary system

The cardiopulmonary system consists of the cardiovascular system and the pulmonary sys-
tem.

1.2.1 'The cardiovascular system

The cardiovascular system consists of the heart, the pulmonary- and systemic circulation,
see Figure 1.1. The pulmonary circulation starts when deoxygenated blood in the right
atrium flows through the tricuspid valve into the RV. From there, the blood is ejected
through the pulmonary valve, via the pulmonary trunk (main pulmonary artery) and pul-
monary arteries, to the lungs where the blood gets oxygenated. The oxygenated blood
leaves the lungs via the pulmonary veins and enters the left atrium. From the left atrium,
the blood continues through the mitral valve to the LV, from where it is ejected into the
aorta through the aortic valve. From the aorta, the blood is delivered to the rest of the body.

The pressure in the pulmonary circulation is low (25/10 mmHg [5]), which results in a
thin RV wall. On the other hand, the pressure in the systemic circulation is higher (120/80
mmHg [5]), which result in a thicker LV wall, compared to the RV wall. This is in order

to overcome the higher pressure in the aorta and eject the blood.
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1.2.2 Pulmonary physiology

The pulmonary system in the human body is essential. Its main functions are supplying
the body with oxygen, helping the immune system, and eliminate carbon dioxide through
ventilation. Diffusion is the exchange of carbon dioxide and oxygen between the blood
and air in the alveoli.

Pulmonary ventilation is the exchange of air between the alveoli and the atmosphere (in-
spiration and expiration). The air flows in through airways and into the lungs during inspi-
ration due to that the pressure in the alveoli is lower than the pressure in the atmosphere.
During expiration, the pressure in the alveoli exceeds the pressure in the atmosphere, re-
sulting in air flows out of the lungs. The regional ventilation in the lungs is dependent on
the lung’s local expansibility or elasticity. Under normal circumstances, the ventilation is
more distributed to the lower parts of the lungs due to the larger compliance in those parts
of the lungs.

Pulmonary perfusion. During normal conditions, the perfusion (blood) is distributed in
the lower parts of the lungs (base) when standing and to the posterior/dorsal parts of the
lungs while lying in supine position. This is because of the gravitation.

We can think of the large pulmonary vessels as rubber tubes that are elastic and can distend
with changes in pressure. When the pressure is decreased, the pulmonary vessels reduce in
diameter, and when the pressure is elevated, they are distended [4].

In order for the blood to be mixed with air, the blood in the lungs should be disseminated
to the parts or segments of the lungs (alveoli) that have the most oxygen supply.
Accumulation of fluid in the interstitial space can cause mismatch between the ventilation
and perfusion by compressing the blood vessels and small airways [6] [7].

The zones of the lungs

When the blood pressure in the pulmonary capillaries becomes lower than the alveolar air
pressure of the lungs, the capillaries close resulting in no blood flow running through them.
As described by West et al. [8] (and presented in Figure 1.4) the lungs are divided into dif-
ferent zones, based on the distribution of the blood flow (perfusion).

Zone I: The capillaries in zone I (the apical parts of the lungs) are not perfused and there
is limited gas exchange. This is caused by the pulmonary arterial pressure being lower than
the alveolar pressure, which at the same time is higher than the venous pressure, Figure 1.4.
This means that during normal conditions, the lungs are foremost perfused in the lower
parts, zone II and III.

Zone II: Consists of the middle parts of the lungs. Here in this zone, the pulmonary
arterial pressure is larger than the pulmonary alveolar pressure, and the pulmonary alveo-

6
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lar pressure is greater than the pulmonary venous pressure. The closer we get to zone III,
the basal parts of the lung, the more capillaries are open with gradually more gas exchange
taking place.

Zone III: Consists of the lower parts of the lungs. In this zone, the capillaries are con-
stantly kept open since the pulmonary arterial pressure is larger than the alveolar pressure,
and the alveolar pressure is lower than the venous pressure. Most of the gas exchange occurs
in this zone.

Sometimes, a fourth zone at the base of the lungs is added to the three mentioned zones
(Zone IV) [9]. In zone IV, the pressure in the lung tissue (the interstitial pressure) is larger
than the pulmonary arterial, venous and alveolar pressures. In this zone, which is in the

bottom (base) of the lung, the elevated interstitial pressure leads to a decreased perfusion
again, which leads to atelectatic (or edematous) lung.

Apex of the lung Distance from the base

Zone |
Pa<Pa>Py
A Zone I
N ParPAPy
\\
\
Zone Il
Pa>PA<Py
\

Base of the lung Blood flow

Figure 1.4: Schematic image of the lung in standing position with the corresponding blood flow. The lung
is divided in three different zones [8], where the circle in each zone represents the alveoli and the capillaries
inside of them. There is no blood flow in Zone 1 (the capillaries are closed), while in Zone III the capillaries
are open and blood flow through them. P,= arterial pressure, Pa= alveolar pressure, Py = venous pressure.
Adapted with permission from Mikael Kanski [10].
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1.3 Pumping of the healthy heart

The cardiac cycle consists of two phases; systole and diastole. Systole is the phase where the
ventricles are contracting and ejecting the blood to the rest of the body. Diastole is when
the ventricles are filled with blood and relaxed. There are three different parts in diastole:
early rapid filling, diastasis and atrial contraction.

During the beginning of the cardiac cycle, the atria are contracting. The pressure in the LV
is lower than the pressure in the left acrium. This pressure gradient enables blood to flow
in to the ventricle due to the opening of the AV valves. The atrial contraction provides an
extra volume of blood into the LV before it starts to contract. When the pressure in the LV
becomes greater than the pressure in the left atrium this will result in closure of the mitral
valves (the isovolumetric contraction phase). When the ventricles contract, the AV-plane
is moved towards the apex of the heart, the aortic valve opens, and blood is ejected to the
body. The remaining blood volume in the end of systole (end of this phase) is named end-
systolic volume, ESV.

Diastole begins with an isovolumetric relaxation that lead to a decreased LV pressure. Early
rapid filling starts when the pressure in the LV is lower than the pressure in the left atrium
and the AV valves opens. During this phase blood flows from the atrium to the ventricle.
Diastasis is the next phase in diastole, where there is a small volume of blood that pass
through the AV valves. Atrial contraction marks the end of diastole. The blood volume in
the end of diastole is called end-diastolic volume, EDV.

The volume ejected by the heart in one heart beat is called stroke volume and can be cal-
culated as:

SV =EDV — ESV (1.1)

where SV is stroke volume, EDV is end-distolic volume and ESV is end-systolic volume.
The volume of blood delivered to the systemic circulation per minute, in order to meet the
metabolic demands of the tissues is called cardiac output. Cardiac output is calculated as:

CO=SV-HR (1.2)
where CO is cardiac output, SV is stroke volume and HR is heart rate.

In a healthy person at rest, CO is typically 5 I/min [5]. However, when the heart fails
and is unable to deliver an adequate CO, we call it heart failure.
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1.4 Heart failure

Heart failure is a complex clinical syndrome which is challenging to diagnose [1]. The
prevalence of heart failure is 1-2% [11], which is more than 23 million people world-wide
[12]. The prevalence continually rises as the population become older [11] [13]. Annually,
cardiovascular disease causes over 3.9 million deaths in Europe [14] and 17.9 million deaths

worldwide [15].

1.4.1 Pathophysiology

Heart failure is caused by any functional or structural impairment of ventricular filling or
ejection of blood, which in itself can give rise to increased pressures in the heart. The causes
include ischemic heart disease, coronary artery disease, hypertension, and pulmonary dis-
ease with pulmonary hypertension.

Heart failure

Normal

Figure 1.5: Image of the heart during normal condition (to the left) and during heart failure (to the right).
Note how the left ventricle (LV) can be dilated in heart failure.

Image modified and used with permission from Servier Medical Art - Creative Commons Attribution 3.0 Unported
Licence.

Heart failure can be divided into asymptomatic, chronic, stable, acute and congestive [1]
[16]. Asymptomatic heart failure includes patients with no symptoms or signs, whereas
chronic heart failure includes patients who have suffered from heart failure during a period
of time [1] [16]. Patients with stable heart failure have unchanged signs or symptoms dur-
ing at least one month, despite treatment. Patients with acute heart failure, also referred to
as decompensated, experience a state where their chronic or stable heart failure is worsened
[1] [17]. This state is serious, requires fast treatment and could affect the prognosis of the
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patient. Chronic and acute heart failure can also be described as congestive heart failure
[1].

There are different types of heart failure and these may have different manifestations. There
is systolic and diastolic heart failure that can appear in the left and right side of the heart,
thereby left and right-sided heart failure [1]. The consequences of heart failure can end
in backward and forward failure. The focus in this thesis will be on systolic heart failure,

left-sided heart failure and backward failure:

- Systolic heart failure. Ejection fraction (EF) is a measure of LV pumping (systolic func-
tion) [18], and is normally > 50% [1]. EF can be calculated and measured using the
following formula:

(EDV — ESV) = SV
EDV

Systolic heart failure is a condition where the LV has reduced contractility and pump-

EF = (1.3)

ing/ejection of the blood. Patients with systolic heart failure have therefore reduced EE,
<40% [1] and has shown to have increased mortality [19]. A common mechanism leading
to systolic heart failure is following a myocardial infarction [20]. In surviving myocytes, a
pathophysiological remodelling of the LV could occur. This could affect the LV by impair-
ing its contractility and lead to dilation, see Figure 1.5.

The Frank Starling mechanism describes the association between the heart’s systolic and di-
astolic function. The principle behind the Frank Starling mechanism [21] [22] [23] is that
during diastole, when the ventricles are filled with blood, the cardiac muscles are stretched.
The more the heart muscles are stretched the higher the force of contraction and SV during
systole. Therefore, if the venous return to the heart is less the force of contraction, likewise
become less. One of the causes to systolic heart failure is myocardial infarction. The part
of the myocardium that is affected by the infarction, dies. This tissue will become fibrotic
and will not have the ability to contract. This will therefore result in decreased starling force.

- Left-sided heart failure. Usually systolic heart failure affects the LV and causes left-sided
heart failure. It is most commonly caused by ischemic heart disease.

As mentioned in section 1.2.1, the LV wall is thick since it is required to pump with a high
pressure to overcome the pressure in the aorta and eject blood. In the case of left-sided heart
failure, the work load of this part of the heart needs to be increased in order to maintain
the same extent of blood being supplied to the rest of the body, with an increased filling
pressure.

A failing LV (with an increased pressure) leads to backward failure, which causes blood
to stagnate in the pulmonary vessels where pressure increases. Since backward failure re-
sults in blood stagnating in the pulmonary vessels, causing pulmonary edema (congestion),

10
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this could in turn affect the pulmonary perfusion distribution, as described in section 1.2.2
(lung zones).

1.4.2  Signs and symptoms

The typical signs of heart failure are dyspnea, fatigue and fluid retention. Fluid retention
may lead to pulmonary crackles, elevated jugular venous pressure, peripheral edema and
pulmonary congestion (edema).

1.4.3 Pulmonary edema

Pulmonary edema occurs when fluid is accumulated in the interstitial space or in the alveoli
(Figure 1.6) and when the lymphatic drainage of this fluid is simultaneously insufficient
or malfunctioning [24] [25] [26] [27] [28]. The edema will result in a larger distance for
the gas exchange to occur between the alveoli and the capillaries. The gas exchange will
then be reduced causing lower saturation. In the case of heart failure, pulmonary edema
occurs due to that the LV is unable to efficiently pump the blood that is transported to
it. Also, pulmonary edema occurs because of elevated left atrial pressure (LAP) [29]. This
will result in stagnation of blood in the pulmonary vessels with increased blood volume in
them and in the capillaries. As a result, the capillary hydrostatic pressure increases [25].
The accumulation of fluid is mainly located to the lower parts of the lungs due to gravity.
The increased capillary pressure will result in increased filtration of fluid across the capillary
walls to the interstitium. This will result in pulmonary edema if the accumulation of fluid
is high, fluid can also enter the alveolar space.

Figure 1.6: Image of the alveoli with accumulation of fluid.
Image modified and used with permission from Servier Medical Art - Creative Commons Attribution 3.0 Unported
Licence.
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1.4.4 Classification

Heart failure can be classified according to the New York Heart Association (NYHA) [1]
based on patient’s symptoms and ability to physical activity, see Table 1.1. However, the
limitations of NYHA-classification shows aspects of subjectivity and patients experience
their symptom’s differently [30].

Table 1.1: Classification of heart failure according to New York Heart Association (NYHA).

NYHA

Class I: No limitation of physical activity.
Ordinary physical activity does not cause
undue breathlessness, fatigue, or palpitations.

Class II: Slight limitation of physical activity.
Comfortable at rest, but ordinary physical activity
results in undue breathlessness, fatigue, or palpitations.

Class I1I: Marked limitation of physical activity.
Comfortable at rest, but less than
ordinary physical activity results in
undue breathlessness, fatigue, or palpitations.

Class IV: Unable to carry on any physical activity
without discomfort. Symptoms at rest can be present.
If any physical activity is undertaken, discomfort is increased.

1.4.5 Treatment

The treatment of patients with heart failure is based on their symptoms. The main pur-
pose with treatments is to reduce mortality of the patients, improve quality of life and
clinical status [1]. In systolic heart failure for example, the most important treatment is
medical treatment. However, when optimal medical treatment is insufficient, implantable
devices (with specific indications) are used. Implantable devices are cardiac resynchroniza-
tion therapy (CRT) and implantable cardioverter defibrillator. Mechanical assist device
such as intra-aortic balloon pump (for maintaining a good circulation), ventricular assist
device, and mechanical circulatory support [31] are used as treatments when awaiting heart
transplantation. Heart transplantation [1] is the final treatment alternative.

The focus in this thesis will be on treatment with CRT and heart transplantation.
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CRT: is an invasive procedure where different leads of a device are placed in the LV. CRT
is useful in selected patients with heart failure and need to fulfill the following criteria: EF
below 35%, NYHA-classification III-IV, QRS duration >150 msc on electrocardiogram
(ECQG) and left bundle branch block [32] [33] [34]. In the case of left bundle branch
block, there is irregular contractility of the septum as well as in the right and left ventri-
cles. With this treatment, coordinated contraction of the right and left ventricles can be
achieved. Patients will feel improvement in quality of life, symptoms and cardiac perfor-
mance [35] [1]. Furthermore, the morbidity and mortality are also reduced [36]. However,
there are patients (25-40%) that do not respond to this treatment [37].

Heart transplantation: is considered for patients with end-stage heart failure, where all
available treatment options have failed. The patients are eligible for heart transplantation
when they are in such a condition that they can manage the stresses post transplantation.

The focus in this thesis is investigating patients with heart failure before and after treatment
with CRT and heart transplantation using the novel diagnostic method Tomographic lung
scintigraphy, and using Magnetic resonance imaging (MRI) as a novel method to study
the blood flow in the pulmonary circulation in patients with heart failure.

1.4.6 Diagnostic methods

There is not one single diagnostic method that can be used in the diagnosis of heart fail-
ure. There have to be several diagnostic methods that complement each other [1]. These
include clinical assessment of symptoms and signs of heart failure. Before setting the diag-
nosis, a careful investigation of the medical history should be performed [1]. Furthermore,
other diagnostic methods are, among others, echocardiography, chest X-ray and right-heart
catheterization.

Echocardiography: is a non-invasive imaging method that investigates the systolic and di-
astolic function of the heart, volumes in the atria and ventricles, the valves and the thickness
of the myocardial wall. It is useful in patients where heart failure is suspected [1]. Although
echocardiography is widely available, cheap and has high temporal resolution, its limita-
tions are that it could have a limited acoustic window [38] and is user dependent.

Chest X-ray: guidelines recommend to use chest x-ray as a non-invasive method in the
diagnosis of pulmonary congestion in heart failure [1][39], especially in the acute setting
of heart failure compared to the non-acute [40] [41]. From this examination, information
can be obtained on heart size, pulmonary vessels and fluid in the lungs [39]. Furthermore,
chest X-ray can be used to investigate differential diagnoses [1]. Heart failure diagnosis
can be made if the heart is enlarged (cardiomegaly), if the pulmonary vessels are distended
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and if fluid is present, more details are listed in section 4.4. This method has shown to
have low sensitivity in the diagnosis of pulmonary congestion in heart failure [39][42][43].
This could be due to some compensatory mechanisms that compensate for the fluid shift
in the lungs, covering the evidence of deranged hemodynamics [44]. In patients with sus-
pected heart failure, chest X-ray is not useful [1]. Furthermore, patients with heart failure
may present with normal chest X-ray even though having LV dysfunction [40] [41]. In
addition, it can also be normal in patients (50-60%) who have pulmonary congestion and
elevated pulmonary venous pressure [45][44]. In patients with acute decompensated heart
failure, chest X-ray examination in supine position is inadequate [39].

Due to the low sensitivity of the recommended chest X-ray in the diagnosis of pulmonary
congestion in heart failure, there is a need of other non-invasive diagnostic methods.

Right-heart catheterization: The indications of right-heart catheterization are [1]:

* To investigate patients with severe heart failure who will receive mechanical circula-
tory support

* To investigate patients who are under consideration for heart transplantation
* To evaluate patients with suspected pulmonary hypertension

* To investigate patients who still have symptoms although they are optimally treated
with medications. This examination can be used in order to possibly adjust the
treatment

* Is used on those with unstable hemodynamics

The hemodynamic variables that can be measured from this examination using a Swan
Ganz catheter are CO, pulmonary artery pressure, pulmonary capillary resistance, the filling
pressure in both right and left atrium as well as RV, HR and cardiac index. In addition,
pulmonary artery wedge pressure (PAWD, which is an indirect measure of LAP) can be
measured. The PAWP can be measured by inserting a catheter through the right internal
jugular vein — right atrium — pulmonary artery — a smaller branch of the pulmonary
artery until the catheter wedges. A balloon is then inflated and causes an obstruction of the
blood in the smaller branch of the pulmonary artery.

A normal PAWP is 7 mmHg, and is regarded as elevated when it is >15 mmHg [46].
The catheter is linked to a computer where all these parameters are monitored during the
procedure. Right-heart catheterization is regarded as the reference method in the diagnosis
of pulmonary congestion. However, this method is invasive and could pose a risk for the

patients [47].
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1.5 Tomographic lung scintigraphy

Tomographic lung scintigraphy, also known as ventilation/perfusion single-photon emis-
sion computed tomography (V/P SPECT), is a non-invasive nuclear medicine examination.
The examination enables a 3-dimensional imaging (visualization) of the distribution of the
ventilation and perfusion in the lungs. The indications of a V/P SPECT examination are
pulmonary embolism, chronic obstructive pulmonary disease, lung surgery, follow-up after
treatment and pneumonia.

1.5.1 Image acquisition of V/P SPECT

In order to obtain images of the distribution of pulmonary ventilation and perfusion, spe-
cific radioactive aerosols and tracers are needed.

Ventilation: The method to quantify ventilation is by using aerosols. The definition of
an aerosol is small particles that are suspended in gas. The etymology of the word aerosol is
derived from the Greek and Latin and can be divided into two words: “aer” which means
”air” in Greek, and “solutio” which signifies “solution” in Latin. When labelling a radioac-
tive tracer to an aerosol it becomes a radioaerosol. A radioaerosol is small particles that can
either be solid or liquid and the size of them is one of the factors that affect its deposition
in the lungs [48] [49].

99mTechnetium (Tc)-Technegas is an aerosol that is used to study the ventilation in the
lungs. It results in a high image quality, has large availability and also has lower costs com-
pared to other radioactive gases [50]. Technegas has a small amount of focal depositions in
the small and large airways, and is distributed homogeneously in the lungs [51]. Further
on, the benefit of the use of 30 MBq of 99m-T¢ Tehnegas in the ventilation study is also the
low radiation effective dose of 0.45mSv. 99mTc-Technegas was first used for such purpose
many years ago [52]. The aerosol Technegas contains ultrafine particles of solid graphite,
labelled with the radioactive 99mTec that is distributed in the lungs proportionally to the
ventilation. The ultrafine nanoparticles diffuse in the alveoli and have a 50% deposition
fraction and are 0.02 micrometer in diameter [53]. The graphite nanoparticles are pro-
duced in a Technegas generator where all the particles are heated in a crucible with 9mTc
in pure argon to 2550 degrees Celsius [54]. After the heating of the particles, they become
small radioaerosols particles (with the size of 60nm-160nm) [55] and they have the same
characteristics as radioactive gas [55] [56]. When inhaled, they adhere to the wall of the
alveoli [52] [55] and have less impaction on conducting airway [55].

Perfusion: The method by which one can study the perfusion of the lungs is by using
Macro-aggregated human albumin (MAA) labelled with 99mTc [57] [58]. 99mTc-MAA
is produced by heating human serum albumin [58] and thereafter labeled with Tc. The
size of the 99mTc-MAA particles is 15-100 pm and their size and shape is irregular. Their
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main task is to create a microembolization at first passage through the lungs with a capillary
blockage of the precapillary arterioles and pulmonary capillaries.

In order to obtain an accurate and even distribution of the 99mTc-MAA, a sufficient num-
ber of injected particles is needed. The injected number of particles need to be between 60
000-400 000 [57] [59]. Even though this sounds very much, this amount will only ob-
struct a small part of the pulmonary capillaries and arterioles. The regional distribution of
the pulmonary perfusion is reflected by the distribution of the injected 99mTc-MAA par-
ticles. 99mTc-MAA is injected intravenously when the patient is in a supine position. The
particles will be transported with the blood and reach the pulmonary arteries and capillar-
ies through the right atrium and ventricle. After imaging has been performed, the particles
will break down in the lungs and follow the blood from the lungs to the left atrium and
ventricle and further to the systemic circulation.

The perfusion study (140 MBq 99mTc-MAA), with an effective dose of 1.64 mSy, is per-
formed immediately after the ventilation study as a one-day protocol, with the patient in
the same position. In order to overcome the activity from the ventilation dose of 30 MBq,
the perfusion dose needs to be larger [60].

The half-time for 99mTc is six hours and the photopeak energy is 140keV.

Perfusion gradients: The calculation of the perfusion gradients was first developed by Jogi
and co-workers in Lund, Sweden [61]. The perfusion gradients are automatically derived
from the V/P SPECT images using a user-independent algorithm [61]. Perfusion gradients
describe the change of the distribution of perfusion activity.

First, the algorithm receives input with all information from the perfusion images.
Second, the algorithm calculates the radioactivity (the amount of counts) in each voxel in
the total lung volume (both lungs).

Third, for the algorithm to avoid artifacts and partial volume effect, about one centimetre
(cm) of the outer borders of the lungs, large vessels and airways at the hili are automatically
excluded.

Fourth, the values in each voxel are normalized to the maximum amount of activity in both
lungs.

Fifth, the algorithm thereafter uses the total activity in all voxels of the lungs (from the
fourth step) to perform a three-dimensional (3D) linear regression (line of best fit) for the
distribution of total activity of the lungs. From the 3D linear regression, the algorithm
extracts the slope in the posterior-anterior direction.

Sixth, the posterior-anterior slope from the 3D linear regression line describes the perfu-
sion gradients. The unit of the perfusion gradients is percent counts per cm, which is the
change in relation to the normalized distribution of the perfusion activity per cm lung.

The perfusion gradients are a measure of the distribution of pulmonary perfusion.

Images of the regional pulmonary ventilation and perfusion are taken using a gamma cam-
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cra.

Gamma camera: A gamma camera consists of collimators, sodium iodide crystal (scintil-
lator) and many photomultiplier tubes. Gamma cameras have different numbers of heads
(detectors). The most common is dual-heads, and the gamma cameras that has been used
in this thesis have dual-heads with two detectors. The emitted photons hit the crystal and
are transformed thereafter to visible light. The light is later detected by the photomultiplier
tubes and the energy from the emitted photons (from the patient) is registered as an elec-
trical signal by the photomultiplier tubes. Their task is, except to spread the light from the
emitted photons through the crystal, also to choose where the photons hit the crystal. The
light is thereafter localized by a computer. The use of collimators with many parallel holes
in the gamma cameras enables good resolution of the images and that emitting photons
hit the crystal perpendicularly, which generates an image. On the other hand, some of the
emitted photons will not hit the crystal because they are emitted in an oblique way.

For the V/P SPECT examination, static acquisition is acquired, and the two detectors ro-
tate around the patient. Three different electrical signals (x, y and z pulses) are obtained
from the detectors to produce the images. These electrical signals reflect how much energy
the photons consist of and where in the crystal the photons are absorbed. The distribution
of the radioactive tracers in the images is then reconstructed using a computer to obtain
images with different slices (planes); transversal, sagittal and coronal.

After acquiring the V/P SPECT images, the images are reconstructed using iterative re-
construction. This method is based on an algorithm where a continuous adjustment of
an image assumption is made until the reconstruction reach an image with the true values
(true distribution of the radioactive isotope) in the examined plane. Accumulation of the
radio active isotope in the lungs (also named hot spot), could arise and is reduced during
the reconstruction of the ventilation and perfusion images. Next step in the reconstruction
process is to subtract the ventilation from the perfusion image. The final step is normaliza-
tion of the ventilation and perfusion images, resulting in V/P quotient [60].

1.5.2 Interpretation of V/P SPECT image

Ventilation images: in a patient with heart failure with pulmonary congestion, the venti-
lation is affected, but not as the perfusion images.

Perfusion images and perfusion gradients: In a normal healthy person, the distribution of
pulmonary perfusion is located in the lower parts of the lungs (in the base when standing,
and dorsal/posterior when lying in supine position). The alveoli are more open in the lower
parts of the lungs. In a patient with heart failure and pulmonary congestion and increased
LAP, the fluid is accumulated in the interstitum and affected by the gravity (pulmonary
edema). This will in turn affect the capillaries and small vessels (they become compressed
and less distensible) in the lower parts of the lungs and a decreased gas exchange. A redis-
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tribution of pulmonary perfusion to higher located parts of the lungs (apex when standing,
anterior when lying in supine position) will then occur since the vessels are closed in the
lower parts of the lungs. In West zone III [8] (which is located in the lower part of lung,
base) the capillaries are open and there is blood flow through them. When the redistri-
bution of pulmonary perfusion occurs, West zone III is relocated to higher located parts
of the lungs, see figure 1.4 [8]. The redistribution of pulmonary perfusion has previously
been seen and quantified using perfusion gradients in patients with heart failure [61].

The redistribution of pulmonary perfusion to upper or anterior parts of the lungs causes the
perfusion gradients to become positive (> 0%-counts/cm, positive slope of the perfusion
gradients). When the distribution of the pulmonary perfusion is normal and therefore lo-
cated in the lower (base, dorsal, posterior, depending on patient position) parts of the lungs,
this yields a negative value of the perfusion gradients (< 0%-counts/cm, negative slope of
the perfusion gradients). The redistribution of pulmonary perfusion in the previous study
was associated with positive perfusion gradients in the posterior-anterior direction [61].

V/P quotient images are when the ventilation and perfusion images are fused together to
present a quotient between the two. In a patient with heart failure and pulmonary conges-
tion, the V/P quotient image will be mismatched, but not in a segmental way as seen in
patients with pulmonary embolism.

1.6 MRI

MRI is a non-invasive imaging method.

Hydrogen (H+) is an element which is an essential part of many different chemical com-
pounds in the human body such as water, fat, and proteins. A hydrogen atom has one
proton with positive charge and is associated with one electron with negative charge. Pro-
tons have a property called spin which gives rise to a magnetic moment. These magnetic
moments are normally oriented randomly. An magnetic resonance (MR)-scanner has a
strong magnetic field called By. The strength of the magnetic field is usually 1.5 Tesla (T),
but it could also be 3 or 7 T. When the patient is placed in the MR-scanner, the patient’s
hydrogen atoms are affected by the external magnetic field. The magnetic moments of the
protons are then aligned such that the net magnetic moment from all protons is aligned
parallel to the external magnetic field. In addition to aligning with the external magnetic
field, protons also precess around it. The precession frequency can be calculated using the
following equation, called Larmor equation [62]:

wo = * By (1.4)

Where wyq is the precession frequency in Hz, v is the gyromagnetic ratio and By is the
strength of the external magnetic field given in Tesla (T). wy is proportional to how strong
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By is. To create an MR signal, the scanner sends a specific radio frequency (RF) pulse
to the patient. This pulse is an electromagnetic wave. Its main function is to disrupt the
alignment of the protons along the external magnetic field. It needs to be an RF pulse on
resonance with the proton precession, i.e. it needs to be an RF pulse with frequency wy.

Gradient system. There are three gradient coils in the MR-scanner. These coils are used
to identify the location of the MR signal. When a gradient is activated a magnetic field is
created which varies in strength along either the X, Y or Z direction in space. To create an
image, the MR signal has to be localized to a specific position. This can be performed by
creating variations in the magnetic field with the gradient coils. The Larmor frequency of
the protons in the body will now vary depending on its location in space. The RF pulses
of an MR-scanner can be adjusted to only contain a narrow band of frequencies. When
such an RF pulse is applied at the same time as one of the gradient coils is activated, only
protons within a thin slice perpendicular to the gradient direction will be affected by the
RF pulse. The resulting MR signal will therefore only originate from this slice. This is
called slice selection and is used to localize the MR signal along one direction. In order
to localize the MR signal along the two remaining orthogonal directions the gradient coils
are used to encode a phase and frequency variation of the protons along two perpendicu-
lar directions parallel to the slice. Phase encoding is performed by activating the gradient
coils before receiving the MR signal and frequency encoding is performed by activating
the gradient coils at the same time as the MR signal is received. The collected phase- and
frequency encoded MR signal can be sorted in a two-dimensional (2D) coordinate system
called K-space. K-space is a coordinate system that stores the spatial frequency of the MR
signal. One voxel in K-space represents every voxel in the image and vice versa. In the
center of K-space, are the low spatial frequencies, which represents the general shape of the
image. For example, if only the central part of K-space is reconstructed, the heart can be
seen but it will be blurry. The outer part of K-space represents the high spatial frequencies,
which are the edges and the details. This information is needed to see valves of the heart
for example. The mathematical Fourier transform is needed to transform K-space into an

MR image.

1.6.1 Cine images

The motion of the entire heart can be obtained using MRI images, called cine images.
This can be done by synchronizing the MR acquisition to the patient’s ECG-signal. The
acquisition takes place during end-expiratory breath-holds in order to avoid image artifacts.
Images of the heart is usually taken in long axis views and in short axis views that covers
the LV from apex to atrium. Manual delineation of the EDV and ESV can be done during
end-systole (ES) and end-diastole (ED) as well as calculating SV and EF [63].
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1.6.2 Phase contrast MRI

Phase contrast MRI is a method used to measure flow. Flow measurements using MRI is
a non-invasive method that has good accuracy [64][65][66][67]. Two different images are
acquired: 1) anatomical or magnitude image (to be able to see and define the contour of
the vessel), and 2) the phase image (to obtain the flow velocity). The vessel of interest is
examined in cross-section, having a defined image plane perpendicular to the vessel. By
applying a bipolar gradient pulse to the vessel, the moving blood particles obtain a phase
shift which depends on their velocity and magnetic field imperfections. By taking the phase
difference between two repeated measurements with opposite bipolar gradient polarity the
signal component from magnetic field imperfections can be removed and the remaining
phase signal is proportional to the flow velocity. In MRI, the velocity encoding gradient
(VENC) is a parameter that controls the maximum velocity that can be measured in a phase
contrast measurement. 'The VENC should be chosen and set slightly above the maximum
velocity of the vessel of interest. If the VENC is set too low, this will result in inability to
detect fast flows. If the velocity in the vessel supersedes the VENC the measured velocity
will appear to have the opposite direction from the true flow. This is called velocity aliasing.
Too high VENC on the other hand cannot identify small flow velocities, will result in poor
image quality and is unable to visualize vessels that have inert flow. The flow images are
obtained during the whole cardiac cycle using cine imaging (see section 1.6.1). In order
to obtain the flow during one cardiac cycle, delineations of the vessel can be performed by
drawing a region of interest around the lumen of the vessel.
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Rationale

The pulmonary perfusion, which is affected in patients with heart failure due to pulmonary
congestion, can be non-invasively assessed according to guidelines using chest X-ray, and
invasively by right-heart catheterization. Studies have shown that chest X-ray is limited,
and catheterization is invasive [39][42][43][47]. Hence, there is a need for a non-invasive
method in the diagnosis of pulmonary congestion in heart failure. In 2008, it was shown
that the non-invasive method V/P SPECT can be used in the diagnosis of pulmonary con-
gestion in heart failure to quantify pulmonary perfusion distribution [61]. However, this
method required validation. The project in this thesis was started in 2013, where V/P
SPECT was aimed to be validated with right-heart catheterization and follow-up treat-
ment effect.

Also, investigating the new method using MRI and its role in heart failure is important,
since it has never been performed previously.

The studies in this thesis are needed in order to 1) avoid invasive catheterizations in se-
lected cases, 2) aid in treatment decision, 3) to follow-up treatment effect non-invasively,
and 4) to investigate if a new measure using MRI can complement other examinations in
heart failure.

No such studies have been made previously, and the hope is that this thesis and the stud-
ies will aid in the understanding of the pathophysiology of pulmonary congestion in heart
failure. Furthermore, this thesis also aims to develop non-invasive assessment and quan-
tification of pulmonary blood flow in heart failure.
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Chapter 3
Aims

The general aim of this doctoral thesis was to develop and validate new non-invasive meth-
ods to diagnose, quantify and follow-up pulmonary congestion in heart failure, and to
study the variation of the blood flow in the pulmonary circulation.

The specific aims of each paper was to:

Paper I: evaluate the potential of V/P SPECT as a non-invasive method to assess and quan-
tify pulmonary congestion in patients with severe heart failure who were under consider-
ation for heart transplantation and used right-heart catheterization as reference method.
Furthermore, the performance of V/P SPECT compared with chest X-ray was investigated
in the clinical setting.

Paper II: investigate if V/P SPECT can be used to assess treatment effect after heart trans-
plantation using invasive right-heart catheterization as the reference method.

Paper III: assess if changes in perfusion gradients from V/P SPECT are associated with
improvement in heart failure symptoms after CRT. In addition, to evaluate if perfusion
gradients from V/P SPECT correlate to currently used methods in the follow-up of pa-
tients with heart failure after receiving CRT.

Paper IV: evaluate whether the pulmonary blood volume variation (PBVV) differs in pa-

tients with heart failure compared with healthy controls and investigate the mechanisms
behind the PBVV.
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Material and Methods

4.1 Study populations

17 Study populations —l

Patients with Healthy
heart failure controls
Under consideration for Candidates for Clinical
heart transplantation receiving CRT patients
Paper | Paper IV Paper lll Paper IV Paper IV Paper IV

Received heart Eeceived CRT

transplantation

Paper IIl |

Figure 4.1: A summary of all the study populations included in the four papers in this thesis.

An overview of the included study populations in this thesis is shown in Figure 4.1. Pa-
per I and IV included patients with heart failure who were under consideration for heart
transplantation. Paper II included patients with heart failure who received treatment with
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heart transplantation and paper III included patients before and after receiving CRT. Paper
IV included patients who were candidates for receiving CRT, clinical patients with heart
failure and healthy controls. All patients and five of the healthy controls were prospectively
included. The patients performed all examinations at Skine University Hospital in Lund,
Sweden. All patients and healthy controls gave their informed consent before participat-
ing in the studies and the ethical board at Lund University in Sweden approved the study.
The V/P SPECT examination was the only examination that was performed as part of the
project. The other examinations were performed with clinical indication. Exclusion crite-
ria were pregnant women, severe kidney failure with glomerular filtration rate <30ml/min
and patients <40 years.

Paper I

Paper I included 46 patients with severe heart failure who were under consideration for
heart transplantation between the years 2013-2017. The patients underwent V/P SPECT,
invasive right-heart catheterization and chest X-ray.

Paper 11

Twenty-three patients were included in paper II after receiving treatment with heart trans-
plantation. Seventeen of these patients were also included in Paper I, and the rest (6/23)
were included after the publication of paper I and were therefore new patients. The pa-
tients underwent V/P SPECT and invasive right-heart catheterization between the years
2013 and 2019.

Paper III

Paper III consisted of 19 patients with heart failure who were candidates for receiving CRT.
The patients underwent V/P SPECT and echocardiography before and after receiving CRT
between 2013-2017. Paper II1 is a sub study of a larger clinical trial study (CRT clinic). Of
the patients included in paper III, seven were randomized to extended diagnostic imaging
before CRT and 12 patients were controls that underwent standard imaging assessment pre
CRT in the main study. The number of left ventricular end-systolic volume (LVESV) re-
sponders in the two groups were not different (three and four, respectively). As the original
CRT clinic study was negative the patients in the current sub study were considered as one

group.
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Paper IV

Paper IV included 46 patients with heart failure during the period 2014-2017. These pa-
tients were under consideration for heart transplantation (n=4 from paper I, n=1 from
paper I and II after heart transplantation), candidates for receiving CRT (n=15 from paper
III, and n=3 that were not included in paper III), and clinical patients (n=23). In addition,
10 healthy controls were also included. The patients underwent MRI examination and
echocardiography.

4.2 V/P SPECT and perfusion gradients

The same procedure and image acquisition of the V/P SPECT examination was performed
in Paper I-III, where the distribution of pulmonary ventilation and perfusion was assessed.
The Gamma cameras that were used for the examinations were either Discovery NM/CT
670 or Discovery NM 630 (GE healthcare Sverige AB, Danderyd, Sweden), with dual-
heads. The examination was performed as a one-day protocol and the patients were in
supine position when investigated. The examination was initiated with the ventilation
study, where the patients inhaled 99mTc-Technegas (Cyclomedica Ltd, Dublin, Ireland)
until 30 MBq reached the lungs. The examination proceeded with the investigation of
perfusion, where the patients received an intravenous injection of 140 MBq 99mTc-MAA
albumin (TechneScan LyoMAA; Mallinckrodt Medical BV, Petten, Netherlands). In order
to be able to acquire the ventilation and perfusion images and compare them with each
other, the patient remained in the same supine position in the perfusion study as for the
ventilation study. The collimator that was used was an extended low-energy general pur-
pose and the images were acquired in a total of 120 projections for both the ventilation and
perfusion studies, respectively.

The acquisition time for the ventilation was 10 seconds/projection, resulting in 20 minutes.
The time for the acquisition of the perfusion was 5 seconds/projection, yielding 10 minutes.

Visual (qualitative assessment). The V/P SPECT images were qualitatively assessed in
Paper I. The distribution/uptake of the radioactive isotope in the lungs was assessed. The
images were assessed with regard to pulmonary congestion. A redistribution of pulmonary
perfusion from posterior to anterior parts of the lungs was regarded as a sign of pulmonary
congestion. The ventilation images were also assessed, despite that it is usually not affected
to the same degree as the perfusion SPECT images.

Perfusion gradients. The perfusion gradients were automatically derived from the per-
fusion SPECT images using the previously described algorithm [61]. Perfusion gradients
in the posterior-anterior direction were used in these studies. Positive perfusion gradients
indicate redistribution of pulmonary perfusion to higher located parts of the lungs and
therefore sign of pulmonary congestion [61]. Negative perfusion gradients on the other
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hand, indicate normal pulmonary perfusion distribution.

4.3 Right-heart catheterization

The right-heart catheterization examination in Paper I and II was performed at the Haemo-
dynamic Lab, Skine University Hospital in Lund, Sweden. The purpose of this examina-
tion was to measure/monitor haemodynamic measurements of the heart. This was accom-
plished using a Swan-Ganz catheter (Edwards Lifesciences, Irvine, CA, USA) inserted via
the right jugular vein. The following parameters were measured/monitored:

-mean PAWP,

-mean arterial pressure,

-mean right atrial pressure,

-mean and diastolic pulmonary artery pressure (mPAP, dPAP).

In addition, the following parameters were calculated:

-SV= CO/HR,

-Cardiac index = CO/body surface area,

-Transpulmonary gradient (TPG) = mPAP x PAWP,
-pulmonary vascular resistance = TPG/CO,

-diastolic pulmonary vascular pressure gradient = dPAP — PAWD.

An ECG was recorded during the examination, in order to register the HR
PAWP with >15mmHg was used as a cut-off value for pulmonary congestion [46].

4.4 Chest X-ray

The chest X-ray examination was performed at the Radiology department, Skane University
Hospital in Lund, Sweden and used in Paper I. During the examination, the patients were
in upright position. The X-ray unit that was used was digital with the following parameters:
140kV and 200mA. The images of the lungs were taken in posterior to anterior direction.
The chest X-ray images were assessed (qualitatively) for signs of pulmonary congestion with
the following criteria:

-pleural effusion,

-peribronchial cuffing,

-upper lobe venous diversion,

-increased cardiothoracic ratio,

-thickening of interlobar fissures,

-Kerley B lines.
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4.5 CRT

Paper III included patients who were candidates for receiving CRT. Paper I1I is a sub study
of a larger clinical trial study with 102 patients, named CRT clinic, (ClinicalTrials.gov
Identifier: NCT01426321, CRT clinic).

The main methodology of the original study has been published [68]. The patients in the
original CRT clinic study were randomized either after intervention (which is extended
examinations using MRI, computed tomography and echocardiography) or according to
clinical routine. For the intervention group, the physician who placed the CRT electrodes
could use the results from the examinations.

4.5.1 Endpoints

The endpoints and criteria used to categorize patients as responders or non-responders to
CRT were as follows: quality of life scoring system for heart failure (Minnesota living with
heart failure (MLWHE)) (with > 10% relative reduction) [69] NYHA-classification (with
> 1 class improvement) [70] [71]. From echocardiography, left ventricular ejection fraction
(LVEF) (with absolute increase of > 10%) and LVESV (with relative reduction of > 15%)
[72] were used as endpoints.

4.6 Echocardiography

Transthoracic echocardiography was used in paper III and IV and performed in line with
guidelines [73]. The ultrasound apparatus for paper Il was a Vivid 7, GE Medical, Horten,
Norway. The systems used in paper IV were Vivid E9/Vivid 7, GE Medical, Horten, Nor-
way or iE33/Epic/CX50, Philips Healthcare, Eindhoven, Netherlands.

In paper I11, the 2- and 4-chamber views were used to calculate (manually) the endocardial
contours. The biplane simpson method was then used to calculate the LV EDV and ESV
as well as the EE The echocardiographer performing examinations had more than 10 years
experience.

4.7 MRI

Two different MRI scanners (1.5 Tesla) were used in paper IV. For subjects included 2013-
2014, a Philips scanner (Achieva, Philips Medical Systems, Best, the Netherlands) was used.
Furthermore, a Siemens scanner (Aera, Erlangen, Germany) was used for subjects included
in 2015-2017.

In order to study cardiac function, cine short and long axis images (of the heart) were ac-
quired using a standard sequence named balanced steady-state free precision. Also, the
examinations were ECG-triggered for all subjects in endexpiratory breath-hold. The func-
tion and volumes of the LV and RV were manually calculated (in planimetry) in the cine
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short axis images [74]. The volumes and function that were measured were EDV and ESV.
The planimetric SV was then calculated as EDV-ESV and EF as SV/EDV times 100. Here
follows the specific MR parameters for the cine images:

MR-scanner Philips Achieva= Slice thickness: 8 mm, Slice gap: 0 mm, Repetition time
(TR): 2.6 ms, Echo time (TE): 1.5 ms, Flip angle: 60°, Pixel size (reconstructed): 1.5 x 1.5
mm.

MR-scanner Siemens Aera= Slice thickness: 6 mm, Slice gap: 2 mm, TR: 2.6 ms, TE: 1.2
ms, Flip angle: 59°, Pixel size (reconstructed): 1.0 x 1.0 mm.

In paper IV, the flows in the main pulmonary artery and pulmonary veins were mea-
sured using a 2D flow sequence, nonsegmented phase contrast velocity-encoded gradient
sequence. The flow acquisition was performed with imaging slice positioned perpendicular
to the vessel and with retrospective ECG-triggering. Several cardiac cycles were averaged
to create a flow curve covering one cardiac cycle.

The flow in the main pulmonary artery was acquired during free-breathing for all subjects,
which is approximately 170 cardiac cycles. The flow in the pulmonary vein was acquired
during either free-breathing (in 16 patients) and consisted of approximately 140 cardiac
cycles or during breath-hold (at end-expiratory) in 21 patients and consisted of approxi-
mately 20 cardiac cycles in total. For the healthy controls, the flow in the main pulmonary
artery and pulmonary veins were acquired during free-breathing. Here follows the specific
MR parameters for the flow images:

MR-scanner Philips Achieva, free-breathing images= Slice thickness: 5 mm, Reconstructed
frames per cardiac cycle: 35, TR: 8.7 ms, TE: 6.4 ms, Flip angle: 15°, Pixel size: 1.2 x 1.2
mm, VENC (arterial flow): 200 cm/s, VENC (venous ow): 80 cm/s.

MR-scanner Siemens Aera, free-breathing images= Slice thickness: 5 mm, Reconstructed
frames per cardiac cycle: 30, TR: 9.8 ms, TE: 2.7 ms, Flip angle: 20°, Pixel size: 1.5 x 1.5
mm, VENC (arterial flow): 200 cm/s, VENC (venous flow): 80 cm/s.

The MR parameters are the same for the breath-hold images as for the free-breathing im-
ages. However, only the following differs= TR: 39.4 ms, TE: 2.7 ms, Pixel size: 1.8 x 1.8
mm.

4.8 PBVV

The PBVV in paper IV describes the change of maximum variation of the blood volume
in the pulmonary circulation during one cardiac cycle [75]. The PBVV can be measured
by using blood flow measurements from the main pulmonary artery, which is the inflow
of blood to the pulmonary circulation, and blood flow measurements from the pulmonary
vein, which is the outflow of the blood from the pulmonary circulation. These flows are
measured using MRI [75]. Figure 4.2 presents a schematic image of the PBVV and Figure
4.3 presents a detailed description of the calculation of PBVV.
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PBVYV has been investigated in pigs and showed to be decreased following acute myocardial
infarction [76]. PBVV has later been investigated in patients with systemic sclerosis where
it was unchanged compared to healthy controls [77]. However, PBVV has never been
investigated in patients with heart failure.

Pulmonary
circulation
m PV
MPA QID = Region of interest
(Flow from RV) MPA = main pulmonary (Flow to LA)

artery

RV = right ventricle
PVs = pulmonary vein
LA = left atrium

Figure 4.2: Schematic illustration of the pulmonary blood volume variation (PBVV) using magnetic resonance
imaging. The flow in the main pulmonary artery (entering the lungs through the pulmonary circulation, black
arrow) and in the pulmonary vein (leaving the lungs, blue arrow) are measured with their corresponding area
with region of interest. These two vessels are shown in the figure as one vessel.

Adapted and edited with permission from Mikael Kanski [10].

First, the flow in the main pulmonary artery (inflow, shown in black) was measured during
systole (Figure 4.3 (1)). Note that the vast majority of the SV is produced during systole.

Second, the flow in all pulmonary veins (outflow, shown in blue) was measured (4.3 (2)).

Panel 3 in Figure 4.3 shows the measurement in one pulmonary vein (presented in blue
and the solid line). The dashed blue line represents the scaled flow to match the flow in the
main pulmonary artery.

Third, Figure 4.3 (4) shows the difference between the blood flow of the inflow (arterial)
and outflow (venous). Note that there is a positive blood flow during systole and negative
blood flow during diastole. The integral of this curve was calculated over time.

Fourth, the graph that was obtained in Figure 4.3 (4) presents the cumulative blood volume
in the pulmonary circulation (4.3 (5)). The definition of PBVV was the difference between
the maximum and the minimum of the cumulative volume variation over the cardiac cycle
(represented by the double-headed arrow).

The average of the pulmonary vein and pulmonary artery time-step was used for calculating
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the cumulative blood volume, since there were 35 time frames over the cardiac cycle and
the HR might vary during the examination.

Lastly, the PBVV was indexed to the effective SV in the main pulmonary artery, in order
to account for any variations in the ejected SV from the RV, PBVVsy. The value was
presented as a percentage. The SV is the area under the curve of the flow profile in the
main pulmonary artery.
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Figure 4.3: A schematic figure of the different steps in the calculation of the pulmonary blood volume variation
(PBVV) indexed to stroke volume (SV) using the blood flow measurements in the main pulmonary artery and
in the pulmonary vein, measured from magnetic resonance imaging.
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Flow measurements. A region of interest was manually delineated around the lumen
of the investigated vessels in order to obtain the flow in them. The blood flows were cal-
culated in the software Segment (see below under the section "Image analysis”) using the
following formula: vessel area (cm?) times mean through-plane velocity (cm/s) = cm? /s
= mL/s. The vessels of interest were the main pulmonary artery and pulmonary veins, see
Figure 4.4.
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Figure 4.4: Magnetic resonance images (magnitude and phase) in a healthy control.

(a) Image of the main pulmonary artery (MPA) and the corresponding flow curve. AO: aorta.

(b) Image of the pulmonary vein and the corresponding flow curve. The white and black arrows points toward
the pulmonary vein.

A region of interest (in black) was manually delineated around the vessels.

Dimensional bars: 1 cm = 10 mm.

An internal validation was performed in a subset of the patients and healthy controls, in
order to investigate if there were any differences between breath-hold and free-breathing
sequences when calculating the PBVV. It is also known that patients usually have dithcul-
ties in holding their breath, resulting in respiratory motion artefacts, despite the fact that a
breath-hold sequence is faster than a free-breathing one. The internal validation was made
in nine patients and five healthy controls where the two sequences were acquired in all of
the patients.

In order to investigate if it is possible to use the measurement of one pulmonary vein, in-
stead of the measurements of all pulmonary veins, in the calculation of PBVYV, a second
validation was performed. The validation was made in nine healthy controls and four pa-
tients with heart failure. In addition, an intra- and interobserver variability were performed
in 10 patients with heart failure by two observers for the flow measurements of the main
pulmonary artery and pulmonary vein, as well as for the calculation of PBVV and PBVVyy.
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4.8.1 Other parameters investigated in paper IV

The AV-plane displacement (AVPD) of the LV and RV was calculated in ES and ED. This
was calculated by manually placing input points in 2-, 3- and 4-chamber long-axis cine
MRI images of the LV and RV.

The movement of the LV AV-plane in the apical to basal direction is the definition of
LVAVPD (78] [79] [80].

Systolic volume was calculated in the flow measurement of the pulmonary vein. It was
defined as the cumulative volume of the venous flow during systole.

Phase shift: in order to study the phase shift between the in- and outflow, the cumulative
blood volume values were interpolated with a cubic spline using Matlab version R2016b
(Math-Works, Natick, MA). A smoothed curve was then obtained and the peak value of
this curve was used.

The phase shift between the in- and outflow (main pulmonary artery and pulmonary vein)
can also be described as the timepoint for when the maximum pulmonary blood volume oc-
curs, as a percentage of the cardiac cycle and shown in Figure 4.5. The Figure presents how
the flow curve in the pulmonary vein and the PBVV curve are shifted when the PBVVsy
is increased, compared to normal PBVVgy.

systole diastole

Main pulmonary artery

o le

Pulmonary vein
Normal PBWVs,

)
%
198
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Figure 4.5: Flow curves of the main pulmonary artery (green), pulmonary vein (red) and pulmonary blood
volume (PBVYV, blue) during normal and increased PBVV indexed to SV (PBVVsy). Note how the curve of
the pulmonary vein and PBVV are shifted to the right during increased PBVVsy. During normal conditions
there are more blood during systole in the pulmonary vein compared to diastole. However, during increased
PBVViy there is less blood during systole and more during diastole, resulting in a phase shift.
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Area variation of the large vessels: the relation between the area variation of the main pul-
monary artery and the pulmonary vein with respect to PBVV in patients with heart failure
and healthy controls were investigated. This is to ascertain if the variation in the bigger
vessels affects the PBVV. The difference between the maximum and the minimum of the
vessel area was used to define the are variation of each vessel in patients with heart failure
and healthy controls.

4.9 Image analysis
V/P SPECT

Oasis Pulmogam software (Segami corp., Columbia, MD, USA) was used to visually eval-
uate the V/P SPECT images. Ordered Subset Expectation Maximization was used to re-
construct (iteratively) the images.

Echocardiography

The echocardiographic images were analyzed and reviewed using a workstation by GE Med-
ical, Horten, Norway, named Echopac BT'12 for paper III and IV.

MRI

The software Segment version 2.2 R6901 (Medviso, Lund, Sweden) [81], which is a freely
available software, was used to assess and analyze the MRI images.

4.10 Statistical analysis

The two different programs that were used for statistical analysis were SPSS statistics ver-
sions 23.0 and 25.0 (IBM Corp, Armonk, NY, USA) and GraphPad Prism versions 6.0,
7.04 and 8.4.2 (GraphPad Software, La Jolla, CA, USA)

Histograms were used to test whether the data was normally distributed or not. The data
was therefore expressed as mean =+ standard deviation (if normally distributed) or median
and interquartile range range [IQR] (if not normally distributed). It is stated in each paper
how the data is presented. A p-value of <0.05 was considered statistically significant in all
papers.

In paper I, independent t-test was used to investigate the difference between increased/normal
PAWP and presence/absence of pulmonary congestion in V/P SPECT and chest X-ray.
Furthermore, intra- and interindividual visual assessment was performed for comparison
between V/P SPECT and clinical reports of V/P SPECT and chest X-ray and by expert
readers (for visual assessment of the V/P SPECT images), using Cohen’s kappa test.

The sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV)

35



CHAPTER 4. MATERIAL AND METHODS

and accuracy were also calculated.

In paper II, paired t-test was used in order to investigate the difference in perfusion gra-
dients before and after heart transplantation. Furthermore, it was also used to study the
PAWP before and after heart transplantation. To investigate the relationship between per-
fusion gradients and PAWP (before and after heart transplantation), Pearson correlation
was used.

In paper I1I, to investigate if there is a difference in LVESV and perfusion gradients before
and after CRT, Wilcoxon signed test was used. Fisher’s exakt test was used when investigat-
ing the difference between improved/non-improved perfusion gradients vs improvement in
NYHA-classification, MLWHF quality of life scoring system, LVESV and EFE. Fisher’s ex-
act test was also used to investigate the difference between improved/non-improved LVESV
vs NYHA-classification, MLWHF quality of life scoring system, LVEF and perfusion gra-
dients.

In paper IV, Mann-Whitney’s test was used to study quantitative, not normally distributed
independent data; comparison between patients with heart failure and healthy controls re-
garding PBVV and PBVVgy results. This test was also used to investigate the relationship
between PBVVsy and vessel area variation. The regression analysis in paper IV was per-
formed using Spearman correlation. Furthermore, Wilcoxon signed test was used to:

1. compare the breath-hold sequence images with the ones of free-breathing in healthy
controls and patients with heart failure.

2. compare the PBVV that was calculated using one pulmonary vein and all pulmonary
veins.

The diagnostic accuracy between the PBVVsy and the phase shift between the in- and out-
flow was also investigated using the cut-off value calculated by the averages &= 2 SD of a
normal PBVVgy.

Multiple regression analysis was used in order to study which variables explain the variation
of PBVVgy in patients with heart failure. First, the correlation between all variables with
PBVVsy was studied (univariate regression analysis). The variables that were included in
the multiple regression analysis model were those with p-value < 0.10 from the univariate
analysis. It was decided to exclude the higher p-value if two or more variables showed colin-
earity between each other. Colinearity was present when there was a statistically significant
correlation between two or more dependent variables.
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Chapter 5

Results and comments

The major results of the four papers are presented in this chapter. More details can be found
in the respective papers at the end of the thesis.

Normal HF with no signs of HF with signsof
pulmonary congestion pulmenary congestion

~F ¢ P
- F K

v/p of N
quotient

Figure 5.1: Ventilation/perfusion single-photon emission computed tomography (V/P SPECT) images in-
cluding the ventilation, perfusion and V/P quotient of a normal patient, a patient with heart failure (HF) with
no signs of pulmonary congestion and a patient with HF with signs of pulmonary congestion. The black arrow
points towards the redistribution of pulmonary perfusion in the patient with signs of pulmonary congestion,
which is not present in the normal person and in the patient with no signs of pulmonary congestion.
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5.1 Paper I: Diagnosis and quantification of heart failure using
V/P SPECT and validated using right-heart catheterization

V/P SPECT image

Figure 5.1 shows V/P SPECT images of a normal patient and patients with heart failure
with and without signs of pulmonary congestion. The patient who had heart failure with
signs of pulmonary congestion showed a redistribution of pulmonary perfusion.

Comparison between PAWP and signs of pulmonary congestion on V/P SPECT
and chest X-ray

This is the first study that validates and compares perfusion gradients with PAWD. The
comparison between PAWP and assessment of V/P SPECT images, with regard to pres-
ence/absence of pulmonary congestion, performed by expert reader 1 and 2 is shown in
Figure 5.2 A and B. There was a small overlap and a significant difference (p<0.001) be-
tween the groups. Merely 5 patients in (A) and 3 patients in (B) were misdiagnosed. Figure
5.2 C presents the results of the assessment of the V/P SPECT images made by the clinical
doctors. The results were similar to A and B, and there was a significant difference between
the groups (p<0.001). The comparison between PAWP and the clinical report of the chest
X-ray images regarding presence or absence of pulmonary congestion is shown in Figure 5.2
D. There was no difference between the groups (p=0.79) and there was an overlap. Several
patients were misdiagnosed as not having pulmonary congestion on chest X-ray while they
had an elevated PAWP.
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Figure 5.2: A and B show the assessment of expert reader 1 and 2 of the ventilation/perfusion single-photon
emission computed tomography (V/P SPECT) images with regard to absence (no) or presence (yes) of pul-
monary congestion, in comparison to pulmonary artery wedge pressure. The assessment made by the physicians
in the clinical routine of the V/P SPECT images is shown in C and of the chest X-ray images shown in D, also
with regard to presence and absence of pulmonary congestion.

The dashed lines represent the cut-off value of pulmonary artery wedge pressure > 15 mmHg for pulmonary
congestion. The error bars represent mean + 1 standard deviation.
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V/P SPECT: expert readers vs clinical report V/P SPECT vs Chest X-ray
1 Clinical reports
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Figure 5.3: A. The diagnostic performance of the visual assessment of the ventilation/perfusion single-photon
emission computed tomography (V/P SPECT) images made by expert reader 1, expert reader 2 and the clinical
physicians, for the diagnosis of pulmonary congestion.

B. Shows the diagnostic performance of the visual assessment made by the clinical physicians of the V/P SPECT
images (shown in blue) and by clinical radiology specialists of the chest X-ray images (shown in green).

The cut-off value of pulmonary artery wedge pressure that was used for the calculation was >15mmHg, for the
diagnosis of pulmonary congestion.

Sens=sensitivity, spec=specificity, PPV=positive predictive value, NPV=negative predictive value.

Diagnostic accuracy

The results are presented in Figure 5.3 and the cut-off value for PAWP of >15 mmHg was
used in the calculation of the sensitivity, specificity, PPV, NPV and accuracy. The diagnos-
tic accuracy of the assessment of expert reader 1 of the V/P SPECT images with respect to
presence or absence of pulmonary congestion was: sensitivity 83%, specificity 67%, PPV
83%, NPV 67% and accuracy 77%. For expert reader 2 the diagnostic accuracy of the
assessment of the V/P SPECT images with respect to presence or absence of pulmonary
congestion was as follows: sensitivity 90%, specificity 75%, PPV 87%, NPV 80% and
accuracy 85%. The sensitivity, specificity, PPV, NPV and accuracy for the diagnostic ac-
curacy of the clinical performance of V/P SPECT were: 87%, 63%, 81%, 71%, 78%,
respectively. The clinical assessment of the chest X-ray images for the diagnosis of pul-
monary congestion showed the following diagnostic accuracy: sensitivity 27%, specificity
75%, PPV 67%, NPV 35% and accuracy 43%, respectively.
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Figure 5.4: The perfusion gradients from ventilation/perfusion single-photon emission computed tomography
(V/P SPECT) vs pulmonary artery wedge pressure from invasive right-heart catheterization. The red sections
show patients with false diagnosis, and green sections patients with correct diagnosis. The dashed lines represent
the cut-off values for pulmonary congestion: perfusion gradients 0%-counts/cm, and pulmonary artery wedge
pressure >15 mmHg.

Agreement

There was a very good agreement between expert reader 1 and 2 in visually assessing the
V/P SPECT images (k=0.85). When expert reader 2 reassessed the V/P SPECT images, the
intra-individual agreement was perfect (k=1.0). There was a very good agreement between
the assessment of expert reader 1 and the clinical report of V/P SPECT examination in
assessing the V/P SPECT images (k=0.90). Furthermore, the agreement between expert
reader 2 and the clinical report of V/P SPECT was good (k=0.75). The agreement between
expert reader 2 who assessed the V/P SPECT images and the chest X-ray clinical report,
with regard to presence/absence of pulmonary congestion was poor (k=0.12).

PAWP vs perfusion gradients

Figure 5.4 shows the PAWP and perfusion gradients. The red sections represent false diag-
nosis, and green sections represent correct diagnosis.

The patients who had negative (normal) perfusion gradients all had normal PAWT.

There were only two patients who had elevated PAWP (above 15 mmHg) who did not
have positive (abnormal perfusion gradients). The rest of the patients who had elevated
PAWP had positive perfusion gradients and were therefore correctly diagnosed as having
pulmonary congestion.

The diagnostic accuracy of the perfusion gradients in the diagnosis of pulmonary conges-
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tion is: sensitivity 93%, specificity 50%, PPV 78%, NPV 80% and accuracy 78%.

Summary

The main results from paper I show that perfusion gradients from V/P SPECT can be used
to assess and quantify pulmonary congestion in heart failure. Furthermore, V/P SPECT
had higher sensitivity and specificity than the recommended chest X-ray in the diagnosis
of pulmonary congestion in heart failure.
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5.2 Paper II: Perfusion gradients and PAWP before and after heart

transplantation

In paper II, the perfusion gradients were investigated in patients before and after heart
transplantation, and was validated against PAWP from right-heart catheterization.

Figure 5.5 presents perfusion SPECT images before and after heart transplantation. The
redistribution of pulmonary perfusion seen before the transplantation is normalized after,
likewise the perfusion gradients.

Maximum
Before heart After heart
transplantation transplantation

Anterior

Anterior

Posterior Posterior

Perfusion gradients = Perfusion gradients =
5.68 %-counts/cm ™ -4.69 %-counts/cm

Minimum

Figure 5.5: Perfusion images from ventilation/perfusion single-photon emission computed tomography (V/P
SPECT), shown as sagital slices of the left lung, before and after heart transplantation. Note the normalized
perfusion pattern and perfusion gradients after heart transplantation.

The difference in perfusion gradients in patients before (1.08 =+ 2.87 %-counts/cm) and
after (-2.11 =£ 2.35 %-counts/cm) heart transplantation are presented in Figure 5.6 A. There
was a statistically significant difference between patients before and after transplantation
(p<0.001). Furthermore, the results were similar for PAWP before (20 £ 8 mmHg) and
after (9 = 5 mmHg) heart transplantation (p<0.001, Figure 5.6 B). The one patient that
did not improve in perfusion gradients was the same that did not improve in PAWP.
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Figure 5.6: Perfusion gradients from ventilation/perfusion single-photon emission computed tomography
(V/P SPECT) (A) and pulmonary artery wedge pressure (PAWP) from invasive right-heart catheterization
(B) in patients before and after heart transplantation. Dashed lines represent the cut-off values for the diagno-
sis of pulmonary congestion (perfusion gradients (A)= 0%-counts/cm, PAWP (B)= >15 mmHg). Error bars
represent mean = standard deviation.

There was a correlation between perfusion gradients from V/P SPECT and PAWP from in-
vasive right-heart catheterization, before (p=0.02, r=0.48, Figure 5.7 A) and after (p<0.001,
r=0.68, Figure 5.7 B).
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Figure 5.7: The perfusion gradients from ventilation/perfusion single-photon emission computed tomography
(V/P SPECT) vs pulmonary artery wedge pressure (PAWP) from invasive right-heart catheterization before (A)
and after (B) heart transplantation. The red sections show patients with false diagnosis, and green sections pa-
tients with correct diagnosis. The dashed lines represent the cut-off values for pulmonary congestion: perfusion
gradients 0%-counts/cm, and PAWP >15 mmHg.

44



CHAPTER 5. RESULTS AND COMMENTS

Summary

In summary, V/P SPECT is a non-invasive method that can be used in the follow-up of
patients after heart transplantation.
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5.3 Paper III: Perfusion gradients before and after CRT

Perfusion gradients from V/P SPECT. Figure 5.8 shows V/P SPECT images of a patient
before and after CRT.

The perfusion gradients in patients with heart failure before CRT were -0.23 [-3.84-1.5]%-
counts/cm, and were decreased after: -1.34 [-5.11-0.46] %-counts/cm, p=0.03, see Figure
5.9. As shown in Figure 5.10, thirteen out of nineteen patients (68%) showed improved
perfusion gradients after CRT. Eleven out of the thirteen patients (85%) that presented an
improvement in perfusion gradients also showed an improvement in functional capacity
(NYHA-classification), p=0.0456, Figure 5.10. As shown in Figure 5.10, changes in the
perfusion gradients were not associated with improvement in LVESV, LVEF and MLWHE,
p=1.0, respectively.

Ventilation Perfusion /P quotient Maximum
Bl
Anterior N
) Al
Before (RT st t !
Perfusion gradients =
4,58 %counts/cm
Anterior y )
After (RT
Posterior
Minimum
Perfusiongradients =
-0.78 %scounts/cm

Figure 5.8: Ventilation/perfusion single-photon emission computed tomography (V/P SPECT) image of a
patient before and after receiving cardiac resynchronization theraphy (CRT), with the corresponding perfusion
gradients.
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Figure 5.9: Perfusion gradients from ventilation/perfusion single-photon emission computed tomography
(V/P SPECT) in patients with heart failure before and after cardiac resynchronization therapy (CRT). The
dashed line represents the cut-off value for perfusion gradients (0%-counts/cm). Error bars represent median
and inter quartile range.

Perfusion Perfusion P-value LVESV LVESV P-value
gradients gradients
(improved) (not improved)
Improvement 11/13=85% 2/6=33% 0.0456 6/7-86% 7/12=58% 03
in NYHA
(proportion of
patients, N, %)
Improvement 7/11=64% 4/6=67% 1.0 5/7=71% 6/10=60% 1.0
in MLWHF
(proportion of
patients, N, %)
Improvement 4/13=31% 1/6=17% 1.0 3/7=43% 2/12=17% 0.3
in LVEF
(proportion of
patients, N)
Improvement 5/13=38% 2/6=33% 1.0
in LVESV
(proportion of
patients, N, %)
Improvement - - - 5/7=71% 8/12=67% 1.0
in perfusion
gradients
(proportion of
patients, N, %)

(improved) (not improved)

2 patients 2 patients
missing missing

Figure 5.10: Results of patients with improved and non-improved perfusion gradients vs New York Heart As-
sociation (NYHA)-classification, quality of life scoring system Minnesota living with heart failure (MLWHE),
left ventricular ¢jection fraction (LVEF) and left ventricular end-systolic volume (LVESV), as well as improved
and non-improved LVESV vs NYHA-classification, MLWHE LVEF and perfusion gradients.
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Figure 5.11: Left ventricular end-systolic volume (LVESV) from echocardiography in patients with heart
failure before and after cardiac resynchronization therapy (CRT). Error bars represent median and inter quartile

range. The white triangle represents an outlier.

LVESV from echocardiography. The LVESV was 159 [119-192] ml in patients with heart
failure before receiving CRT, and was decreased after CRT, 139 [108-168] ml, n=18,
p=0.02, see Figure 5.11. Thirty-seven percent (7/19) of the patients presented with im-
proved LVESV after the treatment. Changes in LVESV were not associated with im-
provement in perfusion gradients (p=1.0), LVEF (p=0.3), MLWHEF (p=1.0) and NYHA-
classification (p=0.3), as presented in Figure 5.10.

Summary

In summary, the perfusion gradients from V/P SPECT were improved in the majority of the
patients after receiving CRT. Only 37% of the patients showed improvement in LVESYV,
while 68% showed improvement in perfusion gradients. Improvement in perfusion gra-
dients was associated with improvement in NYHA-classification, while improvement in
LVESV from echocardiography was not associated with improvement with any other vari-

able.
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5.4 Paper IV: PBVV

In paper IV, PBVV and PBVVgy were significantly higher in patients with heart failure
compared to healthy controls (45 =+ 15 ml vs. 34 £ 9 ml, p=0.02 and 58 £ 14 % vs. 43
£ 7 %, p<0.001), as presented in Figure 5.12.
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Figure 5.12: The pulmonary blood volume variation, PBVV (to the left) and PBVV indexed to stroke volume,
PBVViy (to the right) in healthy controls (squares) and patients with heart failure (circles). Error bars represent
mean = standard deviation.

LV contribution to SV

Patients with heart failure had lower LVAVPD, compared to healthy controls (8.5 + 3.7
mm vs. 14.2 + 1.9 mm, p<0.001).

The change in the product of the LV area times LVAVPD could be dependent on the volume
from the pulmonary veins that enter the left atrium. As shown in Figure 5.13 A and B, the
results were (R2= 0.80, p<0.001, n = 10) in healthy controls, and (R?=0.59, p<0.001, n
= 45) in patients with heart failure.

The definition of the LV longitudinal contribution to SV is the LV area times LVAVPD as
a percentage of the SV in the main pulmonary. The LV longitudinal contribution to SV
could be determined by the change in PBVVgy in patients with heart failure (R?=0.15, p
= 0.02, n = 36, Figure 5.13 D. However, the LV longitudinal contribution to SV cannot
be determined by the change in PBVVsy in healthy controls (R2<0.01, p=0.92,n=8,
Figure 5.13 C).
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Figure 5.13: Correlation between the systolic volume in the pulmonary vein and the left ventricular (LV) area
times (x) LV atrioventricular-plane displacement (LVAPD) in 10 healthy controls (a) and 45 patients with
heart failure (b). Correlation between pulmonary blood volume variation indexed to effective stroke volume
(PBVVsy) and LV area x LVAVPD as a percentage of the stroke volume (SV) in the main pulmonary artery
(MPA) (LV longitudinal contribution to SV) in 8 healthy controls (c) and 36 patients with heart failure (d).
The measurements and calculations were performed using magnetic resonance imaging. The black lines repre-
sent the fitted linear regression line.

Phase shift

In healthy controls, the phase shift between pulmonary in- and outflow could not explain
the change in PBVVsy (R? = 0.04, p=0.65, n = 8, Figure 5.14 a). In patients with heart
failure, on the other hand, the change in PBVVsy could be explained by the phase shift
(R?=0.31, p<0.001, n = 36, Figure 5.14 b). A difference was found in phase shift between
patients with PBVVgsy < 57% and those with PBVVsy > 57% (29 £ 6 vs. 40 £ 9%,
p<0.001, n = 36, Figure 5.14 ¢).
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Figure 5.14: Correlation between pulmonary blood volume variation indexed to stroke volume (PBVVsy) and
phase shift between in- and outflow (the time point for when the maximum PBVV occurs as a percentage of
the cardiac cycle) in healthy controls (a) and patients with heart failure (b). The black line in b represents the
fitted regression line. Panel (c) represents the phase shift between pulmonary in- and outflow in patients with
PBVVsy < 57% and patient >57%. Error bars represent mean = standard deviation.

Vessel area variation

In patients with heart failure and healthy controls, the area variation of the main pulmonary
artery could not explain the change in PBVVgy (R%=0.10, p=10.07, n =36, and R2-0.05,
p=0.60, n = 8). The same applies to the pulmonary vein (patients with heart failure: R2=
0.01, p= 0.74, healthy controls: R?=0.38, p=0.10).

Flow measurements. The intra-observer variability was performed by one observer for the
delineations of the main pulmonary artery, the pulmonary vein, as well as for the calcula-
tion of PBVV and PBVVgy. The inter-observer variability was performed by two observers
for the same delineations as for the intra-observer analysis. Table 5.1 presents the results.
The only bias that was found was in the delineations of the pulmonary vein, where the
blood flow in the vein was underestimated (due to a missing part of the vessel). Our results
show that this will not affect the calculation of PBVV and PBVVygy, since the correct flow
profile is more important than the total flow in the vessel. When the flow is lower in a ves-
sel, a larger factor will be obtained that the venous flow profile is multiplied with (arterial
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flow/venous flow).
There was a small bias in the delineation of the pulmonary artery, as well as in the calcula-
tion of PBVV and PBVVgy, which can be interpreted as that the PBVVgy is an observer-

independent measure.

Table 5.1: Results from intra- and interobserver variability analysis on 10 patients with heart failure for the
delineations of the main pulmonary artery and pulmonary vein, as well as the calculation of pulmonary blood
volume variation (PBVV) and PBVV indexed to stroke volume (SV) (PBVVsy).

Intra-observer variability ~Inter-observer variability

Bias R? Bias R?
Main pulmonary artery (ml) -3.88 £ 4.73 0.95 -0.24 £ 4.61 0.96
Pulmonary vein (ml) -2.03 +4.07 0.81 2.42 4+ 6.39 0.57
PBVV (ml) -1.89 +£2.53 0.99 -0.35 £+ 2.60 0.99
PBVVsy (%) 0.48 = 2.55 0.96 0.04 + 2.64 0.96

Mechanisms behind increased PBVVgy

A multiple regression analysis was performed in order to investigate what variables could
explain the variation behind PBVVsy in patients with heart failure. The results are pre-
sented in Table 5.2. The LV longitudinal contribution to SV and phase shift between in-
and outflow were the variables that were included in the multiple regression analysis. These
two variables predicted and explained the variation behind PBVVsy with an R? value of
0.38, meaning that approximately 40% of the variation in the PBVV could be explained
by the two variables. However, according to the table, the p-value of the the LV longitudi-
nal contribution to SV was 0.06, which means that this variable did not contribute to the
multiple regression analysis model. Therefore, the phase shift alone predicted the model
with an R? value of 0.31 (p<0.001), which is approximately 30%.

Table 5.2: Results from multiple regression analysis

Multiple regression analysis results

Predictors R?-value (for all | /3 -value P-value

predictors)
PBVVsy
LV longitudinal | 0.38 -0.27 0.06
contribution to SV
Phase shift between 0.50 0.001
in- and outflow
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Summary

In summary, PBVVsy was increased in patients with heart failure, compared to healthy
controls. The mechanism behind the change in PBVVgy in patients could be explained by
the LV contribution to SV and the phase shift between pulmonary in- and outflow. The
change in PBVV could not be explained by the vessel area variation. There was no differ-
ence in the calculation of PBVVsy, when using breath hold or free-breathing sequences.
Furthermore, there was no difference when using only one pulmonary vein versus all pul-
monary veins in the calculation of PBVVygy.
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Chapter 6

Discussion

The results of this thesis have increased the knowledge and understanding behind the phys-
iology and pathophysiology of heart failure.

This thesis has shown that V/P SPECT, validated against PAWP from invasive right-heart
catheterization, can be used in the diagnosis of pulmonary congestion in heart failure, and
can therefore be a surrogate measure of PAWP. According to guidelines [1] [39], the rec-
ommended non-invasive method in diagnosing pulmonary congestion in heart failure is
chest X-ray. However, despite the knowledge of its low sensitivity in the diagnosis [39]
[42] [43], it is still used, and no other method has been able to replace it in heart failure di-
agnosis. However, in this thesis V/P SPECT was compared to chest X-ray and was shown
to be superior to chest X-ray in the diagnosis of pulmonary congestion in heart failure.
Pulmonary edema in heart failure affects the pulmonary perfusion pattern (West zones) [8]
and can be visualized and quantified using V/P SPECT. The advantage with V/P SPECT
is that it shows a physiological map of the lungs meanwhile chest X-ray shows the anatomy.

The exact reason behind the redistribution of pulmonary perfusion from posterior to ante-
rior or lower to upper parts of the lungs, depending on body position, is unknown. How-
ever, a suggested hypothesis propose that it occurs in the interstitial parts of the lung [24]
[25] [26] [27] [28]. During normal conditions, blood flow is distributed mainly to the
lower parts of the lungs where the alveoli are also more open [8]. In the condition of heart
failure with pulmonary congestion, an outflow of fluid is seen into the interstitium. The
accumulation of fluid in the interstitium is influenced by gravity and the small vessels and
capillaries within the interstitium in lower located parts of the lungs become less distensible
and compressed. This will in turn affect the interaction between the capillaries and alveoli,
which results in a thicker membrane of the alveoli and therefore a decreased gas exchange
[82]. As the vessels close in the lower parts of the lungs, redirection of pulmonary perfusion
to less dependent parts of the lungs is seen.
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In this thesis, patients with heart failure showed redistribution of pulmonary perfusion
from posterior to anterior parts of the lungs, where the results were confirmed by elevated
LAP (PAWP). The observation of the change in distribution of pulmonary blood flow in
certain conditions started more than 50 years ago. Patients with mitral valve disease (which
is one of the causes of LV failure) were studied with regards to the distribution of pulmonary
blood flow (perfusion) [83] [84] using radioactive isotopes. It was shown that these patients
have a redistribution of the blood flow from the lower to upper parts of the lungs, which
was the opposite condition of the distribution of the blood flow in a normal person. The
results in these patients were correlated to elevated pulmonary venous pressure and mean
LAP. The redistribution of pulmonary blood flow was also found among patients with
chronic obstructive pulmonary disease in combination with heart disease [85] and patients
with chronic congestive heart failure/ischemic heart disease [86] [87]. In another study, 69
patients with congestive heart failure were examined with lung scintigraphy and chest X-ray
[88]. Different patterns were found with lung scintigraphy, the most common were irreg-
ular pattern and redistribution of the pulmonary perfusion to upper parts. Other patterns
were focal, non-segmental perfusion defects. The perfusion pattern seen in lung scintigra-
phy was not consistent with chest X-ray in these patients.

Lung scintigraphy, was the first method used to assess the distribution of pulmonary ven-
tilation and perfusion in a 2D manner. Lately, the field of nuclear medicine imaging
has evolved and improved resulting in the possibility to attain a 3D assessment of the
pulmonary ventilation and perfusion via tomographic lung scintigraphy, V/P SPECT. In
2008, co-workers from the Department of Clinical Physiology in Lund, Sweden showed
that V/P SPECT can be used to investigate and quantify the distribution of pulmonary
perfusion in patients with heart failure [61]. The study was performed retrospectively in
patients admitted due to suspicion of pulmonary embolism. Fifteen percent of these pa-
tients had heart failure and signs of pulmonary congestion (redistribution of pulmonary
perfusion from posterior to anterior parts of the lungs). These patients also showed pos-
itive perfusion gradients. In this study there were also examples of normalized perfusion
pattern and perfusion gradients after anticongestive treatment. Thus, this needed to be
validated. A continuation and validation of the study from 2008 is the work performed
in this thesis, where it was shown that quantification and diagnosis of heart failure can be
performed using V/P SPECT. This was also validated with the reference method invasive
right-heart catheterization. West et al [8] have previously shown that the lungs functionally
consist of different zones, where there is more blood flow in the lower located part of the
lungs [8]. In this thesis, we have obtained similar result as West et al and visualized it with
tomographic lung scintigraphy and validated the method with PAWP measurements.

In this thesis, it was shown that V/P SPECT can be used to follow-up treatment effect
after heart transplantation, as validated by PAWP from invasive right-heart catheterization.
Furthermore, V/P SPECT was also improved after CRT. In addition, the majority of pa-
tients showed improvement in perfusion gradients from V/P SPECT after receiving CRT,
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compared to LVESV. Improved perfusion gradients from V/P SPECT were also more as-
sociated to the patient’s functional capacity (NYHA-classification). To follow-up any treat-
ment effect non-invasively is necessary and needed option.

Furthermore, in this thesis, the PBVV was higher in patients with heart failure compared
to healthy controls. Prior to this thesis, PBVV had never been investigated in patients with
heart failure. It was previously studied in pigs following acute myocardial infarction, where
the PBVV was found to be decreased [76]. The original theory behind the decrease was
that the vessels in the lungs are stiff and not distensible since they were already stretched.
Other explanations may be due to the activation of the sympathetic nervous system and
increased endothelin (which is a vasoconstrictor) secretion that results in constriction of the
pulmonary arteries. Also, the pigs were healthy and young before the infarction and their
compensatory mechanisms were normal. The LAP was not affected in the previous work
with the pigs [76]. The mechanisms behind the increased PBVV in patients with heart
failure is unknown. However, different hypotheses were made and studied in this thesis
and resulted in the following and shown in Figure 6.1:

* Itis known that the LAP is usually affected and elevated in patients with heart failure
[89] and leads to a decreased pulmonary venous flow during systole [90].

* The theory is that the vessels in the lungs are more distensible due to the windkessel
effect. These vessels can be bigger and therefore result in a variation of the blood
flow.

* PBVV could be a measure of the LV function. In this study (paper IV), there was a
relationship between the systolic volume in the pulmonary vein (which is the volume
of blood that enters the left atrium via the pulmonary veins during systole) and the
LV systolic longitudinal shortening. This was also seen in a previous study [78]. It is
known that the movement of the AV-plane affects the flow profile in the pulmonary
vein [91]. What really happens is that a downward (descending) movement of the
LV AV-plane during systole result in that the pressure in the left atrium is decreased.
This creates a pressure gradient (suction) of the blood flow from the pulmonary veins
to the left atrium [78].

* The phase shift between pulmonary in- and outflow could be due to that during
normal conditions, the RV pumps blood during systole, and at the same time the
LV “sucks” the blood from the pulmonary veins. In the condition of heart failure,
the suction of the blood by the LV occurs later and more slowly. Additionally, mor-
phology of the flow profiles of the pulmonary artery and vein affects this measure.

* We also investigated if there was a correlation between PBVV and large vessel area
variation (main pulmonary artery and pulmonary vein). As there was no difference in
either patients with heart failure nor healthy controls, we speculate that the rest of the
variation occurs on a small vessel level (where we cannot measure); in the capillaries,
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venules and arterioles. However, it has previously been seen that approximately 60%
of the SV is owing to small capillaries and arteries [92], which is compatible to the
results in this study.

PBVV is a novel way to study the lungs and the pulmonary circulation using MRI. It is a
promising method in the assessment of patients with heart failure. It reflects the maximum
variation of blood flow in the pulmonary circulation. MRI is a non-invasive method that
has and is still being developed to be used in investigating blood flow.
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Figure 6.1: A schematic image of the mechanisms behind the pulmonary blood volume variation indexed
to the stroke volume (PBVVsy) in patients with heart failure. The green curve represents the flow in the
main pulmonary artery, the red curve represents the flow in the pulmonary vein and the blue curve represents
the PBVV, during normal (upper graph) and increased (lower) PBVVsy. Number 3 represents the phase
shift between pulmonary in- and out flow and number 4 represents the left ventricular (LV) longitudinal
contribution to SV.
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6.1 Future direction

Future studies are to validate PBVV with PAWP from invasive right-heart catheterization,
and to investigate it in different patient populations such as pulmonary hypertension and
patients with congenital heart disease. This will increase our understanding in the physi-
ology behind the diseases. In addition, it will also be interesting to investigate the PBVV
before and after a treatment. Furthermore, it would be of interest to study the perfusion
gradients in all ages and both genders (retrospectively) in order to observe the spread and
distribution of the values.
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Conclusions

The specific conclusions of each paper was:

Paper I: V/P SPECT can be used as a non-invasive method to diagnose and quantify pul-
monary congestion in patients with heart failure and is more accurate than chest X-ray in
diagnosing pulmonary congestion in the clinical setting.

Paper II: V/P SPECT is a promising method for objective assessment and quantification
of treatment effects in patients with heart failure after heart transplantation. Although V/P
SPECT cannot replace right-heart catheterization, it could be a noninvasive and useful
method in selected cases to guide treatment and catheterization during follow-up. V/P
SPECT could also be a user-independent tool to quantitatively evaluate results of anticon-
gestive treatment in clinical trials.

Paper I1I: Perfusion gradients from V/P SPECT is a promising quantitative, user-independent
method in the assessment of CRT response in patients with heart failure. The study demon-
strated an improvement of perfusion gradients in a larger proportion of the patients after
CRT compared to echocardiography. Moreover, improved perfusion gradients were associ-
ated with an improvement of patients’ functional capacity, according to NYHA. Perfusion
gradients could have an added value to the currently used diagnostic methods in the follow-
up of patients with heart failure after receiving CRT.

Paper IV: The PBVVgy is higher in patients with heart failure compared with healthy
controls. Approximately 40% of the variation of PBVVsy in patients with heart failure can
be explained by the LV longitudinal contribution to SV and the phase shift between the
pulmonary in- and outflow, where the phase shift alone accounts for approximately 30% of
the variation. Because the large vessel distensibility does not differ, the remaining variation
(60-70%) is suggested to occur on the small vessel level. Future studies are needed to show
the clinical added value of PBVVgy in comparison to invasive measurements of the LAP.
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