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ANGLIA RUSKIN UNIVERSITY
ABSTRACT

FACULTY OF MEDICAL SCIENCES

OPTIMISING RV-PA VENTRICULOARTERIAL-COUPLING TO IMPROVE
RV DIASTOLIC FUNCTION IN PATIENTS WITH CARDIOPULMONARY
DISORDERS

RICHARD G. AXELL

FEBRUARY 2017

In recent years, an increasing body of evidence has emerged postulating that right
ventricular (RV) - pulmonary artery (PA) ventriculoarterial coupling may offer insight
into the transition from RV adaptation to RV maladaptation in different cardiopulmonary
disorders and heart failure. RV-PA ventriculoarterial coupling is a matching between
RV contractility (Ees — End-Systolic Elastance) and afterload (Ea — Effective Arterial
Elastance). While ventriculoarterial coupling has been extensively described in the LV
and used to determine optimal conditions for the efficient transfer to blood from the
ventricle into the aorta, it remains unclear whether this relationship can be translated to
the thinner walled RV that pumps at lower pressures against a more compliant
pulmonary vascular system. Therefore, the pressure-volume (PV)-loop studies in this
thesis were undertaken to assess whether ventriculoarterial uncoupling due to
pressure overload or sub-optimal contractility contributed to further RV diastolic
dysfunction.

An in-vivo porcine model of RV-PA ventriculoarterial coupling was developed to define
optimal conditions. This animal model was used to provide insights into two clinical
patient groups that have RV dysfunction due to: i) long-term RV pressure overload in
patients with a clinical diagnosis of chronic thromboembolic disease (CTED) /
pulmonary hypertension (CTEPH); and ii) aortic valve stenosis transmitted by
ventricular interdependence and septal wall reconfiguration in patients treated with
transcatheter aortic valve implantation (TAVI).

The animal model determined an ventriculoarterial coupling ratio at maximal stroke
work (Ees/Eamaxsw = 0.68+0.23) threshold, below which cardiac output and RV stroke
work fell. In the first clinical study this threshold was used to reclassify 25% of a cohort
of patients with CTED or CTEPH. Two patients with CTED were identified with an
EesEa below 0.68 suggesting occult RV dysfunction whilst three patients with CTEPH
demonstrated Ees/Ea=0.68 suggesting residual RV energetic reserve. In the second
clinical study ventricular interdependence phenomena caused septal reconfiguration
and increased RV volumes after valve deployment, due to the reduction in LV
afterload. However, the rapid pacing (RP) protocol used to stabilise the aortic valve
during deployment also caused RP-induced ischemia and stunning. This resulted in the
reduction of Ees and led to Ees/Ea uncoupling and further diastolic dysfunction.

This work has demonstrated that: Low Ees/Ea aligns with features of RV maladaptation
in CTED. Characterization of Ees/Ea in CTED may allow for better identification of
occult RV dysfunction in patients with otherwise normal pulmonary hemodynamics; and
a reduction in Ees following TAVI correlates with increased RV diastolic dysfunction,
due to RP-induced ischemia and stunning.

Key words: Right Ventricle; Diastolic Dysfunction; Ventriculoarterial Coupling; RV
Energetic Reserve; Maximal Stroke Work
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Aims of Thesis

The aims of this thesis were to determine whether:

A ventriculoarterial coupling mismatch causes right ventricular diastolic
dysfunction

A porcine model of right ventricular — pulmonary artery ventriculoarterial
coupling can determine the optimal coupling ratio at maximal stroke work

A ventriculoarterial coupling mismatch causes right ventricular diastolic
dysfunction in patients with pulmonary hypertension

Patients with aortic stenosis undergoing transcatheter aortic valve implantation
have improved right ventricular diastolic function after left ventricular afterload
reduction following valve implantation; due to ventricular interdependence
phenomena leading to changes in left ventricular — right ventricular interaction

through septal wall reconfiguration
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1 A Theory of RV-PA Ventriculoarterial Coupling and RV

Diastolic Dysfunction

1.1 Introduction

William Harvey is considered the father of modern cardiac physiology after he first
deduced the existence of blood recirculation and experimentally demonstrated
pulmonary blood flow (Comtor, 1982) in his monograph titled “Du Motu Cordis”
published in 1628. While the importance of the left ventricle (LV) has long been
accepted; the importance of the right ventricle (RV) in cardiac function has been
debated greatly over the last 400 years. Starr et al. (1943) reported as late as the mid-
twentieth century that the RV had no greater purpose other than to provide a capacitive
reservoir to the pulmonary circulation. In more recent times RV function, or more
specifically diastolic RV function, has been accepted as an important indicator in the

assessment of ventricular dysfunction in heart failure (Riggs, 1993).

The phenomenon of RV diastolic dysfunction was first described in 1993 by Riggs
(1993) and abnormalities in RV diastolic function underlie many pathologies (Cicala et
al., 2002; Dourvas et al., 2004; Florea et al., 2000; Chakko et al., 1990; Habib and
Zoghbi, 1992). However, the underlying mechanisms and precise role of RV diastolic
dysfunction in heart failure remain poorly described and are compounded by imprecise
definitions of diastolic dysfunction; with the term being used to describe many variants
in diastolic pathophysiology and function, such as changes in myocardial relaxation
time (Caso et al.,, 2001), ventricular wall structure (Schwarz and Dashti, 2010),
myocardial stiffening (Schwarz and Dashti, 2010), ventricular wall thickening (Schwarz
and Dashti, 2010), and abnormal ventricular chamber geometry (Schwarz and Dashti,

2010).

Diastolic dysfunction is a mechanical irregularity in the intrinsic properties of the

ventricular muscle function during diastole (Van Herck et al., 2005). However, this
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could be directly or indirectly related to changes in arterial distensibility; attributable to
changes in coronary flow; a passive change in ventricular compliance; or a dynamic
change in ventricular relaxation. RV diastolic dysfunction can be caused by any
combination of abnormalities in RV distensibility (Chin and Coghlan, 2012), RV
relaxation (Chin and Coghlan, 2012), pericardial constraint (Chin and Coghlan, 2012),
and LV distension (Chin and Coghlan, 2012). RV compliance is dependent on
myocardial elasticity (Wauthy et al., 2004), end-diastolic volume (Moon et al., 1997)
and right coronary artery pressure (Moon et al., 1997). An increase in RV pressure
causes increased RV wall stress and dilatation of the ventricle which flattens the inter-
ventricular septum (Guazzi et al., 2012). This shift in septal wall position causes the RV
to become more spherical in structure and impairs LV function. Abnormalities in LV
pressure and end-diastolic volume affect RV diastolic function by limiting RV volume

(Chin et al., 2008; Zeng et al., 2011).

Recent work has postulated that RV- pulmonary artery (PA) ventriculoarterial coupling
may offer insight into the transition from RV adaptation to RV maladaptation (Kuehne
et al., 2004). Simplistically, RV-PA ventriculoarterial coupling is a matching between
RV contractility and afterload (Sunagawa et al., 1984). This can be used to interpreted

RV function and RV adaptation to afterload.

The work set out in this thesis aims to address whether ventriculoarterial coupling
derived from the conductance technique can be used to unlock the mechanisms of RV
diastolic function and give clinical insight into the role of RV diastolic dysfunction in

different cardiopulmonary disorders and heart failure.
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1.2 The Circulatory System

The heart is a pump that propels blood around the body in conduit vessels (Figure 1-1).
The heart is made up of four chambers: the upper chambers, or atria, receive the blood
returning to the heart and transfer it to the lower chambers, ventricles, which then
pump the blood from the heart. The two chambers on the right side send deoxygenated
blood to the lungs (pulmonary circulation). The two chambers on the left side supply
oxygenated blood through arteries to the rest of the body (systemic circulation). The
ventricles contract during systole and relax during diastole. During early diastole
isovolumic relaxation occurs, the pressure within the RV diminishes below pulmonary
pressure, closing the pulmonary valve and opening the tricuspid valve. Rapid RV filling
occurs at the end of isovolumic relaxation during the continued decline in RA pressure
that began during isovolumic relaxation due to the suction mechanism caused by the
pressure gradient across the RV-RA. The RA then actively contracts during the slow
ventricular filling phase to contribute the final 20% of ventricular filling. At the start of
isovolumic RV contraction ventricular pressure increases, exceeding RA pressure and
causing the tricuspid valve to close. The pressure within the RV continues to increase
until it exceeds the pulmonary pressure, forcing the pulmonary valve to reopen and
blood to flow into the pulmonary artery. The blood continues to flow into the PA until
the pressure in the RV falls below pulmonary pressure again and the cycle is repeated

(Figure 1-2).
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The primary purpose of the RV and pulmonary circulation is to deliver blood to the
lungs for gaseous exchange. The pulmonary artery (PA) is a thin elastic vessel that
branches out to support numerous lobar pulmonary arteries, pulmonary arterioles and
alveolar capillaries. Since the gaseous exchange happens within thin, permeable
alveolar membranes, pulmonary pressures must remain low to prevent pulmonary
oedema (abnormal build-up of fluid in the lungs) (Homik et al., 1988). Since the
pulmonary circulatory system is in series with the systemic circulatory system, the
entire cardiac output (CO) has to pass through the lungs. Therefore, the demand on
the RV is considerably different to that in the LV. Not only must the RV deliver a low
pressure, high volume pulmonary circulatory system, it has to be able to buffer
energetic changes in pressure, volume and flow rates due to changes in cardiac

output, respiration and LV haemodynamics.

In routine clinical care, pulmonary vascular resistance (PVR) is used to determine the
afterload experienced by the RV. PVR is defined as the resistance in the pulmonary
vascular bed against which the RV must eject blood. However, PVR is predominately
determined from the small vessel resistance or physical obstruction of the larger
pulmonary vessels and ignores the pulsatile nature of both pressure and flow. PVR can

be determined using the equation:

Equation 1-1

(mPAP — LAP)x 80
co

PVR =

Where mPAP is the mean PA pressure, LAP is the left atrial pressure and CO is the
cardiac output. While the pulsatile nature of PA load is low in health, the pulsatile load
may be amplified in different disease states such as pulmonary embolism (Castelain et
al., 2001) and septic shock (Lambermont et al., 1999). In this way, full characterization
of the resistance to blood flow in the pulmonary circulation can only be determined

from combined parameter models such as the windkessel model (Grant and

Page 7



Paradowski, 1987), which encompass all three major components: PVR; pulmonary
artery compliance; and dynamic inductance. Compliance describes the elastic
properties of the vessel, defined as the ratio of volume to pressure change. These
elastic vessel properties buffer blood flow during RV ejection, which helps to reduce
the overall pulmonary artery pressure exposed to the distal vasculature. Inductance
describes the dynamic response of the vessel as it adapts to changes in the blood flow

through the vessel due to the relative mass and inertia of the blood.

In this thesis, the conductance technique will be used to confirm effective arterial
elastance (Ea), defined as the ratio of end-systolic pressure to stroke volume, as a
combined parameter model of pulmonary afterload. This has been well characterised in
experimental models of the systemic (Sunagawa et al., 1983) and pulmonary

(Morimont et al., 2008) circulation.

1.3 The Right Ventricle

The normal RV is a complex geometrical shape (Dell'ltalia, 1991). The RV is described
in terms of three anatomical components (Figure 1-3A): an inlet made up of the
tricuspid valve, chordae tendineae and papillary muscles; a coarse trabeculae
myocardium; and an outflow tract or conus extending from the pulmonary valve (Goor
and Lillehei, 1975; Ho and Nihoyannopoulos, 2006). The normal RV free wall contracts
in a peristaltic movement, starting at the base and apex and finishing at the outflow
tract (Dell'ltalia, 1991). There is a delay of approximately 25 — 50 ms between the start
of the contraction at the inflow to outflow tract regions (Dell'ltalia, 1991) and the outflow
tract remains contracted longer. The RV muscle fibres predominantly shorten in the
long axis during contraction, a small inward motion of the free wall ejects the same

stroke volume as the LV.
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R
Outlet.

Figure 1-3 (A) Pathological specimen of the RV with the free-wall removed to show the three
anatomical regions. (B) Pathological specimen of the heart cut transversely to show the crescent
shape of the RV. Taken from Warnes (2009)
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In contrast to the LV that couples with the systemic circulation, the RV is coupled to the
pulmonary circulation, which under normal loading conditions has a lower vascular
resistance and higher arterial distensibility (Dell'ltalia, 1991). Therefore, in health the
RV pressures are much lower than LV pressures (Zipes and Braunwald, 2005); the RV
chamber remains concave towards the LV during both systole and diastole (Figure
1-3B); and the RV has a thin ventricular free wall that has a muscle mass
approximately one-sixth of the LV (Dell'ltalia, 1991). Connections between the muscle
fibres of the RV and LV tether the ventricles together through the inter-ventricular
septum. Septal wall reconfiguration, along with the effect of the pericardium causing
pericardial constraint (which in health contributes 70% of RV diastolic function), has an
impact on the diastolic phenomenon known as ventricular independence (Dell'ltalia,
1991; Brookes et al.,, 1998). The size, shape and compliance of one ventricle can
directly affect the size, shape and haemodynamic function of the contralateral ventricle
(Santamore and Dell'ltalia, 1998a), caused by ventricular-ventricular interactions,
through septal wall motion reconfiguration assuming minimal free wall motion caused
by pericardial constraint. The muscle fibres of the RV free wall are orientated
transversely and squeeze the blood within the ventricle in a circumferential
compression motion (Saleh et al., 2006). The inter-ventricular septum is formed of an
ascending and descending apical loop of obliquely orientated muscle fibres (Torrent-
Guasp et al., 2001), which continue to form the LV free wall. Therefore, the higher LV
pressures and oblique orientation of the septal muscle fibres means the septal twist
and shortening during contraction accounts for a significant proportion of the RV

ejection force during systole.

1.4 The Assessment of RV Diastolic Dysfunction

The detailed assessment of the RV contractile performance is challenging due to the
complex geometric shape of the RV structure. Since the pulmonary circulation is
fundamentally different to the systemic circulation, the contractile performance of the
better characterised LV is not transferrable to the RV (Bellofiore and Chesler, 2013).
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Clinical RV diastolic dysfunction can be assessed non-invasively using imaging
techniques such as Echocardiography (Chakko et al., 1990; Zimbarra Cabrita et al.,
2013) and Cardiac Magnetic Resonance (CMR) (Kilner, 2011; Kilner et al., 2010); and
invasively using Radionuclide Angiography (Davlouros et al., 2006), Right Heart
Catheterisation (RHC) (Kolb and Hassoun, 2012) and Conductance Catheterisation

(McKay et al., 1984; McCabe et al., 2014).

1.41 Non-Invasive Assessment of RV Diastolic Dysfunction

1.4.1.1 Echocardiography

Echocardiography is a non-invasive ultrasound assessment technique that can be
used to assess RV function (Davlouros et al., 2006). Typically RV volume is assessed
in comparison to the LV, described as either normal, mildly, moderately or severely
enlarged (Warnes, 2009). The complex geometrical shape and trabeculated internal
structure of the RV, combined with the long- and short-axis measurement techniques
(Lai et al., 2008), mean the mathematical modelling assumptions that are needed to
quantify LV volume and function from 2D echocardiography are based on geometric
assumptions that do not translate to the RV (Warnes, 2009). The continued
improvement of real-time 3D echocardiography allows volumes to be calculated which
are comparable with the gold standard MRI-derived volumes (Leibundgut et al., 2010).
However, limitations with defining the endocardial border of the thin walled RV means

those volumes are typically smaller than those derived by MRI (Danton et al., 2003).

2D echocardiography can be used to measure septal wall motion, with the LV
eccentricity index (LVEI) being a measure of ventricular interdependence (Ryan et al.,
1985). The LVEI describes the geometrical relationship between the LV and RV (Ryan
et al., 1985). The LVEI is calculated by dividing the distance between the inferior to the
anterior free wall, by the distance between the septum to the lateral free wall (Ryan et
al., 1985; Wilkins et al., 2005). An El > 1 is considered abnormal and geometrically
describes a D-Shaped LV (Wilkins et al., 2005). Spectral Doppler echocardiography
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can be used to diagnose RV diastolic dysfunction by performing measurements on the
flow across the tricuspid valve (Chakko et al., 1990). Characteristically two waves are
seen on the spectral Doppler trace; the passive pre-load filling of the ventricle (E-
wave); and the active filling with atrial systole (A-wave). In the normal RV, the E-wave
velocity is greater than the A-wave velocity. An E/A ratio < 1 is abnormal indicating
slow filling and RV diastolic dysfunction. The E/A ratio can be termed pseudo-
normalized where the E/A ratio appears to be normal, however, by performing a
Valsalva manoeuvre and repeating the measurements the irregular relaxation pattern
can be unmasked. Tissue Doppler Imaging (TDI) can be used to measure the RV
Isovolumic Relaxation Time (IVRT), a measure of diastolic function. The RV IVRT is
the time interval between the closure of the pulmonary valve and the opening of the
tricuspid valve. An RV IVRT >75ms is considered abnormal (Zimbarra Cabrita et al.,
2013). RV IVRT has been shown to correlate well with pulmonary arterial systolic
pressure (Zimbarra Cabrita et al., 2013). Tricuspid annular plane systolic excursion
(TAPSE) represents the distance of systolic excursion of the RV annular plane to the
RV apex. It is obtained using M-Mode aligned through the triscupid lateral annulus in a
four-chamber view and measuring the longitudinal displacement at systole. In the
normal RV TAPSE should be greater than 15-20 mm (Jurcut et al., 2010), and has
been shown to correlate well with isotopic RV ejection fraction (Kaul et al., 1984). RV
fractional area change (FAC) expresses the percentage change in RV area between
end-diastole and end-systole. It has been shown to have a good correlation with MRI-
derived RV ejection fraction (Morcos et al., 2009). The main limitation when calculating
RV FAC is the need for good endocardial boarder delineation, which can be
challenging in the trabeculated RV. All echocardiographic measures of RV function are
load-dependant. Therefore, measurements made on different occasions can be difficult

to correlate and interpret correctly.
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1.4.1.2 Cardiac Magnetic Resonance Imaging

Cardiac Magnetic Resonance (CMR) is considered the gold standard technique for
non-invasively assessing RV mass, volume and ejection fraction (Kilner, 2011; Kilner et
al., 2010); and has been shown to correlate well with disease severity (van Wolferen et
al., 2007). However, coarse trabeculations and difficulties in defining the endocardial
border can make this difficult (Niemann et al., 2007; Winter et al., 2008), leading to
considerable inter- and intra-operator variability in the precision of the measurement of
RV function (Sheehan et al.,, 2008). CMR also excludes patients with metallic
implantable devices and has a relatively high cost when compared with other functional
imaging assessment techniques (Babu-Narayan et al., 2005). Limits on the spatial
resolution of the CMR image acquisition process means the images have to be
processed offline and do not provide a beat-to-beat real-time assessment of RV size
and function. Currently, novel applications only extend as far as calculating mean

pressures (Reiter et al., 2008).

1.4.2 Invasive Assessment of RV Diastolic Dysfunction

1.4.21 Radionuclide Angiography

Radionuclide Angiography was first developed over 50 years ago (Folse and
Braunwald, 1962) and once considered as the gold standard technique for assessing
RV function (Davlouros et al., 2006). Radionuclide Angiography has all but been
replaced by newer non-invasive methods like echocardiography and CMR (Vogel et al.,
1997; Pignatelli et al., 2003; Samyn, 2004). This replacement of Radionuclide
Angiography is mainly due to the invasive nature of the technique, the requirement of a
potentially significant dose of ionising radiation and contrast agents (Davlouros et al.,
2006); and the fact it is not as accurate as the other non-invasive methods (Davlouros

et al., 2006).
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1.4.2.2 Right Heart Catheterisation

Right Heart Catheterisation (RHC) remains the gold standard assessment technique
for pulmonary and RV pressures (Kolb and Hassoun, 2012). An increased pressure in
the RV is often associated with RV dilatation that causes the septum to shift towards
the LV causing LV diastolic dysfunction. The RHC can measure load-dependent
indices of RV function such as the time constant of diastolic relaxation (tau) (Weiss et
al., 1976; Raff and Glantz, 1981; Matsubara et al., 1995) and the first derivative of RV
Pressure (dP/dt min) (Bachman et al., 2013). Both are load-dependent, and cannot

assess how the ventricle is coupled with the pulmonary vasculature.

1.4.2.3 Conductance Catheterisation

The Pressure-Volume (PV)-loop derived by a conductance catheter is a sensitive
invasive measure of LV (Baan et al., 1984) and RV function (McKay et al., 1984).
However, due to the cost of the equipment, invasive nature of the procedure and
technical complexities in the measurement technique it is currently limited to a
research setting. The significant clinical contribution of the conductance catheter to RV
function is the real-time beat-to-beat assessment of simultaneous ventricular pressures
and volumes. The RV PV-loop (Figure 1-4) can be interrogated to determine systolic
and diastolic properties of myocardial performance. Typically the RV PV-loop is
triangular in loop morphology as the ejection of blood from the ventricle continues
during pressure decline within the ventricle due to the increased compliance of the
pulmonary vasculature structure. The PV-loop can also offer a load-independent
measure of RV contractility and compliance, currently unobtainable by other invasive
and non-invasive methods (Kass et al., 1986; Kass et al., 1988). This load-independent
measure is obtained by collecting a family of PV-loops while altering the pre-load on
the ventricle, typically achieved by an Inferior Vena Cava (IVC) balloon occlusion (Kass
et al.,, 1986; Kass et al., 1988). Conductance theory is described in detail in Section

2.3.
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Figure 1-4 The normal RV PV-loop derived from the conductance catheter technique.
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1.5 Factors Affecting RV Diastolic Dysfunction

Three main factors that have been independently described which could have an effect
on RV diastolic dysfunction: Coronary Flow Reserve, Ventricular Interdependence and

Ventriculoarterial Coupling.

1.5.1 Coronary Flow Reserve

Coffman and Gregg first described the concept of Coronary Flow Reserve (CFR) 1960,
where the coronary circulation was described to have a maximal hyperaemic blood
flow capacity (Coffman and Gregg, 1960). At rest, coronary flow depends on
myocardial oxygen demand which is affected by heart rate (Ramanathan and Skinner,
2005), ventricular contractility (Ramanathan and Skinner, 2005) and ventricular load
(Ramanathan and Skinner, 2005). Coronary flow at rest when the myocardial oxygen
demand is constant is within the limits of autoregulation and can be considered
independent of perfusion pressure (Rigo, 2005). During hyperemia there is an increase
in microvascular volume and myocytes adjacent to these vessels are stretched,
opening stretch-activated calcium channels, causing calcium influx and augmentation
of calcium-dependent myofibrillar contractility, known as the Gregg effect (Gregg,
1963). Reactive hyperaemia is an augmentation of coronary flow due to coronary
vasodilatation to repay the oxygen debt (Heyndrickx et al., 1975). In a model of LV
supply ischemia (Hoole et al., 2010) this hyperemic response masks stunning in the
early phase of reperfusion (Stahl et al., 1986). Interestingly, diastolic dysfunction
remains depressed during this period and this may be due to a scaffold effect from
distended coronary and collateral vessels during hyperemia that stiffens the ventricular
cavity (Hoole et al., 2010). At maximal microvascular dilation, coronary flow can no
longer be considered autoregulated, and coronary flow varies linearly with perfusion
pressure (Rigo, 2005). CFR is the difference between the basal coronary flow during
the autoregulation plateau and the hyperaemic coronary flow during maximal
microvascular dilation (Rigo, 2005). Therefore, CFR is expressed by the ratio between
basal and hyperaemic coronary flow. Since the hyperaemic coronary flow is linearly
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related to perfusion pressure, CFR can also be expressed as the relationship between
instantaneous maximal coronary diastolic flow and pressure (Mancini et al., 1989; de
Bruyne et al., 1996), measured using invasive Doppler and pressure wires. The normal
range for CFR, when measured with Doppler catheters, is 3.5 to 4.5 (Marcus et al.,

1987), and is clinically considered abnormal < 2.0 (Westerhof et al., 2006).

Clinically, CFR is a useful tool for understanding basic physiological function (De Rosa
et al., 2011); interpreting the effects of structural (De Rosa et al, 2011) and
pharmacological (Galderisi and D'Errico, 2008) interventions on coronary flow. CFR
has been demonstrated as a sensitive marker for patient outcome, with
echocardiographic studies showing that preserved CFR in the Right Coronary Artery
(RCA) predict a favourable patient outcome (Cortigiani et al., 2009), whereas an
impaired or reduced CFR is a predictor of dysfunction and worse patient outcome
(Cortigiani et al., 2009; Rigo et al., 2011). Although little work has been completed to
look at the effect of CFR on the RV function, studies have demonstrated links between
impaired CFR and LV diastolic dysfunction (Galderisi et al., 2001; Galderisi et al.,
2002; Teragaki et al., 2003). Galderisi et al. (2008) demonstrated that decreased CFR
is associated with impaired relaxation and increased filling pressures; thus, reduced
CFR is independent of LV geometry and pre-load. Patients with diabetes mellitus have
a reduced CFR, which may cause myocardial ischemia due to a disturbance of
coronary microcirculation and lead to LV diastolic dysfunction (Strauer et al., 1997;
Kalkan et al., 2013). However, this is further complicated as the coronary flow velocity
waveforms differ between the RCA and LCA (Hadjiloizou et al., 2008), so the studies
on CFR and LV diastolic dysfunction may or may not be transferable to the RCA and

RV diastolic dysfunction.

1.5.2 Ventricular Interdependence
Bernheim (1910) first demonstrated the concept of ventricular interdependence in

1910, where RV function was shown to be compromised by compression of the RV
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through dilation of the LV. Subsequently, Henderson and Prince demonstrated that RV
filling was influenced by LV function in 1914 (Henderson, 1914). There is not a
functional left- and right-sided septum, hence abnormalities in LV or RV function
directly affects the contralateral ventricle and vice versa. Ventricular interdependence
means that the dysfunction of one ventricle will lead to the dysfunction of the
contralateral ventricle and eventual heart failure. An increase in ventricular dysfunction
will result in an increase in the end-diastolic pressure and cause the septum to bow
towards the contralateral ventricle in the presence of an intact pericardium (Saleh et
al., 2006). This geometrical change in chamber orientation directly affects the
orientation of the septal muscle fibres and will reduce the contribution of septal
contraction to the overall contraction of both ventricles (Saleh et al., 2006). LV
dysfunction can alter the geometry of the two ventricles and the position of the septal
wall and may cause RV contraction to be predominantly provided by weaker
contraction of the RV free wall. Clinical echocardiographic studies of patients with
aortic stenosis (Efthimiadis et al., 1999) and those with systemic hypertension (Chakko
et al.,, 1990; Cicala et al.,, 2002), have shown that the subsequent increase in LV
pressures can lead to RV diastolic dysfunction. Similarly, clinical echocardiographic
studies in patients with hypertrophic cardiomyopathy (Efthimiadis et al., 2002) and
those with RV hypertrophy (Kitahori et al., 2009) have shown elevated RV pressures

have been reported to cause LV diastolic dysfunction.

The ability to use the conductance catheter simultaneously to derive PV-loops in the
LV and RV could feasibly allow for the critical analysis of LV-RV interaction in many
clinical pathologies (Faber et al., 2006). Therefore, this may offer new therapeutic
approaches for the treatment of RV dysfunction, e.g. by treating and improving LV
function ventricular interdependence should reduce the inter-ventricular load on the RV

and subsequently improve RV function.
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1.5.3 Ventriculoarterial Coupling

Sunagawa et al. (1983) first described the concept of ventriculoarterial coupling in 1983
using an isolated canine heart model and is fundamental to the correct interpretation of
RV function. To understand ventriculoarterial coupling in the RV, we must first consider
the normal healthy LV, coupled to the aorta. During systole, the aorta acts as an
energy reservoir and delivers energy back to the LV during diastole. Effectively, all the
energy expended during the pulsatile contraction of the LV is converted into flow
energy due to the elastic recoil of the aorta (Yaginuma et al., 1985; Sasayama and
Asanoi, 1991) hence, the LV can be considered to be well coupled with the aorta. The
normal healthy RV is coupled with the pulmonary vascular structure, but the coupling is
more complex than with the aorta. The pulmonary artery is a relatively short elastic
proximal vessel that branch early into the pulmonary trunk. This relatively short elastic
proximal portion of the pulmonary vessels means that 25-40% of the energy expended
during the pulsatile contraction of the RV is not converted in to flow energy due to the
restricted elastic recoil of the pulmonary vessels (Grignola et al., 2007; Saouti et al.,
2010). Further stiffening of the pulmonary vessels will increase the afterload on the
ventricle, increasing the systolic pressure (Chen et al., 1998) and will cause

abnormalities in diastolic relaxation times and pressures (Leite-Moreira et al., 1999).

Although non-invasive Echocardiography and CMR are widely accepted as the clinical
standard for the assessment of RV function they cannot provide a load-independent
beat-to-beat assessment of RV contractility. An assessment of ventriculoarterial
coupling cannot be performed using non-invasive methods without making
assumptions about pressures and volumes. Load-independent assessment can be
provided from interrogating the PV-loop measured using a conductance catheter. This
was first performed in the RV by McKay et al. (1984), where they successfully used the
Valsalva manoeuvre to collect a family of loops from which the load independent

parameters could be calculated. The ventriculoarterial coupling ratio is defined by the
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relationship between the End-Systolic Elastance (Ees) and the Effective Arterial

Elastance (E,):

Equation 1-2

Ventriculoarterial — Coupling Ratio = &

es
The E,; of the RV is defined by as the slope of the end-systolic pressure volume
relationship (ESPVR). The ESPVR can be measured by obtaining a family of loops
from a preload reduction, routinely performed by an inferior vena cava (IVC) balloon
occlusion. E, is a steady state parameter which offers an assessment of RV afterload
that incorporates the principal elements of the windkessel model of the pulmonary
vascular bed (Sunagawa et al., 1983; Sunagawa et al., 1985). The PV-loop derived

from a conductance catheter allows E, to be calculated from the ratio of End-Systolic

Pressure (P,s) to Stroke Volume (SV):

Equation 1-3

The ratio between E,¢ and E, describes the energetic efficiency of the energy transfer
between the RV and pulmonary vasculature. Typically a normal coupling ratio is close
to 1.0; the RV and pulmonary vessels would be considered uncoupled if the E,;/E,

ratio was anything less than or greater than 1.0 (Kawaguchi et al., 2003).
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1.6 Translating Sunagawa’s Theory of Ventriculoarterial Coupling

to the RV

Sunagawa et al. (1987) deconstructed the circulatory system into four major
components (left heart - systemic vascular bed; right heart - pulmonary vascular bed)
in a bilaterally coupled system (Figure 1-5) (Sunagawa et al., 1984). The cardiac output
(CO) through each of the functional blocks (systemic and pulmonary) were calculated
from the pressure across the inflow and outflow. The CO of the left heart - systemic

vascular bed, CO,, was defined by:

Equation 1-4

COs = K (Pra:Pla)

Where F; is the systemic flow, B., is the mean right atrial pressure and P, is the mean
left atrial pressure. In the same way, the CO of the right heart - pulmonary vascular

bed, C0,,, was defined by:

Equation 1-5

COp = Fp (Prar Pla)

Where E, is the pulmonary flow. Since the CO through both the systems must be

identical, the closed-loop CO was determined from the equilibrium flow when F; = E,.
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Figure 1-5 The four major components of the circulatory system in a bilaterally coupled system,
taken from Sunagawa et al. (1984)
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The coupling between the ventricular and arterial systems was then characterised
using the ESPVR. Since ESPVR is a sensitive load-independent marker of contractility,
the relationship between left ventricular end-systolic pressure (P,5) and stroke volume

was defined by:

Equation 1-6

Pos = Egs (Ved i VO)

Where E,; is the slope of the ESPVR, V,,; is end-diastolic volume, and V, is the volume
axis intercept of the ESPVR slope. Therefore, for a given V,,;, P.¢ varies linearly and
inversely with SV (Figure 1-6), so the ventricular system could be characterised in

terms of a P,¢- SV relationship.
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Figure 1-6 Characterising the left ventricular and arterial system in terms of end-systolic pressure
to stroke volume, the intersecting stroke volume represents the point where the ventricle is

coupled to the arterial system, taken from Sunagawa et al. (1983)
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The arterial system was also characterised in terms of a P, - SV relationship.
Graphically both systems are coupled at the intersection between the two lines (Figure
1-6). The relationship between the mean arterial pressure (MAP) and mean arterial

flow (F,) was defined by:

Equation 1-7

MAP = R;F,

Where R; is the total arterial resistance. From the assumption that P, equals MAP and
F, can be estimated with SV divided by the cycle length of cardiac contraction (T), the

P,s was defined by:

Equation 1-8

Therefore the slope of the P.¢- SV relationship, more commonly termed the effective

arterial Elastance (E,), could be approximated by:

Equation 1-9

Expermentally, Sunagawa et al. (1984) used a working heart perfusion model to isolate
LV ejection against fixed arterial resistances (afterload) and demonstrated a high
correlation (r = 0.999; P < 0.001) between R;/T and the PV-loop derived E, .
Therefore, E, can be estimated using the P,;- SV relationship with a high level of
accuracy by dividing the total arterial resistance by the duration of one cardiac cycle.
The slopes of the P,¢- SV relationships have the units of volume elastance (mmHg / ml).
The arterial system is treated as an elastic chamber with effective arterial elastance
(E,) and the ventricle is treated as an elastic chamber with end-systolic elastance (E,;).
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The arterial elastance is not a direct measure of the physical elastance or compliance
of the arterial system. Rather it is termed the effective arterial elastance as it changes
more in terms with physical arterial resistance then arterial compliance. Characterising
the arterial and ventricular systems in terms of the P,;- SV relationship allows the
determination of the intersecting SV that would result in a coupled ventricular-arterial

system, derived from Equation 1-6 and Equation 1-8:

Equation 1-10

Ees (Ved - VO)

SV =
(EES + Ea)

After predicting the equilibrium SV when the ventricle is coupled to the arterial system,
it is possible to determine how much blood volume will be transferred from the first
elastic chamber (left ventricle — with a known volume elastance and initial volume) to
the second elastic chamber (arterial system - with a known volume elastance). The
distribution of blood volume between the two chambers is determined by the ratio of
the volume elastance values or more commonly termed the ventriculoarterial coupling

ratio (E.s/Eg).

Sunagawa et al. (1987) developed a simplified graphical approach of using the
pressure-volume relationship to describe the ventriculoarterial coupling ratio in terms of
changes in arterial resistance (afterload), end-diastolic volume (preload) and
contractility on stroke volume. His work demonstrated that the fundamental concept of
ventriculoarterial coupling could be graphically represented using the end-systolic
pressure and ventricular volume plane (Figure 1-7) rather than needing to measure the
arterial system directly (Figure 1-6). In this graphical representation, Line A is the slope
of the arterial ESPVR, E,, and is determined by connecting a straight line between the
end-systolic pressure point on the PV-loop with the volume axis intercept, the end-
diastolic volume. Line B is the slope of the ventricular ESPVR, E,;, which can be

determined by plotting a family of PV-loops during a change in preload, typically
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determined from a preload reduction. Line B has a volume intercept V. Graphically, the
intersecting point between the arterial and ventricular ESPVR lines, A and B
respectively, determines how the ventricle is coupled with the arterial system. The
stroke volume is the difference between the end-diastolic volume and end-systolic

volume.
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Figure 1-7 The graphical representation of LV ventriculoarterial coupling taken from Sunagawa et
al. (1987)
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Sunagawa et al. (1987) then demonstrated how this graphical approach could be used
to observe how changes in arterial resistance (afterload), end-diastolic volume
(preload) and contractility affect stroke volume and subsequently influence the
ventriculoarterial coupling parameters. Figure 1-8A shows the effect of varying
afterload (arterial resistance) while maintaining a constant preload and contractility.
Since E, can be estimated from Ry/ T, increasing the arterial resistance (Red)
increases the slope of the arterial ESPVR (E,). Hence, the SV decreases as the
intersection between the arterial and ventricular ESPVR moves to the right.
Conversel