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Abstract

Background: Although reductions in myocardial contractility and relaxation are
key components in heart failure (HF), assessment of them is difficult, as clinical
measurements deal with a net effect of myocardial contractility, heart filling (pre-
load), outflow impedance (afterload) and heart rate (HR). Echocardiographic (echo)
deformation parameters, like strain (myocardial shortening) and strain rate (the
speed of deformation, SR), have been proposed to more accurately measure myo-
cardial function, but incongruent previous studies have raised concerns that they
may be load-dependent. This load-dependency of echo measurements in general
also explains the difficulties assessing right ventricular (RV) function whenever left
ventricular (LV) failure is present. Lastly, the inodilators milrinone (MIL) and levo-
simendan (LEV), often used in treating severe HF, have never been compared
head-to-head taking this load-dependency into account.

Aims and methods: We wanted to evaluate whether strain and SR were dependent
on preload, afterload and HR (paper I). While keeping cardiac loading and HR con-
stant, we compared the myocardial effects of MIL vs. LEV in a randomized trial,
combining echo (for strain and systolic (SR-S) and diastolic (SR-E) SR) with hemo-
dynamic measurements from a pulmonary artery catheter (papers II-III). We in-
cluded post-cardiac surgery aortic stenosis patients with normal LV function for
papers I-IIL In paper IV, we retrospectively compared echo indices of RV function
with right heart catheterization data in patients with severe HF, creating three
groups: A) right atrial pressure (RAP) <10 mmHg and stroke volume index (SVI)
235 ml/m2, B) RAP <10 mmHg and SVI <35 ml/m?2, and C) RAP 210 mmHg.
The RV echo indices were assessed for their ability to identify group B from C.
Results: With increased preload by passive leg elevation, cardiac output (CO),
strain, SR-S, and SR-E increased significantly, while increased HR by atrial pacing
increased only CO, SR-S, and SR-E. Under constant loading and HR, MIL and
LEV increased CO by 20%, RV and LV strain by almost 20%, and SR-S and SR-E
by almost 30% in both ventricles, with no differences between groups. In paper IV,
echo indices of RV longitudinal function (such as TAPSE, §’, FAC and strain) failed
to distinguish group B from C, while all RV dimensional measurements could. By
combining six RV echo indices into a novel score, the RV failure (RVF) score, sig-
nificant discrimination between group B and C was found.

Conclusions: 1) Strain is preload- and HR-dependent while SR depends on HR.
2) MIL and LEVO have comparable effects on LV and RV systolic and diastolic
function. 3) To assess RVF in LV disease, a single-parameter approach is inadequate
and we propose a combination of six parameters into a novel RVF score.

Keywords: strain echocardiography, right heart catheterization, cardiac surgery,
heart failure, levosimendan, milrinone, left ventricular function, right ventricular
function, systole, diastole, preload, afterload, pacing, longitudinal function, ventric-
ular dimensions, ventricular interdependence
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Sammanfattning pa svenska

Svarigheten med bestimning av hjirtats funktion dr, att det foreligger ett kom-
plicerat samspel mellan hjirtats pumpférmaga, dess grad av blodfyllnad i
vilofasen, pumpmotstiandet, som betingas av kirlbidden, och hjirtfrekvensen.
Stort hopp har satts till nya ultraljudsmetoder som miter hjirtmuskelns
forkortning och avslappning (dess deformation). Vi ville undersdka om dessa
metoder kunde utvirdera den direkta kontraktions- och avslappningsférmagan
hos hjirtat oberoende av andra faktorer som blodfyllnad, pumpmotstind och
hjirtfrekvens.

For att 6ka hjirtfunktionen vid hjirtsvikt anvinds ofta hjirtstirkande like-
medel. Tvi ofta anvinda dr miltinon och levosimendan. Intressant nog forelig-
ger mycket fa tidigare jaimforande studier av deras effekter pa hjirtats funktion,
och dessutom har de kommit till olika slutsatser. Genom att halla fyllnadsgrad,
kirlmotstind och hjirtfrekvens konstanta ville vi jimféra de bada likemedlens
direkta effekt pd hjdrtfunktionen.

Vidare har det pé senare tid visat sig vara betydligt svérare 4n vad man tidi-
gare ansett, att beddma hégerkammarens funktion vid en samtidigt sviktande
vinsterkammare, vilket var vart fokus i det sista arbetet.

For de tre forsta arbetena undersdkte vi patienter som genomgitt Sppen
hjartkirurgi genom att anvinda simultana matningar fran ultraljud och hjirtka-
teter. I arbete I utvirderade vi effekten pé deformations-matningar av isolerade
Okningar i fyllnadsgrad, kirlmotstind och hjirtfrekvens. I delarbete 11 och I1I
lottades patienterna till milrinon eller levosimendan, och vi jimférde effekten
pd hjirtats inneboende kontraktions- och fyllnadsférmaga av likemedlen.
I delarbete IV studerade vi patienter med svar hjirtsvikt, vilka genomgatt sam-
tidig ultraljudsundersékning och hjirtkatetrisering, delade in patienterna i tre
grupper baserade pa grad av vinster- respektive hogersvikt och jaimférde ult-
raljudsdata fran hogerkammaren mellan grupperna.

Vi fann att dven moderna metoder f6r matning av hjirtats deformation ér
beroende av fyllnadsgrad och hjirtfrekvens, dvs. dr belastningsberoende. Vi
kunde visa att milrinon och levosimendan ar likvirdiga i deras effekt pa hjirtats
inneboende pump- och fyllnadsférmdga. Slutligen sig vi att mitningar av
hégerkammarens funktion dr svirbedémda vid samtidig vinsterkammarsvikt
och att en korrekt bedémning av hégerkammaren kriver en kombination av
stotleks-, geometri- och funktionsmatt. Vi introducerade en ny poingskala, vil-
ken vi hoppas kan underlitta framtida bedomningar av hégerkammar-
funktionen, i synnerhet vid en samtidig vinsterkammarsvikt.
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List of papers

II.

II1.

IV.

Fredholm M, J6rgensen K, Houltz E, Ricksten SE.

Load-dependence of myocardial deformation variables —A clinical strain-echocardiographic
study.

Acta Anaesthesiol Scand. 2017;61(9):1155-1165.
DOI: 10.1111/22s.12954

Fredholm M, J6rgensen K, Houltz E, Ricksten SE.

Inotropic and lusitropic effects of levosimendan and milrinone assessed by strain echocardiog-
raphy —A randomised trial.

Acta Anaesthesiol Scand. 2018;62(9):1246-1254.
DOLI: 10.1111/22as.13170

Fredholm M, J6rgensen K, Houltz E, Ricksten SE.

Levosimendan or milrinone for right ventricular inotropic treatment?
—A secondary analysis of a randomized trial.

Acta Anaesthesiol Scand. 2019;00:1-9. In press.
DOI: 10.1111/2as.13486

Fredholm M, Ricksten SE, Bartfay SE, Karason K, Dellgren G,
Bech-Hanssen O.

A mnlti-parameter echocardiographic approach offers better assessment of right ventricular
function in patients with chronic left heart disease —A proposal for a new right ventricular

Jailure score

Manuscript.

LIST OF PAPERS ix



Contents

Abstract v
Sammanfattning pa svenska vii
List of papers ix
Contents X
Abbreviations xiii
1. Introduction 1
1.1 Autoregulation of heart function 1
1.11 An evolutionary perspective 1

1.1.2 Two kinds of feed-back 1

1.1.3 The importance of ventricular tension 3

1.14 Can we measure wall tension or load? 3

1.1.5 Ventricular interdependence 4

1.1.6 The staircase 5

1.1.7 Summing it up 5

1.1.8 The ventricular pressure—volume relationship 6

1.2 Myocardial deformation analysis 8
1.21 Finding the Holy Grail 8

1.2.2 What is deformation, strain and speckle tracking? 8

1.2.3 Introducing the strain rates 9

1.2.4 Interpreting the values 11

1.3 The enigmatic right ventricle 12
1.3.1 Dimensional parameters 12

1.3.2 Functional parameters 13

1.4 The concept of inodilation 14
141 Calcium 14

1.42  The phosphodiesterase enzyme 15

143 Milrinone 17

144 Levosimendan 17

1.5 Summary and previous research 18

2. Aims 21
X CONTENTS



3. Patients and methods

3.1 Papers I-I1I
3.1.1 Study designs
3.1.2 Inclusion, exclusion, randomization, and blinding
3.1.3 Experimental protocol
314 Interventions

3.2 Paper IV
3.3 Hemodynamic measurements

3.4 Echocardiographic measurements
3.4.1 Sphericity index
342 RV loading adaptation index
3.4.3 Right ventricular failure score

3.5 Statistics

4. Results
4.1 Reproducibility of STE
4.2 TDI versus STE (unpublished)
4.3 Paper 1
4.4 Papers 11 and 111
4.5 Paper IV
4.6 RV response to preload and HR (unpublished)

5. Discussion
5.1 Methodological issues

5.2 Load and HR effects on myocardial deformation
52.1  Effects of preload on myocardial deformation
52.2  Effects of aftetload on myocardial deformation
523  Effects of heart rate on myocardial deformation
524 RV effects of preload and heatt rate

5.3 Inodilators and myocardial deformation

5.4 Assessment of RV function in left heart disease
54.1 General considerations
542  Indices of RV sphericity and adaptation to load
5.4.3 Clinical implications

23

23
24
24
24
25

26
27

28
29
29
30

31

33
33
34
34
35
37
40

43
44

48
48
49
49
50

50

54
54
56
57

CONTENTS

X1



5.5 Ethical issues
6. Conclusions
7. Future perspectives
Acknowledgements
References

Appendices
App. 1. The right ventricular failure (RVF) score

App. 2. Conversion table of vascular resistance units

59

61

63

65

67

79
79
80

Xii

CONTENTS



Abbreviations

A4C
AAI
ANCOVA
ANOVA
AS

AVR
BSA
cAMP
CcO

CPB

Cy

DAP
DPAP
E.

eCVP
EDPVR
EDV

Ees

Ey.
ESPVR
FAC

HR

IQR
IVA

vV
LAAT
LAIry
LV
LVAD
MAP
ME 2CH
ME 4CH
MPAP
NT-proBNP

apical four-chamber view

atrial demand pacing

analysis of co-variance

analysis of variance

aortic stenosis

aortic valve replacement

body surface area

cyclic adenosine monophosphate
cardiac output

cardio-pulmonary bypass
coefficient of variation

diastolic arterial pressure
diastolic pulmonary arterial pressure
effective aortic elastance

echocardiographically estimated central venous pressure

end-diastolic pressure—volume relationship
end-diastolic volume

ventricular (end-systolic) elastance
effective pulmonary arterial elastance
end-systolic pressure—volume relationship
fractional area change

heart rate

interquartile range

isovolumic acceleration

isovolumic velocity

left atrial area index

right ventricular loading adaptation index
left ventricle

left ventricular assist device

mean arterial pressure

mid-esophageal two-chamber view
mid-esophageal four-chamber view

mean pulmonary arterial pressure
N-terminal prohormone of brain natriuretic peptide

ABBREVIATIONS

xiii



NYHA New York Heart Association

PAC pulmonary artery catheter

PCWP pulmonary capillary wedge pressure

PDE3 phosphodiesterase 3

P, end-systolic pressure

PKA protein kinase A

PVR pulmonary vascular resistance

PVRI pulmonary vascular resistance index

RAAI right atrial area index

RAP right atrial pressure

RHC right heart catheterization

RV right ventricle

RV EDA right ventricular end-diastolic area

RV ESA right ventricular end-systolic area

RV SAX right ventricular short axis diameter

RV sept transversal length of the interventricular septum
RVD1 diameter of the basal inflow to the right ventricle
RVD3 the length of the right ventricle

RVF right ventricular failure

RVOT prox proximal right ventricular outflow tract diameter
RVSWI right ventricular stroke work index

SAP systolic arterial pressure

SD standard deviation

SPAP systolic pulmonary arterial pressure

SR strain rate

SR-A late diastolic strain rate

SR-E carly diastolic strain rate

SR-S systolic strain rate

STE speckle tracking echocardiography

N stroke volume

SVI stroke volume index

SVR systemic vascular resistance

SVRI systemic vascular resistance index

TAPSE tricuspid annular plane systolic excursion

TDI tissue Doppler imaging

TEE transesophageal echocardiography

TTE transthoracic echocardiography

VS tricuspid annular systolic velocity

VTIr velocity time integral of a tricuspid regurgitation

Xiv ABBREVIATIONS



MARTIN FREDHOLM

1. Introduction

1.1 Autoregulation of heart function

The mammalian heart works with two serially connected circulatory systems that
might be seen as each othet’s opposites. The right (pulmonary) side is a low-pressure
system bringing blood low in oxygen and high in carbon dioxide back into the heart
and then to the lungs, whereas the left (systemic) side is a high-pressure system bring-
ing oxygenated blood from the lungs out into the body. The heart in a system like
this needs to have separate right- and left-sided chambers, and is designed as a four-
chambered heart.

1.1.1 An evolutionary perspective

The evolution of a four-chambered heart is closely linked to the development of
endothermy (warm-blooded state), and is not only found in mammals, but also in
birds, probably in the extinct dinosaurs, and more surprisingly in the ectothermic
crocodiles [1-3]. With endothermy follows a higher demand for oxygenation, thus a
higher hematocrit making the blood more viscous. This is proposed as one of several
possible reasons why endothermy requires a much higher blood pressure on the sys-
temic side, as opposed to in ectotherms. In fact, the pressures on the systemic side
in endothermic animals is so high that it would harm the delicate lung tissue. Two
separate circulatory systems with different pressures will solve this pressure problem
and is probably the best reason for its development [1].

However, a circulatory system like this demands a near perfect and continuous
balance (or feed-back) between the two sides, since otherwise, a congestion would
quickly develop on either of the two systems if the two sides do not maintain equal
output of blood (Fig. 1).

1.1.2 Two kinds of feed-back

The purpose of the feed-back is primarily to avoid edema from developing in the
lungs in the case of an abruptly lowered left-sided performance. A lung edema

1. INTRODUCTION 1
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3-CHAMBERED 3-CHAMBERED (SEPTATED) 4-CHAMBERED

lungs

heart

body
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Oxygenated Deoxygenated Mixed
L W O

blood lood blood

Figure 1. The evolution of a four-chambered heart

The successive development of an intraventricular septum is visible in turtles, who have an inter-
mediate design of two incompletely separated ventricles. Any output difference between right and
left sides can be equilibrated over the incomplete ventricular septum.

Courtesy of Zina Deretsky, National Science Foundation. Free for public use.

would be devastating for the animal, and the evolutionary drive to avoid this must
therefore have been very strong.

To achieve a synchronized output between the left and right sides, two principal
feedback mechanisms exists in the mammalian heart; 1) the homeometric autoregu-
lation, or the Anrep effect, and 2) the heterometric autoregulation, commonly known
as the Frank—Starling mechanism.

What von Anrep found already in 1912, was that an abrupt rise in blood pressure
would lead to a successive increase in myocardial contractility, resulting in a lesser
reduction of stroke volume than expected [4]. Though a progtressive increase in in-
tracellular Ca%* levels has been observed, the exact mechanism for this is not com-
pletely clear. It seems to involve stretch receptors like integrins, leading to an
increased release of angiotensin II [5].

During that same time, other researchers found proof of yet another intrinsic ef-
fect of the heart. One of them managed to sum it all up in a famous speech in Cam-
bridge in 1915; Ernest Statling [6]. In short, the so-called Frank—Starling mechanism
is the increased stroke volume delivered as a response to the ventricle being more
filled and stretched at rest. Stretching of myocardial fibers will cause a greater number
of actin-myosin cross-bridges to form, inducing a more pronounced shortening of
the fibers. In that way it differs from the Anrep effect, which instead is a reaction to
increased tension during contraction.

2 1. INTRODUCTION
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1.1.3 The importance of ventricular tension

We have now seen that there has to be an intrinsic autoregulation within the myocar-
dium for a four-chambered heart to work properly. The homeometric autoregulation
is linked to blood pressure and occurs during contraction (systole), while the hetero-
metric autoregulation is linked to the ventricle’s resting volume. Both these entities
can be quantified as wall tension, which is equivalent to P X 7/24, according to
la Place’s law [7], where P is pressure, 7 radius, and 4 wall thickness. It is this myocar-
dial wall tension that is directly coupled to both autoregulatory mechanisms.

Two kinds of wall tension, or load, affect the myocardium; one at the start of the
heart cycle, called preload, and one at the end, afterload. Preload thus is defined as
the wall tension at the end of filling, i.e. end-diastole. On the other hand, afterload is
the wall tension at the end of contraction, i.e. end-systole. In la Place’s law, pressure
(P) then corresponds to end-diastolic and end-systolic pressures, respectively.

In other words, the Antep effect is a response to an increase in afterload, and the
Frank—Starling mechanism to preload. Increasing any one of these loads would inde-
pendently increase stroke volume (SV). One thing to keep in mind, though, is that
there is a profound difference in the net effects on SV of the two loads. While in-
creasing preload will increase SV, afterload will decrease it—the Anrep effect is there
only to attenuate the decrease. To be even more accurate (see paragraph 1.1.8), the
Anrep effect increases the intrinsic myocardial contractility, i.e. the degree of con-
traction at a certain preload and afterload, whereas the Frank—Starling mechanism
increases SV.

1.1.4 Can we measure wall tension or load?

Unfortunately, measuring load by its proper definition (wall tension) in a clinical set-
ting is difficult and time consuming. Therefore, in most clinical situations, an approx-
imation is done by using surrogate variables, such as ventricular end-diastolic and
end-systolic dimensions or their related pressures. The pressure surrogates used for
preload assessment are pulmonary capillary wedge pressure (PCWP) for the left ven-
tricle (LV) and central venous pressure (CVP) for the right ventricle (RV). End-sys-
tolic pressure can be approximated as 0.9 X systolic arterial pressure (SAP) for the
LV but is closer to mean pulmonary arterial pressure (MPAP) for the RV.

A parameter more directly correlated to afterload is the effective arterial elastance.
Its strength is that it incorporates all elements impeding upon ventricular ejection—
denoted outflow impedance. The two major elements of elastance (outflow imped-
ance) are; 1) vascular resistance, i.c. the peripheral resistance to flow stemming from
arterioles (resistance vessels), and 2) characteristic impedance, i.e. the distensibility of
the large arteries. The formulas for elastance have been adapted to clinical settings

1. INTRODUCTION 3
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from the original definition and differ somewhat between the LV and RV (Table 1).
Both have been shown to correctly assess aortic (E,) and pulmonary arterial (Ep,)
elastances and to be valid measures of outflow impedance [8, 9].

Variable Symbol Formula

Effective aortic elastance (V) E. 0.9 X SAP/SV
Effective pulmonary arterial elastance (RV) Epa (MPAP — PCWP)/SV
Systemic vascular resistance SVR (MAP - CVP)/CO
Pulmonary vasculat resistance PVR (MPAP — PCWP)/CO

Table 1. Summary of the variables related to ventricular outflow impedance

SAP, systolic arterial pressure; SV, stroke volume; MPAP, mean pulmonary arterial pressure;
PCWP, pulmonary capillary wedge pressure; MAP, mean arterial pressure; CVP, central venous
pressure; CO, cardiac output.

1.1.5 Ventricular interdependence

So, the right and left sides of the heart are more or less synchronized in their perfor-
mance through the feed-back mechanisms of preload and afterload (at least in a
healthy heart). But this is not the entire truth, and there is evidence of other connec-
tions between the two ventricles—the first report on this written already in 1910 by
Bernheim [10]. The syndrome that he described was that of RV failure in patients
with a hypertrophic LV. In essence, the sharing of anatomical structures by both
ventricles holds the explanation to this phenomenon, called ventricular interdepend-
ence: 1) a common and confined space within the pericardium, 2) the interventricular
septum, and 3) sharing of muscle fibers. This interdependence is often separated into
a diastolic and a systolic part [11].

Let us look at a dilated RV, to start with. Assuming that, whatever the reason, its
end-diastolic volume (EDV) is increased. The dilation reduces the volume available
for the LV, as a natural consequence of the confined volume within the pericardium
and the leftward displacement of the common septum. The resulting small LV EDV
(low LV preload) results in a smaller SV. A balance between both sides is thereby
achieved, i.e. diastolic interdependence [12].

On the other hand, systolic interdependence is defined as the contribution of
contractile function from one ventricle to the other. Primarily, it is mediated by the
interventricular septum and its ability to shift position between left and right, but
sharing of muscle fibers between the ventricles also contributes. For instance, in se-
vere isolated RV failure, the septum will be displaced from the left in diastole to the
right in systole, thereby assisting the RV. It has been estimated that 80% of RV con-
tractile function emanates from the LV through this interdependence [11, 13].

4 1. INTRODUCTION
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1.1.6 The staircase

Finally, heart rate (HR) also affects myocardial contractility, such that for every in-
crease in HR (up to about 120 beats/min), the contractlity increases as well. This,
the third and final autoregulatory mechanism, is called the Treppe or staircase phe-
nomenon, but is mostly referred to by the name of its discoverer as the Bowditch
effect. He described it in frog’s heart already in 1871 [14], but it has since been con-
firmed also in humans. Although the exact mechanism is still not clear, changes in
cellular calcium handling may be involved. The Bowditch effect might contribute to
as much as 40% of the increased cardiac output in exercise [15, 16].

1.1.7 Summing it up

The evolution of a four-chambered heart demanded a simultaneous development of
feed-back systems to keep a balance in output between right and left sides of the
circulation. In fact, most symptoms arising in heart failure due to cardiac disease are
secondary to a non-functioning feedback.

Delivering blood to the body is the main purpose of the heart, and the volume
delivered per minute, the cardiac output (CO), is simply the product of HR and SV.
On the other hand, SV is the result of a complex interaction of preload, outflow
impedance, and contractility (Fig. 2)—the latter in turn affected by afterload and heart
rate, as well as adrenergic hormones, calcium, hypoxia, disease, drugs etc.

Bowditch ﬁ]:, Contractility
effect

Heart
Stroke
Ventricular compliance |
(Diastolic function) vo u me
-—

+

Preload Afterload
(Frank-Starling mechanism)

Figure 2. Summary of the different variables affecting stroke volume

The main focus of this thesis is on myocardial contractility. In all of papers I-111
it is a primaty outcome, while in paper IV it is not measured as such, but is rather the
underlying issue that that final paper is dealing with. Before getting into more detail,
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we need to introduce three terms that are in everyday use whenever referring to car-
diac function: inotropy, lusitropy, and chronotropy.

Contractility and inotropy are synonyms. Simply put, it is the force by which the
myocardium contracts, equaling the systolic function at a certain heart rate, pre- and
afterload. Anything that increases contractility has a positive inotropic effect.

Lusitropy is defined as active myocardial relaxation, and is an important factor for
diastolic function. The muscle fibers relax when cytoplasmic calcium is pumped back
into the endoplasmic reticulum and is therefore an energy-consuming process, just
as contraction. Different cardiac pathologies can reduce the lusitropy, thus decreasing
ventricular distensibility. The decreased distensibility impairs ventricular filling at a
certain preload, in turn yielding a lower SV. Anything that increases relaxation has a
positive lusitropic effect.

Finally, chronotropy is equal to heart rate. Anything that increases heart rate is
called a positive chronotropic agent.

1.1.8 The ventricular pressure—volume relationship

By simultaneously measuring ventricular pressure versus volume at end-systole over
a range of different preloads, myocardial contractility can be determined. This was
first showed in 1973 by Suga and Sagawa in canine hearts [17], but has since been
reproduced in vivo also in humans [18]. This, the end-systolic pressure—volume rela-
tionship (ESPVR), also denoted as ventricular elastance (E), is still the most accurate
estimate of myocardial contractility (inotropy). It presents as a straight line cutting
through all end-systolic pressure-volume points (corresponding to point A in Fig. 3)
that have been collected from all the different loops. The slope is a load-independent
measure of contractility (depicted by the blue line in Fig. 3) [19].

Within the loop, the end-systolic pressure-to-stroke volume rato (P./SV) can be
determined (red line in Fig. 3). This is in fact the effective arterial elastance (E,) de-
scribed in paragraph 1.1.4, and constitutes the ventricular outflow impedance. On
the other hand, calculating afterload needs end-systolic pressure (point A in Fig. 3)
to be inserted in la Place’s law (P, X r/2h, paragraph 1.1.3).

Finally, the end-diastolic pressure—volume relationship (EDPVR, from B to C in
Fig. 3), representing ventricular filling, can also be determined—the curvilinear slope
being inversely correlated to ventricular compliance, meaning that a steeper EDPVR
slope indicates decreased ventricular compliance [20]. This is the result of an impaired
ventricular lusitropy, with or without a stiffer wall due to a structural adaptation (such
as hypettrophy and/or collagen formation).

By changing the preload, outflow impedance and inotropy separately, the pres-
sure—volume loops will show us that an increased preload results in a greater SV, but

6 1. INTRODUCTION



MARTIN FREDHOLM

on the other hand (in the absence of any Antep effect) an increased outflow imped-

ance would result in a smaller SV. Lastly, any agent increasing inotropy will create a
steeper ESPVR slope (Fig. 4).

150 .

- -- ESPVR (contractility)
--- EDPVR (diastolic function)

- - - Arterial elastance line

A: Aortic valve closes

Pressure (mmHg)

B: Mitral valve opens
C: Mitral valve closes

- D: Aortic valve opens

50 100 120 150 200

Volume (ml)

Figure 3. Pressure—volume loop of the left ventricle

The ESPVR (end-systolic pressure—volume relationship) and EDPVR (end-diastolic pressure—
volume relationship) lines are derived from several pressure—volume loops recorded at altering
preloads. The blue ESPVR line is the LV elastance—a load-independent measure of LV contrac-
tility. The red line (from C to A) indicates the end-systolic pressure to stroke volume relationship,
or the effective aortic elastance, E—a direct measurement of LV outflow impedance and corre-
lated to afterload. The black EDPVR line is the LV compliance—a measure of diastolic function.
Modified from © C. Jake Barlow at LITFL, http://www.partone.litfl.com

Creative Commons BY-NC-S4 4.0 license.

--- Normal --- Normal --- Normal
— Increased preload —— Increased outflow impedance  —— Increased contractility

100

Pressure (mmHg)

«
3
Pressure (mmHg)

Pressure (mmHg)

50 100 150 200 40 60 80 100 120 140 160 180 40 60 80 100 120 140 160 180
Volume (ml) Volume (ml) Volume (ml)

A B C

Figure 4. Pressure—volume loops of the LV showing effects of altering load and contractility
Panel A: preload is increased, resulting in a larger SV with unchanged contractility (shown by
the unaltered ESPVR line). Panel B: outflow impedance is increased, resulting in a steeper E,
line (increased effective arterial elastance) and a smaller SV. This panel is true only if contrac-
tility would remain constant, because the presence of an Anrep effect would attenuate the de-
crease in SV by a steeper ESPVR line (not shown). Panel C: contractility is increased by an
inotropic agent, increasing ESPVR, resulting in a larger SV.

Modified from © C. Jake Barlow at LITFL, http://www.partone.litfl.com

Creative Commons BY-NC-S4 4.0 license.
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In summary, the gold standard for estimating load-independent LV myocardial
contractility, in vivo, is to analyze LV pressure-volume loops at vatious levels of
preload. Such an assessment of myocardial contractility is, however, not readily
available in the clinical setting. Thus, there is a need for non-invasive evaluation of
myocardial contractility in the clinical arena.

1.2 Myocardial deformation analysis

Echocardiography has become the dominant diagnostic method to evaluate cardiac
pathology, since it is a readily available, non-invasive, bedside tool. The development
is ongoing with new techniques constantly added to the arsenal. This thesis is focused
on myocardial deformation analysis, which is one of the more recent developments.
Terms like strain and strain rate ate the essence of deformation analysis, and this
chapter will try and explain the concept [21].

1.2.1 Finding the Holy Grail

As shown above, stroke volume (SV) is the end product of a complex interplay of
heart rate, diastolic filling, contractility, and effective arterial elastance (outflow im-
pedance). In a clinical diagnostic situation, contractility is often the sought-after prop-
erty of the heart, since this is where any cardiac disease will strike. The ESPVR that
we have encountered is definitely load-independent, but it is too invasive and difficult
to be used in everyday clinical work. Finding an echocardiographic load-independent
method that actually measures contractility would be of great value. When intro-
duced, deformation analysis was proposed as a probable candidate, but subsequent
studies on its load-dependence have shown divergent results [22-30].

Papers I and IV in this thesis deals with the load-dependency problem—the first
paper focusing specifically on the load-dependency of the various LV deformation
variables, while the fourth describes the importance of various echocardiographic
variables for the evaluation of RV function in patients with left heart disease.

1.2.2 What is deformation, strain and speckle tracking?

During systole and diastole, the myocardium is undergoing shortening and lengthen-
ing—this is called deformation. It occurs along three dimensions: during systole, the
ventricles will 1) shorten longitudinally (i.e. from base to apex) and 2) circumferen-
tially, while 3) in the radial ditection LV wall thickness will increase. Naturally, the
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reverse is happening in diastole. Throughout this thesis, we have only measured lon-
gitudinal deformation, because it is the most used clinically and is shown to have the
best reproducibility of the three [31].

Strain (often abbreviated ¢€) is no more than a measure of the relative change in
length of a segment of the myocardial wall. If a rubber band is stretched from four
to six centimeters, it has increased in length by 50%, which is the same as a strain of
+50% (compared to the reference state). A myocardium that contracts during systole
will have a negative longitudinal strain (equal to shortening). Normal LV longitudinal
strain is around —20%, and for the RV —25%, but they vary greatly with gender, age,
and wall segment studied [32, 33].

Speckle tracking echocardiography (STE) is one of two methods for collecting
deformation data, the other being tissue Doppler imaging (TDI). Both methods have
their respective strengths and weaknesses. Tissue Doppler imaging has the advantage
of a much higher image framerate, but as with all Doppler measurements in general,
it is dependent on the angle of insonation. STE, an angle-independent technique us-
ing image post-processing [34], has several advantages compared to TDI: less time-
consuming to perform, lower interobserver variability and less noise-sensitivity [35].

In any 2-dimensional ultrasound image, because of interference and reflections, a
pattern of irregularities in the grey scale will occur. Each myocardial region has a
unique pattern (its “fingerprint”) and by identifying and following different markers
of this pattern, called speckles, the softwate can calculate the change in length (strain)
of that specific region (Fig. 5) [36]. In a recent review, promising results have been
shown for myocardial wall deformation imaging by STE in a peri-operative setting in
respect to adverse outcome after surgery [37].

1.2.3 Introducing the strain rates

Looking at a strain curve from one heart cycle, three slopes and one peak can be
identified, the peak being the (systolic) strain of that segment. The slope leading up
to the peak is the contraction in systole, and the steeper the slope, the more rapid the
contraction. The slope AL/T, where AL is the difference in length (= strain) and
T is time, gives us a measure of velocity with the unit s™1. This is the strain rate (SR)
ot the speed by with deformation occurs. In systole, this is an equivalent of the ve-
locity of contraction, and the systolic strain rate is often designated SR-S.

During diastole, there will typically be two slopes with a brief plateau in-between.
The reason: diastole is biphasic and comprises of an eatly phase of ventricular relax-
ation, and a late phase of ventricular lengthening caused by atrial contraction. These
two  different strain rates are often referred to as SR-E and
SR-A, respectively (Figs. 6 and 7).
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In the case of diastolic dysfunction, the relation of SR-E to SR-A will be altered

in a manner similar to the E/A-relationship from a mitral valve Doppler [38].

Figure 5. Speckle tracking

The speckle tracking method means post-processing of a 2-dimensional echocardiographic im-
age. The software identifies unique patterns (“speckles”) in the grayscale of the myocardium,
which are then followed throughout the cardiac cycle. The movements of several speckles are in-
tegrated to yield strain and strain rate for the specific segment. Apical 4-chamber view from a
trans-thoracic echocardiography. Left panel in diastole and right in systole.

Figure 6. Strain rate derivation

From the strain curve, three slopes can be identified, and their derivations correspond to each of
the three strain rates (SR). S is systolic strain rate, SR-S. From the biphasic diastole two strain
rates can be calculated: E is early diastolic SR (SR-E) during ventricular relaxation (affected by
the ventricle’s lusitropy) and A is late diastolic SR (SR-A), i.e. myocardial lengthening during
atrial contraction. AVC in the picture denotes aortic valve closure.
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Figure 7. Strain and strain rate curves

Top panel: Strain curves recorded from the LV inferior wall in a mid-esophageal 2-chamber
view. The wall is automatically divided into three segments, basal, mid, and apical, represented
by the three individual curves. The peak negative points on the curves (marked by arrows) are
the segmental peak strain values. The mean of the three will represent inferior wall strain.
Bottom panel: Corresponding strain rate curves recorded during the same heart cycle. The peak
segmental strain rates are denoted in the figure; S for SR-S, E for SR-E and A for SR-A.

1.2.4 Interpreting the values

Strain and its derivation (SR) are defined as changes in length from baseline, as men-
tioned previously. Thus, during systole, the longitudinal shortening that occurs in
both ventricles yields negative values on both longitudinal strain and SR—and, the
more negative values, the better systolic function. So far, so good.

Diastole could be defined as the return of strain to baseline, merely representing
a slope on the strain curve. Therefore, we will find no peak strain in diastole (even
though there recently have been developed a concept of diastolic strain, I will leave
that behind). Derivation of the strain curve gives us the SR curve, which will have
three peaks, one systolic and two diastolic. The diastolic longitudinal SR peaks, SR-
E and SR-A, are both positive since they represent a lengthening of the muscle fibers
back to baseline. The more positive value, the faster the relaxation.
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The height of SR-E measures the velocity of the (energy-dependent) active myo-
cardial relaxation (lusitropy) of the ventricle, which is an important component of
diastolic function. An impaired myocardial relaxation, caused by e.g. myocardial is-
chemia, will yield a lower SR-E, in turn making atrial contraction more important for
ventricular filling, resulting in a higher SR-A [39].

1.3 The enigmatic right ventricle

When comparing the two ventricles, major differences are revealed. Looking at the
RV, the most important characteristics in relation to the LV are:

1)  Working with much lower pressures, having a flatter pressure—volume curve

2) Thinner wall and a lower effective arterial elastance (impedance)

3) Much more sensitive to changes in RV outflow impedance

4)  More complex 3-dimensional geometry

Together, these characters make the RV harder to study [40].

Firstly, the geometrical complexity makes evaluation of its function more difficult,
especially by echocardiography.

Secondly, the functional characteristics (no. 1-3 above) makes it more dependent
on LV function than the other way around. Since its pressure is lower, it is more
easily compressed (a more pronounced diastolic interdependence). Also, the higher
impedance-dependency will reduce its SV to a much greater extent compared to the
LV at an equal rise in outflow impedance. For example, in a situation of LV dysfunc-
tion, the raised LV filling pressure (preload) will transmit across the pulmonary vas-
cular system resulting in an increased RV outflow impedance, thus lowering its SV as
a response [41]. Recent findings suggest that this impedance sensitivity might, at least
with progressing LV disease, be the result of systolic ventricular interdependence

[42].

1.3.1 Dimensional parameters

As RV geometry is more complex than the cone-shaped LV, several echocardio-
graphic measures of RV dimensions have been presented. I will not go into these in
detail, but it is worth pointing out, that there is now a consensus on how to measure
RV dimensions, as also expressed in recent guidelines [43, 44].

Commonly used measurements from the guidelines and used in this thesis are:
proximal RV outflow tract diameter (RVOT prox), diameter of the basal inflow to
the RV (RVD1), the length of the RV (RVD3), and RV end-diastolic and end-systolic
areas (EDA and ESA, respectively). From the latter, the fractional area change (FAC)
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is calculated as FAC = (EDA — ESA)/EDA. Not included in the guidelines, but
often referred to, are two cross-sectional dimensions: the RV short axis diameter
(RV SAX) and the transversal length of the interventricular septum (RV sept), both

measured in a short axis view.

1.3.2 Functional parameters

Among the functional parameters that are included in the guidelines, deformation
analysis is one. The principles for measuring RV strain and strain rate are the same
as for the LV. One possible difference, according to some authors, is perhaps that
the interventricular septum should be excluded when assessing global RV strain, since
it is highly integrated in the LV contractile mechanism [45]. In this thesis, only the
RV free wall longitudinal strain and SR are therefore referred to.

As for the rest of the functional parameters, they are all measured at the lateral
tricuspid annulus, either as two-dimensional or Doppler measurements. The distance
(in mm throughout this thesis) by which the tricuspid annulus moves towards the
apex during systole is defined as the tricuspid annular plane systolic excursion
(TAPSE) [46, 47]. The speed by which this movement occurs can be measured
through TDI and is called the tricuspid annular systolic velocity (TV §’) [48]. The
unit for TV S’ is cm/s.

Before systole begins, there is a brief period of myocardial contraction without
any detectable effect on the volume of the ventricle. This period is called the
isovolumic contraction and in recent years, there has been some interest in this phase
as a possible load-independent measure of contractility. Two parameters seem prom-
ising in the assessment of RV contractility: myocardial acceleration during isovolumic
contraction (ot simply isovolumic acceleration, IVA) and peak velocity during
isovolumic contraction (isovolumic velocity, IVV) [49, 50]. Both can be identified on
the TDI cutve of the tricuspid lateral annulus (Fig. 8).

A limitation of commonly used RV functional parameters is that they measure
only longitudinal function. However, in chronically elevated afterload, as in pulmo-
nary hypertension or LV failure, studies have shown that longitudinal function alone
might not accurately assess RV contractility [51-53]. Radial function will have a pro-
portionally greater impact in this situation. This is probably due to RV adaptation to
load. A well-adapted RV will maintain its contractility by hypertrophy. Conversely,
insufficient adaption will lead to RV failure, which is characterized by increased CVP,
RV dilation, a more spherical form, and development of severe tricuspid regurgita-
tion. Thus, adding measurements of RV dimensions and geometry to the functional
parameters will provide a more robust assessment of RV function.
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Figure 8. Tissue Doppler of the lateral tricuspid annulus

Recording from the apical 4-chamber view. Upward movements (toward the probe) represent
systolic motion. IVC is the isovolumic contraction and the maximum speed during this period is
the IVV (isovolumic velocity). The acceleration during IVC is shown as the derivate IVA
(isovolumic acceleration), which is calculated as IVV/AT, where AT is the start-to-peak velocity
time of the IVC.

S’ denotes peak velocity of the tricuspid annulus during systole. The diastolic velocities E’ and
A’ of the annulus are included for clarity (in this case E’ < A’ would suggest diastolic dysfunc-
tion).

1.4 The concept of inodilation

Finally, before getting into aims, methods, and results of this thesis, it is time to in-
troduce the inodilators. They belong to a family of inotropic agents often used in
critical care for treating acute heart failure. An inodilator is a drug that increase SV
by combining two mechanisms, increased contractility (inotropy) and reduced out-
flow impedance (through vasodilation).

1.4.1 Calcium

Within all cells of the body, the calcium ion (Ca?") is scarce but important. It is in-
volved in a plethora of intracellular processes, all starting with a sudden burst in the
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intracellular Ca?* concentration. Triggered by external stimuli, Ca?* channels in the
cell membrane suddenly open and Ca?* starts flooding down its concentration gradi-
ent from depots outside or inside (the endoplasmic reticulum) the cell into the cyto-
plasm itself. In muscle cells, Ca?* is responsible for contraction. In fact, the
mechanism of contraction is so completely dependent on Ca?* that without it, there
cannot be any. As a consequence, anything that increases the intracellular Ca?* con-
centration will resultin a (more forceful) contraction. Reciprocally, to start relaxation,
Ca?* has to be actively removed from the actin-myosin filaments, responsible for the
contraction, back into the endoplasmic reticulum. This removal, plus the subsequent
transport out of the cytoplasm, are the reasons for diastole being an energy consum-
ing process.

1.4.2 The phosphodiesterase enzyme

Common for all cells is a tiny molecule called cyclic adenosine monophosphate
(cAMP), working as one of several second messengers—molecules responsible for
the communication between cell surface receptors and intracellular proteins [54].

The intracellular concentration of cAMP in myocytes can be increased by cate-
cholamine-induced Bi-receptor stimulation, increasing the formation of cAMP from
adenosine triphosphate (ATP). cAMP is degraded back to ATP by phosphodiesterase
enzyme 3 (PDE3, Fig. 9), so by inhibiting PDE3 the amount of intracellular cAMP
will increase. This increase will in turn lead to different outcomes depending on which
cell type it is taking place in. In the muscle cells of arterioles, relaxation is the result,
leading to vasodilation. In the myocytes of the heart, contractility and relaxation will
be enhanced. In other words, the PDE3 inhibition results in a combined inotropic
and lusitropic effect.

In cardiac myocytes, increasing cAMP will activate protein kinase A (PKA) lead-
ing to both an increased influx of Ca?* into the cell and a more effective Ca?* re-
uptake into the sarcoplasmic reticulum. Thus, in systole, a higher intracellular Ca?*
concentration leads to faster and stronger contraction. Then, in diastole, the intracel-
lular Ca?* concentration will decrease faster, leading to a faster relaxation (Fig. 9). In
arterioles, on the other hand, the vasodilatory effect is mediated through myosin light
chain kinase, a protein involved in contraction and which is inactivated by cAMP.

From the above, we can conclude that increasing cAMP will enhance inotropy,
lusitropy and vasodilation; i.e. inodilation. Since cAMP is degraded back to ATP by
PDES3, inhibiting this enzyme will increase the intracellular cAMP concentration.
This is in fact the mode of action for most inodilating drugs (Fig. 9) [55].
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Figure 9. The intracellular response to f-adrenergic stimulation

1. The f-adrenergic receptor is coupled to a Gs protein (stimulatory G protein), meaning that
whenever activated by the binding of a catecholamine (e.g. epinephrine), the receptor/Gs protein
complex will increase cAMP production by stimulating the enzyme adenylyl cyclase (AC).

2. The increased concentration of cAMP in turn activates protein kinase A (PKA), which starts
phosphorylating several target proteins, in this case Ca’" channels in both the cell membrane
and the sarcoplasmic reticulum, leading to an influx of Ca’" into the cytoplasm.

3. Increased intracellular Ca’" concentration further stimulates Ca’* channels in the sarcoplas-
mic reticulum to open and release even more Ca’" into the cell.

4. Another target for PKA is the regulator protein phospholamban (PLB), that normally inhibits
the pump responsible for Ca’* re-uptake into the sarcoplasmic reticulum. Phosphorylation of
PLB will inactivate it, so that the pump, called SERCA (sarcoplasmic reticulum Ca’"-ATPase),
works faster, pumping Ca’* away fiom the cytoplasm back into the sarcoplasmic reticulum, lead-
ing to relaxation.

1-3. in the picture are inotropic and 4. is lusitropic.

Inhibiting phosphodiesterase 3 (PDE3), the enzyme responsible for degrading cAMP back to
ATP, will increase cAMP concentration and lead to both inotropy and lusitropy.

Picture by the author using contents from © Les Laboratoires Servier, downloaded at
https://smart.servier.com/, Creative Commons BY 3.0 license.
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1.4.3 Milrinone

Acting as a PDE3 inhibitor, milrinone was developed in the early 1980s from its
predecessor amrinone [56, 57]. The effects are well documented and explainable by
increased intracellular cAMP; inotropy, lusitropy, and vasodilation. Compared to ad-
renergic hormones (catecholamines like epinephrine, norepinephrine, dopamine, and
dobutamine), the vasodilatory effect is more profound [58]. The reason being that
adrenergic hormones stimulate both - and a-receptors—the latter more common in
peripheral vessels and acting by inhibition of cAMP production.

Today, milrinone is included in both the European and American guidelines for
treatment of acute heart failure [59, 60], a condition where treatment is based on three
principles: diuretics, vasodilators, and inotropes. Together with other inotropes, mil-
rinone not just shares the indication (hypoperfusion combined with hypotension),
but also concerns about long-term efficacy and mortality effects [61].

Milrinone is sold under the brand names Primacor® and Corotrop®.

1.4.4 Levosimendan

Another class of inodilators are the calcium sensitizers. Their primary effect is in-
creasing the sensitivity of the contractile apparatus to Ca?*, giving these drugs pure
inotropic characteristics. Their mode of action is to alter the configuration of tro-
ponin C, the Ca?*-binding protein within the contractile apparatus. By this alteration,
the potency of troponin C compared to its counterpart—the inhibitory troponin I—
is increased, yielding a faster and stronger contraction. The increased binding of Ca?*
to troponin C has raised concerns whether the calcium sensitizers will, in fact, impair
the removal of Ca?* from troponin back to the endoplasmic reticulum and thus in-
duce a negative lusitropic effect [62].

Around 15 years after the registration of milrinone, the calcium sensitizer levosi-
mendan was developed [63, 64]. As itis not a pure calcium sensitizer, but acts partly
as a PDE3 inhibitor, it also has a positive lusitropic effect [65, 66] that might coun-
teract the potential negative effect seen with other calcium sensitizers (see above). In
a clinical study, Jorgensen et al. showed that levosimendan, in fact, shortened time
for isovolumic LV relaxation, suggesting a positive lusitropic effect [67]. However,
the question remains, whether there is a difference between the two inodilators, levo-
simendan and milrinone, with respect to eatly diastolic ventricular relaxation.

Additionally, levosimendan is also a potent vasodilator by opening two different
kinds of potassium channels in vascular myocytes, leading to hyperpolarization, caus-
ing decreased Ca?' influx through voltage-dependent Ca?* channels, and subse-
quently smooth muscle relaxation. This vasodilation occurs both in arterioles and
veins, reducing both pre- and afterload [68, 69].
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The presence of an active metabolite, OR-1896, with a long (>80 hours) half-life,
gives levosimendan a prolonged action of several days [70]. Furthermore, compared
to pure PDE3-inhibitors, the interaction with troponin C is shown to give inotropic
effects without increasing oxygen consumption, a supposed benefit in the treatment
of acute heart failure [71]. Until now, over 500 randomized studies on levosimendan
have been performed, most of them versus placebo or dobutamine, but just a handful
versus milrinone!l A review in 2012, including 45 studies, found that levosimendan
“might reduce mortality in cardiac surgery and cardiology” [72]. Despite these recent
findings, levosimendan is not yet approved in the United States. It is, however, in-
cluded in the European guidelines for treatment of acute heart failure, with the same
indications as miltinone (hypoperfusion combined with hypotension) [59].

Levosimendan is sold under the brand name Simdax®.

1.5 Summary and previous research

From what has been shown in the introduction, the following conclusions can be

made:

e  Cardiac output (CO) is the result of a complex interplay of several factors, with
contractility and relaxation being two of them.

e  Measuring contractility and relaxation is difficult, since most measurements of
heart function are confounded by the heart’s loading conditions and heart rate.

e  Contractility and relaxation can be increased by inotropic drugs, but most ino-
tropic drugs also act by reducing aftetload, having an additive effect on CO.

e If we want to compare the effects on contractility and relaxation of inotropic
drugs, we need to keep loading conditions and heart rate constant.

e When correctly assessing RV function, the influence of LV function might need
to be considered, and a multi-parameter echocardiographic approach is probably
required.

Measuring contractility and relaxation through deformation analysis is promising,
but studies on its load-dependency are not uniform. Strain is shown to be dependent
on both pre- and afterload in several studies, while systolic SR findings are incon-
sistent and diastolic SR data even lacking [22, 26, 28-30]. We wanted to address this
lack of information in our first paper.

Using deformation imaging, the two commonly used inodilators milrinone and
levosimendan were compared in our second and third papers for their effects on LV
and RV function. Few previous randomized, controlled trials have assessed the drugs
head-to-head, and none of them used controlled loading conditions and heart rate
[73-78]. To our knowledge, our studies are the first to assess these drugs in respect
to LV and RV contractility and relaxation, keeping preload, afterload, and heart rate

18 1. INTRODUCTION



MARTIN FREDHOLM

constant. They are also the first to compare the two drugs in respect to LV eatly
relaxation (SR-E).

Finally, since the RV is strongly influenced by increased afterload, any reduction
in LV function will affect the RV and decrease its output. As previously mentioned,
the RV can adapt to this situation and uphold an adequate function, preventing for-
watd failure. In the reversed scenario, with no or limited RV adaptation to increased
load, the RV will dilate and change into a more spherical shape, leading to a less
effective contraction and finally RV failure. Foreseeing the development of RV fail-
ure in patients with LV dysfunction is difficult and many studies have shown that no
single echocardiographic parameter is predictive enough. At least the commonly used
echocardiographic variables relating to RV longitudinal function seem inadequate
[79-81].

In patients with severe LV failure, implantation of a left ventricular assist device
(LVAD) can be a solution both as a long-term therapy when all other treatments have
failed, or as a bridge to transplantation. These cases have to be thoroughly evaluated
in respect to their RV function, since the RV will receive a much higher venous re-
turn. Thus, any RV failure that might be masked by the low-CO syndrome present
due to LV failure in these patients, might worsen after LVAD insertion. Prediction
of RV function in these patients is known to be difficult and reliant on a combination
of RV measurements [80]. A possible echocardiographic strategy for assessing RV
function could be to use a score, integrating measurements of RV longitudinal func-
tion, size, geometry, adaptation to load, estimation of CVP, and grading of tricuspid
regurgitation.

Still, this is an area of ongoing research, and our last paper will hopefully add some
more insight on how to evaluate RV function in concomitant LV failure.
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Aims

From the above arguments and known gaps in previous research, the aims of this

thesis were defined, one for each of the four included papers:

II.

II1.

IV.

To evaluate the dependency of LV deformation parameters (strain and strain
rate) on isolated changes in preload, afterload, and heart rate, and to describe
the effects of these changes.

To compare the effects on LV contractility and relaxation of two commonly
used inodilators, levosimendan and milrinone, in patients after cardiac surgery
at controlled heart rate, preload, and aftetload.

To compare the effects on RV contractility and relaxation of the two inodilators
levosimendan and milrinone in patients after cardiac surgery at controlled heart
rate and preload.

To evaluate whether classic echocardiographic RV dimensional and functional
parameters, as well as RV adaptation to load, estimation of CVP, and grading of
tricuspid regurgitation, are able to detect RV systolic dysfunction in the presence
of LV forward failure, also introducing a novel echocardiographic RV failure
score.
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3. Patients and methods

The first three papers are fairly coherent around a common methodology, similar
protocols and an ovetlap of patients. They will therefore be described together. The
fourth paper is retrospective—the first three all prospective—but it differs also in
terms of investigators, methods, and patients.

Throughout all the papers, both hemodynamic and echocardiographic measure-
ments were performed in a similar way and will therefore be described together.
Worth pointing out is that all included patients in the thesis (except for three echo-
cardiographic drop-outs due to bad image quality) were assessed with this combina-
tion of invasive and non-invasive data, which is one of the major strengths of the
thesis. Another strength is the way we were able to control confounding physiological
factors (preload, afterload, and heart rate), in the assessment of ventricular contrac-
tility (inotropy) and early relaxation (lusitropy) in Papers I-II1.

3.1 Papers I-II1

We included patients admitted to our department for open-heart surgery due to aortic
stenosis (AS). The studies were undertaken during the immediate post-operative pe-
riod with patients still intubated under mechanical ventilation. Since AS creates a
chronically elevated afterload, the increased stroke work imposed on the LV will
make it hypertrophy. As a result, these patients require a higher than normal LV end-
diastolic filling pressure to attain normal LV end-diastolic volume, i.e. they have a LV
diastolic dysfunction [82]. Since one of the aims of paper II-1II was to compare the
lusitropic effects of milrinone and levosimendan, this diastolic dysfunction was the
main reason for choosing AS patients. On the other hand, we included only patients
with normal or just mildly reduced RV and LV systolic function, setting the cut-off
for exclusion to a LV ejection fraction of <50%.

Also, using post-operative cardiac surgery patients gave us the opportunity to con-
trol heart rate, since all patients undergoing open-heart surgery are equipped with
temporary pacing wires. In the case of aortic valve replacement (AVR) procedures,
patients receive not only ventricular but also atrial pacing wites, enabling atrial de-
mand pacing (AAI), a pacing more similar to normal physiology [83]. Thus, through-
out the protocols for papers I-111, all patients were subject to AAI pacing in order to
keep HR constant.
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3.1.1 Study designs

For paper 1, we conducted a single-armed prospective study of three sequential in-
terventions with conditions at baseline serving as control. Papers 1I and III present
different data from the same double-armed and double-blind, randomized, controlled
trial.

3.1.2 Inclusion, exclusion, randomization, and blinding

Assessing the patients was done prior to surgery on the day of admission. All patients
were informed and asked for consent (both oral and written) by one of the investi-
gators. Eligible patients were those scheduled for elective AVR due to AS, and pre-
requisites were normal LV ejection fraction (>50%) and sinus rhythm on admission.
Any co-existing valve disease would exclude the patient, as would any case where a
coronary artery disease was the primary indication for the operation. Further, any
peti-operative complication would lead to exclusion.

All included patients were randomized to either levosimendan or milrinone at the
start of the study. Thus, all patients were included in the data for papers 1I and I1I;
most patients were also included in the protocol for paper I; but in some cases, the
paper I protocol was omitted. The reason for omission was in all these cases due to
logistic factors; since most patients were operated in the morning and following a fast
track concept, they were supposed to be extubated and leave the intensive care unit
before the second case arrived. If this was not possible, we omitted the paper I pro-
tocol.

Randomization was performed via closed envelopes and the drugs were prepared
by a nurse not involved in the study. This same nurse blinded the infusions and in-
fusion lines to all involved in the study. Also, for blinding reasons, a slight adjustment
of the milrinone doses from the standard doses used in clinical settings was made,
resulting in equal infusion rates (mL/min) of both drugs at both dose levels.

3.1.3 Experimental protocol

We can regard the protocols for paper I and paper II-1II as distinct and separate.
This is also how they are referred to in the published papers. However, since many
patients followed both protocols sequentially, for ease of reading, they will be de-
scribed collectively in this thesis.

Prior to surgery, all patients received standard monitoring equipment, including a
radial and/ot femoral artery catheter, a central venous line, and a trans-esophageal
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ultrasound probe. In excess of this, patients had a Swan-Ganz thermodilution cathe-
ter placed in the pulmonary artery for right heart catheterization (RHC) data.

Starting in the immediate post-operative petriod, as soon as the patient was con-
sidered hemodynamically stable, randomization was done. Thereafter, two baseline
measurements were collected—the calculated means from these wete the control val-
ues for the first intervention.

Three physiological and two pharmacological interventions followed. After each
intervention, all physiologic parameters were allowed to return back to baseline. In
this way, all interventions were preceded by a baseline reference point (Fig. 10).

Preload Afterload Heart rate Inotropic
increase increase increase stimulation
(leg elevation) | (phenylephrine) | (AAl pacing) (randomization)
£ £ £
Z 2 ]
3 38 3
a c * 2 * 2 o« * * 2 .c5c6 * *
| S0 S I Y O ) Ly
| L ) [ ] [ I ] I 1
Stabilisation CVP 215% MAP 10-15% HR10% HR20% Bolus + infusion  Bolus + infusion
to baseline above above above above dose 1, dose 2,
CVP, MAP, baseline baseline baseline baseline 10+20 min 10+20 min

and HR

Paper |

Figure 10. Combined study protocol for papers I-111

Each arrow indicates a measurement point. At each point, hemodynamic (RHC) and echocardio-
graphic data are simultaneously collected. C1 through C6 denotes control measurements at
baseline levels before interventions (changes in CVP, MAP, and HR). Arrows marked with aster-
isks (*) are the respective intervention measurements. The baselines for each intervention being:
the mean of C1 and C2 for preload elevation; C3 for afterload increase; C4 for the two pacing
levels; and the mean of C5 and C6 for the two drug doses. See text for further details.

3.1.4 Interventions

Already at the start of the study, AAI pacing was commenced on all patients, about
10% above their own sinus rhythm frequency, in order to maintain a controlled HR
during the entire protocol. Whenever necessary, to keep a constant CVP (preload),
an infusion of colloid was started, and likewise an infusion of phenylephrine to keep
a constant MAP (aftetload), if needed.

The first physiological intervention was increasing preload through passive leg
elevation [84]. Both legs were raised 60° from the supine position with the position
of the trunk unchanged. CVP was monitored and when stabilized at a level at least
15% above baseline, measurements were made.
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Legs were then lowered and after returning to baseline CVP and yet again having
gathered control data, the second intervention followed: increasing afterload. We
achieved this by starting or increasing the phenylephrine infusion, adjusting the dose
until MAP was at least 10-15% above baseline. Simultaneously, the maximum ac-
cepted SAP was decided to 160 mmHg, due to recent surgery.

After the infusion was stopped and baseline conditions restored, a new control
measurement was made prior to the third intervention. This was a two-step increase
in HR by AAI pacing to 10% and 20% above baseline, with measurements at each
frequency.

Finally, after collecting two last control measurements at baseline HR, infusion of
the drug started, according to randomization. The drugs were administered in two
subsequent doses with measurements after each—both doses starting with a bolus
for 10 minutes followed by a 20 minutes infusion. Levosimendan was given at
recommended clinical doses of 0.1 and 0.2 pg/kg/min, with boluses of 12 ng/kg.
Milrinone was slightly adjusted from its standard doses (for blinding purposes) and
given at doses of 0.4 and 0.8 pg/kg/min, with boluses of 50 pg/kg.

3.2 Paper IV

While the preceding papers ate all prospective, paper IV is a retrospective cohort
study. Patients that had undergone RHC at our hospital during the last two-yeat pe-
riod were assessed and only those undergoing a heart transplant or chronic heart
failure work-up were included. Another pre-requisite was that echocardiography had
been performed within 48 hours of the RHC. Patients with short disease duration
and with diseases also affecting the RV, i.e. myocarditis, amyloidosis, and sarcoidosis,
as well as any major congenital heart disease and any ventricular assist device, were
excluded.

The study was blinded in a way that one investigator did all hemodynamic and LV
measurements, while another performed the echocardiographic measurements on
the RV. After collecting all hemodynamic (RHC) and echocardiographic data, the
patients were divided into three groups:

A. Group A containing patients with normal RV and LV function, defined as a
normal right atrial pressure (RAP; <10 mmHg) and normal stroke volume index
(SVI; 235 mL/m?);

B. Gtroup B containing patients with normal RAP and reduced SVI (<35 mL/m?);
and finally

C. Group C containing patients with RV failure (RVF), defined by increased RAP
(210 mmHg).
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Data for RAP and SVI wete both taken from hemodynamic measurements col-
lected during RHC (Subchapter 3.3).

The three groups were compared for overall and between-group significance in
several RV dimensional and functional echocardiographic measurements. A novel
RV failure score was then introduced and tested in the same way (Paragraph 3.4.3).

3.3 Hemodynamic measurements

Systemic arterial pressures were all measured invasively by a radial or femoral artery
catheter and are referred to as systolic, mean, and diastolic arterial pressures;
SAP, MAP, and DAP, respectively.

For central hemodynamics, a pulmonary artery catheter (PAC) was placed
through the right internal jugular vein and advanced into either the right or left pul-
monary artery by fluoroscopic or pressure guidance. In all four papers, by thermodi-
lution technology, CO was obtained as the mean of three thermodilution
measurements [85, 86]. SV was then calculated as SV = CO/HR and further indexed
to body sutface area (BSA) as stroke volume index (SVI), i.e. SV/BSA. For papers
1111, the PAC was placed prior to surgery.

Via the PAC, diastolic (DPAP), mean (MPAP), and systolic (SPAP) pulmonary
artery pressures were measured in addition to RAP, CVP and PCWP, the latter ob-
tained by occlusion of the pulmonary artery by the balloon-tip of the PAC. PCWP
was thus not continuously recorded, as CVP, but measured intermittently.

From the above measurements, several parameters were derived. Systemic vascu-
lar resistance (SVR) was calculated as SVR = (MAP — CVP)/CO and pulmonary
vascular resistance (PVR) as PVR = (MPAP — PCWP)/CO. Pulmonary effective ar-
terial elastance (Epa) was calculated in papet IIT as Ep, = (MPAP — PCWP)/SVL. For
paper 1V, Ep. was not indexed and derived from SV instead of SVI. Similarly, SVR
and PVR were indexed to BSA in papers 11 and III (but not in papers I and IV),
yielding systemic vascular resistance index (SVRI) and pulmonary vascular resistance
index (PVRI), respectively. Note that in paper I-111, the unit used for SVR and PVR
is dyn X s/cm?, while in paper IV we used Wood units (WU). The relation between
them is: 1 WU = 80 (dyn X s/cm?).

Finally, right ventricular stroke work index (RVSWI) was calculated in paper 111
according to the formula @ X SVI X (MPAP — CVP). The constant « = 0.0136 g/ml
is the Mercury factor, used for converting mmHg of pressure to the unit for work,
g X m. RVSW1 is the work required to move one SV through the pulmonary vascular
system, an integration of stroke volume and systolic pressure load (i.e. aftetload mi-
nus preload).
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3.4 Echocardiographic measurements

A transesophageal echocardiography (TEE) probe, being part of the standard care in
cardiac surgery, was inserted at the start of anesthesia in all patients in papers
I-I11. This probe was kept in place post-operatively for use in our studies. The data
in paper IV was obtained from transthoracic echocardiography (T'TE) recordings. All
echocardiographic measurements were made offline on a workstation using the
GE Medical Systems software EchoPAC™.

Deformation imaging by STE (paragraph 1.2.2) was performed in all four studies.
In those concerning LV function (papers I and II), longitudinal strain and SR was
recorded from the LV inferior wall in the mid-esophageal two-chamber view
(ME 2CH). For data on the RV, only the free wall was examined—in paper I1I via
the mid-esophageal four-chamber view (ME 4CH), and in paper IV via a standard,
focused or modified apical four-chamber view (A4C). Throughout the protocol for
papers I-111, great care was taken keeping the TEE probe unmanipulated so that the
exact same part of the respective walls was visualized at all measurement points. All
deformation data presented in this thesis was calculated as the mean of three heart
cycles and of all three respective segments in each wall, i.e. basal, mid, and apical
(Fig. 11).

Figure 11. Wall segments used in deformation imaging

Left panel showing the three segments of the LV inferior wall in ME 2CH view. Right panel
showing the three segments of the RV free wall in ME 4CH view. The means of all three seg-
ments was calculated as the LV inferior and RV free wall strain and SR, respectively.

Additionally, in paper III, TAPSE was recorded from the lateral tricuspid annulus
in ME 4CH. In paper 1V, parameters of longitudinal RV function (TAPSE, TV §’,
IVV, IVA) were measured from the A4C (see Paragraph 1.3.2 and Fig. 8).
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Several dimensional measurements of the RV were used in paper IV (see Para-
graph 1.3.1 and Fig. 12): RVOT prox measured in the parasternal long axis view, and
RVD1, RVD3, RV EDA, and FAC from the A4C. Two RV transversal dimeters,
RV SAX and RV sept, were measured in the parasternal short axis view, and the ratio
RV SAX/RV sept used as an index of sphericity. Right and left atrial areas were
traced in the A4C, and then indexed to BSA yielding RAAI and LAAL respectively.

RV SAX \
|

RV sept

Figure 12. Right ventricular dimensions

Left panel: parasternal short axis view with RV sept in yellow and RV SAX in cyan.

Middle panel: parasternal long axis view with RVOT prox diameter.

Right panel: A4C view with RVD1 in yellow, RVD3 in cyan, and an RV EDA trace in magenta.
All measurements performed in end-diastole.

3.4.1 Sphericity index

Potapov et al. introduced a sphericity index that accounts for RV geometry, the idea
being that with increasing afterload, a dysfunctional RV will dilate into a more spher-
ical shape, while a RV with preserved contractility will keep its elongated form. In the
original paper by Potapov et al., sphericity was defined as the (end-diastolic)
short/long axis ratio [87]. In papet IV, we calculated the index by two different ratios:
RVD1/RVD3, which is the otiginal ratio described in Potapovs papet, but also
RV SAX/RV sept.

A related index is the relation between RV end-diastolic area and long axis, the
RV EDA/RVD3 ratio, which we also included. This relation was further evolved by
Dandel et al. into the RV loading adaptation index.

3.4.2 RV loading adaptation index

The idea of a healthy RV being able to adapt to increasing afterload in progressive
LV failure, led to a proposition by Dandel et al. to relate RV systolic pressure to the
sphericity index [88]. A simpler way of obtaining this, however, is to replace pressure
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with the velocity time integral of a tricuspid regurgitation jet, the VITrr (Fig. 13). In
this way, they developed the RV loading adaptation index (LAlry), calculated by the
equation:

LAlgy = VTItr/(RV EDA/RVD3) = VTlr(cm) X RVD3(cm)/RV EDA(cm?)

In patients with impaired LV function, a high index indicates a RV adapted to
increased afterload, having a high VTIrr with a relatively small RV EDA in relation
to RVD3. In other words, the RV has retained its normal shape and size. In this way,
the geometry of the RV is considered and integrated with its pressure generating

ability.

f"w w.v-v'yr .o
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Figure 13. Velocity time integral

Continuous Doppler recording of a tricuspid regurgitation jet from the ME 4CH view. The jet is
traced and the resulting velocity-time integral (VTIrz) is in cm, as the speed (in cm/s) is multi-
plied by time (s). This represents the distance that the blood is transported during one heartbeat.
The peak velocity of the jet correlates with the systolic pressure gradient (in this case between
the RV and the right atrium) through the Bernoulli equation.

3.4.3 Right ventricular failure score

Building upon the idea of RV loading adaptation index, and integrating this with ad-
ditional RV parameters, we developed a novel score in paper 1V, that we call the
RV failure score (RVF score).

The score uses six different parameters and we defined cut-off values for each
and one. Each parameter that is beyond the cut-off value yields one point, thus the
highest possible score is six and the lowest zero.
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The parameters and their respective cut-off values were:

1) RV EDA/BSA >12 cm?/m?
2) RVD1/RVD3 >0.57

3) RV free wall strain > —20%

4) LAIRV <14

5) Estimated CVP (eCVP) 210 mmHg
6) Tricuspid regurgitation >moderate

In deciding the cut-off values for RV EDA and RV free wall strain, we used not-
mal limits based on population studies and defined in the latest echocardiographic
guidelines [44]. CVP was estimated by echocardiography from the collapsibility of
the inferior vena cava during inspiration [89] and the cut-off set to 10 mmHg. For
the other three parameters, we used the values Dandel et al. showed could identify
LVAD patients at risk of developing RV failure [88].

3.5 Statistics

Statistical analyses were performed in SPSS for Macintosh. All values presented are
mean * standard deviation (SD), unless for non-parametric data where instead me-
dian * interquartile range (IQR) is used, or in some instances number and percentage.
This is all cleatly defined in the tables.

A power analysis was made prior to conducting paper I and II. For the first paper,
LV (inferior wall) strain, systolic and diastolic strain rates (SR-S and SR-E) were the
primary end-points, while for the second paper, LV strain was the primary end-point.
We wanted to detect a 30% change in these parameters. At least 20 patients were
needed for paper I versus 15 in each group for papers 1I and III. As paper 111 is a
secondary analysis, we did a post-hoc power analysis, with the primary endpoint be-
ing RV (free wall) strain. In this study we had the power to detect a 20% change in
RV strain.

For the first three papers, intra-observer agreement of the deformation analysis
was assessed for all parameters (strain, SR-S, and SR-E) by comparing the two initial
control measurements, C1 and C2 for paper I, and C5 and C6 for paper 11111
(Fig. 10). The coefficient of variation (cy) was calculated, and we did a Bland-Altman
plot to assess the percentage error. The latter is essentially the limit of agreement
divided by the mean of both measurements. The formula for percentage error is
therefore: 2 X SDyifr/Xa41, where SDuigr is the standard deviation of the differences
between the measurements, and X,+b is the mean of the two measurements [90]. We
considered a percentage error of <20% as acceptable, in concordance with studies
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on techniques for CO measuting [91]. For ¢, (= SD/X), we accepted a value <10%
based on previous studies on deformation [92, 93].

For testing of overall significance between intervention and baseline in paper I,
we used a paired t-test for preload and afterload interventions, while for heart rate
(having two intervention levels), a two-way analysis of variance (ANOVA) for re-
peated measurements was used. Whenever overall significance was found, a post-hoc
analysis between each heart rate level and baseline was performed using a paired
t-test. Sphericity was found in all measurements.

For papers II and 111, effects within each intervention group (milrinone or levo-
simendan) were tested using one-way ANOVA for repeated measurements, followed
by a post-hoc analysis as described for paper 1. Between-group effects were then
analyzed by two-way analysis of co-variance (ANCOVA) for repeated measurements.
The ANCOVA was used to adjust for the baseline differences between groups, that
unfortunately were encountered, despite randomization, in CO and deformation var-
iables. The mean of the two baseline measurements (C5 and C6) wete used as the co-
variate. Post-hoc testing was performed the same way as in paper L.

In paper IV, for parametric variables, a one-way ANOVA for independent meas-
urements was used in testing overall significance between groups, followed by post-
hoc analysis using an independent-samples t-test when appropriate. For non-para-
metric variables, overall significance was tested using the Kruskal-Wallis test and
post-hoc analysis was performed through a Mann-Whitney U test. Categorical data
was tested overall with a Pearson Chi?-test and post-hoc using Fishet’s exact test. In
all paper IV post-hoc analyses, a Bonferroni correction was made to account for the
three groups.

The echocardiographic longitudinal parameters and invasive hemodynamic meas-
urements in paper IV were also assessed for linear relationships using Spearman’s
cotrelation coefficient (7).

A p-value of <0.050 was considered significant throughout, except for the Bon-
ferroni corrections in paper IV, where significance was set to p <0.016.
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4. Results

Before getting into the published data, some background results that motivated the
methodology that we used in paper I-11I will be presented. This data is only partly
mentioned in the results section of these atticles, and the following text will give more
details.

4.1 Reproducibility of STE

In the work-up before starting studies I and II, we had seen that intra-obsetrver vari-
ability could be significantly reduced if we always kept the TEE probe in the same
position, in order to always record the exact same segments of the myocardium at all
measurement points. The next step was to investigate which of the projections and
LV regions that had the lowest intra-observer variability using speckle tracking echo-
cardiography (STE). We calculated the coefficients of variation between the paired
control points (C1 vs C2 and C5 vs C6, respectively) for the LV inferior and anterior
walls in ME 2CH, and the interventricular septum and LV lateral wall in ME 4CH.
The coefficients of variation (cy) are presented in Table 2.

Region Strain SR-S SR-E
Infetior wall (ME 2CH) 5.3% 4.4% 6.4%
Anterior wall (ME 2CH) 5.6% 2.4% 10.4%
Septum (ME 4CH) 2.9% 6.4% 5.5%
Lateral wall (ME 4CH) 1.6% 8.2% 13.6%

Table 2. Coefficients of variation in longitudinal strain and SR by STE from different LV regions

As we had set our acceptable limit for ¢, to <10%, the anterior and lateral walls
were excluded from analysis, since SR-E showed too high values. As for the septum,
the ¢, was adequate for all parameters, but we found a notable drop-out because of
poor image quality due to shadowing from the aortic valve prosthesis. The inferior
wall was thus chosen for studies I and II as the region of interest for deformation
analysis.

Corresponding data for paper 11 showed the following ¢, for STE of the RV free
wall: RV strain 4.0%, RV SR-S 5.2% and RV SR-E 5.1%.
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4.2 'TDI versus STE (unpublished)

Since tissue Doppler imaging (TDI) has a higher frame rate than STE, there is a
possibility that we impose a bias using STE, in that STE would yield lower peak
values, especially for the strain rates. To address this issue, we compared the methods
for their respective cy, but also for their percentage error and bias (the latter two by
Bland-Altman plotting). Recordings from the LV inferior wall at the paired control
points C1-C2 were used. The results are presented in Table 3.

Variable Method Strain SR-S SR-E
Coefficient of variation ~ TDI 11.9% 10.8% 12.5%
STE 5.3% 4.4% 6.4%
Percentage error TDI 38% 36% 63%
STE 22% 17% 19%
Bias (absolute difference) STE — TDI 0.94 —0.09 —0.09

Table 3. Comparing variability and bias for TDI and STE recorded in the LV inferior wall
Bias was calculated from the absolute values of strain and SR from the two methods. A negative bias
in this table means a lower peak SR-S and SR-E derived from STE compared to TDI.

As expected, STE yielded 7.8% lower peak values for SR-S and 12% lower SR-E
values relative to TDI. However, the variability (both ¢, and Bland-Altman percent-
age error) in the TDI measurements was almost twice as high compared to STE. For
the RV, we did not perform any TDI measurements, since the ME 4CH projection
that we used would impose a significant angulation error. Based on the above results,
we chose to use only STE for the deformation analysis in paper I-111.

4.3 Paper 1

Out of 33 assessed AS patients, 21 were analyzed. Preoperatively, mean aortic valve
area was (.77 cm?, mean aortic valve gradient 91 mmHg, and mean LV ¢jection frac-
tion 62%. All patients received a biological aortic valve prosthesis and two had a
simultaneous coronary artery by-pass grafting. For further details on exclusions and
demographic data, see Paper I.

Preload was increased by passive leg elevation, raising CVP by 29% and PCWP
by 20%. This increased CO and SV by 13%, concomitantly with a 9% increase in
MAP. All deformation parameters increased significantly (Table 4).

By infusion of phenylephrine at a mean dose of 0.33 pg/kg/min, MAP and SVR
increased by 13% and 15%, respectively. CVP was unchanged but PCWP increased

34 4. RESULTS



MARTIN FREDHOLM

by 10%. Neither SV, nor any of the deformation parameters were significantly af-
fected by afterload increase.

Finally, pacing to 10% and 20% above baseline HR reduced SV incrementally
with increased CO (Table 4). No change was seen in LV strain at any pacing level,
but the strain rates were affected. LV SR-E increased significantly, starting already at
10% increase, while LV SR-S did not increase until HR was increased by 20%.

Intervention SV CO LVstrain LV SR-S LV SR-E PCWP
Preload increase 13% 13% 20% 11% 17% 20%
Afterload increase 2% 0% 3% —5% 8% 10%

Heart rate increase
+10% —4% 5% 5% 5% 19% 0%
+20% -13% 6% 2% 7% 65% 0%

Table 4. Effects of increases in load and heart rate on stroke volume and LV deformation
Significant changes in percent for intervention versus baseline are shown bolded. Numbers in italics
denote non-significant changes from baseline.

4.4 Papers II and III

A total of 31 patients were analyzed (out of 42 assessed), whereof 16 in the milri-
none group and 15 in the levosimendan group. We had a drop-out of one patient in
the levosimendan group in paper 11, due to poor visualization of the LV inferior wall.
In paper 111, two patients in the milrinone group dropped out due to poor visualiza-
tion of the RV free wall. The same patients were used for both papers and the demo-
graphic variables did not differ between groups except for diabetes, that occurred in
five levosimendan patients but none in the milrinone group.

Both drugs caused dose-dependent increases in CI and SVI and decreases in
SVRI, MAP, and DAP with no differences between groups.

ALV deformation parameters increased dose-dependently with both agents with
no differences between groups (Tables 5-7). At the lower dose of milrinone
(0.4 pg/kg/min), 85-88% of the maximal response in SVI and LV strain was seen.
With levosimendan, the corresponding values were 63-65% at the lower dose
(0.1 pg/kg/min). A similar pattern was seen for LV SR-S and SR-E.

For the RV; strain, SR-S, SR-E, and TAPSE all increased dose-dependently with
both milrinone and levosimendan with no differences between groups (Table 8).

The phenylephrine doses needed to counteract the drug-induced vasodilation
wete 0.48 and 0.73 ng/kg/min for milrinone versus 0.30 and 0.51 pg/kg/min for
levosimendan at each dose level. The differences between groups were non-signifi-

cant.
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Drug pg/kg/min MAP DAP SPAP MPAP DPAP
Milrinone 0.40 —5% —5% 10% 5% 7%
0.80 5%  —5% 10% 5% 7%
Levosimendan 0.10 —1% —2% 10% 5% 0%
0.20 —3% —3% 10% 5% 0%
Between-group p 0.786  0.611  0.518  0.061  0.140

Table 5. Effects of milrinone and levosimendan on systemic and pulmonary pressures
Significant changes in percent for intervention versus baseline are shown bolded. Numbers in italics
denote non-significant changes from baseline.

Drug pg/kg/min CI SVI SVRI PVRI Ep.
Miltinone 0.40 17% 17%  -19%  —5% —6%
0.80 22% 20%  —22% —10% —9%
Levosimendan 0.10 11% 12% —12% —4% —5%
0.20 19% 19%  —18%  —8% =7%
Between-group p 0.744 0792  0.092 0321 0.162

Table 6. Effects of milrinone and levosimendan on CI, SVI, and systemic and pulmonary resistances
Significant changes in percent for intervention versus baseline are shown bolded. Numbers in italics
denote non-significant changes from baseline.

Drug pg/kg/min LV strain LV SR-S LV SR-E
Milrinone 0.40 16% 17% 27%
0.80 18% 33% 30%
Levosimendan 0.10 11% 10% 13%
0.20 17% 23% 31%
Between-group p 0.702 0.469 0.637

Table 7. Effects of milrinone and levosimendan on LV deformation (paper II)
Significant changes in percent for intervention versus baseline are shown bolded. Numbers in italics
denote non-significant changes from baseline.

Drug pg/kg/min RV strain RV SR-S RV SR-E TAPSE
Milrinone 0.40 8% 8% 14% 13%
0.80 19% 19% 24% 23%
Levosimendan  0.10 10% 6% 15% 11%
0.20 15% 20% 21% 20%
Between-group p 0.259 0.742 0.714 0.742

Table 8. Effects of milrinone and levosimendan on RV deformation (paper II1)
Significant changes in percent for intervention versus baseline are shown bolded. Numbers in italics
denote non-significant changes from baseline.
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4.5 Paper IV

From our RHC register, 92 patients were assessed and 68 of these enrolled. The most
common diagnosis was dilated cardiomyopathy (53%). From group A to C we saw
increasing severity of heart failure when combining ergospirometry data, New York
Heart Association (NYHA) class, serum bilirubin, and NT-proBNP levels. Mean LV
¢jection fraction was 27%, 26%, and 30% in group A, B, and C, respectively. For
more details on baseline data, see Table 2 in paper IV.

As RAP and SVI (from RHC) served as grouping parameters, they differed ac-
cordingly. All patients with RAP 210 mmHg were assigned to group C (n = 22).
Those with normal RAP were divided based on their SVI, so that patients with SVI
<35 mL/m? wete referred to group B (n = 21), and those with SVI 235 mL/m? to
group A (n = 25). The means and ranges for RAP and SVI in each group are pre-
sented in Table 9. Six patients (27%) in group C had a normal SVI (=35 mL/m?).

Variable Group A Group B Group C
RAP 3.6 (0-8) 4.6 (0-9) 13.6 (10-23)
SVI 44 (36-61) 28 (16-34) 31 (18-50)

Table 9. Distribution of the grouping parameters RAP and SVI in each group
Values are mean and (range, min—max).

Hemodynamic vatiables showed that PCWP increased progressively from group
A to C, secondary to LV backward failure. PVR was higher in group C compared to
group B, while E;, was higher in group C compared to group A (Fig. 14). RVSWI
was lower in group B compared to A but showed no significant difference between
groups B and C.

Our primary end-point was to find parameters that could distinguish between
group B (seemingly normal RV function in the presence of reduced LV function) and
group C (reduced RV function). Using a one-way ANOVA for independent meas-
urements, all echocardiographic variables except RVD1/RVD3 and TV S, showed
overall significance (p <0.05) between groups. In the subsequent post-hoc analysis,
RV longitudinal functional parameters (TAPSE, RV strain, RV SR-S and RV FAC)—
with the notable exception of IVV—failed to distinguish between group B and C.
On the other hand, all dimensional parameters, except for RV sept, showed signifi-
cant difference between group B and C. For LAlry, overall p was 0.045, but subse-
quent post-hoc analysis revealed no significance between any of the groups.

In Table 10, only echocardiographic variables showing overall significance are
presented with their respective post-hoc p-values (significance at p <0.016 due to
Bonferroni cotrection).
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Figure 14. Amount of LV backward failure and RV impedance in each of the paper IV groups
Overall p-value at the bottom of each panel (significance set to <0.050). Between group post-hoc
p-values are shown (with Bonferroni correction, significance is set to <0.016).

Whilst finding cut-off values for the RVF score that we introduced, we found that
if RV EDA was indexed to BSA, an index of >12 ecm?/m? would differentiate group
B from C (p = 0.002) on its own, and a more than moderate tricuspid regurgitation
would do the same (p = 0.004) (Table 10). However, the guideline-recommended cut-
off for RV strain (> —20%), as well as the cut-offs proposed by Dandel et al. for
LAIgry (<14) and RVD1/RVD3 (>0.57) wete non-significant when used in isolation
to distinguish group B and C. Integrating these five parameters with echocardio-
graphic-estimated CVP (cut-off 210 mmHg), we found that the resulting RVF score
was highly significant in distinguishing group B from group C, whereas it showed no
difference between groups A and B (overall p <0.001). RVF score tesults are pre-
sented in Table 11 (and paper 1V, Fig. 2).
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GroupAvs B Group Bvs C Group A vs C

RV /right atrial dimensions
RVOT prox

RVD1

RV EDA

RV EDA/BSA

RV EDA/BSA >12 cm?/m?
RV SAX

RV sept

RAAI

RAAI >11 cm?2/m?

RV geometry

RV SAX/RV sept

RV EDA/RVD3

RV function

Grade 3 tricuspid regurgitation
TAPSE

TAPSE <17 mm

RV strain

RV strain > —20%

RV SR-S

RV FAC

RV FAC <35%

vV

<0.001
0.002
0.008

0.002
0.007

0.005
0.004
0.004
0.001
0.002
<0.001
<0.001
0.012

<0.001
0.005

0.004

0.009

<0.001
<0.001
0.002
0.003
0.002
<0.001
0.007
<0.001
0.003

0.001
0.006

0.004
<0.001
0.002
<0.001
0.003
0.009
0.001
0.001
0.002

Table 10. Echocardiographic variables from paper IV that showed overall p <0.05
Between group p-values (p <0.016 significant) are shown. A hyphen indicates non-significance.
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RVF score Group A Group B Group C
Median (IQR, 25%—75%) 1(0-2) 2 (1-2) 4 (3-5)
Post hoc GroupAvs B GroupBvs C  GroupAvsC
p-value 0.049 <0.001 <0.001

Table 11. Right ventricular failure score per group (paper IV)
Absolute values are median and IQR. Post-hoc p-values are shown. Overall p <0.001.

4.6 RV response to preload and HR (unpublished)

For the sake of completeness, we have also gathered data on the RV effects of iso-
lated increases in preload and heart rate, corresponding to the data from the LV pre-
sented in paper 1. The measurements were made simultaneously during the
experimental procedure for paper I, and performed on the RV free wall in the
ME 4CH view. The effects of increasing RV afterload on RV longitudinal function
were not assessed, as the increases in SPAP, MPAP, and PVR induced by phe-
nylephrine infusion were low (8%) and considered too minor for any meaningful
influence on RV strain or SR. The data presented here is unpublished.

Out of the 21 patients included in paper I, 17 had sufficient visualization of the
RV free wall to be included in the STE analysis. Hemodynamic data televant for the
RV was collected from all 21 patients.

Through passive leg elevation, CVP was raised by 29%. Increases in SV and CO
were identical to those presented in paper I (+13%). As a result of increased SV and
PCWP (the latter by 20%), pulmonary artery pressures increased, SPAP by 13%
(p <0.001), MPAP by 12% (p <0.001), and DPAP by 9% (p = 0.001). PVR and pul-
monary arterial elastance (measured as Ep,) were unaffected. In contrast to the LV,
we saw no increase in RV SR-E (p = 0.064), but both RV strain (p = 0.020) and
RV SR-S (p = 0.041) increased accordingly, by 11% and 8%, respectively.

By pacing to 10% and 20% above baseline, the effects on SV and CO were equiv-
alent to paper I (SV decreased incrementally with a concomitant increase in CO),
with no effect on CVP and PCWP. Pacing did not affect SPAP, while MPAP in-
creased incrementally, by 3% and 5% (overall p = 0.001), and DPAP by 6% at the
higher pacing level only (overall p = 0.040). PVR was unaffected, while pulmonary
Ep. increased by 9% and 25%, respectively (overall p <0.001). Equivalent to the LV,
RV SR-E increased significantly by 16% and 51%, respectively (overall p <0.001),
and RV SR-S by 17% at the higher pacing level only (overall p = 0.026). Similarly, RV
strain was unaffected by increases in HR. Mean * SD for the RV hemodynamic
measurements and STE analyses are presented in Tables 12 and 13, along with the
respective significance levels (intervention versus baseline).
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RV hemodynamics

HR (bpm) 81X6 82%6
CVP (mmHg) 72 9+ 2§
PCWP (mmHg) 10£3 12 &£ Fkek
SPAP (mmHg) 297 33 & THkx
MPAP (mmHg) 20%6 22 & 5wkx
DPAP (mmHg) 1415 15 £ 5kt
PVR (dyn X s/cm’) 181 £75 168 £ 61
Epa (mmHg/mlL) 0.19 £ 0.08 0.17 £ 0.07
RV speckle tracking echocardiography

RV strain (%) —200=x42 —222 * 4.6*
RV SR-S (s1) —1.72£ 048 —1.86 £ 0.56*
RV SR-E (s1) 1.50 £ 0.35 1.69 £ 0.51

Table 12. Absolute values of RV measurements at baseline and after increased preload
Values are mean + SD. Significance level indicated is for intervention versus baseline as:
* p <0.050; ** p <0.010; *** p <0.001, 3, not applicable (target of intervention).

Pacing +20%

Variable Baseline Pacing +10%
RV hemodynamics

HR (bpm) 816 89 £ 6§
CVP (mmHg) 72 72
PCWP (mmHg) 10£3 10£3
SPAP (mmHg) 29+7 29%8
MPAP (mmHg) 19%6 20 * 6*
DPAP (mmHg) 13£5 13+ 5
PVR (dyn X s/cm’) 177 £ 67 175£79
Epa (mmHg/mlL) 0.18 £ 0.08 0.20 £ 0.10%*
RV speckle tracking echocardiography

RV strain (%) —201 %39 -19.0£33
RV SR-S (s1) —-1.73 £ 0.54 —1.68 £ 0.51
RV SR-E (s1) 1.48 £ 048 1.71 £ 0.54*

98 * 69
72
10£3
29+8
20 £ oFF*
14 & 5%*
183 + 74
0.23 £ 0.10%**

—20.6 £53
—2.02 £ 0.71*
2.24 £ 0.48%**

Table 13. Absolute values of RV measurements at baseline and after increased HR
Values are mean + SD. Significance level indicated is for intervention versus baseline as:
* p <0.050; ** p <0.010; *** p <0.001, 3, not applicable (target of intervention).
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5. Discussion

The present thesis has tried to demonstrate, that there is an intricate interaction be-
tween cardiac loading conditions, heart rate, myocardial contractility, and not least
ventricular interdependence, with respect to the function of the heart. All are evolu-
tionary developments, refined during millions of years, with the purpose of always
delivering the required oxygen to all organs in every instant. However, this poses
several difficulties to any physician who needs to accurately describe ventricular func-
tion. Whenever there is a supposed dysfunction, which in essence means a reduced
contractility and/or relaxation, quantifying either is not at all as straightforward as it
first may seem, as preload, afterload, and heart rate always needs to be considered. In
recent years, the development of ventricular mechanical assist devices has stressed
this issue further, and the difficulties in predicting RV failure after LVAD implanta-
tion is a proof of this complexity. Both papers I and IV deals with the load depend-
ence of echocardiographic parameters, although from slightly different viewpoints.
Papers I1I and IV are unique in the way they evaluate two inodilators under controlled
loading conditions and heart rate. To my knowledge, no other studies have so far
been able to isolate the effects in the human heart on contractility and relaxation in
this way.

Our findings clearly show, that echocardiographic analysis of ventricular function
and deformation, both on the right and left sides of the heart, are strongly dependent
on the heart’s filling (its preload) and the heart rate. We have also shown, that in the
presence of LV forward failure, the sole use of echocardiographic RV longitudinal
function indices is not sufficient for evaluation of RV function. Because of this, to
cotrectly assess RV function in this situation, a combination of RV dimensions, its
geometry, and functional parameters needs to be evaluated. We introduced a score,
consisting of six different RV variables (all easily measured by echocardiography),
that in our material was capable of identifying and grading RV failure even in the
presence of a LV forward failure. Finally:

by keeping preload, outflow impedance,
and heatt rate constant—we could show that the two commonly used inodilators
milrinone and levosimendan (for treating myocardial dysfunction), both improved
myocardial contractility and relaxation of the right and left ventricles to a similar ex-
tent. Additionally, our results suggest that both drugs exerted equal vasodilating ef-
fects on both the systemic and pulmonary vascular beds.
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5.1 Methodological issues

One can argue that the highly clinical experimental setting in the paper I-III protocol,
using strictly selected post-operative aortic stenosis-patients that had undergone
open-heart AVR, and additionally was under general anesthesia with propofol, limits
its generalizability. This is of course a valid concern, but it can also be viewed as one
of its strengths, since the aim was to study direct effects on myocardial contractility
and relaxation by isolated changes in loading, heart rate, and inotropic stimulation.
This has to be kept in mind, though, when transferring our results to a general pop-
ulation, where many other factors will interfere. For example, the combined inotropic
effect and vasodilation that is induced by both milrinone and levosimendan, is in fact
the sought-after effect, since SV and CO will increase profoundly by this synergism.
The consequence of this dual action, however, is that if the direct inotropic and lusi-
tropic effects of inodilating drugs are to be assessed (or compared) clinically, preload,
afterload, and HR needs to be held constant during pharmacological intervention.

From subchapter 4.2 (TDI versus STE) in the results section, arguments for our
method of choice for deformation analysis are presented. Speckle tracking echocar-
diography (STE) versus tissue Doppler (T'DI) was thoroughly evaluated in the work-
up for this thesis, and we found that STE was superior in repeatability. However, we
are aware that STE yields lower peak values of SR-S and SR-E compared to TDI,
due to its lower frame rate. A higher STE frame rate automatically results in lower
image quality, and the interval recommended in guidelines is therefore
40-80 frames/s [94]. This can be compared to >100 frames/s achievable with TDI.
In short, the relatively low frame rate in STE obviously imposes a risk of missing out
on SR peaks, since they might appear in an image frame that is not collected. On the
other hand, this limitation would affect all patients equally. Furthermore, the intra-
observer variabilities in TDI measurements, at 11-12%, were twice those attained
from STE.

Another argument that we need to defend is our choice of a specific myocardial
region of interest. Recording LV global strain, i.e. the mean strain of all 17 segments
in the LV, would more accurately describe ventricular function, especially for patients
with regional wall motion abnormalities. Instead, we chose to just include the LV
inferior wall, since this approach enabled us to keep the TEE probe locked in one
position, thereby recording exactly the same region of interest at every measurement
point. We saw that this restriction greatly enhanced repeatability, since even the
slightest manipulation of the TEE probe might result in different regions of interest
recorded at different times. Additionally, when we analyzed all LV myocardial walls,
the inferior wall had the best image quality overall. However, deformation analysis of
the RV is a different story. Methodological studies have indicated that the interven-
tricular septum should be omitted, and that RV free wall strain (as we used both for
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paper 111 and IV) is superior to global RV strain in determining RV function [45, 95].
This approach is also included in the most recent guidelines on RV deformation anal-
ysis [96], and is interpreted as a result of the septum being shared between both ven-
tricles. In essence, global RV deformation data will be considerably influenced by LV
deformation.

Since cardiopulmonary bypass (CPB) has a negative impact on cardiac function,
we need to consider that our patients could have a reduced inotropy and lusitropy at
inclusion, which is confirmed by our RV data at baseline. Considering the time span
for the experimental protocol in paper I-11I (around 2.5 hours), some spontaneous
improvement in myocardial contractility and diastolic function could therefore occur
during the study. In general, the time between weaning from CPB and the first base-
line measurements was around two hours. Since we did two baseline measurements,
C1-C2 and C5-C6 (Fig. 10 in the Methods chapter), one hour apart, we could eval-
uate any impact of time and spontaneous resolution of myocardial function during
the experimental procedure. A total of 21 patients had measurements at both base-
lines, and any significant differences at C5—C6 versus C1-C2 were tested using paired
t-tests. Results are presented in Table 14. Systemic and pulmonaty pressures were
only 5-10% higher at the later baseline point, with similar increases in parameters
derived from the arterial pressures, like PVR, Ep, and the stroke work indices. Apart
from an 8.4% increase in LV strain, there were no other signs of improved RV or LV
systolic and diastolic function during our limited time span. We thus believe that time
is, at most, a minor confounding factor on our results. It is also worth pointing out
that every intervention in the protocol was preceded by a control, as illustrated in
Fig. 10.

During administration of the inodilators miltinone and levosimendan, we moni-
tored CVP, SAP, and HR to keep these parameters constant, counteracting the vas-
odilatory effect of the drugs by phenylephrine infusion and plasma volume
expansion. We used CVP as a measure of cardiac preload and targeted SAP as a
surrogate for LV afterload, or rather as a measure of LV outflow impedance. In a
post-hoc analysis, we calculated the changes in effective aortic (E,) and pulmonary
arterial (Ep.) elastances during infusion of milrinone and levosimendan. We found
that E,, equal to LV outflow impedance, decreased slightly (10-15%) with both agents
(with no difference between groups), while Ep, was unaffected (Fig. 15). To compen-
sate for the increased stroke volumes caused by inotropic stimulation, we should have
raised SAP above baseline, by increasing the dose of phenylephrine further, in order
to keep afterload and outflow impedance constant. The problem with such an ap-
proach, on the other hand, would be to know which exact level of SAP that would
correspond to an unchanged afterload.
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Variable C1-C2 C5-Co6 Difference
HR (bpm) 81X6 82X6

CI (L/min/m?) 22104 23104

SVI (mL/m?) 28%5 28%5

Phenylephtine dose (ug/kg/min) 0 (0-0.063) 0 (0-0.045)

LV hemodynamics

PCWP (mmHg) 10£3 10£3

SAP (mmHg) 122+ 20 128 & 20+ 5.3%
MAP (mmHg) 779 81 & 9rxx 5.3%
DAP (mmHg) 59+ 7 61 £ 7+ 3.4%
SVR (dyn X s/cm’) 1360 * 342 1406 *+ 389

LVSWI (g X m/m?) 2516 27 & 7k 8.8%
RV hemodynamics

CVP (mmHg) 74119 7.0 £1.8* —5.6%
SPAP (mmHg) 29+7 31 & 7Hxx 8.3%
MPAP (mmHg) 19%6 20 * o6* 4.8%
DPAP (mmHg) 13£5 145

PVR (dyn X s/cm’) 177 £ 67 188 £ 69* 6.5%
Epa, non-indexed (mmHg/mL) 0.18 £ 0.08 0.19 + 0.08* 7.8%
RVSWI (g X m/m?) 46+21 5.2+ 2.1%* 13.1%
STE data

LV strain (%) -13.0£35 —14.1 £ 4.0* 8.4%
LV SR-S (s1) -1.10 £ 0.31 -1.13£0.35

LV SR-E (s1) 0.68 + 0.24 0.75+£0.26

RV strain (%) —213%40 —204 £ 45

RV SR-S (s1) —1.73 £ 0.50 —1.77 £ 0.52

RV SR-E (s1) 1.64 £ 045 151041

Table 14. Absolute values and differences between baseline measurements over time

About one hour passed between the two baseline points, where C1-C2 served as controls for the pre-
load challenge in paper I and C5-C6 as controls for the randomized trial in papers Il and III. Data
collected from 21 patients that had recordings at both baseline points.

Values are mean = SD or median and (IQR, 25%—75%). Only significant differences are presented in
the right column. Asterisks denote significance levels at C5—C6 versus C1-C2.

* p <0.050; ** p <0.010; *** p <0.001.
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Effective aortic elastance Effective pulmonary arterial elastance
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Figure 15. Effects on effective arterial elastances after inodilator administration

Data from papers II and II1. Left panel showing the systemic (aortic) elastance (E.) at baseline
and after dose 1 and 2 of each drug. Right panel showing the corresponding effects on the pul-
monary circulation (Epa). A significant and comparable decrease in E. was seen with both drugs
with no effect on Epa. Overall p is the between-group ANCOVA p-value. Asterisks denote signifi-
cance at each dose level versus baseline for the respective drug.

* p <0.050; ** p <0.010; *** p <0.001.

From the above, we can conclude that E, decreased in our material as a conse-
quence of systemic vasodilation, despite the concomitant infusion of a vasopressor.
We cannot completely rule out the possibility, that this minor fall (10-15%) in LV
outflow impedance during inodilator infusion, could to some extent have affected
myocardial deformation. On the other hand, this is less likely, as neither LV strain
and SR-S, nor SR-E, seem to be affected by controlled changes in LV outflow im-
pedance, according to the data from paper I.

Finally, for paper IV, one obvious limitation is the retrospective design, as well as
the fact that none of the patients were re-assessed at a later state with even more
pronounced LV dysfunction. Instead, a total of 43% of patients in the study ended
up with a heart transplantation—in contrast to the relatively small number (n = 5)
that were later implanted with an LVAD. It is hard to draw any conclusions on this
discrepancy, but a larger number of presumptive LVAD patients that could be eval-
uated for RV failure would give more information on the predictability of the
RVF score. A prospective design following patients over time could also better cor-
relate a deteriorating LV function with the RVF score.

5. DISCUSSION 47



STRAIN ECHOCARDIOGRAPHY IN CARDIAC SURGERY
5.2 Load and HR effects on myocardial deformation

5.2.1 Effects of preload on myocardial deformation

Raising CVP by 29% and PCWP by 20% resulted in a significant increase in strain,
by 20% in the LV and 11% in the RV. This is consistent with the Frank—Starling
mechanism [6], as strain is a correlate of SV. Indeed, invasively measured SV and CO
increased secondarily. However, we also observed an increase in SR-S in both ven-
tricles, at 8—11%, that would suggest an increased contractility. Furthermore, we saw
that LV SR-E increased, suggesting that higher preload will have a positive lusitropic
effect as well, at least on the LV.

Only a few previous studies have evaluated the effects of isolated preload changes
on cardiac deformation in humans, and the results are contradictory. Recently, Nafati
et al. evaluated critically ill patients in a hypovolemic state before and after fluid re-
suscitation, and they found significant increases in LV strain and SR-S with increasing
preload [97]. This is in line with our findings, where patients with LV hypertrophy,
secondary to AS, were evaluated. A common denominator in both the study by Nafati
etal. and in this thesis, could be a preload dependency among the patients at baseline.

However, other studies on preload and deformation have shown opposing results.
In two studies, the effects upon reduced preload were assessed. Abali et al. showed that
blood donation in healthy volunteers resulted in decreased LV strain, yet with pre-
served SR-S [24]; while Mendes et al. saw decreased LV SR-E with preserved LV
strain and increased SR-S after hemodialysis [25]. Two further studies used nitroglyc-
erin for preload reduction followed by fluid loading or passive leg elevation for pre-
load increase. In the first, by Burns et al., reduced preload resulted in increased LV
strain and SR-S, while raising preload instead reduced LV SR-S with no effect on LV
strain [27]. On the contrary, Andersen et al. saw no effect at all on LV strain by
neither preload increase or decrease [23].

One explanation for this discrepancy, both within these previous studies, as well
as compated to our results, might be that awake patients could attenuate or even
reverse any preload-induced effect on deformation and CO by an intact baroreceptor
response, affecting the sympathetic nervous system output. We discuss this in detail
in paper I. For instance, decreasing preload through vasodilation with nitroglycerin,
would increase sympathetic output, having a positive inotropic effect, thus increasing
LV strain and SR-S. A reversed scenario will be at hand in preload increase, which
would lead to a reduced sympathetic output. As we had the opportunity of studying
patients under propofol anesthesia, which is an agent known to attenuate or even
block the baroreceptor response [98], this confounding effect of the sympathetic
nervous system on myocardial deformation was probably minimized.
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5.2.2 Effects of afterload on myocardial deformation

Perhaps the first, striking finding in this thesis is the apparent absence of a response
to afterload increase in paper 1. In any event of abruptly increased aftetload, the LV
should adapt by increasing its contractility through the Anrep effect—the homeo-
metric autoregulation [4, 5]. This would have been recorded as an increase in SR-S
(suggestive of increased myocardial contractility), which was not found. However, to
my knowledge, the effects of changes in aftetload on myocardial deformation varia-
bles have previously not been studied in patients or volunteers.

One explanation might be the administration of phenylephrine, used for afterload
increase. As we argue in paper I, phenylephrine works as an a-adrenergic agonist,
producing vasoconstriction not only in arterioles, but also in the venous system, lead-
ing to recruitment of blood from capacitance vessels, centralizing blood volume,
thereby increasing RV and LV preload [99, 100]. Supportive of this is the higher
PCWP seen during the afterload challenge (paper 1, Table 3). This higher preload will
increase all deformation parameters equally, explaining why we did not observe a
decrease in SV and strain, as an increase in afterload would yield. A simultaneous
increase in pre- and afterload would counteract each other, resulting in a net effect
of zero.

The choice of phenylephrine to raise SVR in this thesis, rather than norepineph-
rine, is based on its pharmacological properties, in that acting as a pure a1-agonist, it
will cause arteriolar and venous vasoconstriction without any direct effect on the my-
ocardium. Norepinephrine, possessing both ai- and §-stimulation, would increase
cardiac contractility as well, thus interfere with our aims [101]. Of course, the above-
mentioned problem of increased preload upon phenylephrine administration is a dis-
advantage, but since no other drug exists that produce an isolated effect on just the
arteriolar side, without venous effects, the choice of phenylephrine must be consid-
ered the best available for our purpose.

5.2.3 Effects of heart rate on myocardial deformation

Finally, increasing HR by pacing increased both SR-S and SR-E. We interpret the 7%
increase in SR-S at the higher pacing level (20% above baseline HR), as increased
myocardial contractility due to the Bowditch effect [14-16]. Regarding the increase in
SR-E, this was even more pronounced at 20—65%, suggesting a significant positive
lusitropic effect by increasing HR. In a study by Esfandiari et al., a similar effect was
observed, both in patients with normal heart function, but also (and even more pro-
nounced) in patients with heart failure [102]. They found a shortened time constant
() of isovolumic relaxation (an invasive index of eatly diastolic relaxation, i.e. an
equivalent of SR-E). Their results are supportive of the increased SR-E that we saw
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in paper I, and indicate that increased HR might improve not only contractility, but
also cardiac myocyte handling of Ca?* in both systole and diastole.

However, increasing HR would normally lead to a shorter duration of diastole,
thereby reducing ventricular filling. A lower preload will then in turn decrease strain
and thus SV. The correlation between decreased end-diastolic volume (EDV) and
increased heart rate has been shown experimentally [103]. Likewise, in a study using
STE in patients subject to atrial pacing, Mak et al. observed a decrease in LV strain
with no effect on SR-S at increased HR [104]. The explanation is probably a pacing-
related reduction of EDV and preload in their material, counteracting any increase in
SR-S. In our protocol, preload was kept unchanged by colloid infusion, keeping EDV
constant, which might explain why strain was unaffected by the HR increase. On the
contrary, we did however observe a decrease in SV, which is best explained by a
shorter time available for both ventricular ejection and filling.

5.2.4 RV effects of preload and heart rate

The simultaneous effects that we observed in the RV during preload and HR inter-
ventions were essentially identical to the ones in the LV, apart from the lack of a
statistically significant increase (p = 0.064) in RV SR-E during the preload challenge.
A possible explanation could be that the study was underpowered in this regard.

In summary, we could reject the null hypothesis that ventricular strain, SR-S, and
SR-E are independent of preload and heart rate.

5.3 Inodilators and myocardial deformation

As previously stated, there are very few randomized, controlled studies that directly
have compared the cardiac effects of milrinone versus levosimendan. Of those that
exist [73-78], all have studied highly selected patients after either cardiac surgery or
weaning from extracorporeal circulatory support. In general, they have shown a fa-
vourable outcome for levosimendan compared to miltinone. None of them, how-
ever, have controlled for the vasodilatory or chronotropic effects of the drugs, so any
conclusions on their direct inotropic and lusitropic effects cannot be made.

Of course, a significant proportion of the increase in SV and CO that we see after
administration of an inodilator, such as miltrinone and levosimendan, is a result of
reduced ventricular afterload due to arterial vasodilation. In many instances of a hy-
potensive cardiogenic shock, however, this additional reduction in blood pressure

50 5. DISCUSSION



MARTIN FREDHOLM

may not be favorable, let alone deleterious. Adding an adrenergic drug to uphold
MAP is then necessaty, counteracting the vasodilation—though inevitably this will
attenuate the increase in SV and CO that was originally intended. In our work, we
sought to evaluate whether the two inodilators differ in their intrinsic myocardial
effects, since any difference would be of clinical value, especially in the critically ill
setting.

We counteracted the drug-induced decreases in preload and afterload, resulting
from venous and arteriolar vasodilation, by infusion of a colloid and phenylephrine,
respectively. In this way, the baroreceptor-induced increase in heart rate, that inodi-
lation normally would yield, was attenuated, and HR could be controlled by pacing.
By isolating the intrinsic myocardial effects in this way, we observed no difference in
any hemodynamic or echocardiographic vatiable between milrinone and levosi-
mendan, suggesting that both drugs possess equal inotropic and lusitropic effects.
The former being well-documented for both drugs [105-110], but data on the latter
are more conflicting. Earlier studies on milrinone have shown positive lusitropic ef-
fects when given to chronic heart failure patients [107, 111], but later studies on cat-
diac surgery patients showed either increased [112] or no lusitropic effects [113, 114].
For levosimendan, on the other hand, its lusitropic property has received much more
attention, and in almost all studies showed a positive effect, both in chronic heart
failure [109, 110] and cardiac surgery patients [67, 115]. For the LV, this is the first
randomized trial comparing the effects of milrinone and levosimendan on LV early
diastolic function; and only one randomized trial has been published compating the
inotropic and lusitropic effects on the RV [75]. In that study, by Mishra et al., loading
conditions and increases in heart rate were not compensated for, so any conclusions
on the intrinsic myocardial effects of the drugs cannot be drawn.

Regarding the effects on the RV, both milrinone and levosimendan have been
shown (independently) to increase RV performance and reduce its outflow imped-
ance, through pulmonary vasodilation, in several studies [116-119]. Furthermore, in
a study on aortic stenosis patients undergoing AVR, the RV inotropic effect of mil-
rinone was found to be even more pronounced than the effect on the LV [120].

Since evaluation of lusitropic changes was one of our aims, we used patients with
aortic stenosis, known for having a reduced LV diastolic function. The choice of
including only patients with normal or mildly reduced LV ejection fraction is debat-
able, since we probably would have seen even more pronounced inotropic effects on
a population with LV dysfunction. However, when designing the study, we argued
that inclusion of patients with LV dysfunction would result in a significant heteroge-
neity in baseline data. Despite this limitation, we saw pronounced effects of both
inodilators on LV contractility, with an increase in longitudinal LV strain of 17-18%
and LV systolic SR of 23-33%.
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Comparing baseline data from paper I1I with data from standard populations, we
notice that baseline RV free wall longitudinal strain was clearly reduced in our study.
Mean RV free wall strain in our material was —19% at baseline, compared to the
normal range of —24% to —29%. It is known that RV longitudinal systolic function
is impaired after open-heart surgery, and several possible mechanisms have been pro-
posed, such as pericardial opening or inadequate myocardial protection during cardi-
opulmonary bypass [121]. Contrary to the normal pre-operative LV function that was
a prerequisite in paper 11, we can therefore establish that most patients in paper 111
had reduced RV systolic function at the start of the study—with 83% of the cases
having a baseline RV strain higher than —24% (i.e. less negative strain). This is worth
noting, but hardly a disadvantage for the results. Both drugs increased longitudinal
RV free wall strain by 15-19%, and RV free wall systolic SR by 20%.

Diastolic function increased equally with milrinone and levosimendan, both in the
RV and LV, supporting the PDE3-inhibiting mechanism that has previously been
shown for levosimendan [65, 66]. The increase in early diastolic SR (SR-E) was
30% in the LV, and 21-24% in the RV.

Despite the fact that there were no significant overall differences in any hemody-
namic or echocardiographic deformation parameter between the two drugs, there
was a tendency in the milrinone group, that CI, SVI, and LV SR-E increased by a
greater fraction already at the lower dose (0.40 pug/kg/min), when compared to the
additional increase at the higher dose (0.80 pug/kg/min). Out of the total increase in
CL, SVI, and LV SR-E; 77%, 85%, and 90%, respectively, occurred already at the
lower dose with milrinone (Fig. 16). However, there was no between-group signifi-
cance at any of the dose levels. For RV data, no such tendency was seen.

Finally, we saw no between-group significance in phenylephrine doses needed to
counteract drug-induced systemic vasodilation, suggesting comparable vasodilatory
effects of both drugs. Previous studies are inconsistent in this regard. Two random-
ized studies on patients weaned from extracorporeal life support [76] and CPB [78],
showed equal needs for vasopressor support by both drugs. In contrast, de Hert et
al., studying patients with LV dysfunction after CPB, showed higher vasopressor lev-
els in the milrinone group [77], while Mishra et al. found the opposite in post-cardiac
surgery patients with LV dysfunction and pulmonary hypertension [75].

In conclusion, the null hypothesis that milrinone and levosimendan are compara-
ble in their LV and RV inotropic and lusitropic effects could oz be rejected.
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Figure 16. Plots of SVI and STE data from paper II

Each panel shows mean and 95% confidence intervals at baseline, dose 1, and dose 2 for milri-
none (blue) and levosimendan (red), respectively.

Overall p is the between-group ANCOVA p-value. Asterisks denote significance at each dose
level versus baseline for the respective drug.

A tendency towards a pronounced increase already at dose 1 can be seen with milrinone, espe-
cially in SVI and LV SR-E. The differences between groups were, however, non-significant.

Panel A: stroke volume index; panel B: LV inferior wall strain; panel C: LV inferior wall
systolic strain rate; and panel D: LV inferior wall early diastolic strain rate.

w1 <0.010; *** p <0.001.
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5.4 Assessment of RV function in left heart disease

5.4.1 General considerations

The last paper is dealing with RV assessment in the presence of LV dysfunction. As
we cleatly showed in paper I, LV longitudinal deformation measured by echocardi-
ography is affected by changes in preload and heart rate. Thus, reduced deformation
does not necessarily indicate reduced contractility, and this is important to
acknowledge. To draw any conclusions upon contractility, the confounding factors
of preload and heart rate (and probably afterload) need to be controlled. Similar prin-
ciples apply to the RV, as shown by our unpublished data on RV deformation
(Subchapter 4.6 in the Results section). Increased afterload seems to have a relatively
greater impact on RV functional parameters than in the LV, yielding lower values
with or without any reduction in RV contractility [41, 42, 53]. In a prospective, ran-
domized study on piglets, pulmonary hypertension was induced experimentally, cre-
ating an increased RV outflow impedance. This resulted in a reduction in several RV
functional parameters (TAPSE, TV §’, FAC, and IVA) despite sustained RV contrac-
tility [53]. At the same time, it is known that RV function is highly dependent on
outflow impedance [41, 42]. So, the question is: can RV echocardiographic parame-
ters of longitudinal function correctly assess the degree of RV functional impairment
in a situation with increased RV outflow impedance, such as in LV dysfunction?

In paper IV, we combined a number of echocardiographic variables with invasive
data from RHC which, we believe, is a major strength. There are surprisingly few
previous studies that have used this approach. In two studies on patients with pul-
monary hypertension, RV strain was shown to be dependent on RV outflow imped-
ance, even when contractility was unaffected [122, 123]. In a study on patients with
advanced LV failure referred for heart transplant evaluation, RV strain was found to
correlate well with invasively defined RV dysfunction, whilst TAPSE and TV §’ did
not [124]. On the contrary, in a study by Rajagopalan et al., yet again on patients with
pulmonary hypertension, RV strain correlated well with RV dysfunction as long as
LV function was normal, but in the subgroup of patients that had reduced LV func-
tion, no correlation was found between RV strain and RV dysfunction [81]. These
findings are in line with what we could show in paper IV.

The difficulties of assessing RV function in LV failure has become a prime focus
of echocardiographic research in recent years, as more patients are referred for
LVAD implantation. All these patients suffer severe LV dysfunction, but not all of
them have reduced RV function. On those that have, implanting an LVAD will in-
crease RV preload and worsen any latent RV dysfunction, creating severe RV failure
instead. Identifying patients with latent RV dysfunction is therefore imperative.
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Unfortunately, no single echocardiographic measurement of RV longitudinal func-
tion has, so far, been shown capable of predicting post-implantation RV failure on
its own [80]—a fact that we wanted to address in paper IV.

A retrospective cohort design was set up, where the idea was to compare three
groups of patients that had been evaluated both invasively through RHC and with
TTE. The grouping of the patients was based on invasive parameters; patients with
normal biventricular function were referred to group A, whereas group B had LV
dysfunction with normal right atrial pressure (RAP) and decreased SVI, and group C
were patients with severely reduced RV function. Defining RV dysfunction is an area
of debate, as different studies have used different definitions. We decided that the
clinical consequence of RV dysfunction would be that of backward failure, with in-
creased RAP (and CVP). The cut-off most encountered defining RV failure is a
RAP 210 mmHg, which is the definition of group C. LV dysfunction was defined as
SVI <35 mL/m?, measuted by thermodilution during RHC, considered as the gold
standard for SV assessment.

The notion that group B patients were working against a higher outflow imped-
ance is not obvious in our data. As shown in Fig. 14 in the results, neither MPAP or
PCWP, nor PVR or E,, showed significant difference between group B to C. There-
fore, the reduction in RV longitudinal functional parameters seen in group B might
have another explanation. There is a possibility that group B patients in fact had a
moderately reduced RV function, but this is debatable. The definition of RV dys-
function is the need for an increased (=10 mmHg) RAP in order to maintain RV
output within the normal range [125]. In order to assess this, the RV reaction to
increased RAP, as e.g. by passive leg elevation, would have had to be tested. This
data, however, is lacking in our material. Therefore, itis possible that group B patients
represent a spectrum of RV function, ranging from normal to moderately reduced.

Individual values of SVI versus RAP are plotted and sorted per group in Fig. 17.
Possible Frank—Statling relationship curves are included in the figure with the initial,
curved portions derived from non-linear regression analyses of each group’s SVI and
RAP values. A Frank—Starling curve is a plot relating the SV of a ventricle (in this
case the RV) to altering preloads. It is a curvilinear relationship, where the curve will
flatten out as the ventricle approaches maximal contractility. Reduced contractility
thus produces a more depressed curve. The red line, representing group B, seems to
be intermediate to both group A and C, supporting the idea that group B patients
could indeed have a moderately reduced RV function.

The null hypothesis was, that echocardiographic measurements of RV longitudi-
nal function would not differ comparing group B and C. The consequence of accept-
ing the null hypothesis is, that whenever LV dysfunction is at hand, changes in RV
longitudinal systolic function by echocardiography will not be specific enough for the
differentiation between severely and moderately depressed RV function.
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Figure 17. Scatterplot of individual data from paper IV on SVI and RAP, sorted per group
Curves represent possible Frank-Starling relationships for each group and are modified from a
non-linear regression analysis.

5.4.2 Indices of RV sphericity and adaptation to load

Apart from the longitudinal functional parameters, we also assessed measurements
of RV dimensions and geometry. Potapov et al. has shown that RV sphericity is a
valid measure of RV dysfunction [87]. Their idea is, that a RV exposed to increased
outflow impedance can either adapt to the increased load by increased contractility
(keeping its normal, elongated shape), or it will dilate and become more spherical.
The latter, non-adapted RV will have a high sphericity index, measured as
RVD1/RVD3 >0.57, whete RVD1 equals the RV short axis and RVD3 its long axis.
They found that this parameter alone could identify LVAD patients at risk of devel-
oping post-implantation RV failure.

Another measure of RV adaptation, evolved from the sphericity index, is the
RV load adaptation index (LAIrv), developed by Dandel et al., integrating RV geom-
etry with its generated systolic pressure (see paragraph 3.4.2) [88]. They found that a
value <14 predicted RV failure after LVAD implantation. Unfortunately, in our ma-
terial, neither the sphericity index, nor LAlry, could alone distinguish group B
from C. A possible reason is revealed when analyzing the generated systolic pressure
gradients between the RV and the right atrium (AP), which correlates to VTrg,
(a numerator in the LAlIry formula). In Dandel’s work, the control group had a AP
of 42 mmHg compared to 28 mmHg in the RVF group, whereas mean AP in
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paper IV was 30, 29, and 32 mmHg, respectively for group A—C with no significant
difference between groups. This might suggest that even patients in group A could
have some degree of RV dysfunction.

However, what Potapov and Dandel showed in their studies were, that RV di-
mensions and geometry are strongly correlated to RV function, and their conclusions
are coherent with the findings in paper IV. All RV dimensional parameters included
in our study (except for RV sept) showed significant difference between group B and
C. Apart from isovolumic velocity (IVV) and severe tricuspid regurgitation, the func-
tional parameters, on the other hand, showed no significance between group B and
C. Furthermore, the relation between longitudinal parameters and invasive RV he-
modynamics were weak or non-significant (Table 4 in paper IV).

5.4.3 Clinical implications

The conclusion of this study is consistent with what has been shown both in papers
dealing with RV function in patients with pulmonary hypertension or chronic LV
failure, as well as those studying outcomes after LVAD. The implication is that echo-
cardiographic indices of RV longitudinal function, such as TAPSE, TV §’, FAC, and
RV strain, cannot solely be used without taking RV dimensions and geometry into
account. The reason has probably to do with the significant load-dependence of the
RV, which is much more profound than that of the more muscular LV. On the right
side of the circulation, pressures ate low, and the RV is not designed for pressure
generation. We can look upon the RV as a construction better adapted to vatiations
in flow rather than pressure. Following this line of argument, group B would probably
tolerate the increased flow generated by an LVAD better than group C.

Integrating our findings, we developed a score based on a combination of dimen-
sional, geometrical, and functional parameters that we called the right ventricular fail-
ure (RVF) score (see paragraph 3.4.3). Our intention was that the score should be
strong enough to differentiate severe RV failure (group C) from less pronounced RV
dysfunction (group B). It contains six echocardiographic measurements, that are all
easy to obtain and thus can be used clinically. We saw that the RVF score indeed
showed significant difference between group B and C (p <0.001). Even though RAP
was used as a grouping parameter, it could be argued that the inclusion of CVP in the
score would be inappropriate and impose a biased result. However, it should be noted
that the score contains the non-invasive, estimated CVP from echocardiographic
evaluation, denoted as eCVP, and which is not necessarily equal to invasively meas-
ured RAP.
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Figure 18. Distribution of the six RVF score parameters between paper IV groups

Diagram showing the number of positive parameters in each group, i.e. with values beyond the
cut-off limit for each of the parameters included in the RVF score. TR, tricuspid regurgitation.
Asterisks denote overall between-group significance. **, p <0.010; *** p <0.001.

In Fig. 18, each of the six RVF score parameters are plotted, separated according
to group. Values beyond the cut-off for any of the individual parameters yields one
point for that specific parameter, thus n in the figure represents one point in the
RVF score. A one-way ANOVA for independent measurements showed overall be-
tween-group significance in fout of the six parameters: RV EDA/BSA >12 cm/m?,
RV (free wall) strain > —20%, eCVP 210 mmHg, and severe (grade 3) tricuspid re-
gurgitation. The lack of significance for RVD1/RVD3 RV sphericity index) >0.57
and LAIry <14 is in concordance with what we saw in the individual assessments of
the echocardiographic variables. However, more studies are clearly needed to evalu-
ate the individual contributions of each of the six parameters in a clinical setting,
as well as their respective cut-off values.

To summarize, evaluation of RV function by echocardiography needs to consider LV
function as well. Whenever a patient with LV dysfunction is assessed, we need to
acknowledge that non-invasive measurements of RV longitudinal function cannot be
used in isolation for quantifying RV function. Rather, they have to be assessed to-
gether with measurements of RV dimensions and geometry, as well as with an esti-
mation of CVP and degree of tricuspid regurgitation. Fortunately, all of this can easily
be done by echocardiography.

We could 7ot reject the null hypothesis that echocardiographic measurements of
longitudinal function were similar between groups B and C.
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5.5 Ethical issues

All papers were approved by the University’s Institutional Review Board. The retro-
spective, registry-based paper IV poses few ethical issues. However, the experimental
protocol in papers I-111 needs some attention.

First, patients included in our study had a pulmonary artery catheter (PAC) in-
serted prior to surgery. This is not a standard procedure in our department for AVR
surgery, and obviously impose an additional risk of complications. For instance, in-
sertion of a PAC can cause local bleeding at the puncture site, including a tisk of
accidental arterial puncture. Furthermore, the advancement of the PAC through the
RV imposes a risk of ventricular arthythmias. There are also rare cases where the
balloon at the cathetet’s tip have ruptured the pulmonary artery at inflation. Another
issue is the time needed for placing the PAC, with subsequent prolongation of the
anesthesia time. The latter is only very short in relation to the operation as a whole,
and in my opinion negligible. To reduce the risk of vascular complications, all PAC
insertions were guided by ultrasound and the internal jugular vein was chosen as the
insertion site to reduce the consequences, should a bleeding occur. None of the pa-
tients included in the study had any complications from the PAC.

The placement of atrial pacing wires necessary for the study, as well as the inser-
tion of a TEE probe, are both part of standard care for AVR in our department.

A second issue regards the time needed for the study, in total approximately two
hours, prolonging anesthesia and mechanical ventilation substantially. However, we
saw no adverse effect of this prolongation, and all patients followed standard post-
operative care after the protocol was completed.

A third, perhaps more important issue, is the fact that patients included in papers
1T and III were given an inodilator that they normally would not receive, since their
LV function was normal when included. Especially milrinone have been shown to
increase the risk of post-operative atrial fibrillation. Furthermore, the vasodilation
imposed by both drugs necessitated administration of phenylephrine. The latter,
however, carries few risks and was at the time of the study our first-line treatment of
CPB-induced vasodilation, meaning that most patients would receive it anyway. Also,
we used crystalloid and colloid solutions to compensate for the veno-dilatory effect
of the drugs. The mean volumes of these were 1300 mL of Ringer-Acetate® in the
levosimendan group and 1500 mL in the miltinone group. This excess volume equals
the mean volume that is given in standard care, and has to be seen as a substantial
addition. The mean volumes of colloid were more in line with normal post-operative
need, ranging from zero up to 300 mL of either albumin or hydroxy-ethyl starch
(Voluven®). A few patients received erythrocyte concentrate as part of standard care
according to local guidelines.
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Finally, we raised SAP during the protocol for paper I, to induce an increase in
afterload. Since patients were recently operated upon, we could not increase SAP
without accounting for this. Only one patient had to be excluded from the afterload
analysis because of this restriction in blood pressure.

All patients were followed up on the first post-operative day and none had any
complications.
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6. Conclusions

The main findings of the present thesis were:

II.

II1.

IV.

Left (LV) and right (RV) ventricular shortening (strain), as well as velocities
of systolic shortening and early diastolic relaxation (strain rates) were all de-
pendent on preload. Neither of these variables were afterload-dependent.
Systolic and eatly diastolic strain rates, but not strain, were affected by
changes in heart rate.

In the evaluation of the direct effects of various pharmacological interven-
tions on LV and RV contractility and relaxation, studies must be performed
at maintained preload, afterload and heart rate.

At clinically relevant infusion rates, the direct LV and RV inotropic and
lusitropic effects of two commonly used inodilators, milrinone and levosi-
mendan, were comparable when studied at maintained conditions of pre-
load, aftetload and heart rate.

In patients with left heart disease, the commonly used RV longitudinal func-
tional variables alone, are not specific enough to detect various degrees of
RV dysfunction. Instead, a multi-parametric approach is necessary for cor-
rect assessment of RV function, integrating RV dimensions, geometry, load-
adaptation, and longitudinal function.
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7. Future perspectives

Deformation analysis by speckle tracking echocardiography has been introduced in
standard clinical care during the last two decades and strain and strain rate are today
firmly integrated in the assessment of cardiac function. The development of this tech-
nique is ongoing, and 3-dimensional (3D) imaging is now making its way into clinical
practice, where one application receiving much attention is 3D deformation imaging.
Especially for the RV, this might be a promising new addition to the arsenal, certainly
since the complex 3D shape of the RV makes assessment by 2D echocardiography
complicated. Perhaps 3D deformation imaging can prove to be the major break-
through in assessing RV function? I believe that for the RV, strain and strain rate
might become of relatively greater importance than it has proven to be for the LV.
Still, it has to be remembered that both strain and strain rate are load dependent, as
we have shown, and that this fundamental property of deformation has to be con-
sidered even when adding an extra spatial dimension to it.

A natural follow-up study to this thesis would be evaluating milrinone and levo-
simendan in patients with reduced LV function, using the same protocol as we did in
papers 1I and II1. This could be done on patients with reduced LV ejection fraction
scheduled for coronary artery bypass grafting, and should be focused primarily on
finding differences in inotropic stimulation between the drugs. Still, no other ran-
domized study has compared the two drugs under controlled loading and heart rate.

Further evaluation of the RVF score, as presented in paper 1V, is needed, and
could be done in several ways. In a retrospective design, LVAD patients could be
evaluated in respect to their baseline RVF score before insertion, correlating it with
the development of RV failure after implantation. Alternatively, and perhaps more
stringent, would be to perform this study using a prospective design, including all
patients referred for LVAD evaluation. A problem with the latter approach would be
the relatively low frequency of LVAD insertions, which would necessitate a long
time-frame, spanning over several years, for patient inclusion. A multi-center study
could be an alternative in this respect. Another way to validate the RVF score would
be to perform a longitudinal study on RV function, using the RVF score, in patients
with LV dysfunction over time. In this way, perhaps more knowledge could be gath-
ered on the progression of RV failure in LV disease, gaining more information on
the mechanisms involved.
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Appendices

App. 1. The right ventricular failure (RVF) score

POINTS
RVF SCORE PARAMETERS ForRMULA CUT-OFF
(Oor1)
RV EDA
RV end-diastolic area index T >12 cm?/m?
RV sphericity ind RVD1
sphericity index RVD3 >0.57
RV free wall longitudinal strain >-20%
RV load adaptation index VTIpg X RVD3 <
(LAIry) RV EDA 4
Estimated CVP 210 mmHg
Tricuspid regurgitation >moderate

Each parameter beyond the cut-off value yields one point.
The highest possible score is six points.

In paper IV, we saw that patients referred to group C, whom all had RV failure
(defined as an invasively measured right atrial pressure 210 mmHg), had a median
RVF score of 4 points with an IQR of 3-5. The total IQR for groups A plus B
was 0-2, with medians of 1 and 2 points, respectively.
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App. 2. Conversion table of vascular resistance units

Two different units for vascular resistance were used in the original papers:
e dyn X s/cm® — papers I-111
e Wood units (WU) — paper IV

The units are converted as: 1 WU = 80 (dyn X s/cm?).

In clinical practice, especially PVR is commonly referred to using WU. Furthermore,
in the published results, indexed values are presented in paper II and III
(PVRI and SVRI), while non-indexed PVR and SVR ate used in paper I and IV.

To ease comparison between the four papers’ baseline data, a table is included below,
showing the corresponding (non-indexed) PVR values presented in both units.

In paper I, the mean of C1-C2 is used as baseline, while in papers II-11I1, the mean
of C5-C6 is used (Fig. 10, p. 23). For paper 1V, baseline data from all three groups
are presented.

) . PVR
Paper (baseline point) dyn x s/cmé .
Paper I (C1-C2) 177 22
Papers 11-111 (C5-C6) 188 2.4
Paper IV, group A 150 1.9
Paper IV, group B 145 1.8
Paper IV, group C 206 2.6
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