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Everything is going to be fine in the end.
If'it’s not fine, it’s not the end
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Summary

Myocardial infarction (MI) is the most common cause of death. During an MI, a
part of the heart muscle dies due to the lack of oxygen caused by the occlusion of a
coronary artery. The function of the heart muscle in the vicinity of the MI is also
affected. Exactly how the heart’s function is affected during the first days after MI,
and how the left ventricle (LV) recovers over time, are unclear. Although there are
many methods for evaluation of LV function, there is a need to further develop
quantitative, reproducible measurements.

Cardiac magnetic resonance (CMR) imaging is used in this thesis in phantom
experiments and in studies in patients, healthy volunteers, and animals. CMR
imaging is considered the most reliable method of measuring cardiac volumes,
infarct size, and blood flow in the heart.

In Study 1 a new method of evaluating global and regional strain was validated
against optical measurements. This method uses 2D velocity-encoded CMR images
of the heart and was developed by the cardiac MR group at Lund University. A good
match was found between measured strain with CMR imaging and optical
measurements in phantom experiments. The method was then tested in 36 healthy
volunteers, and reference values for longitudinal strain for the healthy were
obtained. When comparing strain results from healthy volunteers with results from
10 patients with recent MI, we found significantly decreased global longitudinal
strain among the patients.

In Study 2, 2D velocity-encoded strain and wall thickening (WT) were measured
before and after MI in an experimental animal model. The purpose was to
investigate how LV function changed acutely after MI and whether it was possible
to differentiate between LV areas with infarction, areas adjacent to infarction, and
areas remote from infarction. Analysis showed that it was possible to differentiate
between these areas in statistical terms but that the precision was not high enough
for use in individual patients.

In Studies 3—4, LV function was studied within 1 week (Study 3) and 6 months
(Study 4) after MI. Study 3 included 177 patients within 1 week of STEMI in 2
international research studies and 20 healthy controls. Atrioventricular plane
displacement (AVPD) and LV longitudinal strain were measured. Patients had
reduced global AVPD and strain compared with the controls. The reduction was
found in both infarcted and noninfarcted areas of the LV; i.e., even areas not directly
exposed to ischemia were affected. The study also showed that the longitudinal
movement of the LV is the main contributor to stroke volume (SV) even after MI.
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In Study 4, a subgroup (n=77) of the patients from Study 3 underwent a second
CMR imaging study 6 months after MI. The study showed that global AVPD
improved but remained decreased compared with controls. Patients with left anterior
descending (LAD) or right coronary artery (RCA) infarction continued to have
decreased AVPD in both infarcted and remote segments of the LV 6 months after
STEMI. Wall thickening was decreased in all segments in patients with LAD
infarction within a week and at 6 months after STEMI. The decrease in WT was
more localized around the infarcted area in patients with RCA and left circumflex
artery (LCx) infarction.

14



Popularvetenskaplig sammanfattning

Hjartinfarkt &r en av de vanligaste anledningarna till for tidig dod. Vid en
hjartinfarkt dor delar av hjartmuskeln pa grund av att den utsétts for mycket kraftig
syrebrist nir ett kranskérl tidpps till. Aven hjirtmuskelvivnad i infarktens nirhet
paverkas. Hjartats vinsterkammare forser kroppen med syresatt blod. Exakt hur
vénsterkammarens funktion paverkas under de forsta dagarna efter hjartinfarkt, och
hur vénsterkammaren aterhdmtar sig dver tid ar inte helt utrett. Trots att det finns
maénga metoder for att utvirdera vinsterkammarens funktion sa finns det behov att
ytterligare utveckla reproducerbara métt. Pa sa sétt kan forstéelsen och diagnostiken
av hjartsjukdomar forbattras.

Magnetisk resonanstomografi, vanligen kallad MR, anvinds i samtliga delarbeten i
denna avhandling for undersokning av patienter, friska frivilliga och forsoksdjur
samt i fantomexperiment. MR anses vara den mest tillforlitliga metoden nér det
géller métning av hjartats volymer, hjartinfarktstorlek och blodfléden i hjartat.

I delstudie 1 utvirderades en ny metod (hastighets-kodad strainmétning), som har
potential for klinisk anvdndning, for bestdmning av tdjning (strain) av
vansterkammarmuskeln. Metoden anvénder speciella hastighetskodade bilder av
hjartat tagna med magnetkamera och &r utvecklad av hjart-MR gruppen vid Lunds
Universitet. Nar hastighetskodad strain med MR jamfordes med en oberoende,
optisk metod i modellforsok pavisades god Overensstimmelse. Metoden testades
sedan vidare pa 36 friska forsokspersoner och referensvirden for strain togs fram.
Metoden provades ocksa pa 10 personer efter hjartinfarkt och man kom fram till att
strain &r generellt sdnkt hos patienter efter hjirtinfarkt jamfort med friska
forsokspersoner.

I delstudie 2 mattes strain och viggfortjockning av hjértats vénsterkammarmuskel
fore och efter hjartinfarkt 1 forsoksdjur. Syftet var att underséka hur
vansterkammarens funktion fordndrades akut efter hjartinfarkt och att undersdka om
det var mojligt att skilja pd omraden med infarkt, omraden nira och omraden langt
frén infarkten med hjilp av strain och véiggfortjockning. Resultatet blev att dessa
omraden uppvisade klara skillnader i statistiskt hdnseende men att precisionen inte
var tillrickligt hog for att kunna anvindas pé patienter.

I delstudie 3 undersoktes vinsterkammarens funktion hos 177 patienter fran 2
internationella forskningsstudier en vecka efter hjartinfarkt samt hos 20 friska
frivilliga forsokspersoner. Forkortning av vénsterkammaren under hjirtcykeln,
strain i1 vansterkammarviaggen samt viggfortjockning undersoktes i olika delar av
vinsterkammaren. Resultaten visade sidnkt vinsterkammarfunktion avseende bade
forkortning, strain och vaggfortjockning hos patienter efter hjértinfarkt jaimfort med
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friska forsokspersoner. Den sédnkta funktionen pavisades badde i omrdden med
infarkt och omraden utan infarkt, dvs. &ven i delar av hjartmuskeln som inte varit
utsatta for syrebrist. Den sénkta funktionen stod i proportion till infarktstorleken.

I delstudie 4 undersoktes 77 patienter fran delstudie 3 som genomgatt ytterligare en
MR-undersdkning 6 méanader efter hjartinfarkten. Studien visar att det skedde en
viss forbattring av vansterkammarfunktionen mellan undersdkningstillfillena men
att funktionen var fortsatt sinkt, bade 1 omraden med och utan infarkt.

16



Abbreviations

ANOVA
AV
AHA
AVPD
CAD
CMR
CO
ECG
ED
EDV
EF

ES
ESV
DENSE
FFE
HF

HR
ICC

IS
LAD
LCx
LGE
LV
LVM
MAPSE
MI
MPS
MR
MRI
MSI
PCI
RCA
RF
ROC
ROI
RV
SENC
SPECT

analysis of variance

atrioventricular

American Heart Association
atrioventricular plane displacement
coronary artery disease

cardiovascular magnetic resonance
cardiac output

electrocardiogram, electrocardiography
end-diastole

end-diastolic volume

ejection fraction

end-systole

end-systolic volume

displacement encoding with simulated echoes
fast-gradient field echo

heart failure

heart rate

intra class correlation

infarct size

left anterior descending artery

left circumflex coronary artery

late gadolinium enhancement

left ventricle

left ventricular mass

mitral annular plane systolic excursion
myocardial infarction

myocardial perfusion study

magnetic resonance

magnetic resonance imaging
myocardial salvage index
percutaneous coronary intervention
right coronary artery

radio frequency

receiver operating characteristic
region of interest

right ventricle

strain encoding

single photon emission computed tomography

17



SSFP
STEMI
SV
TAPSE
TFE
WT

solid-state free precession
ST-segment-elevation myocardial infarction
stroke volume

tricuspid annular plane displacement
turbo-gradient field echo

wall thickening

“Feeling gratitude and not expressing it is
like wrapping a gift and not giving it.”

William Arthur Ward

18



Acknowledgements

I am very thankful to each person who helped me throughout this quite long process.
“It takes a village” to write a research paper, not to mention a thesis. The road has
been long and winding and [ am happy to finally have arrived.

I would especially like to express my gratitude to the following:

My main supervisor Marcus Carlsson, who is able to find the perfect balance
between coaching and supervising.

My co-supervisor Hikan Arheden, who made this thesis possible by taking me on
as a PhD student even though I was living in the United States at the time. My co-
supervisor Einar Heiberg, for fun phantom experiments and great conversations,
and co-supervisor Henrik Engblom, for friendly support.

My first research mentor Galen Wagner, who sadly passed away 2 years ago. [ am
very grateful for all the amazing opportunities he gave me and for his friendship.

All members of the Cardiac MR group. In this group, the whole is much greater than
the sum of the parts. Members support and challenge each other, and I feel
privileged to be a member. I especially want to thank Mikael Kanski and David
Nordlund for allowing me to take part in experiments, Ellen Ostenfeldt for always
cheering me on, Felicia Seemann for showing interest in AV-plane movement,
Sebastian Bidhult for explaining MRI and help with computer stuff, and Tom
Gyllenhammar for interesting conversations about research and life.

Thank you, Kerstin Brauer, for all the help you have given to me throughout the
years, and Ann-Helen Arvidsson and Christel Carlander for all sorts of help with
CMR imaging data.

My mother, Elisabet Carneskog-Pahlm, and father, Olle Pahlm, for your love and
ongoing help and support in all imaginable ways. My brother Fredrik Pahlm and
my sister Sofia von der Goltz and their families for unconditional love and
constant backing in everything I do. I am fortunate to be part of this family.

Lastly, I want to thank my sons, Alexander Webb and Jonathan Webb. I am very
lucky to be your mom. Thank you for cheering me on in my pursuit of the “black
hat.” Never forget that I love you to the moon and back.

The studies were supported by the Swedish Heart and Lung Foundation and Lund
University.

19



2
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1. Introduction

Heart disease is very common and is linked to high morbidity and mortality
(1)(2)(3). Coronary artery disease (CAD) is caused by atherosclerosis in the
coronary arteries, which can gradually or suddenly obstruct and stop blood flow to
the heart muscle. Although there has been a reduction in CAD mortality in Europe
over the past 2 decades, the incidence is still high (4).

Myocardial infarction (MI) is one manifestation of CAD. When a coronary artery is
occluded by a thrombus, most often an ST-segment-elevation MI (STEMI) occurs.
STEMI is distinguished from other forms of MI through its appearance on an
electrocardiogram (ECG). The incidence of STEMI was 58/100,000 per year in
Sweden in 2015 (5). In-hospital mortality of STEMI varies between 4% and 12% in
European countries (6). For a STEMI patient, it is important to restore normal blood
flow in the coronary artery as soon as possible. This is preferably done by
percutaneous coronary intervention (PCI) (7) within 2—3 hours of symptom onset.

MI can sometimes lead to heart failure (HF). Approximately 1%—2% of the adult
population in developed countries suffer from HF, and in people older than 70,
approximately 10% are affected (8)(9)(10)(11). The 12-month all-cause mortality
rate for patients hospitalized for acute HF in Europe is about 24%, and it is 6% for
patients with chronic HF (12).

Cardiac pathophysiology is quite complex. Several aspects of cardiac function must
therefore be assessed in a patient with (suspected) heart disease. Disease processes
can affect heart function regionally or globally. Systolic and diastolic function
measurements reflect the contraction and relaxation phases of the heart,
respectively. Left- and right-sided, and atrial and ventricular function refer to the
performance of specific anatomical cardiac structures. New and improved methods
are needed to accurately quantify cardiac function in order to distinguish normal
from abnormal, to evaluate the severity of disease, to monitor changes, to evaluate
the effect of therapy, and to predict prognosis.

Cardiac magnetic resonance imaging is the gold-standard method for measuring
cardiac volumes, mass (13), function (14)(15)(16), and MI size (17). The purpose
of this thesis is to explore new techniques for quantifying global and regional left
ventricular (L'V) systolic function by means of CMR imaging in healthy people and
in patients after STEMI.

Study 1 introduces and validates a new method for measuring myocardial strain and
presents normal values. In Study 2, this method and wall thickening (WT)
measurements are used to differentiate between normal and ischemic myocardium.
In Study 3, global and regional longitudinal LV function is assessed by LV strain
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and atrioventricular plane displacement (AVPD) in patients within a week of
STEMI (sub-acute phase) and is compared to controls. A sub-group of the patients
in Study 3 were followed up after 6 months (chronic phase). In Study 4 the evolution
of LV function between the sub-acute phase and the chronic phase after STEMI is
evaluated using AVPD and WT.

Cardiac anatomy

The heart is positioned in the mediastinum, shielded by the ribcage. It is enclosed in
the pericardium, a multilayered sack around the heart and vessels entering and
leaving it. The pericardium contains a small amount of fluid that reduces friction as
the heart moves inside it. The heart contains 4 cavities—2 atria and 2 ventricles.
The atria and ventricles are separated from each other by the atrioventricular (AV)
plane, a fibrous structure that contains the heart valves. The right and left sides of
the heart are separated by the septum, and each side contains 1 atrium and 1
ventricle.

The heart muscle, or myocardium, consists of myocytes that can contract. The
epicardium is the outermost layer of the wall and contains the coronary arteries. The
endocardium is the thin layer of cells lining the cavities. Myocardial fiber
orientation varies continuously from epicardium to endocardium (longitudinal to
circumferential to longitudinal) (18). The left ventricular myocardium is thicker
than the right, since the resistance of the systemic circulation is 45 times higher
than that of the pulmonary circulation.

Three coronary arteries supply the heart with blood. Although there is variability in
LV coronary artery distribution, as a rule, the left anterior descending (LAD)
coronary artery supplies blood to the anterior, anteroseptal, and anterolateral LV
walls as well as the apex (19); the right coronary artery (RCA) supplies the
inferoseptal, inferior, and inferolateral walls; and the left circumflex (LCx) coronary
artery supplies the inferolateral and anterolateral walls (19).

Cardiac physiology

The right atrium receives oxygen-depleted blood from the body through the inferior
and superior venae cavae, and the blood then passes through the tricuspid valve into
the right ventricle (RV). The RV pumps the blood through the pulmonary valve and
the pulmonic trunk into the lungs, where the blood is oxygenated. The blood returns
to the heart through the 4 pulmonary veins into the left atrium. The blood flows
through the mitral valve into the LV and is ejected through the aortic valve to the
systemic circulation (Figure 1.1).
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Figure 1.1. Oxygen-depleted blood (blue) returns from the upper and lower parts of the body through
the superior vena cava (SVC) and the inferior vena cava (IVC) to the right atrium (RA). The blood
passes through the tricuspid valve (TV) to the right ventricle (RV) and is pumped to the lungs through
the pulmonary valve (PV) and the pulmonary artery (PA). Oxygenated blood (red) returns to the heart
from the lungs via the pulmonary veins (PVe), entering the left atrium (LA). It passes through the mitral
valve (MV) to the left ventricle (LV), from which it is ejected through the aortic valve (AV) to the aorta.
Adapted from Jonson B, Wollmer P, editors. Klinisk Fysiologi. Stockholm: Liber; 2011.

Left ventricular contraction is rather complex due to the myocardial fiber orientation
(18)(20). The subepicardial fibers are oriented in a longitudinal direction in a
slightly left-handed helix. The sub-endocardial fibers are also oriented in a
longitudinal direction in a right-handed helix, and the midwall fibers are mostly
circumferentially oriented (18)(20)(21). Myocardial contraction leads to
longitudinal and circumferential shortening, radial thickening, and torsion (22) of
the LV. In early systole, before longitudinal shortening, the LV base rotates
counterclockwise. Shortly thereafter, longitudinal shortening, clockwise rotation of
the base, and counterclockwise rotation of the apex occur (23). As the LV shortens
longitudinally, circumferential and longitudinal shortening cause the myocardium
to thicken in the endocardial radial direction, reducing the inner diameter of the LV
(24). There is only small change in the epicardial, outer diameter of the LV, and the
total heart volume varies only 5%—11 % over the heart cycle (25).

In systole, the myocardium contracts, and the papillary muscles pull the AV plane
towards the apex. The apex remains quite stationary (26). The descent of the AV
plane increases intraventricular pressure, and the mitral and tricuspid valves close.
Shortly thereafter, the aortic and pulmonary valves open due to the increased
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intraventricular pressure, and blood is ejected into the pulmonary and systemic
circulation. Simultaneously, blood is pulled into the atria from the pulmonary and
systemic circulation because of the suction created by the AV-plane movement.
During diastole, the myocardium relaxes, and the AV plane moves away from the
apex. This movement creates negative intraventricular pressure, causing the mitral
and tricuspid valves to open and blood flows from the atria into the ventricles. The
aortic and pulmonary valves close as soon as blood flow in their respective arteries
is reversed.

Cardiac output (CO) is the volume of blood delivered to the body each minute. It is
the product of the stroke volume (SV) and the heart rate (HR). SV is the effect of
the reduction in LV volume during systole caused by longitudinal and radial
shortening (27).

Longitudinal contribution to SV is approximately 60% in healthy adults (28)(29),
athletes (28)(30), patients with dilated cardiomyopathy (28), and patients after MI
(31). Wall thickening (“radial contribution”) contributes the remaining 40% (32),
which can be further divided into septal and non-septal-radial (also called lateral)
contributions. Septal contraction has been found to contribute 8%—10% of the LV
SV in healthy adults (33) (29), and lateral contraction 26%—-36% (29).

The electrical conduction system

Myocardial cells (myocytes) have special properties that make them depolarize (and
contract) and repolarize (and relax) spontaneously at regular intervals. The electrical
impulse that generates the heartbeat normally originates in the sinus node, located
in the upper lateral part of the right atrium, and then spreads through the atria. The
impulse travels through the AV node and reaches the ventricular myocardium via
the ventricular conduction system. It consists of the bundle of His, the left and right
bundle branches, and the Purkinje fibers (Figure 1.2). This system enables
synchronized ventricular contraction.
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Sinus node

His bundle Left anterior fascicle

Left posterior fascicle

Figure 1.2. The electrical conduction system of the heart. A heartbeat is initiated by spontaneous
depolarization of cells in the sinus node, located in the upper right atrium. Depolarization spreads
through the atria, causing atrial contraction. It is delayed in the AV node and then progresses to the
bundle of His, which divides into the right and left bundle branches. Adapted from Jonson B, Wollmer
P, editors. Klinisk Fysiologi. Stockholm: Liber; 2011.

Electrocardiogram

An electrocardiogram (ECG) records the heart’s electrical activity on the body
surface. It can be displayed on screen or on paper. Figure 1.3 shows the electrode
placement on the body and a normal 12-lead ECG.

Standardized terminology is used for waves and intervals in the ECG (Figure 1.4).
Atrial contraction is reflected by the P wave, and ventricular contraction by the QRS
complex. The ST segment and the T wave reflect ventricular repolarization. The ST
segment in the normal ECG is typically at the same level (voltage) as the PR
segment. However, it is most often elevated during MI due to an abnormal voltage
gradient (injury current) between normal and ischemic myocardium.
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Figure 1.3. Left: When recording a 12-lead ECG, electrodes are placed on 6 anatomically defined
positions on the torso and on the extremities. Right: The ECG machine prints the ECG or displays it on
screen. ECG leads aVL, |, -aVR, I, aVF, and lll display electrical phenomena in the frontal place from
the upper left to the lower right part of the body, and leads V1, V2, V3, V4, V5, and V6 display them in
the transverse plane from right anterior to left lateral positions. The ECG leads thus “view” the heart
from various vantage points.

T wave

P wave

Figure 1.4. Nomenclature for waves and segments in the electrocardiogram.
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Figure 1.5. 12-lead ECG exhibiting a STEMI pattern due to acute occlusion of a coronary artery. ST-
segment elevation is present in several ECG leads (arrows)

Myocardial infarction

Myocardial infarction is caused by occlusion of a coronary artery resulting in
ischemia and ultimately death of the myocytes downstream from the occlusion,
unless blood flow is restored. Typical symptoms include chest discomfort or pain,
and shortness of breath, often accompanied by nausea or vomiting (34). Sometimes
the presenting symptom of MI is sudden death due to lethal arrhythmia.

ST-segment-elevation MI (STEMI) (Figure 1.5) exhibits significant elevation of the
ST-segment on an ECG, whereas non-ST-segment-elevation MI (NSTEMI) (35)
does not. Infarction patterns are often dynamic, i.e., an NSTEMI pattern may evolve
to a STEMI pattern and vice versa. Current ECG criteria for STEMI (Table 1.1) are
presence of significant ST-segment elevation in at least 2 contiguous ECG leads
without the presence of left bundle branch block or left ventricular hypertrophy (2)
(36). ST-segment depression in leads V1-V3 can also indicate acute coronary
occlusion, and this has been termed a “STEMI-equivalent pattern,” especially if the
terminal T-wave is positive (36).

Table 1.1. STEMI criteria from the 4™ universal definition of myocardial infarction (36)

Leads V2-V3 | Other leads
Men <40 years | 22.5 mm 21 mm
Men >40 years | 22.0 mm =1 mm
Women 21.5 mm 21 mm
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Heart failure after myocardial infarction

Heart failure (HF) is the result of an inability of the heart to deliver enough blood to
meet the metabolic demands of the body (37). Insufficient delivery of oxygenated
blood leads to several adaptive responses, including cardiac remodeling, activation
of the renin-angiotensin-aldosterone system, increased sympathetic activity, and
endothelin activation. Typical symptoms and signs include dyspnea on exertion,
ankle swelling, fatigue, jugular venous distension, and crackles on lung
auscultation. The current definition of HF is restricted to stages in which clinical
symptoms are present (9). The presence and degree of clinical HF does not
necessarily correlate with global measures of LV function, such as ejection fraction
(EF) (9). HF patients may have reduced (38) or normal EF (39)(9), and
asymptomatic patients may have altered LV function (40). Patients who survive MI
are at risk of developing HF (41), but it remains difficult to identify those who will
do so (2). HF after MI is also quite common in patients who have undergone PCI
(42).

The structural and geometric changes that may occur after MI (43) are called LV
remodeling. This occurs particularly if the MI is large and transmural (44). Adverse
LV remodeling implies a clinically significant increase in end-diastolic volume
(EDV) (15%—-20% or more). It occurs in about one third of patients after MI (45),
can lead to HF, and is linked to poor prognosis (46). It is important to identify
patients with high likelihood of adverse LV remodeling after STEMI, to prescribe
more aggressive management (47) and plan for closer follow-up.

Decreased regional LV function is seen acutely in both ischemic and surrounding
areas. The resulting MI decreases function due to edema and replacement of
myocytes with fibrosis. LV function will eventually recover in regions that were
ischemic but where the myocardium was not infarcted. This recovery takes time.
The depressed function after ischemia is called postischemic stunning (48). In
contrast, hibernation is defined as decreased LV function caused by decreased
perfusion without infarction in patients with chronic CAD. There have also been
reports of reduced function in remote areas of the LV after LAD MI (49), but this
has not been widely recognized.

American Heart Association 17-segment model

The LV can be divided into a number of segments. The American Heart Association
(AHA) recommends a division into 17 segments for regional analysis of LV
function or myocardial perfusion (50), and the AHA model was used in this thesis
(Figure 1.6).
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Left Ventricular Segmentation

1. basal anterior 7. mid anterior 13. apical anterior
2. basal anteroseptal 8. mid anteroseptal 14, apical septal
3. basal inferoseptal 9. mid inferoseptal 15. apical inferior
4. basal inferior 10. mid inferior 16. apical lateral
5. basal inferolateral  11. mid inferolateral 17. apex

6. basal anterolateral  12. mid anterolateral

Figure 1.6. American Heart Association 17-segment model. Reproduced from Cerqueira MD et al. J
Nucl Cardiol. 2002;9:240-5. © SNM.

Magnetic resonance imaging (MRI)

MRI is a complex imaging technique that uses nuclear magnetic resonance. Since
hydrogen is abundant in the body, it is the most commonly used nucleus in medical
MRI.

In the magnetic field in the MRI machine, protons aligning either towards or against
the magnetic field have a magnetic moment. This magnetic moment has a so-called
resonance frequency, the Larmor frequency (®y), which is proportional to the field
strength of the external magnetic field (Bo) and is calculated by the following
formula:

®o =7 Bo

where o is the precession rate, y is the gyromagnetic ratio (constant for each
element), and By is the magnetic field strength, measured in Tesla (T).

The precession rate for a hydrogen proton is 42.6 MHz in a magnetic field strength
of 1 T.

For imaging, a radiofrequency (RF) pulse (with the same frequency as the Larmor
frequency) is transmitted to the protons. This results in a magnetic resonance signal
from the protons, which has frequency ®o. The magnetic resonance signal induces
an electrical current that can be picked up by a receiver antenna. When the RF pulse
is turned off, protons return to their original state in the external magnetic field.

To determine the origin of the MRI signal within the body, magnetic fields with
different field strengths are applied at each point of the patient’s cross-section.
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Cardiovascular magnetic resonance

It is challenging to perform CMR imaging due to cardiac and respiratory motion.
The timing of image acquisition is tied to the R-wave on a simultaneously monitored
ECG (51); this is called ECG gating and can be performed prospectively or
retrospectively. In prospective ECG gating, the image-acquisition process is started
each time an R wave is detected. A consequence of this approach is that the last part
of the cardiac cycle is omitted while the system waits for the next trigger pulse. In
retrospective gating, the images are continuously sampled and thereafter sorted
according to their timing relative to the ECG. For short image acquisition (<20
seconds), patients hold their breath to minimize artifacts due to respiratory motion.
When longer acquisitions are needed, respiratory gating is used (52).

Radionuclide imaging of the heart

In single-photon emission computed tomography (SPECT), *™Tc-labeled
tetrofosmin is injected into a peripheral vein. Tetrofosmin is extracted from the
bloodstream by the myocytes in proportion to regional blood flow, and it attaches
to the mitochondria.

Images of the distribution of *™Tc¢ in the myocardium are made by a gamma camera.
For the animal studies in this thesis, a dual-head camera (ADAC Vertex, Milpitas,
CA, USA) was used. Images were collected in 32 projections (40-s collection time
per projection) into a 64 X 64 matrix, yielding a digital resolution of 5 X 5 X 5 mm.
Short- and long-axis images of the LV were obtained. Automatic segmentation of
the LV was performed (53), and the isotope uptake was displayed as a bull’s-eye
image (Figure 1.7, left circle) (54). Myocardium with less than 50% of the maximum
counts was considered ischemic.

Anterior

Ischemia by SPECT
. Ischemic seclor
Adjacent seclor

. Remote sector

Inferior

Figure 1.7. The left circle shows the SPECT image. The middle circle shows the relative degree of
ischemia according to SPECT presented in the AHA 17-segment model. The right circle shows the
classification of the segments according to the degree of ischemia.
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Measures of left ventricular function

Ejection fraction (EF) is the most common measure of LV function. It is the
percentage of blood ejected from the LV with each heartbeat, thus reflecting
changes of cardiac volumes during a heart cycle. It is easily obtained bedside with
echocardiography and can be measured by CMR imaging and other imaging
modalities. Ejection fraction is used in clinical decision-making and therapy
guidance, as well as for diagnosing HF. However, nearly half of the patients with
HF symptoms have preserved EF (9). Predictive outcome scores for patients with
HF often use EF as one of several predictors (55)(56)(57). EF provides prognostic
information after MI (9) but has relatively low sensitivity to subtle decreases in
systolic LV function, and it does not provide information on regional function.

Atrioventricular plane displacement is used to quantify longitudinal LV
function. To determine AVPD, the position of the AV plane is identified in 6
locations (anterior, anteroseptal, inferoseptal, inferior, inferolateral, and
anterolateral) of the LV in end-diastole (ED) and end-systole (ES) using
echocardiography or CMR imaging (Figure 1.8). Atrioventricular plane
displacement was determined by subtracting the perpendicular AV position in ES
from that in ED for each location (58). AVPD can be reported for each location or
as global AVPD, i.e., the mean movement of all the AV-plane locations. Global
AVPD is in the range of 13-19 mm in healthy individuals (59)(58)(60). Mitral
annular plane systolic excursion (MAPSE) and tricuspid annular plane
displacement (TAPSE) are other ways to measure AV-plane movement and can be
obtained by CMR imaging or echocardiography. Reduced MAPSE is a marker of
LV systolic dysfunction in patients with hypertension, and it can diagnose HF in
patients with preserved EF (61).

31



Diastole Systole

A J Anterior

- Inferoseptal .
C ‘

L}

B

Figure 1.8. Determination of AVPD on SSFP images. A: Anterior and inferior locations in ED and ES in
a long-axis 2-chamber image. B: Anteroseptal and inferolateral locations in ED and ES in a long-axis 3-
chamber image. C: Anterolateral and inferoseptal locations in a long-axis 4-chamber image.
D:Midventricular short-axis image of the LV. The white lines indicate the orientations of the long-axis
planes. Adapted from Jonson B, Wollmer P, editors. Klinisk Fysiologi. Stockholm: Liber; 2011
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AVPD contribution to SV can be calculated by multiplying AVPD by the
epicardial surface area (6)(60). This was first proposed by Lundbéck in 1986 (60).
Several studies have shown that AVPD is the main contributor to LV function
(28)(31)(32)(33), and it correlates well with EF (62).

Wall thickening is the percent change in radial wall thickness between ES and ED.
It is measured in short-axis images and presented in the AHA 17-segment model.
Ugander et al. (63) have shown that WT is negatively correlated with infarct
transmurality, and that WT is decreased in adjacent myocardial segments. Another
study has shown that WT of <30% can be used as a cutoff value to distinguish
infarcted from noninfarcted segments after MI (64).

Septal and nonseptal- radial (lateral) contributions to SV were calculated from
short-axis solid-state free-precession (SSFP) images. The most basal slice used had
a circumferential LV in both ED and ES, and the most apical slice used showed the
apex in both ED and ES. Right ventricular (RV) insertion points (2) were manually
marked on the epicardial border in both ED and ES. Septal contribution was defined
as the percentage of SV generated on the septal side of the RV insertion points, and
nonseptal-radial (lateral) was the percent SV generated on the nonseptal side of the
RV insertion points.

Strain describes the deformation of an object relative to its original length. Negative
strain indicates shortening or compression, and positive strain, lengthening or
stretching. Strain, €, is defined as the change in length (AL) in one direction divided
by the original length (Lo)

AL

"L

When a material is compressed in one direction, it expands in the perpendicular
direction (Figure 1.9).
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Figure 1.9. Strain. A: 2-dimensional (2D) strain. The grey rectangle with a solid line is the original state,
and the rectangle with the broken line the deformed state. The red arrow shows the negative strain in
the "up-down” direction, and the black arrow the positive strain in the "left-right” direction. B: A cube can
be deformed in the x, y, or z direction or in any combined direction (shear strain). Contraction and
expansion can occur simultaneously in many directions.

Although strain can be measured in any direction, it is customary to report
longitudinal, radial, or circumferential strain in cardiac analysis (65) (Figure 1.10).
Shear strain is sometimes also reported. Longitudinal strain is normally reported as
negative, reflecting the LV shortening during systole. Regional longitudinal strain
increases from apex to base (signifying increased deformation at the base) and is
greater in the free wall than in the septum (66). Radial strain is reported as positive
due to thickening of the LV wall during systole and is generally greater in the free
wall (anterior and lateral) than in the septum in healthy hearts (67) (68). The LV
circumference decreases during systole, and circumferential strain is thus normally
reported as negative.

Circumferential

Longitudinal

A B

Figure 1.10. A: lllustration of the left ventricular long axis. Arrows indicate longitudinal and radial strain
directions. B: lllustration of the left ventricular short axis. Arrows indicate circumferential strain.
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Global and regional strain can be measured. Generally, global strain measurements
are more dependable than regional strain (69) (70). Changes in regional strain may
reveal changes in the myocardium not picked up by global measurements.

In Study 3, strain was determined by measuring the distance from the AV plane to
the apex in ED and ES and dividing the difference by the ED distance, as previously
described and validated (67).

Longitudinal strain = (Distance in ES — distance in ED) / distance in ED

This was done for the anterior, anteroseptal, inferoseptal, inferior, inferolateral,
and anterolateral walls of the LV.

CMR-imaging methods to measure strain

Several different CMR-imaging methods are used to measure strain. Myocardial
tagging (71) is considered the reference method (72). The myocardium is
magnetically tagged at the onset of image acquisition and the tags are tracked
throughout the cardiac cycle (71). As the tissue deforms, the tags move with the
tissue and deformation can be quantified. Signal fading throughout the cardiac cycle
is a disadvantage, and postprocessing times may be relatively long. Phase contrast
velocity-encoded strain (73) measures tissue velocities in 2 or 3 dimensions. A
reference scan, such as an SSFP cine image, is obtained and the myocardial contours
are manually delineated. A mesh is fit to the myocardial contour. The contour with
mesh is placed on the velocity images, and the mesh is deformed by the velocity
field. Strain can then be calculated.

Cine-derived strain (74), also called feature tracking, is a newer method that
retrospectively tracks edges or contours using SSFP cine images. The method tracks
the endocardial border from time frame to time frame and derives strain. It is not
reliable when myocardial border definition is indistinct (75) and has lower intra-
and interobserver agreement than tagging (76). Displacement encoding with
simulated echoes (DENSE) (77) and strain-encoding (SENC) (78) are 2 other
advanced strain methods mainly used in research settings.
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2. Aims

Paper 1: To provide a quantitative and clinically applicable method for calculating
strain, and to provide associated normal values for the method.

Paper 2: To investigate how regional myocardial wall function, assessed by CMR-
imaging velocity-encoded strain and regional wall thickening, changes after acute
myocardial infarction and to find out if we could differentiate between ischemic,
adjacent, and remote myocardium as determined by myocardial perfusion study
(MPS) by assessing regional myocardial function.

Paper 3: To determine the effects of STEMI on global and regional AVPD, the
contribution of AVPD, septal and non-septal radial motion to SV, and to study the
relationship between AVPD and infarct size (IS) as well as location.

Paper 4: To investigate the evolution of longitudinal LV function, measured
as AVPD, and radial function, measured as WT, globally and regionally from the
sub-acute (2-6 days) to the chronic phase (6 months) after STEMI.
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3. Materials and methods

Phantom

A U-shaped gelatin phantom was constructed, measuring 100 x 70 x 15 mm, to
simulate a slice of the LV. Copper sulfate was added to the gelatin in order to
increase the MRI signal and to obtain T1 and T2 relaxation times similar to normal
myocardial tissue. A CMR-compatible pneumatic compression device was created
to rhythmically compress the phantom 15 mm in the longitudinal direction (Figure
3.1).

Figure 3.1. Set-up used in phantom experiment..

Phantom experiment

The gelatin phantom was marked with a grid pattern, and 3 regions of interest were
identified. The phantom was filmed with a video camera while being rhythmically
compressed, simulating LV movement. Custom software was developed to track the
optical grid pattern and calculate strain. CMR imaging of the phantom was
performed with the same imaging protocol (SSFP cine and TFE strain) as was used
in healthy volunteers in Study 1.

Ethical approval

All studies were approved by the Ethical Review Committee at Lund University and
complied with the Helsinki declaration. Patients and controls enrolled at Lund
signed written informed consent statements. Patients from the CHILL-MI (79) and
MITOCARE (80) studies signed written informed consent forms when entering the
original study. The animal study complied with the guidelines of the National
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Institutes of Health for the care and use of laboratory animals and was approved by
the animal research committee at Lund University.

Human studies

In Study 1, 36 healthy volunteers were recruited in Lund by advertising and
underwent CMR imaging. Exclusion criteria included history of heart disease,
hypertension, diabetes, or current pregnancy. Ten patients from a previous study
(81) who were examined with CMR imaging 1 week after MI were included for
comparison.

Patients from the international multicenter studies CHILL-MI (79) (n=92) and
MITOCARE (80) (n=85) were considered for inclusion in Study 3. All patients had
a first STEMI treated with PCI and had a CMR-imaging study within 1 week. The
purpose of CHILL-MI was to study if an infusion of cold saline, given as an adjunct
to primary PCI, reduced MI size, but the outcome was negative. MITOCARE
evaluated the efficacy and safety of a new drug, TRO40303. Although safe to use,
the trial failed to show an effect on the primary endpoint, reduced infarct size. From
these studies, 177 patients had satisfactory CMR-imaging data and were included in
Study 3. Twenty healthy controls from a previous study were included for
comparison (31).

A subset of patients from CHILL-MI (n=88) underwent follow-up CMR imaging 6
months after STEMI and were considered for inclusion in Study 4. Eleven patients
were excluded due to incomplete data or poor image quality; thus 77 patients were
included in Study 4. Twenty healthy controls were included for comparison (31).

Animal study

Ten domestic pigs, weighing 40-50 kg, were anesthetized and underwent a baseline
CMR-imaging study. Myocardial ischemia was induced by inflating an angioplasty
balloon in the LAD, distal to the diagonal branch, for 40 minutes. An angiogram
was performed during inflation to ensure proper placement of the balloon, and 500
MBq of *™Tc tetrofosmin was administered intravenously 10 minutes before
deflation. Another angiogram was performed after deflation to ensure restored blood
flow. SPECT was performed 2—-3 hours after reperfusion for identification of the
ischemic area, and a second CMR-imaging study was performed 3—4 hours after
deflation. Approximately 15 minutes before the acquisition of LGE images, 0.2
mmol/kg of gadolinium contrast was administered intravenously. The animals were
euthanized after the second CMR-imaging study.
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CMR imaging and analysis

Patients, healthy volunteers, and animals were placed in the supine position, and
images were obtained using retrospective ECG gating.

Long-axis SSFP cine images were acquired in 2-, 3-, and 4-chamber views. These
images were used for manual delineation of the LV in Papers 1 and 2. In Papers 3
and 4, long-axis SSFP cine images were used for AV-plane analysis. The AV plane
was identified and manually indicated in 6 locations during ED and ES (anterior,
anteroseptal, inferoseptal, inferior, inferolateral, and anterolateral). The apex was
indicated and used as a reference point for AVPD.

Short-axis SSFP cine images covering the LV from base to apex were used in
Papers 2, 3, and 4. The epicardial and endocardial LV borders were manually
delineated in all time frames. The delineations were used to calculate EDV, end-
systolic volume (ESV), SV, left ventricular mass (LVM), WT, and epicardial
surface area. In Study 3, RV insertion points were identified and marked on the
epicardial border to calculate lateral and non-lateral-septal contributions to SV. The
most basal short axis slice included in WT analysis was that showing myocardium
in 360° in ED. Midventricular short-axis images were used to determine WT in
Study 4. Papillary muscles were excluded.

2D velocity-encoded strain was used in Studies 1 and 2. Velocity data were
obtained in 2 directions using the same long-axis planes as the SSFP images. The 2
velocity directions were measured in the same heartbeat. Superior and inferior
saturation bands were used. Image resolution was typically 1.5 x 1.5 mm. Figure
3.2 describes the process.

Fast-gradient field echo (FFE) images were collected for about 1 minute during
free breathing, collecting 1622 timeframes during the cardiac cycle.

Turbo-gradient field echo (TFE) images were collected for 15-25 seconds during
end-expiratory apnea, collecting 12—16 timeframes during the cardiac cycle.

Late gadolinium enhancement (LGE) was used for infarct quantification.
Extracellular space is increased after acute MI due to necrosis and edema, and in
chronic infarcts due to scar tissue (82). Since gadolinium contrast is distributed in
the extracellular space, infarcted myocardium appears hyperenhanced 10-30
minutes after intravenous administration of gadolinium contrast (83)(84). LGE is
considered the reference method for determination of MI size (85)(17). Computer
algorithms were used in Studies 2—4 to quantify MI size using LGE (86).
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Figure 3.2. Process used to determine 2D velocity strain. Upper left: Manual delineation of the left
ventricle was done in the end-diastolic timeframe using long-axis SSFP images. Upper right: The
software placed a mesh over the delineated area. Lower left: Delineation and mesh were transferred to
the 2D velocity-encoded images, and the myocardial contour was tracked in each timeframe using the
acquired velocity data and an optimization algorithm. Lower right: Longitudinal and radial strain were
derived. Delineation could be modified in the SSFP images when needed and was automatically
transferred to the velocity-encoded images.

MRI scanners

Cardiac magnetic resonance images were acquired on 1.5-T MRI scanners. Philips
Intera CV 1.5 T (Philips Medical Systems, Best, the Netherlands) was used in
Studies 1 and 2. In Studies 3 and 4, patients from multicenter studies were included,
and images from Siemens Healthcare, GE Healthcare, and Philips Medical Systems
MRI scanners were used.

Ischemic, adjacent, and remote myocardium

In Study 2, LV segments were classified according to the degree of ischemia
detected on SPECT. Using the AHA 17-segment model, segments with counts
<50% were classified as ischemic, segments with counts of 51%-99% were
classified as adjacent, and segments with normal counts were classified as remote.
An example is shown in Figure 1.7. Figure 3.3 illustrates typical infarct distribution
after the occlusion of the respective coronary artery. There is, however, significant
variation and overlap.
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Figure 3.3. Typical infarction patterns after occlusion of the left anterior descending (LAD), right
coronary artery (RCA), and left circumflex (LCx) coronary arteries. Red indicates mid-ventricular
segments.

Mid-ventricular segments were used in Study 4 for WT analysis (Figure 3.3). We
considered anterior and anteroseptal segments ischemic; inferoseptal and
anterolateral segments adjacent, and inferior and inferolateral segments remote for
patients with LAD occlusion. For patients with RCA occlusion, inferoseptal and
inferior segments were considered infarcted, anteroseptal and inferolateral segments
considered adjacent, and anterolateral and anterior segments remote. For patients
with LCx occlusion, we considered the inferolateral and anterolateral segments
ischemic, the inferior and anterior segments adjacent and the anteroseptal and
inferoseptal remote.

Myocardial salvage index (MSI) was defined as 1 — (infarct size by LGE)/(ischemic
volume by MPS) in a similar fashion as described earlier (81)(87).

Statistics

Continuous variables were presented as mean = SD. Results with a p-value<0.05
were considered statistically significant. For normally distributed data, paired or
unpaired Student’s ¢ test was performed. The Wilcoxon signed-rank test was used
when the population was small and normal distribution of the data could not be
assumed. Bland-Altman analysis was used in Study 1 to compare results from
optical tracking and velocity-encoded strain. The Pearson coefficient of correlation
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was used in Studies 1 and 4. In Study 4, the difference between correlation
coefficients was computed using the r-to-Fisher-z transformation. ROC analysis
was performed in Study 2 to discriminate between ischemic, adjacent, and remote
areas of myocardium. Sensitivities and specificities for the best thresholds were
reported. Linear regression analysis was performed in Study 3 to determine the
correlation between infarct and functional parameters. One-way analysis of variance
(ANOVA) with the Tukey post-hoc test was used to compare results between
patients with LAD, RCA, and LCx infarcts. Inter- and intraobserver variabilities
were calculated by taking the difference between Observers 1 and 2 (Study 1 and
Study 3). Mean (bias) and standard deviation (variability) were calculated, and in
Study 3, intraclass correlation (ICC) was calculated. Internal validation of the
“contributions to SV” was obtained in Study 3 by adding AVPD, septal, and
nonseptal radial contributions to SV for each subject where the result ideally would
add up to 100% of SV.
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“The truth is rarely pure and never simple.’

Oscar Wilde

4. Results and discussion

Validation of 2D velocity-encoded strain and normal values
(Study 1)

Validation of 2D-velocity encoded strain

Results from the phantom experiment are presented in Figures 4.1 and 4.2. There
was excellent agreement between CMR velocity-encoded strain (TFE) and optical
tracking and only small bias (0.0025 + 0.085).

Longitudinal strain over time.
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Figure 4.1. Optical tracking and velocity-encoded strain (TFE) for 3 regions of interest (ROI). Each
color represents a region of interest. MR = velocity-encoded strain measurement using CMR, Opt =
optical measurement.

TFE vs. FFE

After validation of velocity-encoded strain in the phantom model, we proceeded to
investigate whether TFE or FFE velocity-encoded strain images were best suited for
further analysis by testing intra- and interobserver variability. Intraobserver
variability for longitudinal strain was lower for TFE (0.00 = 0.06) than for FFE
(=0.01 + 0.11), and this was thought to be due to artifacts caused by breathing
motion during FFE. We performed no further analysis of FFE images as they were
felt to be inferior. We found greater intraobserver variability for the basal segments,
and this was attributed to their more complex motion. The intraobserver variability
was very high for radial strain (0.10 + 0.33).

45



0.05

.-’;Hr.
r,/’
..I'Jrr
0 t&‘i 0@
S ©
P e
x 3 o
£ 005 ° 9o
g o
@
= o o.»oo‘
= S m
E se®
g' 0.1 g/ﬂg
3 8-00
7
-0.15 P’ﬁ
P
-j$
K’ﬁ’.?
03 0.15 0.1 .05 0 0.05

Longitudinal strain optical

Figure 4.2. Relationship between optical tracking and longitudinal velocity-encoded strain from CMR.
The dashed line indicates the line of identity.

Velocity-encoded strain in healthy volunteers

We used TFE images in further analysis and found global longitudinal strain of
-0.18 = 0.10 in healthy volunteers. We found no correlation between global
longitudinal strain and age (+* = 0.097, p=ns). Figure 4.3 shows typical longitudinal
strain pattern in a healthy volunteer.

Figure 4.3. Typical longitudinal strain pattern in a healthy volunteer. Left: 2-chamber view. Middle: 3-
chamber view. Right: 4-chamber view.

Velocity-encoded strain in patients after MI

Patients had lower mean global longitudinal strain (-0.15 + 0.1) than did healthy
volunteers (p<0.05). Figure 4.4 shows longitudinal strain in a patient after MI.
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Figure 4.4. Longitudinal strain in patient after myocardial infarction. Left: late gadolinium enhancement
image. The lighter area that is delineated is the infarct. Right: decreased strain in the area of the infarct.

We validated velocity-encoded strain against optical measurements in the phantom
experiment. TFE had lower intra- and interobserver variability than FFE, probably
because of breathing-motion ghost artifacts in the FFE images. Intraobserver
variability was high for radial strain, and this was attributed to the large voxel size
(1.5 mm) in relation to typical wall thickening (2—4 mm); therefore, we did not
present any data on radial strain. Global longitudinal strain found in healthy
volunteers (-0.18) was similar to findings by Moore (-0.16) (68) and Bogaert (-0.17)
(88) and was significantly lower in patients (-0.15; p<0.05). Patients had decreased
function in both infarcted and remote regions (60% =+ 27% in infarcted regions vs.
88 + 27% in remote). Mean segmental longitudinal strain for the healthy volunteers
is presented in Figure 4.5.
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Figure 4.5. Mean longitudinal strain in healthy volunteers presented in the AHA 17-segment model.
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LV function in the hyper-acute phase of ischemia (Study 2)

2D velocity-encoded strain TFE and SSFP cine images were obtained in 10 pigs at
baseline and after 40-minute occlusion of the LAD. Left ventricular segments were
classified as ischemic, adjacent, or remote based on SPECT results.

Longitudinal strain before and after ischemia

Mean longitudinal strain was decreased in ischemic and adjacent segments (p<0.001
for both) after ischemia compared with baseline. There was no change in mean
longitudinal strain in remote segments compared with baseline (Figure 4.6).

Longitudinal strain
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Figure 4.6. Mean longitudinal strain in ischemic (o), adjacent (x), and remote (A ) segments before and
after ischemia in 10 pigs.

Radial strain before and after ischemia

Mean radial strain was decreased in ischemic and adjacent segments after ischemia
(p<0.001 for both), and mean radial strain was increased in remote segments
(p<0.002), compared with baseline (p<0.05; Figure 4.7).
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Figure 4.7. Mean radial strain in ischemic (o), adjacent (x), and remote (A ) segments before and after
ischemia in 10 pigs.
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Wall thickening before and after ischemia

Mean WT was decreased in ischemic and adjacent segments (p<0.001 for both) and
was increased in remote myocardial segments (p<0.01; Figure 4.8). As expected,
there was a strong correlation between mean WT and mean radial strain (» = 0.86;
p<0.001).
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Figure 4.8. Wall thickening in ischemic (o), adjacent (x), and remote (A ) segments before and after
ischemia.

Thresholds for ischemic, adjacent, and remote myocardium

ROC analysis was performed to find thresholds to differentiate between ischemic,
adjacent, and remote myocardium for WT, radial strain, and longitudinal strain.
Table 4.1 presents the thresholds found to discriminate best.

Table 4.1. Thresholds for wall thickening, radial strain, and longitudinal strain determined by ROC analysis for
differentiations between ischemic, adjacent, and remote myocardium.

Threshold Sensitivity%  Specificity%

Wall thickening ischemic < 1.4 mm 80 76
Wall thickening adjacent  14-21mm 35 0
Wall thickening remote >2.1 mm 76 81
Radial strain ischemic < 0.06 77 77
Radial strain adjacent 0.06-0.15 33 89
Radial strain remote >0.15 73 77
Long. strain ischemic > —0.04 70 72
Long. strain adjacent —-0.04--007 15 88
Long. strain remote <-007 73 71
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In this experimental study in the hyperacute phase (3-4 hours) after ischemia, we
found dramatically decreased LV function in ischemic and adjacent areas, and
preserved or increased function in remote areas. Reduced function in the ischemic
areas can be attributed to the direct ischemic insult and to the presence of edema
(37% = 3% increase in LVM after ischemia in ischemic area) (89). The decrease in
adjacent areas is likely due to stunning that can persist for hours to weeks after
ischemia (90). The sensitivities and specificities for the best thresholds to identify
ischemic myocardium was 80% and 76% for WT, 77% and 77% for radial strain,
and 70% and 72% for longitudinal strain, respectively. Sensitivities and specificities
were lower for adjacent and remote myocardium. The thresholds have limited
applicability due to the low sensitivity and specificity.

Longitudinal LV function within a week of STEMI (Study 3)

AVPD

Mean global AVPD was decreased in patients within a week of STEMI (11 =2 mm)
compared with controls (15 +2; p<0.001). There were significant decreases in walls
with and without infarction (Figure 4.9, Table 4.2).
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Figure 4.9. Mean AVPD for each LV wall in millimeters. Black line = controls, red line = LAD, blue line =
RCA, green line = LCx.
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Table 4.2. Mean atrioventricular plane displacement (AVPD) (mm) was decreased in patients with left anterior
descending (LAD), right coronary artery (RCA), and left circumflex (LCx) infarcts compared with controls (p<0.001 for
all).

Anterior Anteroseptal Inferoseptal Inferior Inferolateral Anterolateral LVAVPD
LAD 10 £3 33 1l =3 13 3 133 133 1122
RCA 11 =3 93 102 122 3 133 14+ 3 |l S 30
ICx 11 £2 - 12%2 14+3 1243 13 33 1222
Controls 13+2 12 2 - R | 18 +2 18 £ 2 17 2 G

Global AVPD did not differ in patients with LAD, RCA, or LCx infarction (p=0.18).
We found a weak negative correlation between IS and decreased AVPD (R2=0.06,
p<0.001; Figure 4.10).
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Figure 4.10. Relationship between atrioventricular plane displacement (AVPD) (mm) and infarct size
(IS; percent infarcted myocardium of total left ventricular mass).

Longitudinal strain

Mean global longitudinal strain was decreased in patients (-0.14 = 0.05) compared
to controls (-0.17 = 0.04; p<0.001). Regional longitudinal strain was decreased in
all LV segments (Table 4.3).

Table 4.3. Regional longitudinal strain for patients and controls. P< 0.001 for all except the anterolateral wall in patients
with LCx infarcts (p<0.01).

Anterior Anteroseptal Inferoseptal Inferior Inferolateral Anterolateral
LAD —0-10 £ 0:03 —009 £ 0:03 —0-11 £ 0:03 —0:13 £ 0:03 —0:13 £ 003 —0:12 £ 0-02
RCA —0-12 + 0-03 —0-11 + 0-03 —0-12 + 0-02 —0-13 £ 0-03 —0-15 + 003 —0-14 + 0-02
LCx —0-11 £ 0:02 —0:11 £ 0:04 —0:12 £ 0:02 —0:14 £ 0:04 —0:13 £ 0:03 —0:13 £ 0-03
Controls —0-14 + 0-02 —0:-14 + 0-02 —0:16 + 0-02 —0:19 + 0-03 —0-19 + 003 —0-17 + 0-04
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Contribution to SV

AVPD contribution to SV was lower in patients (58% =+ 9%) than in controls (64%
+ 8%; p<0.001). The septal and non-septal radial contributions to SV were similar
in patients and controls except for an increased septal contribution in LCx patients.
Adding AVPD, septal, and non-septal radial contributions to SV accounted for 99%
+ 9% of SV for patients and 103% = 9% for controls.

Decreased longitudinal function (AVPD and longitudinal strain) seen in infarcted
areas is attributable to the ischemic injury resulting in edema, necrosis, and
postischemic stunning (90). Decreases in surrounding and remote areas may be due
to the global inflammatory response, with inflammation and changes in contractile
and mitochondrial proteins described after STEMI (91). Medications such as beta-
blockers, often prescribed to patients after MI, may also contribute to the global
decrease of longitudinal function. Finally, the different parts of the LV are all
connected at the fibrous AV plane, and reduced AVPD in one area may influence
the entire movement of the AV plane (92).

The global decrease in longitudinal function within a week of STEMI is why it is
difficult to determine MI location visually using longitudinal measures (93). This is
in line with Rosendahl et al., who found a rather low sensitivity of 64% using
longitudinal strain (echocardiography) to detect infarction with 80% specificity
(94). Staylen et al. have also shown inability to localize the infarction from AVPD
measurements in 19 MI patients using echocardiography (95). The global decrease
in longitudinal function can also explain why Rangarajan et al. found that lateral
MAPSE alone is an independent predictor of major adverse cardiac events (93).

Evolution of LV function after STEMI (Study 4)

AVPD

Global AVPD was decreased in the subacute (12 + 2 mm) and chronic (13 &+ 2 mm)
phases after STEMI compared with controls (15 = 2 mm; p<0.001 for both), with
partial recovery in the chronic phase.

Patients with an LAD (n= 28) or RCA infarct (n=39) had decreased AVPD in both
infarcted and remote segments in the subacute and chronic phases after STEMI
(Figure 4.11, upper and middle panels, respectively). Patients with an LCx infarct
(n=10) had decreased AVPD in all but one remote segment (anterior) in the subacute
phase (Figure 4.11, lower panel). This decrease remained significant only in 2
segments (inferolateral and inferoseptal) in the chronic phase after STEMI).

52



Anterior

LAD AVPD >

20
15
Anteroseptal ,\ Anterolateral
*ttt 7 *tt Controls
=L AD sub-acute
e AD chronic
Inferoseptal Inferolateral
*kfit . *okokf
Inferior
***1-1-1-
Anterior

%%

RCAAVPD

Anteroseptal Anterolateral
*-'- *
= Controls
= RCA sub-acute
=== RCA chronic
Inferoseptal Inferolateral
s *ttt

Inferior
*xitt

Anterior

LCX AVPD 20

Anteroseptal Anterolateral
= Controls

LCx sub-acute

Inferolateral LCx chronic

*

Inferoseptal
*

Inferior

Figure 4.11. AVPD in mm according to culprit vessel. Black lines represent controls, red lines patients
in the sub-acute phase, and blue lines patients in the chronic phase after STEMI. Upper: patients with
infarction in the LAD territory. Middle: patients with infarction in the RCA territory. Lower: Patients with

infarction in the LCx territory. Comparisons between the chronic phase after STEMI and controls:

*p<0.05. **p<0.01. **p<0.001. Comparisons between the subacute and chronic phases after STEMI:

+p<0.05. +1p<0.01. t11p<0.001.
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Contribution to SV

The relative contribution of AVPD to SV was decreased in patients in the subacute
phase (59%; p<0.01) and chronic phase (58%; p<0.05) compared with controls
(64%).

Segmental WT

Mean segmental WT was decreased in all LV segments in patients with LAD
infarction in the subacute and chronic phases after STEMI compared with controls.
The decrease was most prominent in the anterolateral, anterior, anteroseptal, and
inferoseptal segments. Partial recovery was seen in these segments after 6 months.

Table 4.4. Evolution of segmental WT after STEMI

Anterior | Anteroseptal | Inferoseptal | Inferior | Inferolateral | Anterolateral
Controls | 71+£25 | 65+22 59+ 18 72+22 | 79+ 30 75+ 25
(n=20)
LAD | 1 A R R A
Subacute | 27+17 | 1815 31+15 53+17 | 54+ 23 42 +£20
(n=28) *kk *kk *kk *% *% *kk
LAD | | A R R A
Chronic 47 £34 | 4227 46+ 18 60+15 | 6216 53 +24
(n=28) * * * * * *%

Tttt Tttt Tttt tt
RCA R A | | A R
Subacute | 70+21 | 64+ 19 40+13 34118 | 47+ 21 56 + 21
(n=3g) *kk *kk *kk *%
RCA R A | | A R
Chronic 71+20 | 64+20 43+18 46 +23 | 58 +24 63 + 20
(n=3g) *k *kk *k

Tt Tt t

LCx R R A | | A
Subacute | 63 +21 | 6312 51+15 37+20 | 3620 46 £19
(n=1 0) *k *kk *kk *k
LCx R R A | | A
chronic 89+21 | 8011 54 +13 56+ 14 | 5122 60 + 21
(n=9) ¥

t t Tt

A = adjacent segments; | = ischemic segments; R = remote segments. Comparison between patients
and controls: *p<0.05. **p<0.01. ***p<0.001. Comparison between patients 1 week and 6 months after
STEMI: 1p<0.05. 11p<0.01. t11p<0.001.

Patients with RCA infarcts had decreased WT in inferoseptal, inferior, inferolateral
and anterolateral LV segments in the sub-acute phase with recovery of function in
the anterolateral segment and partial recovery in inferior and inferolateral segments.
Patients with LCx infarcts had decreased WT in the inferior, inferolateral and
anterolateral segments in the sub-acute phase. One patient in this group did not have
short axis CMR images in the chronic phase and was therefore excluded from WT
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analysis in this phase. WT remained decreased only in the inferolateral segment in
the chronic phase.

The mean global AVPD found in controls in Studies 3 and 4 (15 = 2 mm for both)
is similar to results by Steylen et al. who found a MAPSE of 16 mm using
echocardiography (95). Steylen also reported MAPSE of 12 mm within a week of
MI and we found it to be 12 mm in the sub-acute and 13 mm in the chronic phases
after STEMI.

The widespread decrease in AVPD seen in the chronic phase after STEMI suggests
that it remains difficult to differentiate between infarcted and noninfarcted
myocardium using longitudinal measures even in this phase. The global effect on
longitudinal function caused by regional ischemic injury has several possible
explanations. The LV walls and cardiac valves are attached to the fibrous and
somewhat stiff AV plane, and this prohibits large regional differences in movement
between parts of the plane (92). Another explanation is that remote myocardium is
not unaffected by STEMI: inflammatory cells that affect mitochondrial proteins
(91), and expansion of extra cellular volume have been found also in remote
myocardium (96). Finally, the use of medications in the chronic phase after STEMI,
such as beta-blockers, may also affect the myocardium globally.

The challenge when using WT to identify MI location is thus not only that the
change in radial thickness is quite small and can be difficult to quantify visually but
also that both infarcted and remote myocardium have decreased WT in large LAD
infarcts. Recently, Everaars et al. showed that strain from tagging CMR was
superior to WT when identifying infarcted and remote myocardium (97).

The timing of myocardial recovery after STEMI is debated. Ingul et al. found that
most of the systolic function was regained within the first 2 days after STEMI (98).
Engblom et al. also found an increase in radial WT between Days 1 and 7 after M1
but further increases at follow-up 6 and 12 months after the MI (99). Further, Hassell
et al. recently showed that LV remodeling is an ongoing process for at least 2 years
after STEMI (100). In our study, the subacute CMR imaging was performed 2—6
days after STEMI, and it is likely that LV function had partially recovered
considering these previous results. However, both longitudinal and radial function
significantly improved between the subacute and chronic phases, although function
did not reach that of the controls.
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“Lead me, follow me, or get out of my way.”

General George S. Patton, Jr.

5. Conclusions

Study 1

We presented and validated a robust and clinically applicable technique to quantify
longitudinal strain and regional myocardial wall function with associated normal
values.

Study 2

Differentiation thresholds for wall thickening and velocity-encoded strain could be
established to distinguish between ischemic, adjacent, and remote segments, but
they will have limited applicability due to low sensitivity and specificity. There was
slight increase in radial strain in remote segments after ischemia. Edema was present
mainly in the ischemic region but also in the adjacent and remote segments.

Study 3

Patients have significantly decreased global and regional AVPD within 1 week after
STEMI, even in myocardium remote from the infarct. The global AVPD decrease
is independent of MI location, and MI size has only a minor effect on the degree of
AVPD decrease. Longitudinal contribution is slightly lower than in controls but
remains the main contributor to SV even after MI. These results highlight the
difficulty in determining infarct location and size from longitudinal measures of LV
function.

Study 4

Assessment of regional longitudinal and radial function after STEMI is complex.
Decrease in regional function can be seen in segments without infarction, even in
the chronic phase. This information is important to consider when the combination
of functional and infarct quantification is used for diagnosis of post-ischemic
stunning and hibernation.
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Interpretation of regional function after myocardial infarction may seem to be
straightforward, but our studies have showed the complexity of both longitudinal
and radial measures. In Study 2, we showed the difficulty in finding clinically useful
thresholds for regional function that can differentiate between infarcted, adjacent,
and remote myocardium with velocity-encoded strain. This can be explained by the
results from Studies 3 and 4, where regional function also was decreased in remote
myocardium both in the subacute and chronic phases.

Strain is a widely used technique due to the development of speckle-tracking
echocardiography and feature-tracking CMR imaging. Our studies suggests that
global measurements of strain may contain information but that regional strain
measurements after MI should be used cautiously for determining infarct location
or size. The simplicity of AVPD measurements without need for postprocessing,
and the previously shown strong prognostic value make it a compelling method for
further use.
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“If you have a problem cut it in half.”
Jonathan Webb
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