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Summary 

The importance of quantifying right ventricular (RV) function has become clear in 

recent years. Following adult cardiac surgery right ventricular dysfunction has 

emerged as a significant cause of morbidity and mortality, particularly after 

transplantation and during left ventricular (L V) assist device support. In the field of 

congenital heart disease, which has undergone rapid development in the last 20 years, 

many of the anatomical defects and corrective procedures directly involve the right 

ventricle. Furthermore the successful therapy for hypoplastic left heart syndrome has 

provided a group of patients in whom the right ventricle is the only pumping chamber 

[l] . 

Twenty-five years ago Hiroyuki Suga [2] described the active and passive 

properties of an isolated left ventricle as constants that relate pressure to volume 

during systole and diastole and proposed the model of "time-varying elastance". One 

success of this approach has been the development of contractile indices that are 

generally independent of loading conditions. These indices, Emax, preload recruitable 

stroke work index and dP/dtmax-end-diastolic volume have been used extensively in 

the assessment of left ventricular function in clinical and experimental studies. 

However, the evaluation of right ventricular pump performance is confounded by its 

complex geometry, which precludes an accurate volume determination using currently 

available imaging techniques. Furthermore indices developed for L V assessment may 

not be applicable in the quantification of right ventricular function because of the 

major anatomical and physiological differences between the two chambers. 

This thesis records my research work on assessment of right ventricular 

function using the conductance catheter method to measure real-time continuous right 

ventricular volume. The initial part of the thesis, chapters 2 and 3, deals with the 
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accuracy and limitations of the conductance method in measuring right ventricular 

volume. In chapter 2 conductance-derived right ventricular volumes are correlated 

with "real" volume in an excised porcine heart. Chapter 3 deals with the conductance 

method in the intact circulation and specifically examines the role of right ventricular 

parallel conductance (a major limitation of the method) in this situation. 

The second part of the thesis involves quantifying right ventricular contraction 

in the pressure-volume plane. In chapter 4, RV contractility is determined using 

analysis of multiple pressure-volume loops over a loading range; the effect of altered 

inotropic conditions on RV systolic function is examined. Finally, chapter 5 deals 

with the effect of isolated RV infarction on right and left ventricular function, and the 

effect of partial unloading by a cavo-pulmonary shunt. 
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The Right Ventricle 

Anatomy 

The muscle mass of the right ventricle is approximately 1/6 that of the left 

ventricle, forming a crescent shape chamber comprising a sinus (body) and an outflow 

tract in contrast to the spherical left ventricular cavity. Despite markedly different 

muscle mass and chamber geometry, both ventricles are bound together by four 

spiralling muscle bundles (superficial bulbarspiral, superficial sinus spiral, deep sinus 

spiral and deep bulbar spiral muscles). The muscle layers in the sinus portion of the 

right ventricle are continuous with the superficial layers of the left ventricle, whereas 

the deeper layers are in continuity with the inter-ventricular septum. Thus dissection 

of the myocardium reveals a continuous set of muscle pathways extending from the 

aorta in the figure of eight around the left ventricle and subsequently around the right 

ventricular free wall, from the posterior inter-ventricular septum junction to the 

pulmonary artery encircling the outflow tract [3] . 

The two portions that comprise the right ventricular chamber are 

embryologically distinct. The bulbus cordis is present as a separate chamber distal to 

the common ventricle in developing vertebral embryos [4]. In the left ventricle the 

bulbus cordis disappears but in the right ventricle it becomes incorporated into the 

chamber and thus forms the infundibulum. Physiologically, contraction of the right 

ventricle is peristaltic like, commencing in the body and spreading towards the 

infundibulum, with the infundibulum contracting later (approximately 25-50 msec) 

and remaining contracted for longer than the body of the right ventricle [5]. This 

peristaltic action may be prolonged by vagal stimuli and abolished by Adrenaline and 

sympathetic stimuli. The conus also acts as a resistor preventing the higher pressures 
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in the body of the right ventricle being transmitted to the pulmonary circulation. The 

body and the conus are separated by the crista supraventricularis, which divides these 

two areas into anatomically and physiologically distinct portions of the right ventricle. 

The inflow and outflow potions of the right ventricle are separated by four 

muscular bands: the septal band, moderator band, parietal band and the conal septum. 

The conal or infundibular septum separates the pulmonary valve from the aortic and 

tricuspid valves, and is smooth walled. Laterally, to the right, the infundibular septum 

merges with the right ventricular free-wall immediately beyond its attachment to the 

membranous septum and this is called the parietal extension (band) of the conal 

septum. The infundibular septum and the parietal band are referred to as the crista 

supraventricularis. Medially the conal septum merges with the bifurcation of the 

septal band (into anterior and posterior limbs) or the trabecular septomarginalis. The 

septal band extends inferiorly to become continuous with the moderator band, a 

prominent trabeculation running from the septum to the free wall. 

The junction between the outlet and the sinus (trabecular) portions of the right 

ventricle is clearly demarcated only along the lower margin of the outlet portion of the 

septum. This incomplete muscular ridge comprising the conal septum, panetal band, 

moderator band and septal band forms a natural line of division between the posterior 

inferior sinus portion and the anterior superior outlet portion of the ventricle. It is in 

this area that ventricular septal defects most commonly occur; the morphology of the 

area gives rise to the term cono-ventricular for these defects. 

The papillary muscle arrangement supporting the three leaflets of the tricuspid 

valve differs from the left ventricle. There is a large anterior papillary muscle, which 

attaches to the anterior free wall and fuses with the moderator band. Posterior 

papillary muscles attach partly to the posterior free wall and partly to the septum, the 
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lowermost of which attaches to the septal band and the uppermost attaches to the 

posterior limb of the septal band and is called the muscle of Lancisi (or muscle of 

Luschka). 

Blood supply 

The right coronary artery usually supplies all of the right ventricular free-wall 

except the anterior margin which is supplied by the left anterior descending artery [6]. 

In less than 10% of hearts posterolateral branches of the left circumflex coronary 

artery supply a segment of the posterior RV. The conus/anterior free wall portion of 

the RV is supplied by the canal artery, which has a separate origin from the right 

sinus of Valsalva in 30% of cases. Therefore, following acute right ventricular 

myocardial infarction the conus is usually not involved in the injury process as ostial 

occlusions are very rare. In the normal human and canine circulation right coronary 

flow to the right ventricle is approximately equal in systole and diastole, whereas 

phasic distribution of coronary flow in the L V is primary diastolic. Kusachi et al 

studied the comparative oxygen consumption of the right and left ventricles in an 

open chest canine model [7]. As one might expect myocardial oxygen consumption 

(MV02) of the right ventricle is approximately V2 that of the LV and the right coronary 

blood flow was lower per 100 grams of right ventricular tissue than the left ventricle. 

When oxygen demand increases with increasing ventricular contraction induced by 

pacing and inotropic stimulation, this is met by increasing coronary blood flow in the 

left ventricle and in the right ventricle by both increased coronary blood flow and 

oxygen extraction. These unique features of the right coronary artery physiology and 

right ventricular MV02 may provide some explanation as to why the incidence of 

significant right ventricular dysfunction in patients who sustain inferior myocardial 
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infarction is less than 10% [8]. The lower oxygen demand and ability to increase 

oxygen extraction may serve as a protective mechanism in acute right coronary 

occlusion. 

Finally, despite all the aforementioned anatomical peculiarities that 

differentiate the right from the left ventricle, the ultra structural unit of contraction -

the sarcomere- is still the same. However, there are some minor differences when 

compared with the left ventricle. Leyton et al analysed the relation of the sarcomere 

length to diastolic pressure and volume in the right ventricle [9]. They reported that 

the right ventricle required a lower filling pressure to reach the same sarcomere length 

compared with the left ventricle. However the apex of the length action tension curve 

corresponds to a sarcomere length of approximately 2.2 microns for both ventricles. 

This is achieved at a lower diastolic filling pressure in the RV (7-10 mmHg) than the 

LV (15 mmHg). Therefore, the more compliant sarcomere length-pressure curve is in 

keeping with the known RV chamber properties of larger operating volumes at lower 

pressure compared with the left ventricular chamber. 
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Right ventricular pathology 

Clinically dysfunction of the right ventricle can result from volume overload, 

pressure overload and ischemia [10]. 

Right ventricular volume overload 

Right ventricular volume overload occurs with longstanding tricuspid 

regurgitation [ 11] and atrial septal defect. Tricuspid regurgitation can result from 

intrinsic valve abnormalities such as Ebstein's syndrome or secondary to chronically 

elevated right ventricular pressure due to left ventricular failure or primary pulmonary 

hypertension. 

The atrial septal defect (ASD) is one of the commonest congenital cardiac 

abnormalities in adults. There are several types of ASD, the most common being 

ostium secundum type with sinus venosus and ostium primum defects occurring less 

often. The magnitude of the shunt in the ASD is dependent on the size of the defect, 

the relative compliance of each ventricle and the relative resistances of both the 

pulmonary and systemic circulations. Left to right shunting occurs primarily in late 

ventricular systole and early diastole with augmentation during atrial systole. The 

shunt results in diastolic volume overloading of the right ventricle and increased 

pulmonary blood flow . The shunt associated with an ASD is usually not apparent in 

early life. In the normal foetus, pulmonary vascular resistance is high and the venous 

blood is preferentially shunted to the systemic circulation via the foramen ovale and 

the ductus arteriosus. Both these structures close after birth. As the pulmonary 

vascular resistance falls and the systemic pressure rises, the right ventricle dilates and 

the LV begins to hypertrophy. As the right ventricular pressure falls, left to right 

shunting through the ASD becomes more pronounced. 
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Many patients with ASD do not present until the third decade [12) and there 

have been few studies assessing the natural history of ASD as most ASDs tend to be 

closed in childhood. This has been traditionally performed by open-heart surgery; 

however, increasingly ASD closure is achieved by deployment of ASD closure 

devices during cardiac catheterisation, thus avoiding the potential deleterious effects 

of cardiopulmonary bypass. Campbell in 1970 published a series of uncorrected 

ASD's in adults from the United Kingdom [13). From that series mortality was quite 

low until the third decade. Mortality then rose sequentially and increased with each 

decade thereafter. Although the right ventricle is able to adapt to chronic overload for 

many years eventually complications developed which include: atrial tachycardias, 

pulmonary hypertension (10-17% of patients with secundum ASD) and 

Eisenmenger's syndrome (6-9% of ASD). 

The pathophysiology of chronic volume overload of the right ventricle 

includes leftward inter-ventricular septal deviation and compression of the L V. Dexter 

described that, under such circumstances, failure of the L V can occur, stating that the 

L V performs a subnormal amount of work at a higher filling pressure than prior to the 

septal deviation [14]. The dysfunction of the left ventricle in this situation has 

principally been defined as diastolic with systolic performance being relatively 

normal; the indices of systolic function are preserved: ejection fraction= 0.71 ± 0.05 

in systolic wall stress, the end systolic volume index 6.0 ± 0.6 [12). 

Currently surgical closure of secundum ASD is recommended in childhood 

because spontaneous closure is rare and to avoid complications in later life. High risk 

and poor long-term survival following ASD closure in adults is associated with high 

pulmonary pressures (greater then 50 mmHg) or high pulmonary vascular resistance 

(greater than 2 Wood units/m2
). 
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Right ventricular infarction 

Right ventricular ischemia occurs m 50% of patients with acute inferior 

myocardial infarction and can result in a well-described clinical picture of severe 

haemodynamic compromise associated with high mortality and morbidity [15, 16]. 

The haemodynamic consequences of RV myocardial infarction, which include 

decreased cardiac output and systemic hypotension, were first reported by Starr et al 

in 1942 [ 17]. In their model, the canine open-chest with the heart suspended in a 

pericardia! cradle, diathermy of the free wall was well tolerated without elevation in 

central venous pressure and decrease in cardiac output, as long as the pulmonary 

vascular resistance remained normal. This led to the belief that right ventricular 

function was not essential to maintance of circulatory stability [ 18]. 

In 1982 Goldstein et al elucidated clear, well-defined pathological 

mechanisms for RV myocardial infarction. In their closed-pericardium canine model, 

right ventricular infarction caused equalisation of the ventricular diastolic filling 

pressures, increased right ventricular dimensions, d~creased left ventricular size and 

decreased blood pressure and cardiac output [19, 20]. In these studies pericardiotomy 

and volume loading increased cardiac output. Sharkey et al induced RV ischemia by 

mercury embolisation of the right coronary artery including the inter-ventricular 

branch and demonstrated septa] shift towards the left ventricle, which decreased L V 

filling and compliance [21, 22]. These experiments emphasised the role of the 

pericardium and the inter-ventricular septal position in the pathophysiology of right 

ventricular failure following acute myocardial infarction. 

In the management of right ventricular myocardial infarction, volume loading 

has been shown to have an inconsistent effect [20, 23] and may in fact result in a 
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detrimental outcome. This is due to increasing right ventricular size, further leftward 

septal deviation and L V compression. Studies have shown that offloading the right 

ventricle with nitroprusside is associated with reduced cardiac output whereas 

Dobutamine has most therapeutic benefit in inferior myocardial infarction with a 

significant improvement in cardiac output, [24, 25]. 

Acute and chronic pressure overload. 

Acute and chronic pressure overload of the right ventricle occurs commonly in 

the clinical situation. Acute RV pressure overload can occur following pulmonary 

embolism, acute respiratory failure, acute left ventricular dysfunction, or mitral 

regurgitation. Chronic RV pressure overload may result from chronic obstructive 

airways disease (COAD), primary pulmonary hypertension [26], chronic left 

ventricular failure or long-standing mitral valve disease [27, 28]. Acute RV pressure 

overload following massive pulmonary embolism leads to low cardiac output and 

death. The mechanisms that underlie the haemodynamic deterioration following 

pressure overload affect directly the right ventricle and also, by ventricular 

interdependence, the left ventricle [29-31]. Studies in which RV pressure overload 

was induced by pulmonary artery (PA) banding [32] in canine models have 

demonstrated an acute RV contractile dysfunction due to reduced RV free-wall blood 

flow [33] and depression of the phosphocreatine-to-ATP ratio [34]. RV systolic 

dysfunction may persist following release of the PA band, despite normalisation of 

the right ventricular free-wall blood flow [35]. 

Furthermore, the dilation of the RV, induced by pressure overload, directly 

affects LV performance. Animal models have shown that following acute RV 

pressure overload there is leftward inter-ventricular septa} deviation with a reduction 

in the LV free-wall to septum dimension. This effect of the septa} shift on LV systolic 
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function is unclear. Some studies have demonstrated impaired left ventricular 

contractility as measured by dP/dtmax decreased L V compliance [36] and prolonged 

relaxation [29]. By contrast, in other studies, in which both LV pressure and volume 

were measured, compliance and contractility are maintained and the reduced cardiac 

output results from decreased L V preload [30, 31]. This inconsistency in findings may 

stems from the difficulty in measuring L V volume because the geometrical changes 

associated with inter-ventricular septal shift may invalidate the ellipsoid model of LV 

volume determination. Furthermore, in such studies L V systolic function was not 

measured by load-independent indices of contraction. Finally, these studies employed 

open-chest animal models, in which the pericardium was opened for instrumentation 

and this will affect the L V diastolic-pressure dimension relationships. 
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Basic Cardiac Mechanics 

The heart works as a pump and provides energy to the blood to circulate 

through the body's vascular network. Its performance is judged by energy output, 

which may be calculated as mean blood pressure X flow. Since mean blood pressure 

is relatively constant, flow or cardiac output in litres/min has been a standard clinical 

measure of cardiac performance. Clinical assessment of ventricular function is 

determined by indices such as stroke volume, ejection fraction, end-diastolic pressure 

and the maximum of the first derivative of ventricular pressure (dP/dtmax). Such 

indices have the major disadvantage in that they are all load-dependent; the index will 

increase or decrease depending on the loading conditions of the ventricle. This may be 

illustrated by a common clinical scenario. In long-standing mitral valve disease, with 

moderate to severe mitral regurgitation, ejection fraction and dP/dtmax may be well 

preserved, implying ventricular contractility is satisfactory. This is because under 

such conditions the afterload of the ventricle is low and a significant fraction of the 

stroke volume is ejected into the low-pressure atrial chamber rather than the systemic 

circulation. Following surgical treatment by mitral valve repair or replacement the 

effective afterload increases and a sudden decrease in ejection fraction is likely to 

occur. The reduction in ejection fraction is not due to a decrease in ventricular 

contractility per se but rather a response to the changing loading conditions of the left 

ventricle [37]. This inability to quantify ventricular contractility under circumstances 

of changing load makes the decision of timing of mitral valve surgery problematic. 

The requirement for making a detailed and accurate assessment of cardiac function 

has become increasingly important with the explosion of pharmacological and 
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interventional treatment options for coronary artery, myocardial, valvular and 

congenital heart disease. 

A complete evaluation of ventricular performance ideally includes load

insensitive measures of both systolic and diastolic pump properties, and an assessment 

of the inotropic state and contractile reserve. 

Systolic mechanics 

Classically there are four pnmary determinants of systolic function of the 

heart. 

(a) Preload or the initial volume of the ventricle prior to ejection 

(b) Afterload or the combined resistance to ejection of blood by the heart and 

blood inertia, impedance of the central vasculature, and resistance of the 

peripheral microvasculature. 

( c) Heart rate 

(d) Contractility, defined as the intrinsic ability of the myocyte to contract, 

changing when the metabolic or hormonal milieu alters systolic performance 

independent of the three other determinants. 

Over the last several decades, studies have attempted to describe indices of 

contractility, which by this classic definition are independent of preload, afterload and 

heart rate. When considered at the ventricular level, analysis of simultaneous acquired 

ventricular volume and pressure under changing loading conditions has provided 

indices of contractility, which were considered independent of load. 

Recent studies have focused on the contractile apparatus of the heart from both 

cellular and subcellular perspectives. From these studies it is clear that the ability of 

the individual contractile elements to generate force is determined by the amount of 
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activator calcium available to the sarcomere and its sensitivity to calcium. By using 

this concept, it has become clear that not only are the four determinants of systolic 

performance interdependent, but the other three determinants alter systolic 

performance to a large extent by directly altering the intrinsic contractility of the 

myocyte. 

Defining and quantifying systolic function of the heart has therefore been an 

elusive investigative goal. A simple approach to systolic function is based on the 

classic studies of muscle, which describe three basic properties of muscle function: 

(a) The length-tension relationship, which states that the force generated by a 

contracting muscle is dependent on the initial fibre length or preload of the 

muscle. 

(b) The force-velocity relationship, which states that the velocity of shortening of 

a muscle fibre is dependent on the load against which it shortens, or afterload 

(c) The force-frequency relationship, which states that the force generated by a 

contraction is dependent on the rate of contraction of the muscle fibre. 

It has long been known that the force-frequency relationship exists because a faster 

rate of depolarisation from muscle decreases the time for sequestration of free, 

intracellular calcium into the sarcoplasmic reticulum and its transport back across the 

sarcolemma during diastole. This increases the activator calcium availability for the 

next depolarisation, and thus the force of contraction is greater and is achieved more 

rapidly. The other two basic properties of muscle, the length-tension and the force

velocity relationship define the effects of preload and afterload respectively, on pump 

performance, and they have been considered to be independent of contractility [38]. 
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However, direct preload effects on contractility have been shown in the intact heart 

and the sarcomere itself. This is referred to as length-dependent activation of the 

myofibril and is secondary to increased calcium sensitivity with longer initial fibre 

lengths [39, 40]. This can be secondary to a variation in calcium affinity for troponin 

C over different lengths [ 41] or to greater exposure of the myocyte head to troponin C 

as stretch displaces the troponin C molecules from the tropomyosin framework [ 42]. 

The afterload dependence of contraction has also been demonstrated: recent studies in 

both the intact circulation and isolated heart have shown that acute increases in 

afterload acutely increase contractility independent of indirect effects of ~-adrenergic 

stimulation [ 43]. 

Thus, as one attempts to evaluate contractility in the clinical setting and the 

altered systolic performance by manipulation of load, heart rate and contractility, it is 

important to consider that these four determinants of cardiac performance are not 

independent variables which can be separately manipulated but are instead 

interdependent physiological variables. 

Diastolic mechanics 

Diastolic mechanics can be separated into two distinct but temporally 

overlapping components, active relaxation and passive stiffness of the myocardium. 

At the end of ejection most sarcomeres have shortened to their fullest extent and begin 

to lengthen. Active relaxation (myofilament deactivation) occurs rapidly, although it 

is not yet complete when the mitral valve opens and filling begins. It is an energy 

consuming phase of the cardiac cycle and involves the reversal of the mechanical 

events of contraction, which include deactivation of the actin-myosin cross-bridges. 
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Evaluation of the active relaxation characteristics of the heart is difficult because it 

occupies only a small portion of the cardiac cycle. In the left ventricle isovolumetric 

relaxation occurs in a few milliseconds between the aortic valve closure and mitral 

valve opening and thus its evaluation by indices such as the time constant of 

isovolumetric relaxation ('t) requires exact measurements of pressure [44). In the right 

ventricle the phase of isovolumetric relaxation is extremely short or non-existent 

because the right ventricle continues to eject as the pressure in the right ventricle is 

falling due to the low pulmonary vascular impedance [ 45). The calculation of 't 

involves analysing the isovolumetric pressure decline from the point of dP/dtmin to the 

point when the mitral valve opens. This is most often described by a monoexponential 

relationship in which the rate of relaxation is measured by the time constant tau, 't 

[ 44]. 't is defined as the time required for L V pressure to decline to l/e or 37% of its 

value at dP/dtmin· However, when the isovolumetric pressure decline is fitted to a 

monoexponential equation that assumes a zero pressure asymptote this may be 

inaccurate when pleural or pericardial pressure change and affect the diastolic 

pressure [46). The use of a monoexponential equation with a variable asymptote will 

obviate this problem. 

The passive stiffness of the left ventricle is determined primarily by 

nonmyocytic elements, including extracellular matrix, cellular support structure and 

coronary vascular bed. Passive stiffness of these components does not allow the 

sarcomere to overstretch so that cross bridge formation can always occur with the 

next depolarisation. In addition the ventricle's geometry affects its passive stiffness: a 

change in its shape or wall thickness independent of changes in composition of the 

ventricle significantly alters local stresses and thus diastolic filling. 



In addition to the intrinsic passive stiffness of the ventricle, external factors 

affect its diastolic mechanics. Left atrial pressure is an important determinant of flow 

across the mitral valve, as it significantly affects transvalvular pressure gradient [47]. 

Both the contralateral ventricle and the pericardium can significantly constrain filling 

of the ventricle during diastole; right ventricular dilatation secondary to pulmonary 

hypertension will also impair LV filling [ 48]. Finally, surrounding thoracic structures 

and intrathoracic pressure can constrain ventricular filling which can be a critically 

important factor in the intensive care setting in which positive pressure ventilation is a 

commonly employed therapy. Following cardiac surgery, in which the chest wall has 

recently been closed, ventricular filling may be impeded by an enlarged heart and/or 

excessive pericardia! fluid. 

The end-diastolic pressure volume relationship (EDPVR) reflects the passive 

properties of the ventricle and may be used to obtain a measure of diastolic stiffness. 

The EDPVR can be described as linear at low filling pressures and when preload is 

varied over a modest range. Thus, linear regression analysis may be used to examine 

the EDPVR when filling pressures are low and end-dia.;tolic volume remains 

relatively constant over the study. The EDPVR is typically curvilinear at higher filling 

pressures and when preload is varied over a broader range, the relationship being best 

represented as an exponential relationship with a non-zero asymptote [46, 49, 50]. 



Pressure volume analysis 

Because the role of the intact heart is to generate pressure and eject blood, 

many investigators have recently studied cardiac performance in terms of pressure-

volume relationship. Vent1icular pressure and volume are measured simultaneously, 

and the resulting pressure-volume loop provides information about the systolic and 

diastolic performance of the heart. 
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Fig 1.1. Left ventricular pressure-volume loop. 

A typical pressure-volume loop from a porcine left ventricle in which the ventricular 

volume was derived by the conductance catheter method, is shown in Figure 1.1. 

Starting at point l which is the end-diastolic volume, "isovolumet1ic contraction" 

begins, as the sarcomere shortened rapidly but without a change in ventricular 

volume. During this phase, pressure within the vent1icle rapidly increases and the 

maximum rate of pressure change (dP/dtmax) occurs. This measure has been used 
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extensively as an index of systolic performance [51]. The index is primarily 

determined by preload and the intrinsic contractility of the myocyte. If afterload is 

low, ejection begins while the rate of pressure development is still increasing and thus 

a decrease in dP/dtmax can occur independent of changes in preload or contractility, 

thus rendering the index sensitive to afterload. When the ventricular pressure exceeds 

that in the proximal aorta, the aortic valve opens and the ejection begins (point 2). As 

ejection proceeds volume in the ventricle declines. The aortic valve then closes and 

"isovolumetric relaxation" begins (point 3): pressure falls within the ventricular cavity 

without a change in ventricular volume. This phase is primarily dependent on the 

ability of the myofibril to release activator calcium and of the sarcoplasmic reticulum 

to actively sequester most of it, the remainder being transported back across the 

sarcolemma by the Na+-ca+ exchanger. 

At point 4 the mitral valve opens and because the ventricle is still relaxing 

while the atrium is filling, flow into the ventricle is initially rapid and pressure 

continues to fall. This rapid flow corresponds to the E wave on the M-mode 

echocardiograph. If the ventricle is stiffer than normal the E wave may be 

significantly blunted. Thereafter flow into the ventricle proceeds more slowly; it is 

called "diastasis". At point 5 atrial contraction begins and the flow of blood into the 

left ventricle increases (corresponding to the A wave on M-mode echocardiography). 

At the end of atrial contraction and just before ventricular contraction is point 1 at 

end-diastole. 
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Pressure volume analysis over a changing load 

Because of the complex interaction of load on both systolic and diastolic 

function , single beat indices of both are exceedingly difficult to interpret. To take into 

account this interaction most indices of systolic and diastolic function are thus 

considered over changing load. This is demonstrated in Figure l .2. ln this figure the 

initial pressure-volume loop is recorded during baseline loading conditions . 

Thereafter the preload is reduced (typically by inferior vena caval occlusion in the 

experimental setting) and the loops shift progressively to the left as end-diastole 

volume decreases. 
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Fig 1.2. A series of left ventricular pressure-volume loops obtained during inferior vena caval occlusion 

An associated decrease is seen in pressure generated and stroke volume, based on the 

Frank-Starling mechanism. Loops can also be generated by transient decrease m 

volume induced by either bed tilting or the administration of Nitroprusside or 
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transient increase in afterload by neosynephrine or angiotensin (typically used in the 

clinical setting). 

Indices of systolic function derived from the pressure-volume loop 

The acquisition and analysis of simultaneous ventricular pressure and volume has 

allowed a means of modelling the heart and analysing cardiac function. From 

ventricular pressure-volume loops, two principal observations were identified: 

1.) The upper left-hand comers of the pressure-volume loops (the end-systolic 

pressure-volume points) obtained under various loads at a constant inotropic 

state appeared to reach the same straight line. 

2.) This linear relation between pressure and volume points was in effect present 

at all times in the cardiac cycle, giving rise to the concept that cardiac 

contraction could be modelled as a "time-varying elastance" [2, 52, 53] where 

elastance may be defined as cSP/cSV, or I/compliance. 

The end of systole was defined as the time at which this elastance reached a 

maximum value, termed Emax· 

The analysis of the ventricular pressure-volume relation allows one to assess 

ventricular performance [53], myocardial energetics [54, 55] and ventriculoarterial 

coupling [56]. This has been a fertile area of research and has significantly aided the 

understanding of cardiac mechanics and haemodynamics. The clinical application has 

tended to focus on the use of Emax as an index of ventricular contraction. This index is 

directly derived from the time-varying elastance model formulated by Suga [2] . 
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Time-varying elastance model. 

The time varying elastance model of ventricular contraction was conceived by Suga et 

al [2, 52]. In this model the ventricle is considered to act like an elastic sac, which 

stiffens, or the elastance (8P/8V) increases, as systole proceeds. Expressed 

mathematical1 y: 

E(t) = P(t)/(V(t)-Vo) 

in which E(t) is the time varying elastance, P(t) is the instantaneous ventricular 

pressure and V(t) is the instantaneous ventricular volume. V 0 represents the 

'unstressed' volume or that volume of the ventricle in which there is no developed 

pressure. 

The elastance value increases during systole to a maximum value at end

systole, and this represents Emax· This was the first load-independent index of 

ventricular contraction to be described. It was considered independent of preload and 

afterload and unaffected by heart rate. The index has been used widely in clinical and 

experimental settings to assess ventricular contractile function [57]. 

The calculation of Emax 

Essentially two methods are described. 

1) Emax may be determined by calculating E(t) [E(t) = P(t)/(V(t)-Vo(t))] from 

differently loaded beats synchronized in time, and obtaining its maximum 

value [53]. 
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2) End-systolic pressure volume relationship (ESPVR) may be obtained by 

identifying the end-systolic point (defined as point where P(t)/(V(t)-Vo) is a 

maximum) for each beat under a different load regardless of timing [58]. 

In the isolated heart in which afterload remains constant, Emax and ESPVR are similar; 

however in the intact circulation these two indices may be markedly different and 

most clinical studies tend to use ESPVR. With the development of the conductance 

catheter the ability to measure real-time ventricular volume, construct pressure

volume loops and derive Emax and ESPVR has been possible in the clinical situation 

[25, 59, 60, 61]. 

The particular application of Emax or ESPVR has encountered some difficulties 

as recent studies have demonstrated that the relation may be non-linear [62, 63], 

afterload dependent [64-67] heart rate dependent [68, 69], and affected by chamber 

size [70]. Non-linearity of the relation has been demonstrated with regional ischemia 

[71] and in conditions in which ventricular contractility is altered by the inotropic 

state [62] . In clinical studies the Emax is typically derived from a limited number of 

differently loaded beats [72] or over a narrow pressure range. Therefore non-linearity 

may not be apparent because of the small range of data points. Furthermore Vo has 

often a negative value, which may be explained by the ESPVR non-linearity. 

The studies on the myocardial force-length relation, which have demonstrated 

a curvilinear relationship between initial muscle length and generated tension, have 

been ascribed to a length dependency of the affinity of the myofilaments to calcium 

[39] . This relationship at the myocyte level may explain the curvilinear relation of the 

ESPVR identified at ventricular level [62]. 
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Preload-Recruitable Stroke Work 

Another proposed measure of the ventricular contractile state is the preload 

recruitable stroke work (PRSW), or the slope of stroke work-end-diastolic volume 

[73], derived from the linear equation: 

SW= Mw(Yect-Ysw) 

where SW is the stroke work in Joules, Mw (i.e. PRSW) is the slope of the relation and 

Yect is the end-diastolic volume and Ysw represents the theoretical ventricular volume 

in which no stroke work is produced (or the x-intercept) . 

PRSW is attractive for several reasons. It is very sensitive to the contractile 

state and is quite linear over a wide range of physiological conditions. The dependent 

variable (stroke work) varies more with changes in end-diastolic volume than end

systolic pressure does with end-systolic volume; therefore from a statistical stand 

point the relation is easier to quantify in-situ. In addition less extrapolation is require 

to define the x-intercept or Yect value. Unlike the ESPVR x-intercept (Vo), Vectremains 

constant for a given heart when contractility, afterload and heart rate change within 

physiological limits [74]. Despite the clear potential for afterload sensitivity (stroke 

work declines to zero at both no load and infinite load), PRSW is quite stable over a 

range of physiological afterloads [75] . 

However, PRSW does not separate systolic and diastolic properties, but rather 

integrates them. In animal studies, in which the greatest degree of testing of PRSW 

has been performed, end-diastolic pressure-volume relations (EDPVR) are generally 

linear with almost flat gradient and thus interdependence is of little significance. 

However, in patients with chronic hypertrophy in whom diastolic properties may be 

very abnormal , the interplay between systolic and diastolic properties may render the 

PRSW difficult to interpret as a pure systolic index. Furthermore the influence of the 
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EDPVR may be more significant in the right ventricle due to its lower operating 

pressures and stroke work. 

dP/dtmax·end-diastolic volume 

A third measure of contractile performance relates the maximal value of the 

first derivative of left ventricular pressure (dP/dtmax) and end-diastolic volume [76, 

77]. This relation is derived during the isovolumetric contraction phase of the cardiac 

cycle. It is highly sensitive to the inotropic state and interventions that cause parallel 

shifts in the ESPVR will have a similar effect on the dP/dtmax-end-diastolic volume 

relation [78]. 

The relation may be vulnerable when the afterload or impedance is low. Under 

such conditions ejection will commence early and dP/dtmax will occur during ejection, 

rather than during isovolumetric contraction and as a result become influenced by 

changes in afterload. This is potentially a greater problem for the right ventricle, 

which ejects into the low impedance pulmonary circulation. 
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The Conductance Catheter Method 

Theoretical basis 

The search for a means of measuring ventricular volume accurately and 

continuously throughout the cardiac cycle has been long standing. Such efforts have 

intensified over the past 15 years with the growing appreciation for the wealth of 

information available for the analysis of systolic and diastolic ventricular pressure 

volume relations. The conductance method has recently shown promise. 

The technique is based on a multi-electrode catheter, positioned within the left 

ventricular cavity that has been used to set up an electrical current field and measure 

time-varying potential differences within the left ventricular chamber. From these 

voltage gradients, intra-ventricular conductance and, in principle left ventricular 

volume can be estimated. 

The conductance catheter method was first introduced for cardiac assessment 

in 1981 by Baan et al and used to measure continuous stroke volume and cardiac 

output on a beat-to-beat basis [79]. The method had been initially developed by 

Koops et al [80] and employed to measure the impedance of blood vessels [81]. The 

catheter used in these initial experiments was 7-FG in size, equipped with eight 

equidistant cylindrical platinum electrodes. The catheter was passed retrogradely into 

the left ventricular cavity across the aortic valve and positioned along the long axis of 

the ventricular chamber; with electrode 1 positioned at the apex and electrode 8 at the 

level of the aortic valve. A constant amplitude alternating current of 0.4mA with a 

frequency of 20 kHz was applied between the outer two electrodes (i.e. electrode 1 

and 8), while five electrode pairs 2-7 measured voltages generated by the current and 

impedance of the blood within the cavity. The blood volume was considered to 

consist of five segments stacked together, their boundaries being defined by the inner 
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surface of the ventricular walls and the equi-potential surface through the electrodes 

forming ventricular cross-sections perpendicular to the current density lines which run 

between electrodes 1 and 8. 

Since blood has both conductive and dielectric properties, each segment is 

considered as a resistor in parallel with a capacitor with a constant height (The inter-

electrode distance L) and a time-varying median cross-sectional area A(t). 

Assuming as the first assumption that the ventricular wall is insulated from the cavity 

blood, straightforward calculation shows that the time-varying admittance 

(current/voltage) of a segment between two adjacent electrodes, consists of an in-

phase component: 

L 

E dA(t) 
A(t) +-

L dt 

and an out-of phase component 

E 

co - A(t) 
L 

(1) 

(2) 

in which co represents the angular frequency of the current, a the conductivity and E 

the dielectric constant of blood. Because the latter is very small (about 7 X 10-
10 

F.m-
1 

compared with a about 0.7 n-1 m-1
) the second term of equation (1) vanishes against 

the first, even though dA/dt may be large. Therefore the value of the median cross 

sectional area A(t) of the segment, and thus its volume V(t) = A(t) L, may be obtained 

by measuring the conductance (I/resistance = 1/R), given in good approximation: 
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l/R(t) =a V(t)/I} (3) 

The same information could be obtained from equation (2) by measuring capacitance, 

but technically this would be more difficult. 

Since Lis known, absolute calibration of the method merely requires 

measurement of the specific conductance of a blood sample. For this purpose, a 

quantity of 6cm3 of arterial blood is placed in a cylindrical cuvette with four 

electrodes. The outer two are used to apply 20KHz current, while the inner two, 

defining a precise volume of 2 cm3 of blood are used to measure voltage, and thus 

conductivity, a. For the catheter measurements Baan built a six-channel signal 

conditioner, which generated the electrode current and measured the dynamic 

resistance values of the five pairs of electrodes, which spanned the catheter length 

(Leycom, the Netherlands). 

The catheter was initially evaluated by evaluating stroke volume in an in-vitro 

model. The model comprised a rubber ventricle, which defined a known stroke 

volume and cardiac output by delivery of saline from an inflow pump. The 

conductance catheter was placed within the cavity of the ventricle and the inflow 

pump adjusted to give range of stroke volumes and cardiac outputs [79]. Following 

this the catheter was evaluated in an in-vivo preparation in which cardiac output and 

stroke volume in dogs were determined by an aortic electromagnetic flow probe and 

compared with conductance [82]. In both models strong linear relationships were 

identified between conductance catheter determination of stroke volume or cardiac 

output and that delivered by the pump (in-vitro) or derived by flow probe (in-vivo), 

(correlation coefficients r= 0.95-0.99). 
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However the conductance method appeared to consistently underestimate true 

stroke volume and cardiac output, with the slope of the regression equations ranging 

from 0.72 to 0.95 . 

Potential explanations for this are given in their discussion Bann et al [79] and 

include: 

1. The volume of the blood in the apex was not measured because it was beyond the 

limits of the first pair of sensing electrodes. It was suggested that a design 

modification to reduce the distance between the apical active electrode and the first 

pair of sensing electrodes (2,3) would enable this volume to be measured. This 

modification in catheter design has been implemented in the current catheter designs. 

2. Long axial contributions to ejection are not detected by the catheter, only changes 

in cross-sectional area. Rankin found that for the left ventricle, such changes were 

small, amounting to less than 5% [83] and therefore unlikely to cause large errors in 

the determination of stroke volume by the catheter. 

3. The conductivity of the blood, cr measured by the cuvette under standstill 

conditions may decrease with increased flow velocity in stiff tubes. This effect, 

amounting to a maximally 10% lowering of cr [84] has been attributed to axial 

distribution of blood cells within the tube [85]. However, this is unlikely in the 

ventricular cavity because of the random motion of the blood. Placing the cuvette 

inline i.e. within the circulation, as described by Szwarc et al may rectify this 

theoretical objection [86, 87] and provide a continuous measure of cr throughout the 

duration of the experiment. 

4. In this first study conductance contributed by structures beyond the ventricular 

cavity (i.e. atria, mediastium, lungs) was not considered. However, the myocardium 

does not act as a true insulator; in fact, conductivity of the ventricular muscle was 
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found to be 0.25 n -1.m-
1 

being around 25% that of blood. Therefore, such structures 

can contribute to the total conductance signal and this is referred to as parallel 

conductance. 

5. Lastly, the assumption that the current density in each blood segment and the 

segment volume can be computed as if the equipotential surfaces are parallel. This is 

likely to be an approximation of the actual situation but the precise knowledge of the 

current pathways and the equipotential surfaces is difficult to determine particularly in 

the irregular shaped ventricular cavity [88]. 

The conductance method to measure real-time, continuous left ventricular 

volume in canine and human hearts was first presented in 1984 by Baan et al [82]. In 

this study conductance derived ventricular volume was compared with angio

ventriculography (in humans) and conductance derived stroke volume with flow 

probe derived stroke volume (in dogs). Results from this study were favorable in that 

the conductance system provided a signal that was linearly and highly correlated to 

left ventricular volume measured by the alternative method over a broad range of 

either absolute or stroke volume. However the relation between real volume (x-axis) 

and conductance volume (y-axis) did not fall along the line of identity. Rather, the 

slope of the relationship, (a) was typically less than unity (range 0.44-1.07, mean 

0.86), and in addition there was a large offset volume due to parallel conductance, Vp. 

Thus when real volume is zero, the conductance derived volume still has a positive 

value. To correct for these factors and to calibrate the conductance catheter to 

quantify real volume Baan introduced two calibration factors and subsequently 

developed the formulae 

V(t) = (1/a)(L2/crb)G(t) - Vp (4) 
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where: 

V(t) = 

a = 

Time-varying (intra-ventricular) volume 

Dimensionless slope constant, or gain; 

Conductivity (=1/Rho, where Rho= resistivity) of blood, to be 

measured in the cuvette 

L = 

G(t) = 

Vp = 

Inter-electrode distance 

time-varying conductance 

Correction factor for parallel conductance (or offset) . 

Conductance catheter calibration for measurement of absolute volume. 

Parallel Conductance, Vp 

As a result of the myocardium not acting as a true insulator, structures beyond 

the ventricular blood pool (e.g. the contralateral ventricle, lung, myocardium) can 

contribute to the overall conductance signal. Thus when true ventricular volume, as 

measured by an independent means, is zero the conductance-derived volume will still 

be positive and be represented by an offset. This offset has been referred to as parallel 

conductance, Vp. In order to determine absolute ventricular volume by conductance, 

Vp must be determined. Baan et al developed the hypertonic saline method to 

calculate Vp [82]. The principal assumption inherent in this method is that infusion of 

a small bolus of hypertonic saline injected into the pulmonary artery increases the 

blood conductivity but not the volume of blood in the left ventricular cavity, while the 

conductivity of surrounding structures remains constant. 

Rewriting equation (4) 

G(t) = (a/L2)crb .V(t) +Gp (5) 
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If only O"b but not V(t), a or Gp is varied during hypertonic saline infusion, the G(t) 

can be used to calculate Gp. The methodology is outlined in chapter three. 

The dimensionless constant, a 

The dimensionless constant a was introduced because the slope of true 

ventricular volume, as determined by an independent means, versus conductance

derived volume is typically less than one. This is considered to be the consequence of 

electric current field decay and inhomogeneity within the ventricular cavity and the 

fact that the equipotential electric field lines are not exactly parallel. In practice a is 

either assumed to be unity or calculated by relating conductance-derived volume 

(stroke volume, end-diastolic volume) with an alternate, 'gold standard' method. In 

the laboratory in open-chest animal preparations electromagnetic aortic flow probe 

measurements are used to give an accurate beat-to-beat stroke volume, which may 

then be compared with conductance derived stroke volume. In clinical studies and 

closed-chest animal preparations thermodilution-derived scroke volume and cardiac 

output techniques are usually employed. 

It was assumed that the values obtained for a and Vp would remain constant 

and thus each may be represented by a single value. Specifically the value of a and 

Vp would not change during the cardiac cycle or with different loading conditions of 

the heart. However, recent studies have indicated in the in-situ heart, that both a and 

Vp may vary with changing loading conditions and in fact the relation between 

conductance derived ventricular volume and true volume may not be linear [87, 89]. 

This calls into question the ability of the conductance method to measure absolute 

ventricular volume in the in situ heart [90] . 
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Methodological Limitations 

Non-linear conductance volume relationship 

From these original studies it appeared that a highly linear relationship existed 

between conductance-derived and "real" stroke volumes as obtained by 

electromagnetic flow probes both in canine and human studies [82]. Linear relations 

were also reported in the measurement of pericardia! balloon volume by conductance 

as well as L V volume in the isolated syringe calibrated dog heart [91]. However a 

number of theoretical studies have predicted a non-linear relation between 

conductance-derived volume and true volume with the relation concave towards the 

true-volume axis [88, 92-94]. 

In an in-situ dog preparation, Boltwood et al estimated parallel conductance 

(Vp) by repeated saline injections over a variety of loading conditions [95]. They 

established that parallel conductance did not remain stable but in fact changed with 

the loading conditions. Results from multiple regression analysis suggested that the 

most important factor that affected Vp was the end-systolic left ventricular volume 

itself. This study also compared Vcond (volume by conductance) with volumes 

determined from biplane cine ventriculogram during steady state cardiac cycles and 

found a strongly linear correlation. While there was a trend for the relation to vary 

(variation in the slope of the relation, a and the y-intercept, Vp) depending on the 

steady state loading conditions on the ventricle, these terms did not reach statistical 

significance. Finally they found only a fair correlation between stroke volume 

determined by cine ventriculogram and that determined by the conductance method 

(R2=0.43). 
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Applegate et al compared conductance L V volumes with that estimated from 

three pairs of orthogonal endocardial placed sonomicrometry crystals (Vsono) in an 

open-chest canine preparation [96]. This relation was reasonably linear during the 

volume excursions within a normal cardiac cycle. However, when determined over a 

large volume range accomplished by simultaneous superior and inferior vena caval 

occlusions, Vconct-Ysono relation was obviously non-linear, being concave towards the 

Ysono axis. This was interpreted as, again rather than being constant, both oc and Vp 

varied with changing loading conditions. This study also investigated the impact of 

the non-linearity on several indices of systolic ventricular function: end-systolic 

pressure volume relation (ESPVR), stroke work-end-diastolic volume (SW-EDV) and 

dP/dtmax-end-diastolic volume relation. They found that the slope and the volume axis 

intercept of the ESPVR were significantly underestimated when ventricular volume 

was measured by the conductance method compared with when the L V volume was 

measured by sonomicrometry. However, relative changes in the slope in response to 

autonomic blockade and Dobutamine were essentially the same with both methods of 

volume measurement. The parameters of the SW-EDV and dP/dtmax-end-diastolic 

volume relations were similar with both methods although the individual data points 

obtained did not superimpose. In contrast to Boltwood et al, Applegate et al found an 

excellent correlation between stroke volume determined by conductance and 

sonomicrometry with a slope of unity. 

The results from these studies, carried out on different models, suggest the 

relation between actual left ventricular volume and conductance estimated ventricular 

volume is non-linear when the volume is varied over a broad range. A large part of 

the evidence to support this conclusion is based on an assumption that the left 

ventricular volume determined by endocardial sonomicrometry or biplane angio-
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ventriculography is accurate or at the very least linearly related to real LV volume 

[97]. 

The bulk of the data supporting the accuracy of endocardial sonomicrometry 

derived L V volume is from comparison stroke volumes determined by 

electromagnetic flow probe, echocardiography or sonomicrometry crystals under a 

variety of loading conditions [98-100]. The results of these studies show a linear 

correlation between stroke volume determined by the two methods. However, the 

regression lines did not fall along the line of identity and there was significant 

variability from one study to the next. Another study compared absolute volumes 

measured by endocardial sonomicrometry with those determined by combined 

information from flow derived stroke volume and gated blood pool scan derived 

ejection fraction [116]. This study was limited by examination of the end systolic 

volumes. The results showed a linear correlation between end systolic volumes 

determined by the two methods. However the range of end systolic volume variations 

was not specified. Furthermore the linear regression between L VV determined by the 

two methods was far from the line of identity, and varied significantly between 

animals and even varied significantly where one animal was studied over several 

days . It was concluded from these validation studies that sonomicrometry 

measurement of L VV provides an index of L VV but not absolute volume. 

Biplane angio-ventriculography has been validated only by comparison of its 

estimated volume to known volumes of LV casts or models [102]. Validation of the 

technique in ejecting hearts with power injected contrast media is not available and 

there are no suitable independent measures for comparisons. Thus in these two 

principal studies with in situ conductance ventricular volume assessment by Boltwood 

et al and Applegate et al the conductance method is judged on the basis of 
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measurements taken by other techniques that have not been fully validated. 

Furthermore the studies disagree in two points: (1) stroke volume by conductance 

correlated very well with that obtained by sonomicrometry but not ventriculograms, 

and (2) the magnitude of change in parallel conductance observed during vena caval 

occlusion was greater when the volumes were measured by sonomicrometry rather 

than ventriculography. 

Two studies have assessed the non-linearity of the conductance volume 

relation within the cardiac cycle. Szwarc et al compared left ventricular volume 

derived by conductance and that obtained with MRI during the cardiac cycle [87]. 

From this study a significant conductance-MRI volume non-linearity was identified 

with the gain factor, ex: significantly increasing during systole. In another study left 

ventricular volume measured by the conductance technique was compared with that 

determined by cine computer CT scanning over a wide range of volumes. The slope 

of the volume relation (a) was found to significantly change from 0.48 at end-diastole 

to 0.71 at end-systole. Thus it appears from the aforementioned studies that the 

conductance method may not be linearly related to an alternative method of LVV 

(MRI, angio) in the volume range that exists during the normal cardiac cycle. 

Potential influences confounding the conductance method 

So far these studies of validation of the conductance method for ventricular 

volume determination have been performed under laboratory conditions in which the 

experimental conditions of the heart were standardised and controlled (i .e. suspended 

ventilation during data collection). However, if the conductance method is to be 

clinically relevant and widely applied, it must be capable of reliably estimating left 
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ventricular volume which is not influenced by the external conditions surrounding the 

heart for studies. 

Studies have examined the effect of extrinsic conditions on the conductance 

methods, in particular the influence of changing exstrinic conditions on parallel 

conductance. Szwarc et al in the study performed in closed-chest porcine models 

explored the influence of lung ventilation on right and left conductance derived 

volumes and parallel conductance [102]. In this study they demonstrated that although 

ventilation caused marked changes in both left and right ventricular end-diastolic 

volume and stroke volume, these variations could not be attributed to changes in 

parallel conductance. 

Amirhamzeh et al, in considering the application of conductance for L VV 

during cardiac surgery, examined the influence of conductive material and solutions 

placed within the pericardia} cavity [103]. Saline was found to significantly increase 

left ventricular end-diastolic volume and end-systolic volume and decrease stroke 

volume. Electrode gel and implantable cardioverter defibrillator patches placed within 

the cavity did not affect the calculated LV volume<;. In addition the influence of right 

ventricular filling in L V conductance was examined in post mortem hearts. Increased 

right ventricular volume significantly increased the conductance derived left 

ventricular volume. 

Potentially conductive and non-conductive materials placed within the 

ventricular cavity, such as pacing wires and prosthetic valves may also affect the 

conductance derived volume measurements. This was examined by Bielefeld et al; 

both non-metallic and metallic objects were placed within a latex balloon model of a 

ventricular cavity [104]. They identified an alteration in the slope, a. of the 

conductance: absolute volume relationship when metal objects were placed within the 
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ventricular cavity particularly when touching the catheter. No change was detected 

when non-conductive objects were used. 

In an interesting study, White et al examined the effect of structural alterations 

in congenitally malformed hearts on left ventricular parallel conductance [105]. In this 

study pre and post-operative data were collected from patients undergoing atrial septal 

defect and ventricular septal defect closure to analyse the influence of intracardiac 

shunts and structural anatomical changes on the Vp. Despite major changes in 

ventricular structure associated with VSD and ASD closure, decreased left to right 

shunting, reduced ventricular size and Dacron patch material placed within the 

ventricular cavity, no significant change in parallel conductance was identified. 
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Right ventricular studies 

Continuous and instantaneous measurement of right ventricular volume using 

a conductance catheter method has been an important advance in assessment of left 

ventricular function. However, few studies have evaluated its application in the right 

ventricle [106-108]. The current methods of evaluating right ventricular mechanics 

include echocardiography, radionuclide ventriculography, magnetic resonance 

imaging and angiography. Unfortunately most have significant limitations [109]. The 

right ventricle may be difficult to access echocardiographically and the standardised 

method of assessing volume and function has not been established (although models 

of RV volume determination have been developed). Nuclear medicine scans have 

difficulty in accurately outlining the right ventricle, and magnetic resonance imaging 

requires prolonged imaging times [110, 111]. Although able to assess volume, 

angiography, as with other methods, lacks the temporal resolution required to assess 

ventricular function. 

In the experimental situation sonomicrometry has been a popular method of 

evaluating right ventricular volume or functional studies. The volume derivation is 

based upon an ellipsoid shell subtraction model. In this model right ventricular 

chamber volume is calculated by subtracting the volume of the right ventricular free 

wall and the volume within the epicardial (outer) shell of the L V from the total 

epicardial (outer) shell volume of both ventricles [112]. Such a method is based upon 

a defined RV geometry and curvature of the interventricular septum, which is convex 

towards the right ventricle. Theoretically such a model may be confounded by major 

changes in right ventricular geometry and septal orientation associated with 

pulmonary hypertension or other pathological conditions affecting the RV [75]. 
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Furthermore, the use of sonomicrometry requires an open-chest model and therefore 

is not clinically applicable. 

The conductance method offers many potential advantages for studying 

dynamic right ventricular volume. It provides a continuous instantaneous measure of 

ventricular volume. It may be placed within the ventricular cavity by the endovascular 

route and may therefore be used in clinical studies and closed-chest preparations. 

Volume determination by conductance is not based upon a predicted ventricular shape 

so changes in ventricular geometry should not confound the technique. 

Against this there are potential limitations of the method; the RV has a 

complex internal anatomy comprising an inlet and outlet cavity with two separate 

axes: (1) from the tricuspid valve to the apex and (2) from the RV apex to the 

pulmonary valve. Alignment of the catheter along one particular axis may not allow 

complete dispersion of current throughout the chamber. The dense internal 

trabeculations may also interfere with the homogeneous spread of the electrical field 

throughout the ventricular cavity. The thin free-wall myocardium of the RV may 

allow a great current leak from the ventricular cavity. This would result in a larger 

parallel conductance and potentially introduce greater areas into absolute volume 

estimation. 

In a study in which a model of a human right ventricle was created from latex 

rubber [113] White et al demonstrated that conductance-derived RV volume 

correlated well with true right ventricular volume as indicated by known volumes of 

injected saline. However the relationship of conductance volume and true volume did 

not lie along the line of identity and there was a wide variation in the y-intercept. The 

principal criticism of their model was that the cavity wall of the model, which 

represented the free-wall and inter-ventricular septum of the RV, was of equal 
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thickness and therefore the chamber expanded in a spherical rather than the ellipsoid 

fashion of the true right ventricle. In the measurement of RV volume by conductance 

there have been previous studies in which the catheter was introduced into the RV 

cavity via the tricuspid valve. This is advantageous in that the method can be 

performed by an endovascular route but the draw back is that the infundibular portion 

of the RV is not incorporated in the volume measurement. Woodward et al showed 

that the conductance catheter introduced via the transpulmonary route and orientated 

along the RV long axis provided a better estimation of RV volume rather than the 

tricuspid route [114]. Stamato et al measured right ventricular volume in closed-chest 

pigs [115]. In this paper the catheter was introduced into the RV via the tricuspid 

valve and positioned to span the long axis of the RV. In this study, parallel 

conductance was determined by hypertonic saline injection technique and the 

resultant transient increase in conductivity was analysed using a non-linear regression 

method. Pulmonary flow probe stroke volumes were compared with digital 

integration of the pulmonary artery flow signal on a beat-to-beat basis. The 

relationship between flow probe-derived stroke volume and conductance volume 

during ejection was modelled on a third order polynomial. Volume at 10% and 90% 

of ejection was compared and found not to be statistically different (a at 10% = 0.67 

and end systole 0.98, p>0.05). Parallel conductance was determined initially with the 

chest closed and subsequently with the chest open and found to decrease (32 ml 

versus 24 ml). From this study they identified that a did not change significantly 

during the cardiac cycle but did change under different loading conditions. This 

implies a non-linear relation between actual versus conductance derived volume over 

a wide volume range associated with caval occlusion interventions. This observation 
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of inverse relation of a. with ventricular volume is in agreement with the findings for 

the left ventricle [87]. 
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Data Analysis 

Data conditioning 

Throughout this thesis the physiological signals from the experimental model, 

including pressure, flow, conductance-derived ventricular volume and 

sonomicrometry-derived segment length, were acquired as analog data at 200 Hz and 

converted to a digital signal by the analogue-to-digital data acquisition board, model 

BNC-2080 (National Instruments, Austin, TX). Data acquisition was performed using 

programs written in our laboratory using the Lab View software environment 

(National Instruments, Austin Tx). Essentially this allowed an online, real-time 

display of all the physiological signals including reconstructed pressure-volume and 

pressure-dimension loops. The data were recorded on the hard drive for future 

analysis. 

Stored data were converted to the ACSll format and exported to Matlab (the 

Mathworks, MA) for analysis. In this thesis all data analysis was performed using 

personally written algorithms using Matlab 5.3, release 1.1. 
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Fig. 1.3 Raw right ventricular pressure data obtained by Millar manometer 

Following importing data into the Matlab environment, data were selected based on 

visual inspection of the signals for further analysis . Figure 1.3 shows the raw, un-

smoothed right ventricular pressure trace. 
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Fig. 1.4. Right ventricular pressure signal following smoothing of the data from figure 1.3 

All physiological signals were then smoothed using a 5-point moving average, 

polynominal smoothing function (function smooth!, appendix) . Figure 1.4 shows the 

previous RV pressure (Fig 1.3) after smoothing. 

Time indices 

It was necessary to establish the time indices of the main phases of each 

cardiac cycle in order to perform the calculations on a beat-by-beat basis . For steady-

state beats end-diastole, the onset and the end of ejection were calculated. 
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Fig. 1.5 Right ventricular pressure trace with vertical lines indicating the points of end-diastole. 

End-diastole was defined as the inflexion point preceding the upstroke on the right 

ventricular pressure trace (function markm.mat, appendix). Figure 1.5 shows the RV 

pressure with the point of end-diastole identified for each beat. With these time points 

defined, all channels were then divided into individual beats (functions marks.mat, 

cycle.mat, Appendix). 

The onset and end of ejection were calculated from the pulmonary ru.1ery flow signal. 

Figure 1.6 shows an individual cycle of unadjusted pulmonary artery flow, 

commencing at end-diastole. 
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Fig. 1.6 Single cycle of pulmonary artery flow before calibration. 

The flow signal was then calibrated by assuming that flow at end-diastole was zero 

and the flow measurements adjusted accordingly. This was performed on a beat-to-

beat basis. Figure 1.7 shows the adjusted flow probe signal. 
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Fig. 1.7 Pulmonary artery flow following calibration by assuming zero flow at end-diastole. 

The start of right ventricular ejection was defined as the commencement of blood 

flow in the pulmonary artery, and defined as the inflexion point preceding the 

upstroke in the pulmonary artery flow trace. Figure 1.8 shows the initial part of the 

pulmonary flow trace, the middle vertical line was selected as the start of RV ejection. 
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Fig 1.8. Initial part of the pulmonary artery flow signal was used to identify the start of ejection 

represented by the vertical line at 13 . 

The end of right ventricular ejection was defined as the point where pulmonary artery 

flow first became zero as indicated by the vertical line in figure 1.9. 
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Fig. 1.9 The point of end-ejection is defined by the point where the flow first crosses zero. 

Pressure-volume loop construction. 

Right ventricular pressure and volume data recorded simultaneously were plotted to 

give the pressure-volume loop for subsequent analysis . Steady state pressure-volume 

loops were used in the calculation of load-dependent indices , stroke work, ejection 

fraction , stroke volume and cardiac output. 
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shorter period of isovolumetric contraction. which results from the early onset of ejection due to the 

low pulmonary vascular impedance. 
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Fig. 1. 11 These are a series of right ventricular pressure-volume loops acquired under decreasing 

preload. induced by inferior caval occlusion. 

Haemodynamic Calculations 

Load-dependent indices 

Computation of the first derivative of ventricular pressure allows quantification and 

timing of dP/dtmax and dP/dtmin· 
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Fig. 1.12 Trace of the first derivative of right ventricular pressure (dP/dt). 

Stroke volume, SY, represents the total volume ejected during a cardiac cycle and 

may be calculated by integration of the flow probe signal. 

SY= f Q(t) dt 

where Q(t) is the instantaneous pulmonary flow in ml/min, integrated between sta11 

and end of ejection. 

Cardiac output, CO in litre/min 

CO= SY* HR 

Where HR is the hea11 rate in beats/min. 

Following calibration of the conductance signal for parallel conductance (Yp) and 

gain (a), end-systolic volume (EDY), end-diastolic volume (EDY) and ejection 

fraction (EF) may be derived 
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EF = (EDV-ESV/ EDV)* 100 

Stroke work (SW) is calculated by the integral of the ventricular pressure P(t) and 

volume V(t) for a given cardiac cycle, representing the area of the pressure-volume 

loop. 

SW= f P(t) dV 
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Load-independent indices 

From these series of loops the load-independent indices of contraction are de1ived. 

Figure 1.13 shows the derivation of the end-systolic pressure volume relationship, or 
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Fig. 1.13 Demonstrating the derivation of the end-systolic pressure volume relation for a series of RV 

pressure-volume loops. Emax is the slope of the relation (or Ees. end-systolic elastance) and Y0 is the x-

intercept representing the unstressed ventricular volume. R2 is the square of the correlation coefficient. 
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Appendix 

Smooth function. 

% Smooths data using a moving average of length (n), and 
% instead of the simple mean (sum of observations/number of variable) 
% uses a polynominal function to add 'increasing we ight' to the 
% middle observation 

% Input variables a data for smoothing 
% n determines length of the moving average. 

function b=smooth(a,n) 

b= (]; 
for i=l:cols(a) 

x =a (:, i); 
interation 
l=rows (x) ;m= []; 

% if eg a=pvq 

% cols(a) =3 

% assessing p in the f isrt 

x2=[x(l)*ones(n,l) ;x;x(l)*ones(n,1)]; % creates a vector of 
increased length by repeating 

to allow moving average 

for i=-n:n 
of moving obs 

m=[m x2(n+l+i:l+n+i)]; 
etc 
end 

p=poly(ones(l,2*n)*(-1)); 
polynominal equation 

brackets. 
y= (m*p') /sum(p); 

b= [b y]; 

end 

% ( by multiplying by ones) 

% Subroutiene creates columns 

% when n=l cols =3, n=2 cols=S 

% poly function derives the 

% from roots wi thin the 

% matr .;.x multiplication 

% b is the result. 
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Function to identify the point of end-diastole 

function m = markm(p) 
%Marks the point of end-diastole using the max of the third 
derivative 
% p is the pressure array 
% De bug this by changing the smoothing and altering the window 
% 

ps=smoothl(p,13); 
d =deriv(ps); 
ds=smoothl(d,13); 
d2 =deriv(ds); 
d2s=smoothl(d2,13); 
d22=deriv(d2s); 
d22s=smoothl(d22,21); 
d222=deriv(d22s); 
d222s=smoothl(d222,21); 

b=maxima ( ds, 7 0) ; 
e =b - 20; 

% May be altered for the threshold 
% 25 may be altered to reduce the window 

z=[e,b) ; pp=[); 

for f=l:rows(z) 
pp(: ,f)=fnddwnx(d222s(z(f,l) : z(f,2))); % Check here to ensure only 

one mark per beat 
end 

for i= l : cols(pp) 
pm(i)=find(pp( : ,i)); 

end 
pm=pm' ; 
m=e+pm; 
t=l:l:length(p); 
ti=t*0.005; 
plot(ti,p); 
mi=m*0.005; 
vmark (mi); 
xlabel ( 'Time ( s) ' ) 
ylabel( 'Right ventricular pressure mmHg' ) 
pause ; 
close 
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Functions for separating data into indi vidual beats 

function y=marks(m) 

% Produces a matrix 
% No of beats Start index End index 
% m is the beat marks from the mark.m 

btnums=(l:rows(m)-1) '; 
begbts=m(l : rows(m)-1); 
btend=m(2:rows(m) )-1; 

y = [btnums begbts btend]; 

function c=cycle(p,y) 

% Divides the selected data into cycles of same length 
% p is the parameter to be divided, y is the beat matrix 

for n=l : rows(y) 
x(n)=y(n,3)-y(n,2); 

end 

r=max (x); 

for i=l : rows(y) 
xd(i)=r-x(i); 

end 

c= [ J; 
for n=l : rows(y) 

c (:, n) = [p (y (n, 2) :y (n, 3)) ; p (y (n, 3) ) *ones (xd (n) , 1)] ; 
end 
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Function to identify the start of ventricular ejection 

function mq = stej (q ,p , n ) 

% q is single pressure cycle 
% p is the single pressure cycle 
% n is the width of window around dP/dtmax 

dp=deri v( p ) ; 

y=maxima (dp , l ) ; 
e=y+n; 
f =y - n; 
z= [ f, e ) ; 

dq=deri v ( q) ; 
d2q=deri v ( dq ) ; 
d22q=deriv( d2q ) ; 
d222q=deri v( d22q ) ; 
d2222q=deriv( d222q ) ; 
p=fnddwnx (d 2 222q ( z ( l ) :z (2 ))) ; 
mq=f i nd (p ) ; 
mq=mq+f ( l ) ; % big clich on the pressure trace may give 2 max on 
the derivative 

pl o t ( q ) 
axis ( [ 0 2 5 - 2 0 5 0 J ) ; 
vmark (mq ) 

% Allow user to select the point of start of ejection 

[xl y)=ginput ( l ) ; 
ylim=get (gca, 'ylim' ) ; 

if y>ylim ( l ) 
x=round (xl ) ; 
mq=x ; 

end 
close 
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Functi on for identifying the end of ventricular ejection 

%FUNCTION ENDEJ 
% - Returns the sample number for the end of ejection of a given beat 
% - End ejection is calculated as the point on the descendi ng portion 
of 
% of the aortic flow curve where the flow falls be l ow zero. 
% works on a single cycle of flow, with q as flow data. 

function endej=endq(q) 

nmax=find(q==max(q)); 

qfall=q(nmax : length(q)); 
endej=find(qfall<=O); 
endej=endej (l)+nma x-2; 

the zero 
% Derives points above and below 

if abs(q(endej+l) )<abs(q(endej)) % Determines which point i s 
closest. 

endej=endej+l; 
end 
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Abstract 

Introduction: The conductance catheter method for measuring right ventricular 

volume was assessed in seven excised porcine hearts. 

Methods A 5-FG conductance catheter was placed within a latex balloon, and 

positioned in the right ventricular cavity of seven freshly excised porcine hearts and 

conductance recorded while saline was withdrawn from the intra-ventricular balloon 

in 2-ml decrements. Linear regression analysis of measured conductance versus 

reference volumes was computed. 

Results: Conductance-derived volumes were highly correlated with reference 

volumes (R2 0.976, SD 0.035). The mean gradient of regression was 0.97, SD 0.10 

and was not significantly affected by L V volume alterations. However a small but 

significant increase in they-intercept with LV filling was observed. (LV empty 3.11 

ml, SD 1. 71, L V full 4.58, SD 2.39 p=0.008). Introduction of the catheter through 

either the Tricuspid or Pulmonary orifice were both effective in ventricular volume 

measurement. The effect of mismatch between the catheter length and the RV long

axis dimension was evaluated by changing the position ot the active sensing 

electrodes along the catheter body. Conductance measurements, obtained from 

catheters shorter than the Jong-axis of the RV, still maintained a highly linear 

correlation with real volume, but regression gradients were significantly reduced. 

Conclusions: These results show that the conductance catheter of appropriate length 

can accurately measure RV volume, despite the complex shape and geometric 

changes associated with ventricular filling. 
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Introduction 

Current concepts of ventricular contraction have been based upon the analysis 

of ventricular pressure and volume, particularly under changing loading conditions. 

Such methodology has been fundamental in describing the contractile function [53, 

116, 71, 117, 66, 118, 119, 120], myocardial energetics [54, 55, 121, 122, 123] and 

ventricular arterial coupling of the left ventricle [56, 65, 124]. The application of these 

concepts in the investigation of right ventricular performance has been hampered by 

an inability to accurately quantify real-time right ventricular volume. The complex 

shape of the right ventricle together with the geometric changes that occur during the 

cardiac cycle has precluded description by a simple geometric model. Right 

ventricular volume has been determined using biplane angiography and magnetic 

resonance imaging with the application of Simpson's rule [110]. However, such 

techniques do not allow real-time measurement of volume and therefore cannot be 

used in quantifying ventricular performance during altering loading conditions or with 

changing function . Sonomicrometry with the application of the shell-subtraction 

model has been used to measure RV volume and performance in various animal 

studies [112], but the technique is invasive and not generally applicable in human 

studies. 

The conductance catheter technique for ventricular volume measurement was 

first developed by Baan [79, 80] and has been used extensively in the measurement of 

left ventricular volume in both clinical and experimental studies [120, 125, 126]. The 

technique involves the generation of an electric field from an alternating current 

source within the ventricular cavity and measurement of the developed potential 

difference, which varies in function of the changing ventricular blood volume. The 

technique has been extensively validated for left ventricular volume measurement 
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both in intact hearts using MRI [87], CT scanning [127], echocardiography [100, 128, 

129], angiography and in excised preparations with ventricular casts [95, 113]. 

The conductance method has however been hampered by errors associated 

with the uniform dissemination of electric field within, and limited to, the ventricular 

blood pool. In order to derive absolute ventricular volume measurements, calibration 

procedures are required which add complexities to the technique and introduce 

potential error [130]. The calculation of parallel conductance is required to correct for 

the fraction of conductance-derived current that conducts through the ventricular wall 

and into the surrounding mediastinal tissues or other ventricular cavity. A further 

calibration involves an independent measurement of ventricular or stroke volume to 

calculate a gain correction (a, dimensionless constant). This procedure is necessary 

because of the inhomogenity of the electric field within the ventricular blood pool. 

Such limitations of the conductance technique are likely to be exacerbated in RV 

volume measurements due to its complex cavity shape, heavy trabeculation and 

geometric changes associated with filling. 

The purpose of this study was to establish the acruracy of the conductance 

method in measuring the volume changes of the right ventricle. Freshly excised 

porcine hearts, containing a right intra-ventricular latex balloon, were used in order to 

have an anatomically accurate model, which would best represent the complex 

geometric shape changes of the in-situ RV. The latex balloon insulated the ventricular 

cavity thereby avoiding the confounding variable of parallel conductance. 
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Material and Methods 

Right ventricular model 

Following the induction of cardiac asystole with an intravenous bolus of 

potassium chloride, hearts were immediately excised from seven 45kg pigs, prior to 

the onset of rigor mortis. The hearts were washed and the tricuspid subvalvular 

apparatus and moderator band were incised to allow the subsequent unrestricted 

expansion of the intra-ventricular balloon. A 5F Single-Field, 12-electrode 

conductance catheter was positioned within a compliant latex balloon (Trojan, 

condoms), together with a small cannula for the addition and removal of saline. The 

balloon was tethered to the conductance catheter proximal to the first electrode and at 

the distal tip, thereby preventing expansion of the balloon beyond the limits of the 

conductance electrodes. The balloon was then positioned in the right ventricular 

cavity, initially by passing retrogradely across the pulmonary valve orifice, and later 

across the tricuspid orifice. Correct position was verified by palpating the tip of the 

catheter in the ventricular apex and by direct visualisation through the tricuspid valve. 

The tricuspid leaflets were then approximated, preventir1g balloon herniation into the 

right atrium during subsequent expansion. 

A left intra-ventricular balloon was passed retrogradely across the aortic valve 

and positioned in the left ventricular cavity for subsequent L V volume alterations. 

Conductance Apparatus 

All experiments were performed using 5-FR 12 electrode conductance 

catheters with 6mm electrode spacing (Cordis Webster, Inc, 4750 Littlejohn Street, 

Baldwin Park, CA 91706; phone 800 729 9010). The catheter was connected to a 

signal conditioner-processor (Model Sigma, 5 DF, Leycom, The Netherlands), which 
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imposed a standard single-field excitation by generating an alternating current (20 

KHz, 30 µA) from the outermost catheter electrodes. 

The technique to estimate ventricular volume by measuring electrical 

conductance in the ventricular cavity has been described in detail by Baan et al [79]. 

Briefly, the measured conductance (Gt) is related to time-varying RV volume [V(t)] 

through the relationship 

Gt = V(t).a.cr/L2 

in which a is a dimensionless constant, L is the distance between electrodes, cr 

is the specific conductivity of blood and G is the sum of the conductances measured 

between the five pairs of sensing electrodes. Conductance signals were digitised 

through a 16-channel, high performance analogue-to-digital data acquisition board, 

model BNC-2080 (National Instruments, Austin, TX), inside the computer, at a 

sampling rate of 200 Hz. Data was collected in Lab View (National Instruments) in a 

Compaq Pentium II computer using data acquisition software developed in our 

laboratory, Data obtained were analysed off line using a standard statistical package 

(Sigma Stat SPSS, Inc). In these experiments the dimensionless constant, a was 

assigned a value of 1 in order to determine the relationship between real ventricular 

volume and conductance-derived volume. 

A potential limitation of the conductance method is an inability to measure 

volume that extends beyond the proximal or distal limits of the catheter's sensing 

electrodes. For optimal ventricular volume measurement, the sensing electrodes 

should span the entire long-axis of the ventricle with the proximal current generating 

electrode beyond the ventricular cavity, i.e. above the pulmonary valve. However, 

because the catheter has a fixed length, significant changes in ventricular long-axis 

dimensions, either during the cardiac cycle or by altering loading conditions, may 
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potentially result in mismatch between the catheter's sensing length and the long axis 

dimensions of the ventricle leading to inaccuracies of volume determination. A recent 

modification of the conductance catheter design has been the ability to adjust the 

position of the sensing electrodes on the catheter body to optimise the catheter length 

for individual ventricular dimensions. Using this design feature it was possible to 

evaluate the effect of catheter: ventricular length mismatch by measuring the 

ventricular volume with the catheter set initially in the maximum sensing length 

(usually the optimal match for ventricular long-axis) followed by medium and small 

catheter lengths. 

The hearts were suspended from a retort stand. 0.9% Saline, at room 

temperature was introduced into the intra-ventricular balloon. Maximum balloon 

volumes ranged from 35 ml to 60ml. Care was taken to ensure no air was within the 

balloon and that no saline escaped during filling. The volume was then reduced in 2 

ml decrements . 

Procedure 

At the start of each experiment, the conductivity of the 0.9% NaCl solution to 

be injected into the right ventricular cavity was measured using the four-electrode 

cuvette. As temperature is known to affect the conductivity of saline [131], multiple 

measurements were made at room temperature and the mean calculated. This value 

was then used as the conductivity of the 0.9% saline solution for that experiment. 

With the catheter introduced through the pulmonary valve and orientated along the 

outflow long-axis of the right ventricle saline was withdrawn in 2 ml decrements and 

conductance measurements were made. For each decrement of volume, three 

conductance volumes were recorded corresponding to long, medium and short 
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catheter length, produced by adjusting the positions of the sensing electrodes. This 

was performed initially with the LV empty, then repeated with the LV intra

ventricular balloon distended with saline (30-50ml) to assess the effect of LV filling 

on RV shape change and conductance measurements. These experiments were then 

repeated using the tricuspid approach to assess the effect of the catheter orientated 

along the inlet axis. 

Statistics 

Conductance volumes versus actual volumes were plotted and linear 

regression analysis performed by the least-squares method. For each regression, 

gradient and y-intercept were computed, with their associated standard errors (SE), 

and the square of the correlation coefficient (r2
). Summary of the regression 

coefficients for each experimental condition were expressed as mean and standard 

deviation (SD). Measurements of data from empty and full LV, and the tricuspid and 

pulmonary approaches were compared using paired Student t-test. Data comparing the 

effect of different catheter length on the conductance measurements were analysed 

using one-way ANOV A. 
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Results 

Analysis of the right ventricular volume determinations demonstrated good 

correlation between real and conductance measured volumes for all seven hearts 

(figure 2.1, table 2.1 ); the mean r2 was 0.976, SD 0.035. With the catheter in the 

pulmonary position and the left ventricular cavity empty, the mean gradient of the 

regression line was 0.97, SD 0.10, suggesting that conductance quantified real RV 

volume despite its complex shape. The mean y-intercept was 3.11 ml, SD 1.71 with a 

range for all studies of 0.83 ml to 6.11 ml. Left ventricular filling did not significantly 

alter the regression gradients (LV empty 0.97, SD 0.1 O; full 0.95, SD 0.09, p=0.48) 

but a small but significant increase in they-intercept was observed (LV empty 3.11, 

SD 1.71, full 4.58, SD 2.39 p=0.007). This suggests that the geometric changes in RV 

cavity shape induced by LV filling are unlikely to influence the conductance volume 

assessment. 

In the four hearts in which the tricuspid route was examined there again was 

good correlation between real and conductance measured volumes (table 2.2). There 

was no significant difference between volumes derived f10m catheters passed through 

the pulmonary and tricuspid orifices (Mean regression gradient for pulmonary route 

for all experiments 0.96, for tricuspid route 0.93, p=0.48). However, compared with 

the pulmonary route, the tricuspid route was associated with a larger range of y

intercepts. 

The effect of reducing the active catheter length relative to the long-axis of the 

ventricle is shown in figure 2.2. Matching catheter length to the ventricular long-axis 

dimension produced regression gradients close to 1, whereas under-sizing the catheter 

significantly decreased the gradient, and thus underestimated the true ventricular 

volume (long 0.975, SD 0.087, medium 0.787, SD 0.094, small 0.589, SD 0.091; 
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p<0.001). Despite this all catheter lengths still maintained strong linear correlations 

with real volume. 
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Discussion 

Until recently, the right ventricle was considered to act mainly as a passive 

conduit between the systemic and pulmonary circulations. This view was supported 

by animal experiments, which showed that extensive injury to the RV free-wall 

resulted in only minor haemodynamic compromise [17, 18]. This was further 

reinforced by the experience gained from surgical repair of uni ventricular congenital 

heart disease, in which following complete bypass of the right ventricle, the 

pulmonary circulation can be adequately perfused by systemic venous pressure alone 

[132]. Nevertheless it is now clear that disturbance of right ventricular function can 

have major functional implications following myocardial infarction [15], 

cardiopulmonary bypass [61, 133] heart transplantation [134, 135] and various 

congenital heart defects [136]. The ability to measure right ventricular function in 

such conditions and during therapeutic intervention is of major clinical importance. 

Left ventricular contraction has been quantified using indices of systolic 

function derived from the simultaneous acquisition of ventricular pressure and 

volume. Unlike the traditional measures of ventricular function, such as ejection 

fraction and dP/dtmax, these indices allow description of ventricle performance 

separate from the influence of the loading conditions. However, similar analysis of 

right ventricular function has been impeded by an inability to accurately measure right 

ventricular volume. Common methods of ventricular volume measurement such as 

angiography and echocardiography rely on assumptions of simple geometry. 

Although suitable for the LV, the RV is highly asymmetrical, triangular in 

longitudinal section, with a cresentic slit-like cross-section. Accordingly, such 

imaging techniques do not allow accurate measurement of dynamic RV volume. 
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The use of conductance catheters for measuring continuous real-time LV 

volume is well established, which has enabled the study of LV function in clinical and 

experimental studies [43, 90, 125, 137-140]. Because conductance does not depend 

upon geometric assumptions, this may be an appropriate technique to measure RV 

volumes. 

Previous studies have evaluated the conductance method for RV volume 

measurement in-vivo. Woodard et al compared stroke volume derived from 

pulmonary flow probe and RV conductance in dogs and demonstrated good 

correlation [114]. Sonomicrometry and the application of the shell-subtraction model 

have shown good correlation with altering loading conditions [112] . Such studies 

have inherent weakness in that the methods employed for RV volume measurement 

have their own limitations and inaccuracies and thus are not ideal as a reference 

against which to compare conductance. Therefore in these experiments excised heart 

preparations were used, in which the RV volume could be accurately varied by known 

volumes and RV conductance recorded. 

Quantification of the accuracy of RV conductance, in excised heart models has 

been previously studied using cast preparations of the human RV [113]. However, a 

major limitation of this model was that the cast had a wall of uniform thickness, 

unlike that of the right ventricle, and therefore did not reliably reproduce right 

ventricular shape changes in systole and diastole. Furthermore the effect of L V filling 

on the RV cavity shape was not considered. The porcine hearts in our experiments 

accurately represented the in-vivo RV cavity shape changes as the model preserves 

the anatomical structures. The use of the intra-ventricular balloon allowed very 

accurate changes in volume as saline was not lost from the ventricle through the 

valves during volume expansion. Furthermore by using the latex balloon the electrical 
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field did not conduct beyond the ventricular cavity and the error associated parallel 

conductance was avoided. It is possible that the use of an intra-ventricular balloon 

will result in underestimation of true RV volume as expansion may be restricted by 

the dense trabeculations existing within the RV cavity. To limit this inaccuracy the 

subvalvular structures and the major trabeculations e.g. the moderator band were 

incised to allow unrestricted expansion. 

In this study we found a highly significant linear correlation between RV 

conductance and reference volumes with regression gradients close to 1. Compared 

with the volume ranges used in the ventricles the variations in the y-axis intercepts 

were small. This suggests that the conductance method may reliably measure absolute 

volume. This contrasts with White et al human cast study in which there was a wide 

range of y-axis intercepts; however this may have resulted from the anatomical 

limitations of their model [113]. The linearity of the conductance versus reference 

volume relationship exists in our model, in part, because the shape changes of the 

right ventricle relative to the catheter axis do not alter conductance independent of 

changes in volume. Filling the left ventricular cavity had only a minor influence on 

the RV conductance measurement. Specifically there was no significant change in the 

regression gradient, but a small increase in the y-axis intercept. A similar observation 

was reported by Solda et al who used an excised rabbit heart model to study RV 

conductance and also reported a small increase in the y-intercept with L V filling 

[141]. It is possible that in their model the increase in the y-intercept with L V filling 

was due to an increase in parallel conductance as the L V cavity filled with blood. 

In our model the ventricular cavity was electrically isolated from the LV and 

surrounding structures and any increase in the offset is most likely due to a shape 
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change in the RV. The minor changes in y-intercept are unlikely to introduce 

significant error associated with the conductance method. 

Positioning the catheter through the tricuspid or pulmonary orifice both 

resulted in similar correlations and regression gradients. However the tricuspid route 

was associated with a wider variation in y-intercept, suggesting that this catheter 

orientation within the ventricle may be inferior to the pulmonary position. The 

superiority of the pulmonary position has been identified in in-vivo experiments 

[114]. It is possible to introduce the catheter through the tricuspid valve and orientate 

it along the outflow axis and thus perform RV conductance studies on the closed

chest [ 115]. 

Because each electrode pair only senses a disc of regional volume at right 

angles to the catheter long axis, changes in intra-ventricular volume beyond the limits 

of the electrodes will not be quantified. It is therefore important to match the catheter 

length to that of the ventricle in order to detect the entire ventricular volume. This was 

supported by the findings of this study in which the use of a catheter shorter than the 

long axis of the ventricle was associated with reduced regression gradient, compared 

with catheters of appropriate length. Therefore a potential source of error will be 

introduced if significant changes between the catheter length and the ventricular long

axis dimension occur during RV volume measurement. The implication of this finding 

is that for the conductance technique to work accurately the major component of 

ventricular contraction should be in the short axis dimension, with little or no changes 

in the long-axis. During the cardiac cycle long-axis shortening is a relatively minor 

component of RV contraction and therefore unlikely to be a significant source of 

error. However, the ventricular dimensional changes that occur with rapidly changing 

load, as in vena caval occlusion interventions, may be associated with a greater 
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magnitude of long-axis shortening and thus error with conductance derived volume. 

Previous studies evaluating LV conductance in-viva have demonstrated that volume 

changes sensed by the conductance catheter were typically smaller than reference 

volume changes. In order to measure absolute ventricular volume changes by 

conductance a gain correction (a) is required. This is typically derived by the use of 

an alternative method of calculating ventricular or stroke volume (e.g. flow probe) 

and then adjusting the conductance-derived volume appropriately. Such methodology 

assumes that the gain correction remains unchanged with differences in ventricular 

volume and loading conditions. However, it has been demonstrated that during 

periods of rapidly changing load, the gain correction factor changes on a beat-by-beat 

basis. It is possible that this observation of a change in gain is due to a change in the 

catheter length relative to the long axis of the ventricle. 

A potential limitation of this study was that parallel conductance was not considered 

due to the limitations of the non-conductive model. 
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Figure 2.1 A graph showing the close correlation between known volume, and conductance-derived 

volume from seven porcine right ventricles. 
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Figure 2.2. A graph showing the effect of different active catheter lengths on the conductance : 

reference volume relation. • long , -.V medium and * short active catheter length. A catheter shorter 

than the ventricular long axis will under estimate the true ventricular volume. (Dotted line is the line of 

identity) 
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Heart Left Regression line Y -Intercept rz 
Ventricle (gradient) 

Empty 0.867 SE 0.05 3.79 SE 1.29 0.980 

1 Full 0.866 SE 0.03 4.29 SE 1.12 0.989 

2 Empty 1.022 SE 0.01 0.83 SE 1.07 0.991 

2 Full 1.020 SE 0.04 0.97 SE 1.24 0.985 

3 Empty 1.049 SE 0.04 3.48 SE 1.24 0.989 

3 Full 1.025 SE 0.12 6.14 SE 3.84 0.863 

4 Empty 1.134 SE 0.01 1.45 SE 0.24 0.998 

4 Full 1.059 SE 0.02 2.99 SE 0.55 0.988 

5 Empty 0.902 SE 0.04 3.04 SE 0.69 0.984 

5 Full 0.977 SE 0.02 4.11SE0.50 0.990 

6 Empty 0.925 SE 0.03 3.07 SE 0.78 0.994 

6 Full 0.875 SE 0.02 4.99 SE 0.58 0.997 

7 Empty 0.867 SE 0.02 6.11 SE 0.91 0.946 

7 Full 0.850 SE 0.02 8.56 SE 0.87 0.966 

Table 2.1 Summary of data from hearts in which right ventricular volume was measured with 

conductance catheter passed across the pulmonary valve. 
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Heart Left Regression line Y -Intercept r2 
Ventricle (gradient) 

1 Empty 0.851 SE 0.04 2.305 SE 1.082 0.985 

1 Full 0.835 SE 0.04 5.415 SE 0.824 0.991 

2 Empty 0.885 SE 0.05 9.890 SE 1.769 0.970 

2 Full 1.132 SE 0.09 2.095 SE 0.240 0.989 

3 Empty 0.980 SE 0.05 2.110 SE 1.069 0.975 

3 Full 0.900 SE 0.04 5.690 SE 0.810 0.988 

4 Empty 0.900 SE 0.02 -0.229 SE 0.450 0.994 

4 Full 0.960 SE 0.02 2.838 SE 0.509 0.992 

Table 2.2. Summary of data of conductance derived right ventricular volumes through the tricuspid 

valve route. Results are expressed as means and standard errors. 
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Abstract 

Introduction: The accuracy of in v1vo ventricular volume measurement by the 

conductance method is affected by parallel conductance (Gp) from tissues extrinsic to 

the ventricular blood pool [103, 137, 142]. Furthermore the magnitude of Gp and its 

variation during the cardiac cycle may be influenced by changes in ventricular 

dimensions, geometry and the conductivity of structures beyond the blood pool. These 

effects were evaluated in the porcine right ventricle. 

Methods: In 14 open-chest pigs, right ventricular volume was determined using the 

conductance catheter method. Parallel conductance was obtained following 

hypertonic saline injection and calculated using 3 methods: (1) Vp[Baan], (2) Vprnon

linearJ and (3) Vp(t)[MeanJ· The variation in parallel conductance during the cardiac cycle 

[Vp(t)] was determined. In addition, we determined the influence on parallel 

conductance under the following conditions: 

Group 1: 

Group 2: 

Group 3: 

The heart was insulated by using a latex rubber sheet covering the 

epicardial surface. Parallel conductance measurements of uncovered 

hearts Vp[openJ and insulated hearts VplinsulatedJ were compared. 

Right ventricular free wall infarction. Parallel conductance 

measurements of normal hearts, Vp[baselineJ and following infarction 

Vp[infarctionJ were compared. 

Altered right ventricular geometry induced by left ventricular 

unloading using a left ventricular assist device (L V AD). Parallel 

conductance measurements of normal hearts Vp[baseiineJ and following 

institution of LV AD, Vp[LVADJ were compared. 
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Results: In the open-chest porcine right ventricle variation in parallel conductance 

during the cardiac cycle was minimal (mean maximal variation 4.95%, SD 3.46% of 

end-diastolic volume) and could be represented by a single value. Insulation of the 

heart did not reduce Vp (VP[open] 26.9, SD 16.4 versus Vp[insulatedJ 30.0, SD 13.8, 

p=0.26) but did result in a small, non-significant, decrease in cardiac cycle variability. 

Left ventricular unloading with LV AD significantly increased RV parallel 

conductance in all animals, while the changes associated with RV infarction were 

variable. The Vp[non-linearJ method showed a closer approximation to Vp(t)[meanJ than the 

Vp[BaanJ method. 

Conclusions: In the open chest porcine model, parallel conductance varies little 

throughout systole and may be represented by a single value. Altered right ventricular 

shape and geometry induced by RV infarction and LV unloading produced significant 

effects on right ventricular parallel conductance. For accurate and absolute 

conductance-derived RV volume measurements, it is necessary to predetermine 

parallel conductance when intervention produces a shape change in the RV cavity. 
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Introduction 

The conductance catheter method of quantifying left ventricular volume has 

facilitated the assessment of left ventricular pump function in the cardiac 

catheterisation laboratory and in closed-chest experimental animals [143, 144, 139, 

145, 146]. The technique has also been useful in measuring right ventricular volume 

in both human and animal studies. Recently the technique has been employed in the 

measurement of RV volume [107, 147, 114, 128] and in the assessment of 

contractility following cardiac surgery [61]. 

A wide variety of techniques have been used to measure left ventricular 

chamber volume of in-situ hearts. Most of these approaches require assumptions for 

geometric modelling (e.g. sonomicrometry) and labour-intensive off-line contouring 

(e.g., MRI, echocardiography, cine and nuclear ventriculography)[l 11, 149, 150]. The 

multi-electrode conductance catheter avoids these problems and provides a 

continuous on-line volume signal. It is also advantageous in that it may be used in 

closed-chest preparations. 

A drawback of the method is that structures that are extrinsic to the blood pool 

such as myocardium and mediastinal tissue also conduct current. Therefore the 

conductance measured by the catheter overestimates the conductance due to the 

ventricular cavity blood by "parallel conductance" Gp. This parallel conductance is 

easily converted to a volume offset, Vp. 

Several investigators have chosen not to quantify the parallel conductance 

(Gp) and have instead presented either relative volumes or impedances. While still 

useful for some applications, calibration to absolute volume markedly strengthens the 

catheter's utility. A method of quantifying parallel conductance was developed by 

Baan et al, (Vp[BaanJ) in which a bolus of hypertonic saline is injected into the 
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pulmonary artery (for LV volume determination) which transiently raises the 

conductivity of the ventricular blood [82, 94]. Since conductance measured by the 

catheter is dependent on the electrical conductivity of the blood in the ventricular 

chamber, the hypertonic solution causes a transient increase in the conductance or 

volume signal. The selective change in the left ventricular chamber blood 

conductivity without altering the left ventricular chamber volume or conductance of 

the surrounding structures (myocardium, lungs, etc) permits estimation of the 

conductance due to parallel structures. 

Using such methodology it has been shown that Vp can be significantly 

influenced by alterations in contiguous structures that approximate the heart such as 

the presence of pericardia! fluid or metal retractors within the pericardia] cavity [49, 

103, 104]. In open-chest preparations insulating the heart by wrapping it in a rubber 

membrane has been shown to reduce left ventricular parallel conductance and limit 

the confounding effects of alterations in the external environment [151]. Potentially 

the right ventricle may be even more susceptible to extrinsic changes than the left 

ventricle because the thinner free-wall offers less resistance to current leak. 

The technique described by Baan et al results in a single estimate of Vp and 

does not consider the variation during the cardiac cycle. Yet simultaneous ejection of 

blood from the LV, filling of the atria, and changes in myocardial perfusion during the 

cardiac cycle may result in variation in conductance extrinsic to the ventricular blood 

pool and thus a change in parallel conductance during the cardiac cycle. Langford et 

al developed a method for assessing the variation in Vp during the cardiac cycle and 

found that, for the closed-chest porcine preparation the variation in left ventricular Vp 

was minimal [89]. White et al examined the Vp variation in the human right ventricle 

and similarly detected only minor variability during the cardiac cycle [152]. 
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We hypothesised that the open-chest RV may have an excessive variation in 

Vp during the cardiac cycle and this was examined in the present study. In addition, 

we examined potential influences on right ventricular Vp including the effects of 

electrical isolation of the heart with a latex rubber insulator, right ventricular ischemia 

and altered RV geometry induced by L V unloading with a left ventricular assist 

device. 
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Material and methods 

Protocol 

All experimental procedures and protocols used in this study were reviewed and 

approved by the Harvard ethical committee. The study was in accordance with the 

NIH guide for care and use of laboratory animals and published guidelines [153] . 

The animal model used was an open-chest adult porcine preparation (weight 40-

50kg), initially with normal ventricular structure and function. General anesthesia was 

induced with intramuscular Telazol, followed by inhaled Isoflurane administered by 

facemask. Animals were endotracheal intubated and ventilated with 100% oxygen, 

and anesthesia maintained with 2-3% Isoflurane. Continuous oxygen saturations and 

arterial blood gas analysis were performed to monitor oxygenation and optimize 

ventilation. Ventilation was adjusted with tidal volumes initially set at lOmls/kg and 

the ventilation rate adjusted to maintain pC02 < 35 mmHg, with the inflation 

pressures below 10 cm H20. All animals received a bolus of Magnesium Sulphate 

2mg before instrumentation to reduce the incidence of arrhythmias. Hydration was 

maintained with intravenous fluids maintained at rate or lml/kg/hr with 0.9% saline. 

Instrumentation 

An electromagnetic flow probe (Carolina Medical Electronics 501, King, NC) 

was positioned around the pulmonary artery, to assess stroke volume and cardiac 

output. 

Micromanometers, 5-Fr (model PC350, Millar Instruments Inc, Houston, Tx) were 

placed in the pulmonary artery, and right ventricular cavity and aorta. 

A 5F 12-segment single-field conductance catheter (Cordis Webster Inc, Baldwin 

Park, CA) was introduced through the proximal PA and positioned in the RV cavity. 

Catheter position was confirmed by palpation. Final position was adjusted by 
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inspection of the individual segment pressure-volume loops. Counterclockwise 

rotation of each of the five individual pressure-volume segments loops ensured that 

each lay within the right ventricular cavity. Right ventricular parallel conductance was 

determined by multiple hypertonic saline injections into the external jugular vein. 

Since the determination of Vp may be influenced by saline temperature and 

concentration [ 142] all hypertonic saline injections were performed at room 

temperature and with 10% saline concentration. Calculation of Vp was made by three 

previously described methods: (1) Vp[BaanJ, [82] (2) Vp[non-linearJ [86] and (3) 

Vp(t)[Mean], [89]. From the derived data, the time variability of Vp(t) throughout the 

systolic portion of the cardiac cycle was analysed. Vp(t)[MeanJ (considered the most 

accurate method of Vp determination) was compared against Vp[non-linearJ and VPrBaanJ . 

Conductance catheter methods 

The conductance catheter used in all experiments was an 8-F, 12 electrode 

catheter (Cordis Webster, CA) which was inserted into the right ventricle via the 

pulmonary valve and aligned along the long-axis of the right ventricle. The catheter 

was connected to a stimulator-signal processor unit (model Sigma 5, Leycom, The 

Netherlands) that applies current (0.07mA root mean square at 20 kHz) at electrodes 1 

and 8 (positioned at the apex and below the pulmonary valve, respectively), and 

measures the voltage potentials at multiple intervening electrodes. Because the current 

is constant, these potentials can be converted to conductances of blood-tissue 

segments between adjacent pairs of electrodes. The relationship between ventricular 

volume and time-varying conductance is given by 

V(t) = (l/a)(L2 /cr) [G(t)-Gp(t)] 2.1 

where V(t) is the true ventricular volume (ml); Lis the inter-electrode spacing (cm); a 
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is the electrical conductivity of blood (Q.cm- 1
); G(t) is the total measured conductance 

(Q-1) ; Gp(t) is effective conductance of structures contributing toward G(t) but 

outside the blood pool; and a is a slope correction factor. 

Lis constant for the catheters used in this study, so total ventricular volume V(t) can 

be written as: 

V(t) = (1/a)(L2 /cr) G(t)-Vp(t) 2.2 

where 

V(t)=L2 /[(cra)].Gp(t) = (l/a).Vp(t) 2.3 

Vp[Baan)J estimation 

Estimation of a single parallel conductance (or volume offset) value for the cardiac 

cycle was performed using a technique previously reported by Baan et al [82]. The 

principle assumption inherent in this method is that infusion of a small bolus of 

hypertonic saline increases the blood conductivity but not the volume of blood in the 

ventricular cavity, while the conductivity of the surrounding structures remains 

constant (Figure 3. la). 

Rewriting equation 2.1 

G(t) =(a/L2)cr V(t) +Gp 2.4 

If only cr but not V(t), Gp or a is varied during the hypertonic saline infusion, G(t) 

can be used to calculate Gp. From the conductance signal the two most easily 
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identified points from each successive cycle (as a increases) are the points of 

maximum and minimum conductance ( end-diastolic and end-systolic, respectively). 

Because actual stroke volume is constant, changes in these conductance values are 

due to altered blood conductivity, not volume. One value is regressed against the 

other, and the relation is extrapolated to the line of identity (Gmax=Gmin). At this point 

the catheter signal stroke volume would appear to be zero (real stroke volume would 

be unchanged), as if a had been reduced to zero. By equation 2.4 at a= 0, G(t) = 

Gp(t), thus providing a measure of parallel conductance (Figure 3.1 b ). 

Gmax is paired with the subsequent Gmin for this regression, since these two 

values are more likely to reflect data obtained at the same a (i.e., after tricuspid valve 

closure). The steady-state stroke volume assumption during hypertonic saline inflow 

is confirmed by near constancy of peak developed right ventricular pressure and 

pulmonary flow measurements despite the volume signal change. Saline wash-out is 

often accompanied by a slight fall in the right ventricular pressure, presumably 

because of the slight myocardial depressant effect of the concentrated saline. 

Therefore only the wash-in phase data are used for the analysis. 

VPrnon-linearJ estimation 

In the previous method neither Gmax nor Gmin is a true independent or dependent 

variable and there is uncertainty associated with both observations. An alternative 

method developed by Szwarc et al determines Vp by a non-linear regression method 

of apparent stroke volume against maximum and minimum volume values in a single 

regression equation, which allows uncertainty in the observations of both variables 

[86]. Again, the only mediator of the change in stroke volume was assumed to be 

blood conductivity. Regressing maximum and subsequent minimum volumes for each 
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beat during the wash-in period against the corresponding stroke volume yields two 

lines, the intersection of which would occur at the y-axis, (Where stroke volume = 

Oml), at some intercept, Vp (Figure 3.2). A Levenberg-Marquardt non-linear 

regression technique is applied to solve for the parameters in a single regression 

equation combining minimum, maximum and stroke volumes. 

RVV = [mvmin (SV-SVo)+Vp](l -C) + [mvmax (SV-SVo)+ Vp]C 2.5 

where RVV is the uncorrected right ventricular volume, mvmax and mvmin are the 

slopes of the regression lines, SV is the stroke volume and C is a coding variable set 

to zero for minimum values and 1 for maximum values. The regression yields 

estimates for the mvmin, mvmax as well as the parameters SVo and Vp, which define the 

intersection point of the two regression lines. 

Time-varying parallel conductance, Vp(t) 

The previous two methods of calculating parallel cond11ctance yield a single Vp value 

based on conductance measurements taken only at end-diastole and end-systole. Thus 

the procedure uses only a small fraction of the available volume data. This could 

make the technique quite sensitive to signal noise in the volume channel by utilizing 

only two points of data. Another potential short-coming of these aforementioned 

methods is that time dependence of Vp cannot be assessed. Potentially Vp may vary 

during the cardiac cycle due to alterations external to the blood pool e.g. L V ejection 

and atrial filling etc. To overcome these limitations a method developed by Langford 

et al allows estimates of Vp at 20 equally spaced time intervals throughout systole 

[89]. Systole was defined by the first derivative of the right ventricular pressure signal 
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(dP/dt) with the start of systole occurring at the time when dP/dt was maximum 

(dP/dtmax) and end-systole occurring when dP/dt was at its minimum value (dP/dtmin) 

(Figure 3.3a). For each of the 20 isochronal time points a conductance volume was 

obtained by interpolation from the raw data. The data were then plotted as ventricular 

volume versus stroke volume for each cardiac cycle. Thus ventricular volume at each 

isochronal point can be regressed against stroke volume. The volume where the 

regression line intercepts the y-axis corresponding to zero stroke volume or 

conductivity corresponds to parallel conductance volume at each time interval (Vp(t)) 

(Figure 3.3b). If there were no change in Vp(t) then the intercept would be identical 

for each isochrone. The stroke volumes of each cycle were computed by calculating 

the differences between volumes at either end of the respective timing window, which 

were then averaged. Thus differences between the first and last volume, second and 

next to last, etc., were added and the result was divided by the total number of volume 

differences . The result was proportional to relative conductivity and less subject to 

noise than a simple "maximum minus minimum' stroke volume determination had 

been used. 

Statistics 

Data are expressed either as means ± standard deviation (SD) . The variability of 

twenty isochronal values of Vp during systole and comparison with Vp(BaanJ and 

Vp(non-Iinear) was assessed using ANOV A. Vp(t) at dP/dtmax was compared directly with 

Vp at dP/dtmin using paired t-test. Correlation between Vp(t)[meanJ and Vp[BaanJ and 

VplnoniinearJ was made by linear regression analysis . Bland Altman technique was used 

to determine strength of agreement between the various methods of Vp determination. 
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Results 

Systolic variation in parallel conductance 

Figure 3.4 displays the variation in Vp(t) throughout systole from 22 salt runs derived 

from 14 animals at baseline. Essentially the temporal variation in Vp(t) was small; 

after an initial early small rise above the mean Vp(t), Vp gradually fell as systole 

progressed. Overall the mean maximum variation was 5.9±2.3 ml, representing 

4.95%±1.93% of uncorrected end-diastolic volume. Using ANOVA none of these 

values of Vp at each of the 20 isochronal points during systole were significantly 

different. Vp(t) at dP/dtmax = 0.75±2.76 ml above the mean while Vp(t) at dP/dtmin was 

0.46±1.82 below mean. Although these were significantly different (P = 0.045) the 

differences were small and not considered clinically relevant. 

Correlation of parallel conductance methods 

In the calculation of a single value of parallel conductance, the Vp(t)[meanJ method uses 

data from the entire systolic portion of the cardiac cycle rather than 2 points 

(maximum and minimum) used in the other methods (Vp[BaanJ, Vp[non-linearJ). As a 

consequence Vp(t)[meanJ is less vulnerable to signal "noise" and the most accurate and 

reproducible method. However it is a more laborious calculation. We therefore 

compared the two simpler methods (Vp[BaanJ ,Vp[non-linearJ) with Vp(t)[meanJ to find the 

best alternative. From the same data of the salt runs in the 14 animals parallel 

conductance was calculated using the three methods. (l)Vp[BaanJ (a) derived by end

systolic volume on the x-axis, VpfBaan(a)J and (b) derived with end-diastolic volume on 

the x-axis, Vprsaan(b)]· (2) Vp[non-linear] and (3) Vp(t)[mean] The results are given in Table 

3.1. Initial comparison was made by paired t-tests and we found there was no 

98 



significant difference between Vp(non-linear) and Vp(t)rmeanJ. However both Vp[Baan(a)J and 

VprBaan(b)J were significantly lower than Vp(t)rmeanJ (both p<0.001). Linear regression 

analysis was performed: Vp(t)rmean] versus VPrnon-linear] (Figure 3.5a), Vp(t)rmeanJ versus 

Vp[Baan(a)J (Figure 3.6a), and finally Vp(t)[meanJ versus Vp[Baan(b)J (Figure 3.7a). Each 

regression was strongly linear, with correlation coefficient r2= 0.92- 0.99. However, 

the linear regression between Vp(t)rmean] and Vp[non-linearJ produced the highest 

correlation and the closest regression to the line of identity with linear regression 

equation y = 0.97x + 0.9. This close correlation between Vp(t)rmeanJ and VPrnon-linearJ 

was supported by the Bland-Altman analysis. This analysis is displayed in Figures 

3.5b, 3.6b and 3.7b with the corresponding mean bias and with 95% confidence limits 

and 95% limits of agreement. Analysis of these graphs demonstrated that VPcnon-linear) 

produced the closest agreement to Vp(t)rmeanJ· Because VPrnon-linearJ is more closely 

related to Vp(t)rmeanJ than Vp[Baan(a)J or Vp[Baan(b)J this may be a superior method of 

calculating a single value parallel conductance for right ventricular conductance 

catheter assessment. The Bland-Altman analysis also demonstrated that there was 

increasing disagreement between the methods with increased value of absolute 

parallel conductance. 

Influence of epicardial insulation 

The effect of insulating the heart on parallel conductance and its maximum variation 

during systole was examined in five animals and results are given in Table 3.2. 

Surprisingly insulating the heart did not decrease the amount of the parallel 

conductance; VPlopenJ versus Vp[insuiatedJ was 26.9±16.4 versus 30.0±13.8 respectively, 

(p=0.26). The maximum variation of Vp(t) during systole was reduced although this 

did not reach statistical significance (Vp(t)ropenJ versus Vp(t)rciosedJ, 7.76±4.7 versus 
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4.45±1.7, p=0.09). Figure 3.8 displays the systolic variation in parallel conductance in 

animals in which the hearts were initially open then insulated with the epicardial latex 

cover. From the graph we can see that with insulation the variation around the mean 

value is narrower in insulated hearts compared with open hearts, although the changes 

are small and not significant. 

Effect of altered right ventricular geometry 

Geometric changes in the right ventricle were induced by: (1) regional free-wall 

myocardial infarction (five animals) and (2) left ventricular unloading using a left 

ventricular assist device (Biomedius pump, Medtronic) in eight animals. The effects 

of regional ischemia on absolute parallel conductance and its maximum variation 

during systole are given on Table 3.3 and Figure 3.9a and b. Following ischemia Vp 

did not change consistently with Vp at baseline being 78.9±14.1 versus Vp with 

ischemia 75.8±7.23 (p=ns). From Figure 3.9a it can be seen that the effect of ischemia 

on the individual animal parallel conductance was variable with some animals 

demonstrating an increase in Vp, while others had decreased Vp following ischemia. 

Essentially the effect of ischemia on systolic variation Vp was minimal; the 

maximum amount of variation as a percentage of end-diastolic volume was not 

significantly different at baseline and following ischemia (4.2±1.4 versus 2.9±0.79 

p=ns). The plot of the individual 20 isochronal points through systole showed that 

with ischemia there was later rise in the Vp during systole than at baseline, and this 

then declined in the latter half of systole (Figure 3.9b ). 
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Left ventricular assist device 

On institution of the left ventricular assist device, the left ventricular cavity 

dimensions decreased and the inter-ventricular septum shifted leftward as 

demonstrated by echocardiogram. In contrast to the geometric changes associated 

with regional infarction, Vp significantly increased in 6 out of the 7 animals following 

LVAD institution (baseline versus LVAD 72.0±30.7 versus 91.0±29.7, p<0.05) 

(Figure 3.1 Oa, table 4 ). However, the variation in parallel conductance was not 

affected by institution of LV AD. Mean maximum variation during systole at baseline 

versus LVAD was 3.9±1.4 and 4.3±2.2 respectively (p=ns). Analysis of the 20 

isochronal points during ejection also shows minimal variation during systole 

following L V AD (figure 3 .1 Ob) 
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Discussion 

In this study we have identified for the first time that there is minimal variation in 

right ventricular parallel conductance during the cardiac cycle in the open-chest 

porcine model. Furthermore, we have found that right ventricular parallel conductance 

may change with alterations in RV geometry induced by left ventricular assist device. 

Although conductance catheter measurements of left ventricular volume have 

been found to be reproducible under steady state conditions on closed-chest animals, 

following median sternotomy measurements of ventricular volume are potentially 

subject to exaggerated variation in parallel conductance. Parallel conductance 

determination tends to be higher in the right ventricle compared with that of the left 

[147] presumably reflecting a greater current leak through the thin wall and proximity 

to mediastinal structures. Furthermore the thin walled right ventricle makes parallel 

conductance measurements more sensitive to changes that occur during the cardiac 

cycle e.g. atrial filling and left ventricular ejection. 

Three previous studies have examined the systolic variation m parallel 

conductance for the left ventricle [89, 87, 105]. Langford et al in closed and open

chest canine left ventricular studies found that variation in Vp was small of the order 

of 4% of corrected end-diastolic volume with a mean maximum variation of 3 mls 

[89]. White et al in a human study assessed the variation of parallel conductance for 

the left ventricle in patients who were undergoing atrial septal defect and ventricular 

septal defect closure [105]. Again Vp variation was small, 2.6 ml mean maximum 

variation, 4.28% of end-diastolic volume for patients with atrial septal defect. 

Surprisingly, patients with ventricular septal defect demonstrated only minimal 

variation in parallel conductance during the cardiac cycle. They also found that 
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closure of the ventricular septa} defect did not significant} y affect parallel 

conductance. However, in their study only six isochronal time points in systole were 

analysed as opposed to 20 in the present study and it is possible that some of the 

systolic variation may not have been identified due to under sampling. 

The only previous study analysing systolic variation in V(t) for the right 

ventricle was performed by White et al in which parallel conductance was examined 

in closed-chest human right ventricles [152]. The data were acquired during cardiac 

catheterisation in patients who had previous correction of congenital heart disease. 

Again only 6 isochronal time points were available for analysis. They found the 

temporal changes in Vp were small, with a mean of 5.8% of end-diastolic volume as 

compared with 4.95% in the present study. They did however identify significant 

variation during the cardiac cycle; as systole proceeded Vp decreased to a minimal 

value at mid systole and then rose again at dP/dtmin· By contrast in the present study 

we found that parallel conductance tended to increase slightly during the early portion 

of systole and then declined during the latter half of systole. None of our isochronal 

time points varied significantly by ANOV A; however Vp at dP/dtrnax and dP/dtmin 

were significantly different by paired t-tests. We conclude from these experiments 

that for the right ventricle variation in parallel conductance during systole is minimal 

and insignificant and may be represented by a single value. 

The usual method of determining a single value of parallel conductance is by 

the Baan technique in which end-systolic volume and end-diastolic volume are 

linearly regressed and the point of interception with the line of identity gives the value 

for Vp. However this technique assumes that the variables EDV and ESV are either 

dependent or independent depending on the axis plot. Szwarc et al developed a 

technique in which end-systolic and end-diastolic volumes could be regressed in a 
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non-linear model which places equal weighting on both variables [86]. Previous 

studies have found that parallel conductance as determined by the Baan technique 

may significantly under-estimate Vp as determined by the mean of Vp(t) [152]. In this 

study we found that the non-linear technique by Szwarc had a close agreement with 

the mean value of Vp(t). Furthermore, parallel conductance determined by the Baan 

technique was significantly different and demonstrated less agreement with the mean 

Vp(t) method. From these findings we recommend that the single value parallel 

conductance determination for the right ventricle VPrnon-IinearJ method should be used. 

Despite minimal systolic variation in parallel conductance it has been 

previously shown that left ventricular volume by conductance can be confounded by 

alterations in the external environment of the heart. Amirhamzeh et al demonstrated 

that the presence of pericardia! fluid and contiguous structures including right 

ventricle and lungs can all affect left ventricular parallel conductance measurements 

[103]. Because the myocardium was 1.6 - 2.5 times less conductive than blood it does 

not completely insulate the ventricular blood flow from conductance contributed by 

the surrounding structures. Cabreriza et al showed that when a metal object was 

placed in contact with the epicardial surface of the left ventricle, parallel conductance 

significantly increased [151] . This was demonstrated in the diagram in their 

manuscript by a rightward shift in the pressure-volume loop shape. In addition, 

introduction of metallic objects into the operative field also deformed the pressure 

volume loop, which appeared distorted rightward during late diastole and early 

isovolumetric contraction, compared with loops from ventricles, which were not in 

contact with metal. These qualitative observations suggest that the presence of a 

conductive material in the pericardia! space can have a variable influence on 

instantaneous conductance during the cardiac cycle. Amirhamzeh et al demonstrated 
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that the introduction of saline into the pericardia! cavity significantly increased left 

ventricular volume as measured by conductance [103]. In an experiment analysing the 

effect of varying lung inflation volumes on left and right ventricular parallel 

conductance Szwarc et al demonstrated that under steady state conditions the degree 

of inflation of the lungs had no significant effect on right and left Vp [102]. 

In an attempt to reduce the effect of external structures in contact with the 

heart affecting parallel conductance particularly in the setting of open heart surgery, 

Cabreriza et al hypothesised that wrapping the in-situ porcine heart in a latex rubber 

would reduce parallel conductance and its systolic variation [151]. They found that 

following insulation there was a small reduction in parallel conductance of the order 

of 5% of total conductance signal. Furthermore they found that insulating the heart 

would prevent distortion of the pressure volume loops induced by a metal object 

placed within the pericardia! cavity and potentially in contact with the heart surface. 

By contrast, in this study we found that insulating the heart did not significantly 

reduce the amount of parallel conductance. This may be due to the fact that the right 

ventricle tends to lie anteriorly and in the open-chest preparation has only minimal 

contact with the pericardia} mediastinal surface. Therefore the ventricle is essentially 

surrounded by air, which may act to insulate the heart. When we analysed systolic 

variation of Vp, the insulated heart appeared to exhibit less variation than that of the 

un-insulated heart. However, the reduction in variation was small and it appeared that 

insulating the heart in this situation was not advantageous. 

In previous studies examining parallel conductance it has been assumed that 

Vp remains constant despite changes in preload, afterload and shape and geometry of 

the heart. Amirhamzeh et al demonstrated that in excised hearts filling of the right 

ventricular cavity significantly increased left ventricular volume determination by 
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conductance [103]. Boltwood et al in an experimental dog preparation, obtained 

multiple hypertonic Vp determinations under different loading conditions. They 

concluded that left ventricular parallel conductance was not constant under changing 

loading conditions but was strongly correlated with left ventricular volume [95]. In 

this study we found that parallel conductance for the right ventricle was significantly 

altered by changes in right ventricular geometry. This was particularly pronounced 

with left ventricular unloading induced by LV AD. Therefore under conditions that 

induce alterations in right ventricular geometry, parallel conductance should be re

calculated in order to determine absolute volume. 

In conclusion in this study we have demonstrated that parallel conductance 

varies minimally during systole in the open-chest porcine right ventricle. We found 

that insulating the heart did not reduce absolute parallel conductance and had a 

minimal effect in reducing systolic variation. Finally, altered right ventricular 

geometry induced by left ventricular unloading significantly altered right ventricular 

parallel conductance and therefore RV parallel conductance should be re-calculated 

when the right ventricular geometry significantly changes. 
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Figure 3.la. With hypertonic saline injection into the jugular vein, right ventricular conductance is 

transiently increased (top panel). Haemodynamics remain unchanged as indicated by pulmonary flow. 
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Fig 3.3b. Technique for determining 20 values of Vp(t). Fig 3.3a catheter volumes and time derivative 

of right ventricular pressure ( dP/dt) . Points of maximum and minimum dP/dt were identified for each 

cycle and used as timing markers for the onset and end of systole. Each systolic period was divided into 

20 equal time intervals and volume interpolated for each. These values were plotted against respective 

stroke volumes for each cycle generating 20 isochrones. Extrapolation of each isochrone to a point 

where stroke volume = 0 yielded 20 independent Vp(t) estimates at successive time intervals during 

systole. 
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Figure 3.Sa. Linear regression analysis of YP1nnn un,·arl versus Yp(tli meanJ 

y =0.97x + 0.9. r2=0.99 
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Figure 3.6a. Linear regression analysis between VPrmeanJ and Vp[Baan(a)J produced an equation y = 1.06x + 

2.62 r2=0.96 
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Figure 3.7a. Linear regression analysis between Vp1mcanJ and Yprsaancbil produced an equation y= 1.04x 

+ 4.72 r2 = 0.92 
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Figure 3.7b. Bland Altman analys is of YP1m,'anl and Yp1naanibil produced a mean bias 6.6 (95 <k 

confidence interval 3.56 to 9.69). with 95 <k limits of agreement of - 11 .2 to 24.-l7 
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Figure 3.8. Variation in parallel conductance during systole . open versus insulated heart. There is less 

variation around the mean with the heart insulated. 

119 



140 

120 

-E 100 -Cl) 
(.) 
c 
co 80 t5 
::::i 
-0 
c 
0 60 0 

~ 
al ..... 40 co 
0.... 

20 

0 

Baseline lschemia 
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animal 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 

12 

13 

14 

Mean(ml) 

SD (ml) 

p 

Vp(t)[mean] 

105.3795 

89.39922 

76.5968 

65.21932 

106.333 

55.42294 

46.5009 
97.03741 

30.09182 
45.2117 

15.23219 

46.02703 

8.987802 
31.4401 

58.5 

32.4 

Vp[non-linear]) 

111.85 

97.72 

72.79 

69.35 

104.7 

54.715 

47.10333 
95.41 

31.52 

44.9 

15.42 

45.62 
13.03367 

30.94333 

59.6 
32.9 

n.s. 

Vp[Baan(a)] 

92.73 
86.1152 

68.4153 
61.24105 

103.2469 

48.94405 

46.27887 
90.85945 

25.17945 
41.58035 

10.98907 

42.5852 
-3.8207 

30.3562 

53.2* 
32.2 

< 0.001 

Vp[Baan(b)] 

83.61 

83.73105 
66.14323 

59.18675 
102.7104 
47.0951 

45.6053 

89.5174 

23.7079 
40.087 

9.485133 
39.257 
-8.4282 

29.76567 

50.8* 

32.0 

< 0.001 

Table 3.1. Parallel conductance values obtained from the same salt runs and derived by four methods: 

Vp(t) [meanJ, Vp[non-IinearJ, Vprsaan(a)J with end-systolic volume on the y-axis and Vp[Baan(b)J with end-

diastolic volume on the y-axis . Comparison of Vp(t) rmeanJ, with VPrnon-IinearJ, Vp[Baan(a)J and Vp[Baan(a)J was 

made by paired t-test. (P-values are shown). 
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Animal 
Vp (ml) 

Variation (%EDV) 
Uncovered Insulated Uncovered Insulated 

13.2± 1.22 17.1±3.38 5.6±1.2 4.13±0.5 
2 13.0± 4.88 18.2±4 9.04±4.47 3.6±1.69 
3 44.3± 5.2 35.9± 1.32 4.5±0.76 3.5±0.98 
4 15.4± 2.4 27.4±8.29 15.4±0.9 7.5±1.6 
5 44.9± 0.92 54.2±5.8 4.2±0.09 3.9±0.7 

Mean(ml) 26.9±16.4 30.0±13.8 7.76±4.7 4.45±1.7 

p 0.26 0.09 

Table 3.2. The effect of insulating the heart on parallel conductance and its maximum variability 

throughout the cardiac cycle. Vp was derived using the non-linear technique. 
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Animal 
Vp (ml) 

Variation (%EDV) 
Baseline lschemia Baseline lschemia 

1 114±14.8 89.2±17.9 3.0±0.01 2.2±0.01 
2 97.7±14.8 72.4±3.33 2.5±3.4 1.0±0.01 
3 72.1±9.6 74.2±6.8 4.7±3.3 3.6±3.0 
4 75.9±3.7 98.1±4.4 3.3±1.7 3.0±0.24 
5 35.1±17.4 45.2±1.2 7.3±1.5 4.7±0.79 

Mean(ml) 78.9±14.1 75.8±7.23 4.2±1.4 2.9±0.79 

p ns ns 

Table 3.3. Effect of right ventricular free-wall infarction on Vp and its variation during cardiac cycle 
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Animal 
Vp (ml) 

Variation (%EDV) 
Baseline LVAD Baseline LVAD 

112.0±14.8 143.0±9.7 3.4±1 .7 2.2±0.3 
2 72.8±9.6 86.9±1.6 5.4±4.4 6.1±0.5 
3 66.9±9.2 113±4.0 3.0±0.1 1.2±0.5 
4 107.0±3.7 99±4.4 2.6±0.5 3.8±0.8 
5 54.7±5.4 67.3±9.7 3.9±2.0 1.8±0.2 
6 35.1±6.6 47.0±0.63 6.8±1.4 7.6±1 .9 
7 95.4±5.1 101 .0±9.3 2.9±4.7 4.9±1 .3 
8 31 .5±9.2 73.1±16.4 4.1±1 .5 6.8±0.4 

Mean (ml) 72.0±30.7 91.0±29.7 3.9±1.4 4.3±2.2 
p <0.05 ns 

Table 3.4. Effect of LV unloading, by Left ventricular assist devise on Vp and its variation during 

cardiac cycle. 
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Appendix 

Calculates and displays parallel conductance (Vp) as described by the Baan 

method 

f unction o=offsetl(vc) 

% Ca lculates t h e o ff set (pa r all e l con du c tance ) f o r the c onductanc e 
calib r ation 
% Input is the cycled volume data (fr om a salt run ) 
% Linear regress i on i s ca l culated fr om Vmax (y-axis ) and Vmin (x - a x is ) 

l=length(vc); 

for i=l:cols(vc) % De riv es initial max and min 
volumes 

mi(i)=max(vc( (1:1*0.5] ,i)); % deriv ing the max imium in the first 
half cycle 

mx(i)=min(vc(:,i)); 
end 

mx=mx; 
mi=mi; 
start=l; fin=length(mx); 
cont=l; 
while cont 

vx=mx(start:fin); 
vi=mi(start:fin); 
plot(vx,vi, 'rx' ) 
hold on; axis(axis); 

% graph t o do the ana lys is 

lr=linregr(vx,vi); 

pc=lr(2) I (1-lr(l)); 
o=[pc;lr(4) J; 
pltline(lr, 'b-' ) 

text(0.3, 0.8,sprintf( 'offset:%6 . 2f' ,o(l)), ... 
'Units' , 'Norm' , 'FontSize' ,9, 'vert' , 'top' , 'horiz' , 'r' ) 

text ( 0 . 3, O. 7 5, sprintf ( 'R2: %7. 3 f' , o ( 2) ) , . . . 
'Units' , 'Norm' , 'FontSize' ,9, 'vert' , 'top' , 'horiz ' , 'r' ) 

disp( ' Point to first point or below y-axis to accept' ) 
[xl y]=ginput(l); 
ylim=get(gca, 'ylim' ); % gets they value s o f the p lo t 
cont= (y>ylim ( 1) ) 
if cont 

disp( 'point to last point' ) 
[x2 y]=ginput(l); 
xlim=get(gca, 'xlim' ); 
if x2>xlim(2) 

fin= length (mx) ; 
else fin=fndclose(mx,x2); 
end 
if xl<xlim(l) start=l; 
else start=fndclose(mx,xl); 
end 

end 
close 
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end 
plot(vx,vi, 'rx' ) % Final graph 
hold on; 
axesxy ( [O:mx(length(mx)) J, [O:mi(length(mi) )]) ; 
pltline(lr, 'g-' ) 
pltline( (1 O] ,'b-' ) 
plot(o(l) ,o(l), 'yo' ) 
xlabel( 'Min Vol-ml' ) 
ylabel( 'Max Vol-ml ' ) 

text ( 0. 3, 0. 8, sprintf ( 'offset: %6. 2 f' , o ( 1)) , . . . 
'Units' , 'Norm' , 'FontSize' , 9, 'vert' , 'top' , 'horiz ' , 'r ' ) 

text(0.3,0.75,sprintf( 'R2 : %7.3f' ,o(2)), . . . 
'Units' , 'Norm' , 'FontSize' ,9, 'vert' , 'top' , ' horiz ' , ' r ' ) 

pause; 
close 

J 2<J 



Calculates the systolic varition in parallel conductance, 
by the Lankford method 

function r=systol_vc(vc,dpc); 

% Function to calculate the parallel conductance throughtout systole 
% See Lankford et al (Am J Physiol 258 1990 H1933 -4 2) 
% Input cycled volume and first derivative of the ventricular 
pressure. 

ll=length (vc) ; 
for n=l : cols(vc) 
(cc(n),emx (n)]=max (dpc ( :,n )) ; %Calculate the indicies of 
dp / dtmax and min 
[cc2 (n), emi (n)] =min (dpc (:, n)) ; 
[cd(n) ,imax(n) ]=max(vc( [1 : 1 1 /2] ,n)); 

%sv(n)=max(vc( (1:100] ,n) )-min(vc( : ,n)); 
[ccd2(n) ,imin(n) ]=min(vc( : ,n)); % 
Calculate the apparent stroke volume 
end % svl(n)=vc(2,n)-vc(vmi(n)-1,n); 
for i=l:cols(vc) 

sv(i ) =stroke(vc ( :,i ) ,imax(i) ,imin(i)) ; 
end 

sv=sv'; 
for n=l:cols(vc); 

v(n, :)=systole_vc2(vc( : ,n) ,emx(n) ,emi (n)); 
end 
v=v; 
a= [ J; 
for n=l:20; 
1 (n,:) =polyfit (sv, v(:, n), 1); 
apparent stroke vol and 
aa=corrcoef( [sv v(:,n)]); 
a=[a;aa]; 
end 

% Derives the regression data for 

% salt volume 

a=a ( [ 1 3 5 7 9 11 13 15 1 7 19 21 2 3 2 5 2 7 2 9 31 3 3 3 5 3 7 3 9 J , 2) ; 
r= (1 a]; 
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function yl=systole_vc2(vcl,emx,emi) 

% Calculates the interpolation 20 volume po i nts for each cycle , 
regardless of length. 

vcs=vcl(emx:emi); 
x=l:l:length(vcs); 
xx=l:length(vcs)/20:length(vcs); 

yl=interpl(x,vcs,xx, 'linear' ); 
Plots results 
function pltvc(sv,r) 

%Plots the linear regressi on of the systolic variation in parallel 
conductance 
%Sv is the stroke v o lume and r is the output 
svv=[O; sv] 

for n=l:20; 
for i=l:length(svv); 
yy(n,i)=svv(i)*r(n,l)+r(n,2); 
end 
end 

plot(svv,yy(l, :) ,svv,yy(2, :) ,svv,yy(3, : ) ,svv,yy(4, :) ,svv,yy(S, :) ,svv, 
yy(6, :) ,svv,yy(7, :) ,svv,yy(8, :) ,svv,yy(9, : ) ,svv,yy(lO, :) ,svv,yy(ll, : ) 
, svv,yy(l2, :) ,svv,yy(l3, : ) ,svv,yy(l4, : ) ,svv,yy(lS, :) ,svv,yy(l6, :) ,svv 
'yy ( 1 7' : ) ' svv' yy ( 18' : ) ' svv' yy ( 19' : ) ' svv' yy ( 2 0' : ) ) 

title( 'Regression of Isochronal Conductance volumes ' ) 
xlabel( 'Conductance volume' ) 
ylabel( 'Stoke Volume' ) 
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Abstract 

Introduction: The ability to measure continuous real-time right ventricular volume 

using the conductance catheter technique may allow quantification of contraction in 

the pressure-volume plane. This was evaluated in an open-chest porcine model. 

Methods: In 7 open-chest Yorkshire pigs, right ventricular volume was determined 

using the conductance catheter method. Contractility was quantified by analysis of 

pressure-volume loops generated under conditions of acute preload reduction. Emax. 

end systolic pressure volume relation (ESPVR), preload recruitable stroke work 

(PRSW) and dP/dtmax-end diastolic volume were compared at baseline and following 

altered inotropic conditions induced by Dobutamine and Esmolol infusion. 

Results: The right ventricular pressure-volume loops generated by the conductance 

were triangular in shape, displaying a short period of isovolumetric relaxation and 

were consistent with previously reported volume technique studies. Ejected volume 

measured by conductance demonstrated a strong linear correlation with pulmonary 

artery flow probe-derived volume. All four contractile indices were highly linear over 

a wide range of loading conditions. Dobutamine increased the slopes of the relation 

and produced leftward shift while Esmolol decreased the slope. 

Conclusions 

The conductance catheter method provided a continuous measure of right ventricular 

volume that was used to detect changes in right ventricular contractile state in pigs. 
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Introduction 

Right ventricular failure is a major cause of mortality following cardiac 

surgical intervention [154, 9, 155, 156, 157, 158, 133, 159, 160] particularly in the 

setting of cardiac transplantation [161] and left ventricular assist device [162, 163]. 

Surgical correction of many forms of congenital heart defect requires direct 

intervention on the right ventricle (ventriculotomy, transannular patch), which may 

alter right ventricular structure and may impair function particularly in the long-term. 

Thus far the ability to measure right ventricular function in the post-operative period 

has been limited [109]. Right ventricular failure may be implied from clinical 

observation by elevated central venous pressure (CVP), liver enlargement and low 

pulmonary artery pressure. Echocardiography may demonstrate impaired wall motion 

or abnormalities including leftward septa! deviation and tricuspid valve regurgitation. 

The conventional haemodynamic indices commonly used for assessment of 

ventricular contraction, ejection fraction, stroke volume and cardiac output are load

dependent; they change in response to the changes in preload and afterload 

irrespective of the ventricular contractile state. However, analysis of the ventricular 

pressure-volume dimension is advantageous in that this allows derivation of indices 

such as Emax. PRSW etc which are considered load-independent and are sensitive to 

the intrinsic ventricular contractility. These techniques are now well-established 

methods for assessing left ventricular function in both clinical and experimental 

situations [74, 2, 143, 164, 145, 120, 144, 139, 165, 125, 166]. 

In applying such methodology to the right ventricular situation two problems 

arise: (1 ) Measuring continuous real-time right ventricular volume and (2) Are the 

load-independent indices of ventricular contraction originally developed for left 

ventricular assessment appropriate for quantification of RV function? [167, 168]. 
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The right ventricle has an irregular shape and is densely trabeculated, which 

complicates many of the techniques for estimating right ventricular volume. 

The conductance catheter technique may be an ideal method of continuous RV 

volume measurement for contractile assessment. It provides a continuous and real

time volume signal. It is not based upon any assumed mathematical model of right 

ventricular shape. It is relatively easy to use and may be deployed in closed chest 

preparations. 

The purpose of this study was to measure continuous real-time RV volumes 

using the conductance method, obtain right ventricular pressure-volume loops and 

assess right ventricular contractility. Right ventricular function was assessed under 

different inotropic conditions using load-independent indices of contraction. 
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Methods 

All experimental procedures and protocols used in this study were reviewed 

and approved by the Harvard ethical committee. The study was in accordance with the 

NIH guide for care and use of laboratory animals and published guidelines [153]. 

Experimental preparation 

Seven adult Yorkshire pigs of either sex ( 42-53 kg) were used. Animals were 

premedicated with intramuscular Telazol (3 mls/animal) and anaesthetised with 2-3% 

isoflurane and 100% oxygen. Following endotracheal intubation animals were 

mechanically ventilated and ventilatory indices were adjusted to maintain 

normocarbia as evidenced by frequent arterial blood gas analysis. Oxygen saturations 

were monitored by continuous pulse oximetry and maintained at 95-100%. The left 

carotid and internal jugular vessels were exposed and an intravenous cannula was 

placed in the left internal jugular vein. Normal saline was infused at a rate of 10 

ml/kg/min to maintain hydration during the experiment. A 5F high-fidelity 

micromanometer (Millar Instruments, Austin, Tx) was placed in the left carotid artery 

and advanced to the aortic arch for systemic blood pressure monitoring. Median 

sternotomy was performed, the pericardium widely opened and the heart exposed, 

supported in the pericardial cradle. The inferior vena cava was exposed below the 

diaphragm and encircled with cotton tape with snare, for the purpose of abrupt 

reduction in right ventricular preload. The main pulmonary artery (MP A) was 

dissected free from the aorta and an electromagnetic flow probe (Carolina Medical 

Electronics 501, King, NC) placed around the proximal vessel. Manipulations of the 

flow probe position were required until the optimal flow signal was obtained. A 

purse-string suture was placed in the proximal MPA, and a 12-electrode (10 mm) 

136 



spacing single-field conductance catheter (Cordis Webster Inc, Baldwin Park, CA) 

was introduced into the main pulmonary artery and then passed retrogradely across 

the pulmonary valve and positioned to span the outflow axis of the right ventricular 

cavity. The catheter was connected to a signal conditioner (Lycom 5, 

Cardiodynamics), which provided the conductive signal used for assessing right 

ventricular volume. This device also measures blood resistivity (p), which is 

necessary for the estimation of volume; p was measured in each animal before the 

start of the experimental protocol. A 5 F micromanometer (Millar Instruments, 

Austin, Tx) was introduced via a small stab wound in the right ventricular outflow 

tract into the right ventricular cavity. 

Conductance catheter calibration. 

Optimal position of the conductance catheter was initially assessed by 

palpation of the tip within the apex of the right ventricle. Following this, each of the 

five individual pressure-segment volume loops generated from each pair of the 

conductance electrodes were inspected to ensure counter-clockwise rotation of the 

loop. If a segment displayed clockwise rotation or an irregular trace the corresponding 

electrode pair was either in the proximal pulmonary artery or straddling the 

pulmonary valve respectively. In this situation the catheter was either repositioned or 

the affected segment removed from the total conductive signal during analysis. 

Finally the individual conductance segments were inspected to confirm they were in

phase (Figure 4.2). 

As detailed in chapter three, parallel conductance is that portion of the 

conductance signal that is conducted beyond the ventricular blood flow, which must 

be calculated to obtain an absolute volume. In these experiments this calculation was 
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made by the hypertonic saline technique described by Baan [82] (See chapter 3). For 

each animal 10ml of 10% hypertonic saline was injected slowly into the superior vena 

cava. This resulted in a transient increase in ventricular blood resistivity and 

conductance volume. The maximum and minimum conductance volume for each 

cardiac cycle during the saline injection were plotted and a linear regression through 

these points obtained. Interception with the line of identity corresponded to the value 

of parallel conductance. 

A second calibration procedure is necessary for the calculation of a or gain. 

This is required because the volume of the ventricle derived by conductance typically 

underestimates true ventricular volume by a fixed amount. This is thought to be due to 

inhomogeneity of the electrical field within the ventricular cavity [88]. It is possible 

that this may be more pronounced in the right ventricle compared to the left because 

the heavy trabeculation may interfere with electric field dispersion. Furthermore the 

right ventricular cavity geometry is complex, composed of an inlet and outlet portions 

rather than the simple spherical cavity shape of the left ventricle. The calculation of a 

requires an independent measure of the ventricular volume, which is then compared 

with a conductance-derived volume. Clinically thermodilution derived stroke volume 

is typically used and is compared with the conductance volume. 

4.1 

where a is the gain factor, SV cond is the stroke volume by conductance and SV this the 

stroke volume by thermodilution. l/a is then multiplied to subsequent conductance 

signals to obtain the true absolute ventricular volume. Such methodology implies that 

a remains constant over the cardiac cycle and under changing loading conditions (i.e. 

caval occlusion) . In this study stroke volume by conductance was compared with 
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pulmonary artery flow probe-derived stroke volume by integrating the pulmonary 

blood flow signal during the ejection period of the cardiac cycle. Ejected volume 

determination with the flow probe was estimated by summation of the digitally 

integrated flow signal using the trapezoid rule with a 5-ms interval. The simultaneous 

ejected volume measured using the conductance catheter was defined as the 

difference between the volume at the onset of ejection and that at each 5-ms interval. 

The instantaneous ejected volume from the flow probe was then plotted against that 

obtained by conductance and was modelled linearly (Figure 4.1 ). The gradient of the 

linear regression represents an estimate of gain. 

Experimental protocol 

Following a period of stabilisation after the instrumentation, pressure-volume 

loops were derived with the ventilation suspended in expiration. During caval 

occlusion studies the inferior vena cava was snared temporarily and pressure volume

loops recorded under decreasing preload. Each run was performed in triplicate and 

arrhythmia free. Animals were studied in the baseline state and after pharmacological 

alteration in inotropy with intravenous Dobutamine 10 µg/kg/min, initially followed 

by Esmolol 5 µg/kg/min. Each drug was infused for 30 minutes and following 

administration of each inotropic agent the animal was allowed to return to baseline 

levels, blood pressure and heart rate before the other inotropic agent was 

administered. 

Data analysis 

Analogue signals (pressure, volume, flow) were digitised in real time at 200 

Hz through an AID board (National Instruments) and recorded on a hard drive. Data 

acquisition was performed using customised software previously developed in our 
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laboratory (Labview, National Instruments). Subsequently offline analysis was 

performed using personally written algorithms (Matlab rl 1 5.3, Mathworks, see 

Appendix). 

Pressure, flow and volume data were subjected to five point polynomial smoothing. 

End-diastole was defined as a point of inflection preceding the upstroke in the right 

ventricular pressure trace. End-diastolic volume (EDV) was the right ventricular 

volume derived at time point of end-diastole; end-systolic volume (ESV) was the 

minimum volume during the cardiac cycle. 

Load-dependent indices 

Load dependent indices were derived during steady state data runs, i.e. ventilation 

suspended with the heart contracting under normal loading conditions. (function 

haemo, see Appendix). 

(1) Ejection fraction (EF) 

EF (%) = [(EDV-ESV)/EDV]*lOO. 

(2) Stroke volume (mL) was determined by integration of the pulmonary flow probe 

signal over the individual cardiac cycle. 

(3) Cardiac output (Umin)= stroke volume* heart rate 

(4) Stroke work (Joules) was calculated as the integral of the RV pressure and 

chamber volume. 

(5) Powermax was determined by the product of right ventricular pressure and 

pulmonary flow arrays and obtaining a maximum value per cardiac cycle. 

( 6) Power max1EDV2 was proposed as a potential load independent index of contraction 

for the LV. This was determined by dividing the Powermax by square of the end 

diastolic volume for each cycle [169, 170] . 
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(7) dP/dtmax (mmHg/sec) was determined by obtaining the maximum of the first 

derivative of the right ventricular pressure. 

Load- independent indices. 

Load independent indices were derived under caval occlusion data runs, i.e. 

ventilation was temporally suspended and physiological data were acquired during 

acute, transient decrease in preload induced by inferior vena cava constriction. At 

least eight cycles free of arrhythmias were used for each analysis. 

( 1) End-systolic relation. 

The end-systolic relation was determined by two methods. 

(a) The end-systolic pressure volume relation (ESPVR). The slope (m) and the 

volume intercept (Vo) of the ESPVR were determined as in previous studies [82]. 

Briefly V 0 was initially assumed to be 0 ml and values of the end systolic pressure and 

end systolic volume were determined for each cardiac cycle by identifying the point at 

which the value of P(t)N(t) - Vo reached a maximum. Linear regression analysis of 

these end-systolic pressure and volume points provided an improved estimate for Vo. 

This was then substituted into the above equation and new values for the end systolic 

pressure and volume were obtained. Subsequent iterations were performed until the 

value of V 0 changed by less than 1 ml. 

(b) Maximum elastance, Emax· This analysis was based upon the original model 

described by Suga et al in which left ventricular contraction can be described as time

varying elastance [2, 52]. For each cardiac cycle obtained during inferior vena caval 

occlusion, pressure and volume data were obtained at 5 msec intervals, indexed from 

the point of end diastole (time = 0). These were then matched with pressure and 

volume data from corresponding isochronal points in the subsequent cycles during 
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caval occlusion and a linear regression of pressure and volume points obtained. The 

gradient of this regression was the elastance value at the corresponding time point, 

E(t) in the cardiac cycle, the maximum gradient being the maximum elastance, Emax 

and T max being the time from end diastole to reach Emax· 

(2) Preload recruitable stroke work index (PRSW) [73, 171]. 

PRSW was defined as the relationship between stroke work and end diastolic volume. 

Stroke work= mprsw(EDV-Voprsw) 

where mprsw is the slope of the linear regression and Voprsw is the x axis-volume 

intercept. 

(3) dP/dtmax-end diastolic volume relationship 

dP/dtmax-end diastolic volume was defined as a relationship between dP/dtmax and the 

end diastolic volume [76]. 

dP/dtmax = IDctPtdt(EDV-VodPtdt) 

where mdPtdt is the slope of the linear regression and VodPtdt is the x axis-volume 

intercept. 

Statistical analysis 

Results are summarised as mean ± SD. The effect of inotropic conditions on 

the load -dependent and -independent indices was assessed by analysis of variance. 

Student-Newman Keuls correction was applied to correct for multiple comparisons 

[172]. 

, 
I 
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Results 

Load-dependent haemodynamic data measured at each inotropic state are 

presented in Table 4.1. Compared with baseline, Dobutamine resulted in an increase 

in ejection fraction (p = 0.023), cardiac output (p = 0.001), heart rate (p = 0.001), 

Powermax (p= 0.01), Powermax1EDV2 (p <0.05), stroke work (p = 0.001) and dP/dtmax 

(p<0.05). Esmolol by contrast resulted in a reduction in these indices compared with 

baseline but only heart rate and dP/dtmax achieved significance. 

Representative pressure-volume loops taken from caval occlusion at baseline 

and after Dobutamine and Esmolol are shown in Figure 4.3. Note that the basic RV 

loop shape demonstrated a peak RV pressure occurring early in ejection and the 

pressure then falls as ejection proceeds. The loops also display a short period of 

isovolumetric relaxation. Dobutamine resulted in a leftward and upward shift, while 

Esmolol caused a downward, rightward shift of the systolic portion of the loops. The 

diastolic portion of the loops fell along the same filling curve. 

Figure 4.7 shows a plot of pressure volume relations obtained by linear 

regression at 30 msec intervals from the start of er.d-diastole to the T max· The gradient 

of each slope represents the elastance value at that particular time point in systole. 

Each regression line was found to be strongly linear with correlation coefficients r = 

0.95 to 0.99. However, there was a wide variation in the volume intercept (Vo). As 

systole proceeds there was a tendency for V 0 to shift leftward, and as T max approaches, 

V 0 shifted rightward again. This pattern is obvious from the middle panels of figures 

4.8, 4.9 and 4.1 O in which the decrease in V 0 during systole is apparent in all 3 

inotropic states. 

The effect of inotropic challenge on elastance function is represented in Figure 

4.9 . Essentially Dobutamine resulted in an increase in peak elastance Emax (baseline 
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versus dobutamine, 0.52, 0.78 respectively, p<0.05) and a decrease in the time 

interval from the end of diastole to achieve Emax, T max (0.28 at baseline versus 0.19 

with dobutamine, p<0.001). By contrast Esmolol reduced Emax (0.52 at baseline 

versus 0.38 with esmolol, p=ns) and increased the Emax (0.28 at baseline versus 0.32 

with esmolol, p=ns) Figure 4.10. 

The slopes and volume intercepts of the ESPVR, Emax. PRSW, and the 

dP/dtmax-EDV at each inotropic state are listed in Table 4.2 and representative 

examples are displayed in figures 4.4, 4.5 and 4.6. Analysis of variance showed that 

Dobutamine resulted in a significant increase in all the contractile indices whereas 

Esmolol produced only a significant reduction in PRSW and dP/dtmax-EDV slope. The 

slope of Emax and ESPVR although reduced by Esmolol did not achieve statistical 

significance. 

The correlation coefficients for ESPVR, Emax and PRSW were consistently 

high. By contrasts , correlation coefficients for dP/dtmax-EDV were much lower. This 

feature was particularly pronounced during the Esmolol state. 
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Discussion 

The investigation of left ventricular contractile performance based on the 

interpretation of the pressure-volume loop has been a productive area of research for 

twenty years . By contrast investigation of the contractile properties and quantification 

of right ventricular function has been limited. This arises because of two principal 

reasons. (1) Based on early experimental evidence, it was formerly considered that 

right ventricular contraction contributed little to overall cardiac pump function. 

Excision and destruction of the right ventricular free-wall was associated with only 

minor haemodynamic consequences [ 17, 18]. (2) The right ventricular cavity has a 

complex shape with a densely trabeculated internal surface, and therefore the 

measurement of real-time continuous RV volume in the intact animal has been a 

technological challenge. 

Over the past decade the importance of right ventricular function and its 

assessment has become increasingly clear. Following acute inferior myocardial 

infarction, right ventricular injury significantly increases mortality [15]. Right 

ventricular failure remains a major cause of morbidity and mortality following cardiac 

transplantation [134, 135, 161]. With the advances in the surgical treatment of 

congenital heart surgery, right ventricular functional assessment is paramount 

particularly in the setting of the right ventricle working as a systemic ventricle i.e. 

hypoplastic left heart syndrome [1]. The future challenges are to measure real -time 

right ventricular volume accurately and to identify reliable indices of right ventricular 

contraction . 

Right ventricular structure and function differ considerably from that of the 

left ventricle. The RV has a thinner free-wall than the LV, is more compliant and is 

therefore adapted to respond to wide fluctuations in preload. By contrast the RV 
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tolerates poorly acute increases in afterload compared with the left ventricle. The right 

ventricle operates at a lower pressure and has a reduced afterload because of the lower 

impedance of the pulmonary circulation compared with that of the systemic 

circulation. 

The right ventricular pressure-volume loop shape is distinctly different from 

that of the left ventricle. The left ventricle typically displays a rectilinear shape, where 

the point of end-systole can be easily identified as the upper left hand comer of the 

loop and can therefore be used as a point in the construct of the end-systolic pressure

volume relation. In the left ventricle the point of end-systole (defined as the maximum 

PressureNolume) and the point of end-ejection have a close temporal relationship. By 

contrast, in the right ventricle, because of the low pulmonary vascular impedance, 

ejection occurs early in systole and proceeds while the pressure in the RV chamber is 

declining. The RV pressure-volume loop is triangular in shape with a short or absent 

period of isovolumetric relaxation. There is wide temporal separation between end

ejection and end-systole. As a result of these distinctive differences in anatomical 

structure and physiology, one must consider whether the contractile indices originally 

developed for left ventricular contraction can be successfully applied to right 

ventricular contractile assessment [ 169]. 

In this study we have shown that the right ventricle does display time-varying 

elastance properties. This supports the findings of previous studies [173]. Pressure

volume data from isochronal time points from consecutive cycles under acutely 

decreasing preload display a linear relationship during the systolic portion of the 

cycle. The gradient of this relation (elastance) reaches a maximum (maximum 

elastance, Emax) at the time of T max following end-diastole. However we identified a 

wide temporal variation in the volume intercept (V 0) with a leftward shift as systole 
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proceeds. Maughan et al demonstrated a time dependent leftward shift in V 0 in the 

canine right ventricle with the slope of the instantaneous pressure-volume relation 

increasing as a function of time (isolated heart preparation) [174]. This instability in 

V 0 is in contrast to that of the left ventricle in which V 0 converges on a single point 

and does not display any time dependent behaviour. This observation may reflect a 

fundamental difference in the properties of the right ventricular myocardium. It may 

be justified that for right ventricular contraction V 0 should be considered as having a 

time dependent property (i.e. Vo(t) ). 

Despite this when one considers only the effect of Emax this was responsive to 

the inotropic stimulation of the ventricle. Emax increased in response to Dobutamine 

and decreased with Esmolol although the latter did not achieve significance. 

Furthermore the time from end-diastole to reach the point of Emax (T max) was reduced 

by Dobutamine and increased by Esmolol. In this experiment we chose to identify 

Emax simply as a maximum gradient of the time-varying elastance regressions. Other 

investigators have chosen to define Emax as the most leftward and upward of the 

elastance regressions [75], which takes into account changes in both Vo and Emax· 

Although not displayed in this paper we considered the concept of "total 

systolic elastance". In this we integrated the elastance value as a function of time (i.e., 

area under the elastance curve from the point of end-diastole to the point of T max, 

middle panels in figs 4.8, 4.9, 4.10). Potentially this may be more robust and less 

sensitive to physiological noise as this contractile function collates pressure-volume 

data from the entire systolic portion rather than a single time point at end-systole as 

with Emax· On preliminary analysis we did not find that their total systolic elastance 

varied significantly between baseline, Dobutamine and Esmolol. It appears that 

although Dobutamine increases the elastance during the cycle this is offset by the 
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reduced time to achieve maximum elastance and therefore the areas underneath 

curves at baseline Dobutamine and Esmolol do not demonstrate any significant 

pattern or trend. 

This second method deriving the end-systolic relation was based upon the 

method by Kono et al and referred to as end-systolic pressure-volume relation 

(ESPVR)[58]. Again this index was responsive to inotropic stimulation and Vo varied 

in response to the inotropic changes, shifting to the left with Dobutamine, and to the 

right with Esmolol. This variation in Vo, changing with inotropic stimulation, has 

been identified for left ventricular contraction. Furthermore V 0, which represents the 

unstressed left ventricular volume, may in fact be negative. These observations have 

been explained by recently identifying the L V ESPVR as a non-linear relation. 

ESPVR has been shown to fit a curvilinear relation and with positive inotropic 

stimulation the relationship is convex to the volume axis while with negative inotrope 

stimulation this is concave to the volume axis [62]. By contrast in this study we did 

not find any tendency for the ESPVR relation to be non-linear. This was despite 

having many cycles available for analysis (minimum of 15 with a wide excursion and 

right ventricular pressure). This linearity in the RV end systolic pressure-volume 

relation is in agreement with other investigators. Others have demonstrated right 

ventricular ESPVR to be linear in human hearts although only 3 cycles were available 

for analysis [168, 173] . Linearity has also been demonstrated in the isolated and intact 

canine hearts [75, 147, 174]. 

The PRSW relation was first proposed by Glower et al [73]; this being a direct 

product of the Frank-Starling curve representing the relationship between stroke work 

and end-diastolic volume [175, 176]. We found in this study that of all the contractile 

indices PRSW was the most repeatable and changed consistently with alterations in 
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the inotropic state as others have found [75]. There are two potential explanations for 

this: (1) PRSW derives the data from the entire pressure-volume loop, unlike Emax, 

ESPVR and the dP/dtmax-EDV relation, and therefore may be less susceptible to 

physiological noise in the data acquisition, or (2) The percentage decrease and stroke 

work achieved during a typical caval occlusion is much greater than that observed 

with the end-systolic relation or dP/dtmax-EDV, therefore there is less extrapolation to 

the volume axis and a wider range of data points to fit the regression line. These 

findings are in agreement with others: when left ventricular contraction was 

considered, PRSW was the most reliable index when linearity, reproducibility and 

stability of the volume axis intercept was considered [77, 122, 177]. 

We found the relation dP/dtmax-EDV to be highly responsive to the inotropic 

state but it exhibited a lower correlation coefficient particularly in the lower inotropic 

state induced by Esmolol. This index was originally proposed by Little as a load 

insensitive and highly linear index of LV contraction [76]. The lower correlation 

coefficient may be explained by considering that dP/dtmax has a higher beat-to-beat 

variation possible due to physiological noise, which is exacerbated by differentiation 

of the right ventricular pressure. This will become more pronounced in the right 

ventricle as the operating pressures are lower and therefore the signal : noise ratio is 

lower. A necessary condition for the theoretical derivation of dP/dtmax-EDV from the 

time varying elastance model of ventricular contraction is that the time point of 

dP/dtmax should occur prior to ejection i.e. during the period of isovolumetric 

contraction. As ejection occurs early in the right ventricular cardiac cycle it may be 

that dP/dtmax occurs after the point of ejection and violates this fundamental 

assumption. 
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In this study we have used the conductance method to measure right 

ventricular volume for subsequent derivation of contractile function. An inherent 

weakness of the conductance method is the calibration procedures that are necessary 

to calculate absolute or true ventricular volume. Some investigators have chosen not 

to calibrate or to calculate only parallel conductance and assumed the gain constant a 

to equal 1. This may be reasonable for acute experiments for which the animal or 

patient may be used as its own internal control. However significant changes in 

catheter position, ventricular size (with growth and failure) or the surrounding 

environmental conditions of the heart will radically influence and confound 

ventricular volume measurement. We attempted to measure absolute volume by 

calibrating each animal for parallel conductance and gain (a). The calculation of gain 

is necessary because conductance tends to under-estimate true ventricular volume. 

This is thought to be due to electric field decay or homogeneous spread of the electric 

field within the ventricular cavity. This issue is likely to be more of a problem in the 

right ventricle than the left because of its dense trabeculation and the two 

compartment chamber (body, infundibulum) of the right ventricle. 

Gain is calculated by comparing right ventricular volume by conductance with 

an independent gold standard measure of RV volume understeady state conditions. 

The stroke volume ejected can be accurately measured by thermodilution clinically or 

by pulmonary flow probe in the open chest experimental model. Therefore the ratio of 

stroke volume by flow and stroke volume by conductance will give an estimate of 

gain. This derivation assumes that a is constant throughout the cardiac cycle. 

Potentially a may change as the ventricular size diminishes due to the effects of 

electric field decay and inhomogeneous spread may become less significant when the 

ventricle is small at end-systole. Therefore a measured at end-diastole and at end 
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systole may be significantly different. This was demonstrated by MRI analysis of left 

ventricular volumes [87] . The use of the pulmonary flow probe and integration of the 

pulmonary flow signal during ejection allows repeated measures of ejected volume 

during systole to compare with conductance derived stroke volume. If a was constant 

throughout systole one would expect a relationship between ejected volume by 

conductance versus ejected volume by flow probe to be linear. In these experiments 

although the relationship between the flow and conductance derived ejected volume 

could be described as linear with correlation coefficient r =0.95-0.99, the plots 

displayed were distinctly curvilinear in appearance. The relationship was concave to 

the conductance volume axis and implied that alpha might change during the cardiac 

cycle and be smaller at end-systole than at end-diastole. Such non-linearity in the 

relationship may be explained by temporal differences in the ejected volume by the 

two methods perhaps as a function of pulmonary root compliance. The use of dual

field excitation conductance catheters may reduce the degree of field decay and the 

potential for a variation during the cardiac cycle [ 178-180]. 

In conclusion in this study we have shown that the conductance method has 

allowed construction of the right ventricular pressure-volume loop under steady state 

and changing loading conditions. The derived indices of the contraction appear to be 

linear, preload independent and responsive to the inotropic state of the ventricle. 
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Figure 4.1. Plot of instantaneous RV volume by conductance versus instantaneous RV volume by 

integration of pulmonary flow probe 
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Figure 4.2 An example of instantaneous conductance measurements from the individual segments (SI 

- SS) provided by the Sigma S signal conditioner during transient inferior vena caval occlusion . 
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Figure 4.3. Representative pressure-volume loops at baseline (B) and after dobutamine (D) and 

esmolol (E). 
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Figure 4.4. Representative data showing the effect of inotropic state on the end systolic pressure 

volume relationship. 
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Figure 4.5. Right ventricular stroke work-end diastolic volume relation, or preload recruitable stroke 

work (PRSW) under different inotropic conditions. 
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Figure 4.8. Representative data of the variation in elastance with time (middle panel) through the 

cardiac cycle at baseline. Emax=0.62. Y0= I 3.67ml. Tmax=0.31 msec. r=0.9804. 
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Figure 4.9 Representative data showing time-varying elastance with dobutamjne (middle panel) . 

Enm=0.8989. Vo=3 .15mJ. T,mx=0.24msec. r=0 .9968 . 
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Figure 4.10. Representative data showing time-varying elastance with esmolol (middle panel) . 

E,nax=0.21. Y0= l 8.76ml . T,m,=0.351 msec. r=0.9047. 
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Tables 

Baseline Dobutamine Esmolol 
Mean SD Mean SD Mean SD 

ESV (ml) 76.3 (40.6) 51 (36.3) 98.9 (43.18) 
EDV (ml) 114.9 (44.9) 98.08* (36.9) 136.6 (45.7) 
EF (%) 36.3 (11.3) 52.1* 14.5) 29.3 (9.3) 
Stroke Vol (ml) 38.3 (8.5) 47.02t (9.08) 37.2 (8.08) 
Cardiac output (l/min) 3.66 (0.79) 5.37t (0.91) 3.09* (0.53) 
Heart rate (beats/min) 97 (13) 116.2t (11.13) 83.4* (7.43) 

PowerMax (Watts) 3018.6 (940) 8915t (1981) 2482 (636) 
Power maxfEDV2(Watts/ml2

) 0.33 (0.23) 1.44* (1.4) 0.17 (0.11) 

Stroke work (Joules) 479 (203) 1183t (375) 392 (109) 

dP/dtmax (mmHg/sec) 230 (44) 643* (235) 167* (21.5) 

Table 4.1 ESV is the end-systolic volume, EDV is the end-diastolic volume, EF is the ejection fraction, 

EF is ejection fraction, PowerMax and PowerMaxfEDV2 are maximum ventriclar power and maximum 

power/ square of end-diastolic volume (see text). Significantly different from baseline * <0.05, t 

<0.001 
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ESPVR 

PRSW 

M 

Vo 

VOprsw 

dP/dtmax-EDV mdP/dt 

VodP/dt 

Emax M 

Vo 

Tmax 

Baseline 

0.44 

38.9 

12.02 

67.4 

3.04 

-14 

0.52 

54.24 

0.28 

(0.22) 

(42) 

(2.5) 

(38) 

(2.36) 

(112) 

(0.19) 

(37) 

(0.05) 

Dobutamine 

0.7* 

3.7 

24.5t 

46.4 

10.67* 

-26 

0.78* 

33 

0.19t 

(0.37) 

(69) 

(6.9) 

(35.9) 

(10.8) 

(117) 

(0.24) 

(35) 

(0.07) 

Esmolol 

0.3 

58.2 

7.05* 

79.5 

1.71 * 

-32 

0.36 

72 

0.318 

(0.12) 

(46.5) 

(1.77) 

(47.9) 

(1 .56) 

(126) 

(0 .13) 

(47) 

(0.038) 

Table 4.2 Load-independent indices of right ventricular contraction under different inotropic states: 

ESPVR end-systolic pressure volume relationship, PRSW preload recruitable stroke work, dP/dtmax is 

the maximum of the firest derivative of RV pressure, EDV end-diastolic volume, Emax maximum 

elastance, Truax time interval after end-diastole at which elastance reaches maximum value. m 

representing the slope of each regression and V 0 is the x-intercept. Significantly different from baseline 

*p<0.05, t p<0.001 
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Appendix 

Calculation of gain for conductance calibration 

function l=volgain(q,v,ejmarks) 

% Calculates the Volume gain. 
% q,v are the cycled flow and volume data, ejmarks are the t i me 
points of the start and end of ejection for each cycle. 
st=ejmarks(l); 
ed=ejmarks(2); 
vq=O; vqs=[J; 
f or i=st : ed-1 % Ejected volume by flow 

vq=vq+O.OOS*(q(i)+q(i+l) )/2; 
vqs= [vqs; vq); 

end 

vcs=v(st)-v(st+l:ed); 
vcs=vcs' ;vqs=vqs'; 
vgain=[vcs vqs); 
l=linregr(vcs,vqs); 
plot(vcs,vqs, 'o' ) 

% Ejected volume by conductance 

xlabel( 'Conductance volume-ml' ) 
ylabel( 'Flow volume-ml' ) 
text(O . l,0.9,sprintf( 'Gain : %6 . 2f' ,1(1)), 

'Units' , 'norm' , 'fontsize' ,9, 'vert' , 'top ' , 'hori z ' , ' l ' ) 
text(0.1,0.8,sprintf( 'Y intercept:%6.2f' ,1(2)), . .. 

'Units' , 'norm' , 'fontsize' ,9, 'vert' , 'top' , 'horiz' , 'l' ) 
text(0.1,0.7,sprintf( 'X intercept : %6.2f' ,1(3)), ... 

'Units' , 'norm' , 'fontsi ze' , 9, 'vert' , 'top' , 'hori z' , 'l' ) 
text(0.1,0 . 6,sprintf( 'R2:%6 . 2f' ,1(4)), ... 

'Units' , 'norm' , 'fontsize' ,9, 'vert' , 'top' , 'horiz ' , ' l' ) 
1=1(1) 
pause 
close 
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Derivation of the load dependent indices of contraction 

function t=haemo(p,q,v,se) 
% Derives the steady state haemodynamic data. Input data are cycled 
steady state and ejection matrix. (se) 

hr=60 /( length(p)*0.005); 
for i=l:rows(se) 

dpmax(i)=max(deriv(p(:,i))); % dPldtmax in mmHglsec 

sv(i)=trapz(q (se(i,l) :se(i,2) ,i) )*0.005; 

esv(i) =min(v(:, i)); 
(ml) 
edv(i)=esv(i)+sv(i); 
ef(i)=(sv(i) / edv(i) )*100; 
(%) 

pmax ( i ) =max ( p ( : , i ) . * q ( : , i ) ) ; 
ped(i)=pmax(i)/(edv(i)A2) ; 
volume"2 

sw ( i) =-trapz (p (:, i), v (:, i)); 

tti(i)=trapz(p(se(i,1) : se(i,2) ,i) )*0.06 ; 

end 

h=[esv;edv;ef;sv;pmax;ped;sw;tti;dpmax]; 

a=mean(h(l,:)); 
b =mean(h(2, :) ) ; 
c=mean(h(3, : )) ; 

% end systolic volume 
% end diastolic volume 
% ejection fraction 

d=mean(h(4, : )) ; 
e =mean(h(S, : )); 

% Stroke volume 
% power max 

f =mean(h(6,:)); 
g=mean(h(7, :) ) ; 

% power maxi edv"2 
% Stroke work 

j =mean ( h ( 8, : ) ) ; 
k=mean(h(9, : )) ; 

% Tension time index 
% dPldt max 

l=(d*hr) / 1000; 
t=[a,b,c,d,e,f,g,j,k,l,hr]; 
disp( 'end systolic volume-ml' ); 
disp (t(l)); 
disp( 'end diastolic volume-ml' ); 
disp ( t ( 2) ) ; 
disp( 'Ejection fraction-%' ); 
disp ( t ( 3) ) ; 
disp( 'Stroke Volume-ml' ); 
disp (t(4)); 
disp( 'Cardiac output-L / min' ); 
di sp ( t ( 10) ) ; 
disp( 'heart rate-mmHg*cc / min' ); 
di sp ( t ( 11) ) ; 

disp( 'Power max' ); 
disp ( t ( 5) ) ; 
disp( 'Power max i EDV2' ) ; 
disp (t(6)); 
disp( 'stro ke wo rk' ) ; 
di sp ( t ( 7) ) ; 
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% stroke volume in mls 

% the end systolic volume 

% End diastolic vol ume (ml) 
% Ejection fraction 

% Power max 
% Power maxi end-diastolic 

% Stroke work 

% Tens i on time index 



disp( 'tension time index' ); 
disp (t(8)); 
disp( 'dP / dt rnax-rnrnHg / sec ' ); 
di sp ( t ( 9) ) ; 
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Calculation and display of the end-systolic pressure 
volwne relationship 

function [l,pmx,vmx]=espvr(p,v); 

% function to calculate the end-systolic pressure volume 
relationship. Input is the cycled data for pressure and volume 

em= [ ] ; pv= [ ] ; 
newvO=O; v0=-1; 
numits=O; 

% Start with vO=O 

while (abs(newvO-vO)>O.l & numits < 15) 
vO stabilizes 

numits=numits+l; 
vO=newvO; 

for n=l:cols(p) 

end 

pv(: ,n)=p(: ,n). I (v(: ,n)-vO); 
[ e f J =max ( pv ( : , n) ) ; 
em=[em;e,f]; 
pmx(n)=p(f,n); 
vmx(n)=v(f,n); 

l=polyfit(vmx,pmx,1); 
l=[l -1(2)/1(1)]; 

newv0=1(3); 
if numits >= 10; newvO=mean([vO,newvO]); end 

% Run loop until 

fprintf( '%8g' ,numits); % Report of number of interations and 
Vo 

fprintf( '%14.3f \ n' ,newvO); 

end 
pmx=pmx' ; vmx=vmx' ; 
a=corrcoef( [vmx pmx]); 
1=[1(1) 1(2) 1(3) a(l,2)]; 
fprintf ( ' Ees VO R2 \ n' ) ; % Report final espvr results 
fprintf( '%7 . 2f' ,1(1)); 
fprintf ( '%8. 1f' , 1 ( 3) ) ; 
fpr in t f ( ' % 9 . 3 f \ n' , 1 ( 4) ) ; 
pltemax(v,p,l) % plot the results 
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Calculation and display of the time-varying elastance 
function 

function [e,l]= elast(pc,vc); 

% Calculates the maximum elastance(Emax) and the time to maximum 
elastance (Tmax) 

t=l:l:length(pc); % incremental time (1 may be lengthened) 

for i=l:length(t) 

end 

for n=l:cols(pc) 
pt(i,n)=pc(t(i) ,n); 
vt(i,n)=vc(t(i) ,n); 

end 

ptr=pt(l:length(pt) ,cols(pt) : -1:1); 
vtr=vt(l : length(vt) ,cols(vt) :-1:1); 

for i=l:rows(ptr) 
1 ( i, : ) =l inregr ( vtr ( i, : ) , ptr ( i, : ) ) ; 

end 
[em tm]=max(l(:,l)); 
vo=l(tm,3); 
r2=l(tm,4); 
ti=t(tm)*0.005; 

e=[em vo ti r2]; 
time= . 005*t; 
subplot(3,l,2); 
plot(time,1(:,1)) 
ylabel ( 'emax' ) 
xlabel( 'Time ms' ) 
axis( [0 time(length(time)) 0 1]) 
subplot(3,l,3); 
plot(time,1( : ,3)) 
ylabel ( 'Vo' ) 
xlabel( 'Time ms' ) 
axis( [0 time(length(time)) -50 100]) 
subplot(3,1,1); 
plot(time,1( : ,4)) 
y l abe 1 ( ' R2 ' ) 
xlabel( 'Time ms' ) 
axis( [0 time(length(time)) 0.9 1]) 
title( 'Isochronal analysis 855 Esmolol 4' ) 

pause 
close 
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Calculation and display of the Preload Recruitable Stroke 
Work Index 

function [l,edv,sw]=prsw(v,p); 

%function to calculate and plot the preload recuitable stroke work 
index (PRSW) input are the cycled data 
le= length (v); 
for n= l:cols(p) %adjusting to use first hald of 
cycle 

edv(n)=max(v(l:round(le/2) ,n)); %end-diastolic volume 
defined as max volume 

sw(n)=-trapz(v(: ,n) ,p(: ,n)); % this may require changing to a edp 
index if loop is distorting with caval occlusion 
m= [edv; sw]; 
end 

l=linregr(edv,sw); 
1=[1(1) 1(2) 1(3) 1(4)]; 

fprintf( ' PRSW VO\ n' ); 
fprintf ( ' %7 . lf' , 1 ( 1) ) ; 
fprintf( '%8 .lf \ n ' ,1(3)); 

pltprsw(edv,sw,l) 
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Calculation and display of dP/dtmax-end-diastolic volume 
index 

function [x,edv,ddp]=dpdtmax(vc,p,y,n) 

% Function to calculate the dP/dtmax-end diastolic volume 
relationship. vc is the calibrated, cycled volume data and p is the 
uncycled pressure). n is the order of smoothing ( default n=l. y is 
the cycle marks. 
dp=deriv(p); 
dps=smoothl(dp,n); 
dpsc=cycle(dps,y); 
pc=cycle (p, y) ; 
le=length(vc); %to change 
for n= l:cols(pc) 

edv(n)=max(vc(l:round(le /2) ,n)); %to change, identifying the 
first part of the cycle 

ddp(n)=max(dpsc(:,n)); % 

end 
x=linregr(edv,ddp); 

plot(edv,ddp, 'ob' ) 
axis ( [0 150 0 1000] ) ; 
hold on 
m=x ( 1) ; b=x ( 2) ; 
xx=[-100000 100000]; 
y=(m*xx)+b; 
p 1 o t ( xx , y , ' r ' ) 

%Alter the axis plots from default 

title( ' dP / dtmax-EDV relationship' ) 
xlabel( 'End-diastolic Volume - ml' ) 
ylabel( 'dP / dtmax' ) 

text(0.2,0.8,sprintf( 'dP-edv : %6.2f' ,x(l)), ... 
'Units' , 'Norm' , 'FontSize' ,9, 'vert' , 'top' , 'horiz' , 'r' ) 

text(0.2, 0.75,sprintf( 'V0:%7 .lf' ,x(3)), ... 
'Units' , 'Norm' , 'FontSize' ,9, 'vert' , 'top' , 'horiz' , 'r' ) 

text(0.2,0.7,sprintf( 'R2: %7 .3f' ,x(4)), ... 

pause 
close 

'Units' , 'Norm' , 'FontSize' ,9, 'vert' , 'top' , 'horiz' , 'r' ) 
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Abstract 

Introduction: Right heart failure following cardiopulmonary bypass can result in 

severe haemodynamic compromise with high mortality but the underlying 

mechanisms remain poorly understood. Following ischemic-induced RV failure 

alterations in inter-ventricular septa! position decreases L V compliance and limits 

filling but may in addition distort L V geometry and compromise contractility and 

relaxation. This study investigated the effect of acute isolated RV ischemia on bi-

ventricular performance and interaction, and the response of subsequent RV 

unloading using a modified Glenn shunt. 

Methods: In eight open-chest porcine preparations isolated RV ischemic failure was 

induced by selective coronary ligation. A modified Glenn circuit was then established 

by a superior vena cava to pulmonary artery connection. Ventricular performance was 

determined using conductance catheter derived RV pressure-volume loops and LV 

pressure-segment length loops. Haemodynamic data at baseline, after RV ischemia 

and following institution of Glenn circuit were obtained during inflow occlusion and 

the load-independent contractile indices derived. 

Results: Right ventricular free-wall ischemia resulted in acute RV dilation (l 18mL 

versus 170 mL, p=0.0008) and impairment of LV contractility, indicated by reduced 

End-systolic pressure-length relationship, ESPLR (50mmHg/mm versus 

-3 3 -3 103 18.9mmHg/mm, p=0.002) and PRSW (69.6 erg.cm .10 versus 34.7 erg.cm . , 

p=0.003). In addition LV relaxation (Tau) was significantly prolonged (33.3msec 

versus 53msec, p=0.012.). RV unloading with the Glenn shunt reduced RV dilation 

and significantly improved LV contraction, ESPLR (18.9mmHg/mm versus 35.8 

mmHg/mm, p=0.002), PRSW (34.7 erg.cm-3.103 versus 63.0 erg.cm-3.10
3
, p=0.003) 

and diastolic performance, Tau (53msec versus 43.5msec, p=0.001 ). 
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Conclusions: Right ventricular ischemic-induced dilation resulted in acute 

impairment of L V contractility and relaxation. A modified Glenn shunt attenuated the 

LV dysfunction by limiting RV dilation and restoring LV cavity geometry. 
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Introduction 

The right ventricle was once considered to act mainly as a passive conduit. 

This was concluded following canine studies in which RV free-wall injury produced 

only minimal haemodynamic compromise [17, 18]. Furthermore, experience gained 

from the surgical treatment of tricuspid atresia demonstrated that the RV can be 

completely [132] or partially bypassed and that the circulation will be successfully 

maintained. Despite these findings, it is now clear that function of the right ventricle 

plays an integral role in the outcome of patients following myocardial infarction [181] 

and many cardiac surgical procedures [157], including cardiac transplantation [161, 

182] and left heart assist device placement [163, 183]. When it occurrs in the intra

operative period right heart failure is associated with failure to wean from 

cardiopulmonary bypass, and the need for massive inotropic and mechanical support. 

Post-operative refractory RV failure has been managed with RV assist device, 

pulmonary artery counterpulsation [184], or creation of an atrial septal defect [185] 

but success has been inconsistent and mortality remains high. 

Several mechanisms by which RV failure leads to low cardiac output have 

been proposed. Impaired RV contraction reduces transpulmonary blood flow and left 

atrial filling . In addition, RV dilation causes leftward deviation of the interventricular 

septum decreasing L V compliance. These effects act synergistically to compromise 

LV diastolic filling, which reduces stroke volume and cardiac output [186]. The effect 

of acute RV infarction on L V systolic performance is less clear. Although some 

studies have shown LV systolic function is unaffected following RV infarction [187], 

others have concluded that LV contractility may be impaired by distortion of 

ventricular geometry [25, 189]. Furthermore the effect of RV ischemic induced 

dilation on LV performance is attenuated by pericardiotomy, which acts to restore the 
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septal position [ 19, 25] . These studies suggest that a major component of the 

haemodynamic insult that follows RV infarction involves impairment of L V 

performance secondary to alterations in LV cavity geometry. 

Inadequate RV function following bi-ventricular repair for complex congenital 

heart defects in children may be successfully managed by partial RV bypass with a bi

directional Glenn shunt, as in "the one and half ventricle repair" [ 136, 188]. 

Furthermore in patients with Ebstein's anomaly and dilated right ventricles bi

directional Glenn shunts will decrease preload and impact on arrhythmias and on right 

ventricular function [ 189]. Although the mechanisms by which partial RV bypass 

results in haemodynamic benefit have not been studied, it is possible that reducing RV 

preload and limiting dilation restores L V cavity geometry and improves L V 

contractility. 

We propose that patients with predominant RV failure following 

cardiopulmonary bypass might also benefit from partial bypass of the RV through a 

modified Glenn Shunt. This will act to reduce the volume loading on the failing RV, 

limit excessive ventricular dilation and reduce wall stress. In addition alterations in 

septal position and L V geometry will be minimised and L V systolic and diastolic 

function preserved. To test this hypothesis we assessed the effects of acute RV free

wall ischemia on simultaneous load-independent indices of LV and RV function in an 

open-chest porcine model of acute right ventricular infarction, before and after 

establishing a cavo-pulmonary shunt. 
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Material and methods 

Surgical preparation 

Eight Yorkshire pigs, mean weight of 45 kg, of either sex were used in this study and 

were cared for by the National Institute of Health Guide for the Care and Use of 

Laboratory Animals and published guidelines [153]. General anesthesia was induced 

with intramuscular Telazol, followed by inhaled Isoflurane by facemask. Animals 

were endotracheal intubated and ventilated with 100% oxygen, and anesthesia 

maintained with 2-3% Isoflurane. Continuous oxygen saturations and arterial blood 

gas analysis were performed to monitor oxygenation and optimize ventilation. 

Ventilation was adjusted with tidal volumes initially set at lOmls/kg and the 

ventilation rate adjusted to maintain pC02 < 35 mmHg, with the inflation pressures 

below 10 cm H20. All animals received a bolus of Magnesium Sulphate 2mg before 

instrumentation to reduce the incidence of arrhythmias. Hydration was maintained 

with intravenous fluids maintained at rate of lml/kg/hr with 0.9% saline. 

Median sternotomy was performed, and the heart supported by a pericardia! 

cradle. A modified Glenn circuit was established by connecting the superior vena 

cava to the main pulmonary artery (MPA) using a short segment of donor porcine 

inferior vena cava (homograft), see figure 5.1. Animals were systemically heparinised 

(1 OOUnit/kg) and end to side anastomoses created between the homograft and the 

main pulmonary artery and the superior vena cava (SVC) using partially occluding 

vascular clamps. In all cases the Cava-pulmonary (CP) shunt was performed without 

cardiopulmonary bypass, which avoided potential deleterious effects on heart and 

lung function. 

The model of isolated right ventricular infarction was produced by selective 

coronary occlusion. Typically 4 to 6 acute marginal branches arising from the right 
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coronary artery were encircled with a nylon suture for subsequent ligation. Right 

ventricular branches supplying the interventricular septum i.e. posterior descending 

artery, or inferior surface of the LV were avoided inorder to prevent injury to the left 

ventricular wall or septum. 

Instrumentation 

An electromagnetic flow probe (Carolina Medical Electronics 501, King, NC) 

was positioned around the pulmonary artery, to assess stroke volume and cardiac 

output. 

Micromanometers, 5-Fr (model PC350, Millar Instruments Inc, Houston, Tx) were 

placed in the pulmonary artery, and right and left ventricular cavities. A fluid filled 

pressure transducer (Statham PlOEZ, SpectraMed) was attached to the intravenous 

central line for monitoring of SVC pressure. 

A 5F 12-segment single-field conductance catheter (Cordis Webster, Inc, 

Baldwin Park, Calif) was introduced through the proximal PA and positioned in the 

RV cavity. Catheter position was confirmed by epicardial echocardiography. Final 

position was adjusted by inspection of the individual segment pressure-volume loops. 

Counterclockwise rotation of each of the five individual pressure-volume segments 

loops ensured that each lay within the right ventricular cavity. 

A single pair of miniature piezoelectric crystals (Transonics, California) were 

implanted into the L V myocardium and the ultrasound transit time provided segment 

length and pressure-length loop measurements. Crystals were placed in the mid wall 

position, typically between the 1 stand 2nd diagonal vessels, through a small wound in 

the epicardial surface and orientated in the direction of the muscle fibers [ 190]. 

The animal's temperature was maintained with a heating blanket. 
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Data Acquisition and Analysis 

Amplified pressure, conductance and sonomicrometer signals were sampled at 

200Hz transferred through a 16 channel analog to digital converter (Model PC 1 M 1 O 

16E 4, National Instruments) to a dedicated personal computer (Compaq Pentium II) 

using data acquisition software programmed in our laboratory (Labview 5.0, National 

Instruments). 

The total conductance signal was generated and processed in a Sigma-5 DF 

unit (Lycom, Netherlands). The principals of conductance methodology are described 

elsewhere [67]. Briefly the conductance catheter contains a series of equally spaced 

electrodes designed so that the electrodes span the entire length of the ventricular 

cavity. A 30-µA, 20-kHz current is generated between the proximal and distal 

electrodes and the intervening electrodes record conductance between five electrode 

pairs located within the ventricle. The 5 segmental conductances are summed and 

converted to a time-varying volume signal. 

The volume, V, of the ventricle at a given time, t, is 

V(t)=(l/a)L2µ[G(t)-Gp] 

where L is the inter-electrode distance, µis the resistivity of blood that is measured, a 

is the gain factor derived as the ratio of conductance volume to ventricular volume 

derived by an alternative method, G(t) is the sum of the conductances at any time t, 

and Gp is the parallel conductance. 

The calculation of gain factor (a) is necessary because of inhomogeneous 

spread of the electric field within the ventricular blood pool. Cumulative ejected 

volume determined by conductance, recorded at steady state, was plotted against the 

integrated pulmonary flow probe signal at each time point during ventricular ejection; 
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gain (a) was derived as the gradient of the linear regression. Correlation coefficients 

of the linear regression were recorded and coefficients > 0.95 were accepted. 

Parallel conductance (Gp) refers to the portion of current, which is conducted 

through the myocardium and escapes the ventricular blood pool. This was calculated 

by a modification of the hypertonic saline injection method developed by Baan et al 

[94] . A slow bolus of lOmL of 10% hypertonic saline was injected into the superior 

vena cava, causing a transient increase in conductivity of blood within the ventricular 

cavity, without a detectable change in RV or LV pressure. For each cardiac cycle end

systolic volumes were plotted against end-diastolic volumes. Linear regression 

analysis of the plots was performed and the point of interception with the line of 

identity produced an estimate for Gp. Correlation coefficients of the regression lines 

were recorded, and coefficients> 0.95 were accepted. For each experiment three 

estimates of Gp were made. 

Calculation of Systolic function 

Calculation of indices of contractile function during transient inferior vena 

cava (IVC) occlusion was performed with >8 consecutive cycles free of ventricular 

ectopy. 

The end-systolic pressure volume relationship (ESPVR) 

For each cycle under occlusion end-systole was defined as the point of maximum 

elastance, where elastance is given by: 

E:(t)==P(t)/(V(t)-Vo) 

E:(t) is the time-varying elastance, P(t) and V(t) are the ventricular pressure and 

volume. V 0 is the theoretical unstressed ventricular volume. E:SPVR was calculated 

by the method described by Kono et al [58] using an iterative algorithm. Vo was 
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initially set to zero, and linear regression of the end-systolic pressure-volume points 

was performed, generating an ESPVR with a slope and intercept V 0. Linear regression 

was then repeated using this new value of V0. Within 3 to 6 iterations, Vo would 

stabilize to a tolerance of 0.01 mL. In a similar fashion the L V end-systolic pressure 

length relation was calculated using segment length instead of ventricular volume 

[191, 192, 193, 194]. 

Preload-Recruitable Stroke Work 

For each cycle under occlusion the RV stroke work was calculated as the area 

of the pressure-volume loop. This was plotted against the end-diastolic volume. 

PRSW was derived as the slope of the linear regression between stroke work and end

diastolic volume [73]. LV segmental stroke work was calculated as the area of the 

pressure-segment loop. LV PRSW was derived as the slope of the linear regression of 

segmental stroke work (y-axis) against end-diastolic segment length (x-axis) [171]. 

dP/dtmax-EDV 

For each beat the maximum rate of increasing ventricular pressure was 

calculated and plotted against the EDV. dP/dtmax-EDV is the slope of the linear 

regression between dP/dtmax and EDV[76]. 

Calculation of L V Diastolic function 

Diastolic function was calculated by the following methods 

dP/dtmin· Calculated as the maximum negative dP/dt generated by the ventricle. 

Tau, time constant of isovolumetric relaxation [44, 157]. 
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Calculation of the time constant of relaxation is currently the only reliable method of 

measuring the rate of relaxation. Other parameters such as isovolumetric relaxation 

time are not true representatives of LV relaxation but are dependent on heart rate and 

peak systolic pressure [ 196, 179]. The time course of fall in left ventricular pressure 

from the time of maximum negative dP/dt to the level of LV end-diastolic pressure 

decays exponentially and may be described by: 

P=eAr+B 

where P is ventricular pressure, t=time in msec and A and B are constants. This can be 

expressed as 

LnP = At+B. 

A logarithmic plot of the data allows the calculation of the slope A, a negative number 

whose units are expressed in sec-1
• The time constant for left ventricular Tau was then 

defined as -1/A and expressed in msec. 

Calculations of gain (a), parallel conductance (Gp), systolic and diastolic function 

were performed using algorithms developed in our laboratory (Matlab 5.3, The 

Mathworks Inc). 

Experimental protocol 

Following surgical preparation and instrumentation the animal was left 

undisturbed for 30 mins to allow stabilization prior to data collection. All data were 

collected with the endotracheal tube disconnected from the ventilator and the lungs 

deflated. At baseline, steady state and saline injection data were collected for 

conductance catheter calibration. Load-independent indices of contraction were 

derived from occlusion of the inferior vena cava. 
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Isolated right ventricular infarction was induced by ligation of the acute 

marginal coronary arteries. Following 30 mins of stabilization steady state and inflow 

occlusion data were taken. 

The cavo-pulmonary shunt was then opened and SVC connection to the right 

atrium obstructed by vascular clamps thereby directing all SVC blood to the 

pulmonary artery. On opening the cavo-pulmonary shunt an obvious decrease in the 

right ventricular size was observed. Increased fluid administration at this point was 

typically required to maintain left sided filling pressures, as recorded by the LV end

diastolic pressure. Haemodynamic data was collected at this point. 

At the end of the experiment the animals were euthanised by intraventricular 

injection of KCl and an autopsy performed to confirm position of the conductance 

catheter. The heart was excised and the shunt opened to inspect for clots. The hearts 

were stained to analyze the degree of injury to the muscle and magnitude of 

infarction. 

Statistics 

Data were analyzed with the use of SPSS version 8.0 (SPSS Inc. Chicago, Ill). Data 

are expressed as mean and standard error of the mean. Comparisons are made 

between the baseline and the ischemic state (Pl) and between the ischemic and 

shunted state (P2) by paired Student's t-test. 
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Results 

All 8 animals survived the period of the study. The haemodynamic insult 

following RV coronary occlusion was generally well tolerated allowing repeated 

inflow occlusions necessary for contractile assessment. 

Coronary occlusion produced acute RV dilation with a marked fall in cardiac 

output from 4.32 L/min to 3.10 L/min, (p=0.03). RV decompression by the CP shunt 

was associated with a significant decrease in RV end-diastolic volume l 69mL versus 

141 mL before and after opening CP shunt. Overall cardiac output was not improved 

by the CP shunt, although there was variation between the animals. 

Effect of RV ischemia and CP shunt on RV Systolic Function 

With the onset of RV ischemia, RV ESPVR shifted in a parallel fashion to the 

right (Figure 5.2), expressed as an increase in x-intercept, V 0 (V 0 33.8 mL versus 82.4 

mL before and after coronary occlusion, p=0.002), with a minor, non-significant, 

decrease in the slope of the ESPVR (0.43, versus 0.37 before and after coronary 

occlusion, p=0.47). CP shunt and RV decompression produced a significant leftward 

shift in the ESPVR towards baseline decreasing Vo from 82.4 mL to 57 .0 mL before 

and after CP shunt (p=0.001 ). However a further reduction in the ESPVR slope was 

observed in the shunted state, with 0.37 versus 0.31 before and after CP shunt 

(p=0.06). 

By contrast to the response of the ESPVR, the slope of the RV PRSW 

significantly fell from 16.9 mmHg at baseline to 12.5mmHg following coronary 

occlusion (p=0.004) (Fig. 5.4); this was associated with an increase in the Vo from 

73.1 mL to 128.0 mL before and after ischemia, (p=0.001). CP shunt and RV 

decompression produced a leftward shift in the PRSW relation with Vo decreasing 
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from 128.0mL with ischemia to 100.2 mL following CP shunt (p=0.003), without 

increase in the PRSW slope 12.5mmHg versus 11.3mmHg (p=0.247). 

The third load-independent index of contraction, dP/dtmax-EDV (figure 5.5), 

responded to ischemia by a reduction in the slope (Baseline 8.02 versus 5.99 

following ischemia, p=0.08) and rightward shift in dP/dtmax-EDV position increasing 

the Vo from 40.3mL at baseline to 64.8mL following ischemia, p=0.05. CP shunt and 

RV decompression did not significantly affect, either the dP/dtmax-EDV position, Vo 

(lschemia 64.8mL versus 52.6 following CP shunt, p=0.11) or the slope of the relation 

(lschemia 5.9 versus 5.7 following CP shunt, p=0.33) 

Effect of RV ischemia on L V Function 

With the onset of RV ischemia the LV ESPLR significantly fell from 50.0 

mmHg/mm at baseline to 18.9 mmHg/mm, (p=0.002). With RV decompression with 

the Glenn shunt the slope of the LV ESPLR significantly increased to 35.8 

mmHg/mm, p=0.011. 

Likewise with RV ischemia there was a significant decline in the slope of the 

LV PRSW from 69.6 erg.cm-3.103 at baseline to 39.7 erg.cm-3.103
, (p=0.003). The LV 

PRSW significantly increased with the shunted state to 63 .0 erg.cm-3.103
, p=0.047. 

LV isovolumetric relaxation was significantly impaired following RV 

ischemia with increase in Tau from 33.3 msec at baseline to 53.0 msec following 

ischemia (p=0.015) and a reduction in the maximum negative dP/dtmin -

856mmHg/sec at baseline to -516mmHg/sec following RV ischemia (p=0.009). Both 

these parameters were significantly improved with the Glenn shunt (Table 5.1, Figure 

5 8). 
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Discussion 

The right ventricle was once considered "dispensable" and to act mainly as a passive 

conduit [18]. Such conclusions were based upon experimental studies in dogs, in 

which cauterization of the right ventricular free wall was well tolerated and resulted in 

little haemodynamic compromise [17]. In addition, the successful outcomes of the 

Fontan operation, in which adequate pulmonary blood flow can be achieved by 

passive systemic venous pressure without RV contribution, lent further support to this 

hypothesis [132]. However there is now increasing evidence that right ventricular 

function is an important determining factor in the outcome of many cardiac 

conditions. Zehender et al demonstrated that mortality following acute inferior wall 

infarction is significantly increased with right ventricular involvement, with 26% 

versus 64% complications without and with RV involvement respectively [15]. Right 

ventricular dysfunction significantly increases mortality following mitral valve 

replacement [156, 198] and remains a major cause of acute mortality following 

cardiac transplantation [ 182] and left ventricular assist device placement [163]. 

Despite this RV function remains poorly characterized and the mechanisms by which 

RV failure contributes to the haemodynamic insult remain incomplete. 

Left ventricular function following RV ischemic induced dilation 

Previous animal studies have demonstrated that the reduction in cardiac output 

following RV failure results principally from diastolic interaction with reduced LV 

filling and compliance. In a dog model Goldstein et al showed that elevated 

intrapericardial pressure after right ventricular infarction reduced left ventricular 

preload and cardiac output [19]. Calvin et al demonstrated that right ventricular 

infarction reduced cardiac output by 23% and stroke volume by 30% and decreased 
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L V size as determined by end-diastolic segment length [32]. Goto et al using a dog 

model demonstrated that following RV infarction was associated with a leftward and 

upward shift of the L V end-diastolic pressure-volume relationship without changing 

LV myocardial performance [187]. 

What is less clear is the effect of RV dilation on left ventricular systolic function. 

Previous studies have concluded that LV systolic performance is unaffected by RV 

ischemia, based upon insignificant changes in aortic flow, peak dP/dt, and percentage 

systolic shortening [187]. However, such parameters fail to evaluate the LV 

contractile state independent of the loading conditions. In my study L V systolic 

function was determined by ESPLR and PRSW, indices that are load-independent and 

distinguish changes in contractility from changes in the preload and afterload. We 

found that the L V contractility was significantly impaired following RV infarction as 

indicated by decreases in the slopes of ESPLR and PRSW. These results are in 

agreement with Brookes et al, in which L V systolic function was impaired following 

right ventricular ischemia in pigs [25]. However, in that study RV ischemia was 

induced by occlusion of the main right coronary artery. In pigs the right coronary is 

dominant in the majority of animals and supplies the inferior interventricular septum 

and a variable amount of the inferior L V wall [ 199]. It is possible the L V contractile 

deficit they observed was the direct result of inter-ventricular septum/inferior LV wall 

ischaemia/infarction. By contrast in the present study infarction was limited to the RV 

free wall, as demonstrated by post-mortem staining. 

Although L V compliance is decreased by RV ischemia, the effect on L V relaxation 

has not been previously studied. We identified that left ventricular isovolumetric 

relaxation was significantly impaired following RV infarction with an increase in Tau, 

the time constant of isovolumetric relaxation, and reduction in maximum negative 
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dP/dt. The time constant of isovolumetric relaxation (Tau) is a measure of the active 

and energy dependent process of ventricular relaxation and involves ATPase mediated 

removal of calcium from the contractile proteins and sequestration within the 

sarcoplasma reticulium This process is prolonged in ischemia or acute infarction and 

is unaffected by the loading conditions. It is possible that the RV ischemic dilation 

with associated distortion in LV geometry has a direct effect on active relaxation in 

addition to the contractile deficit. 

Right ventricular systolic function following acute RV free wall infarction 

Despite acknowledging the importance of RV function, quantifying contractility has 

been limited due to difficulties in measuring continuous RV volume [194]. Unlike the 

LV, the right ventricle has a densely trabeculated internal structure and a cavity shape 

that cannot be adequately described by a simple mathematical model. Methods of RV 

volume determination, such as shell subtraction and sonomicrometry, derive volume 

by measuring a series of ventricular dimensions and assuming constant ventricular 

geometry during the cardiac cycle and changing loading conditions. Such techniques 

may be vulnerable in conditions of regional wall abnormalities or major shifts in 

septal position, in which significant changes in ventricular cavity geometry would be 

expected. In this study RV volume was measured using the conductance catheter 

technique. Although the determination of absolute volume by conductance requires 

complex calibration procedures (parallel conductance and gain) the method has 

proven reliable for LV volume determination and has been used extensively in clinical 

and experimental studies. Although experience is less in the RV it has been used in 

animal studies [147] and clinical studies involving adult [61] and pediatric 
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populations [105]. In this study an alternative method of RV volume measurement 

was not used; however, during the calculation of gain, ventricular volumes derived by 

conductance were compared with the integrated pulmonary artery flow during 

ejection and strong linear relationships were consistently apparent. 

In this study right ventricular contractility was determined by three indices of load

independent contraction, ESPVR, PRSW and dP/dtmax-EDV. The ESPVR was 

developed by Suga based on the time-varying elastance model of left ventricular 

contraction [2]; the relationship is typically linear over a wide range of loading 

conditions, and sensitive to the inotropic state. Maughan et al showed that the 

assumptions that underlie Suga et al's "time varying elastance" model are generally 

valid for the canine right ventricle [174] and in the present study we found all three 

indices to be highly linear under the changing loading conditions. Furthermore, recent 

studies have shown that these contractile indices are sensitive to the inotropic state of 

the right ventricle and have thus been used to quantify RV contraction in animal [75, 

147] and clinical studies [61]. Despite this little information exists regarding the effect 

of isolated RV ischemia/infarction on these contractile indices [199] . We found that 

following free-wall RV infarction, the ESPVR was displaced rightward with a 

significant increase in V 0 with minimal changes in slope. This is similar to the effect 

of regional ischemia on the left ventricular end-systolic pressure volume relation [56]. 

Although both RV PRSW and dP/dtmax-EDV were associated with rightward shift and 

a decrease in slope following infarction, PRSW changes were more consistent. We 

therefore conclude that PRSW is superior to ESPVR in assessing the contractile state 

in the RV; this is in agreement with other reports [75]. This may be due to the 

difficulties in defining the point of end-systole in the RV, and less error associated 
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with the measurement since the whole loop is utilized in PRSW determination rather 

than a single point in the cycle with ESPVR. 

Effect of Glenn Shunt on ventricular function 

Institution of the CP shunt reduced RV volume and significantly improved the left 

ventricular systolic impairment observed with the RV infarction. In addition, LV 

isovolumetric relaxation and maximum negative dP/dt were also improved by the 

shunt. Studies have demonstrated that following RV infarction, LV systolic function 

and compliance can be improved by pericardiotomy [25]. In addition, volume 

offloading by lower body suction can improve L V filling by normalizing septal 

position in patients with congestive heart failure [200]. These studies emphasise the 

importance of right ventricular dilation and ventricular interaction in the role of low 

cardiac output following RV ischemia. The mechanism by which the CP shunt 

effectively improves LV performance is likely to be a reduction in the RV volume 

with restoration of interventricular septal position and LV cavity shape. We did not 

observe an improvement in RV contractility; the slopes of RV ESPVR, PRSW and 

dP/dtmax-EDV did not change following the Glenn shunt, although leftward shifts in 

the contractile indices were observed. Despite the improvements in LV performance, 

changes in cardiac output were inconsistent. 

Clinical implications 

If L V geometry has a major influence on contractility and relaxation, this may explain 

why volume loading in the context of RV dilation may not improve the cardiac 

output. Pericardiotomy improves the LV contractility and compliance following RV 

ischemia, by restoring the geometric arrangements. This may explain the 
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haemodynamic benefit of leaving the sternum open in the early post-operative period 

in patients with RV dysfunction following cardiopulmonary bypass. 

Normalizing the septa! position and L V geometry may be achieved by limiting RV 

dilation by reducing preload. Creation of an atrial septa! defect is commonly 

employed to offload the RV in patients in whom the RV function may be temporally 

impaired following right ventriculotomy or extensive muscle resection of the RV 

outflow tract in the repair of Tetralogy of Fallot. Although this will be associated with 

a degree of cyanosis, this is well tolerated in children who have adapted to a cyanotic 

physiology. By contrast in the adult population creation of an ASD for RV 

dysfunction following cardiopulmonary bypass has been associated with high 

mortality. The cyanosis is poorly tolerated and the increasing acidosis exacerbates the 

myocardial dysfunction. The advantage of a Glenn circuit is that RV preload and 

dilation are reduced and the oxygen saturations are still maintained. However, the 

pulmonary vascular resistance and LV end-diastolic pressure must be low in order to 

achieve adequate shunt flow. 

Conclusions 

We have shown in this study that LV contractility and relaxation are adversely 

affected by right ventricular ischemia, which is limited to the right ventricular free

wall. This we believe contributes significantly to the haemodynamic deterioration that 

follows RV ischemia and results from distortion of the L V cavity geometry and 

changes in septal position arising from the RV dilation. Limiting the RV dilation by 

reducing preload by means of a Glenn shunt restored both the L V contractile and 

diastolic deficit. This may be a therapeutic option in patients who sustain primary RV 

failure with normal pulmonary artery pressures following cardiopulmonary bypass. 
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Figure 5.2. Right ventricu lar pressure-volume loops before and after infarction. ESPYR is 

superimposed 
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Figure 5.3. Representative data from one animal showing right ventricular end-systolic pressure 

volume relation at baseline, following ischemia and Glenn shunt. 
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Parameter Baseline Infarction Shunt Pl P2 

CO (L/min) 4.32 (0.22) 3.10 (0.24) 3.13 (0.14) 0.03* 0.24 

HR (b/min) 89.1 (14) 84.8 (7.9) 84.5(7.1) 0.41 0.71 

RV EDV (ml) 118.2(29.6) 169.5 (25) 141.4 (23.4) 0.0008t 0.002t 

RV ESPVR (mmHg/mL) 0.43(0.06) 0.37(0.04) 0.31(0.04) 0.47 0.07 

VO (mL) 33.8(9.4) 82.4(6.7) 57 .0(7 .7) 0.002t 0.0012t 

RV PRSW (mmHg) 16.9(1.2) 12.5(0.16) 11.3(0.97) 0.004t 0.25 

VO (mL) 73 .1(5.8) 128.0(10.1) 100.2(10.2) O.OOlt 0.0003t 

RV dP/dtmaxEDV 8.02(2.2) 5.99(1.8) 5.74(1.7) 0.07 0.33 

VO (mL) 40.3(9.3) 64.8(5 .1) 52.6(5.6) 0.051 0.11 

LV ESPLR (mmHg/mm) 50.03(6.9) 18.9(2.8) 35.8(6.5) 0.002t 0.011 * 

LV PRSW (crg.cm-3.103
) 69.6(9.2) 39.7(4.5) 63.0(8.01) 0.003t 0.005t 

LV - dP/dtmin (mmHg/sec) 856(103) 516(65) 617(64) 0.009t 0.01 * 

LV tau (msec) 33.3(3.5) 53.0(5.6) 43.5(4.5) 0.015* 0.011 * 

Table 5.1 Haemodynamic parameters (mean±SE) at baseline, infarction and Glenn shunt 

CO indicates cardiac output; HR, heart rate; RV EDP, right ventricular end-diastolic volume; RV 

ESPVR, right ventricular end-systolic pressure volume relation and intercept (VO); RV PRSW right 

ventricular prcload recruitablc stroke work and intercept (VO); RV dP/dt-EDV, right ventricular 

dP/dtmax-end-diastolic volume relation and intercept(VO), L V ESPLR, left ventricular end-systolic 

pressure segment length relation; L V PRSW, left ventricular preload recruitable stroke work; L V -

dP/dtmin left ventricular maximum negative of dP/dt; LV tau, time constant of left ventricular 

isovolumetric relaxation; P 1, comparison of baseline and infarction; P2, comparison cf infarction and 

shunted state. 

*P<0.05, tP<0.01 

201 



Appendix 

Matlab algorithm for calculation of tau and dP/dtmin· 

function t=tau(p ) 

% Calculates the diastolic relaxation constant (t) and dp/dtmin 
% Time course is from point of dp/dtmin to where the pressure reaches 
end diastolic pressure +0.5 
% Returns the dp/dtmin and tau value. 
% The diastolic pressure should be positive . 
% p is the ventricular pressure 

d=deriv( p ) ; % Derivative of ventricular pressure 
[ e f J =min ( d ) ; 

a=p(f : length (p)); 
b=a.* (a >p (1)+2 ) ; %0 .5 may be adjusted 
c=find (b ) ; 
pd=b (c ( l ) :length (c)) ; 
lpd=l og( pd ) ; %lpd=log(pd) ; 
ti=0.005:0.005:0 . 005*length (pd ) ; %ti =0.005:0.005:0.005*length(pd) 
ti=ti; lpd=lpd' ; 
l=linregr ( ti,lpd ) ; 

g= ( -1 / 1 (1 ) ) *1 0 0 0 ; 
t= [e;g]; 
pl o t ( ti,lpd, 'O' ) 
xlabel ( 'Time -s' ) 
ylabel ( 'Log pressure' ) 
text (0 .1,0.5,sprintf ( 'Tau : %6.2f' ,g), . .. 

'Units' , 'norm' , 'fontsize' ,9, 'vert ' , 'top' , 'horiz' , ' l' ) 
text(0.1,0.4,sprintf ( 'dP/dtmin : %6 . 2f' ,e), ... 

'Units' , 'norm' , 'fontsize' ,9, 'vert' , 'top' , 'horiz' , ' l' ) 
text ( 0 .1, 0. 3, sprintf ( 'R2 : %7. 3 f' , 1 ( 4 ) ) , ... 

'Units' , 'norm' , 'fontsize' ,9, 'vert' , ' top' , 'horiz ' , ' l ' ) 

pause 
c l o se 
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Introduction 

The measurement of ventricular contractility has been an elusive goal. The 

commonly employed clinical methods of determining ventricular performance such as 

ejection fraction, stroke volume, cardiac output and dP/dtmax are strongly influenced 

by the loading conditions of the heart and therefore cannot separate the contributions 

of preload, afterload and contractility on the performance of the ventricle. With the 

increase in pharmacological and interventional therapies available for cardiac disease, 

determining intrinsic ventricular contractility has become paramount. 

Analysis of ventricular contraction in the pressure-volume plane has allowed 

the derivation of indices of contraction, which are considered independent of the 

loading conditions. Such indices were first established from studies performed in the 

1970's by Suga et al using cross-circulation canine preparations [2]. These indices, 

which include Emax (maximum elastance), preload recruitable stroke work index, and 

dP/dtmax-end-diastolic volume relation are sensitive to the inotropic state but relatively 

insensitive to the loading conditions. However, to derive these indices, continuous 

real-time ventricular volume must be measured, which has proven difficult in the 

intact animal. Methods currently employed include angiography, sonomicrometry, 

ultrasound, magnetic resonance imaging and more recently the conductance catheter 

technique, all of which have been employed in clinical and experimental studies to 

evaluate left ventricular function. By contrast there has been little work on right 

ventricular function. Possible reasons include the perception that the right ventricle 

has only a minor contribution to overall cardiac function and acts mainly as a passive 

conduit rather than a pumping chamber [18). Furthermore, the principal cardiac 

diseases are left-sided: aortic and mitral valve disease and coronary artery disease. 

Finally the measurement of right ventricular function has proven difficult. 

204 



The right ventricular chamber has a complex shape, comprising an inlet and 

outlet cavity with a densely trabeculated internal surface. As a consequence the 

measurement of real-time continuous right ventricular volume has proven to be 

difficult because, unlike the left ventricle, the cavity cannot be readily described by a 

simple mathematical model. Furthermore the geometry of the right ventricle may alter 

under different loading conditions or pathological states. The conductance catheter 

method, which has been used extensively for left ventricular volume measurement, 

may be a suitable method for right ventricular volume determination because, unlike 

other commonly used techniques e.g. sonomicrometry and angiography, the method 

does not depend on an assumed geometric shape [82]. 

The principal goals of this thesis have been: 

1. The evaluation of the conductance catheter method in determining continuous real

time right ventricular volume. 

2. The assessment of right ventricular contraction during alterations in the inotropic 

state and following injury by analysis of the pressure-volume relationship. 
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Summary of experimental findings 

Chapter two 

In the first series of experiments, described in chapter two, I evaluated the 

conductance catheter method of determining absolute right ventricular volume. The 

study was performed on freshly excised porcine hearts in which known volumes of 

saline were introduced into the right ventricular cavity and correlated with values 

determined by conductance. 

Previous studies have used latex models or casts of the right ventricular cavity 

to assess conductance-derived right ventricular volumes. However, such 

representations of the RV have the disadvantage that they are unlikely to faithfully 

reproduce the right ventricular geometric shape changes associated with ventricular 

filling [113). This is because in such models the right ventricular cavity is bound by a 

wall of uniform thickness unlike the true RV cavity, which is surrounded by a thin 

free wall and thicker septa] wall. Furthermore, these models did not have a left 

ventricular cavity and the effect of L V filling on right ventricular shape changes and 

conductance-derived volume was therefore ignored. 

The advantage of using real hearts in Chapter two is that in general the 

architecture of the right ventricle is well preserved. The differences in regional wall 

thickness are preserved and the presence of the left ventricular cavity allowed one to 

study the effect of potential right ventricular geometric distortions associated with L V 

filling and conductance measurements. 

The study identified a strong correlation between true and conductance

deri ved right ventricular volume (R2 = 0.95, SD 0.035) with the regression line falling 

close to the line of identity (gradient= 0.966, SD 0.103, y-intercept = 3.11, SD 1.71). 

Filling of the left ventricular cavity produced no significant change in the regression 
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gradient, but a small increase in they-intercept. We concluded that LV filling did not 

significantly influence conductance measurements of right ventricular volume. 

The catheter may be positioned in the right ventricular cavity via either the 

tricuspid valve or the pulmonary valve. Compared with the pulmonary route, the 

tricuspid valve route is potentially advantageous in that it allows percutaneous, 

closed-chest right ventricular assessment. However it may be less accurate in 

determining RV volume as the catheter spans only the inlet portion of the RV. When 

placement of the conductance catheter via the tricuspid valve route was examined, 

again a strong correlation between conductance-derived volume and true right 

ventricular volume was found, with a mean gradient of regression = 0.93. However, 

compared with the pulmonary valve route, the tricuspid route was associated with a 

larger variability in the y-intercept. 

Finally we examined the effect of using catheter lengths, which were shorter 

than the long axis of the ventricle. We identified that using a catheter, whose length 

was shorter than the long axis of the right ventricle produced a smaller regression 

gradient and thus underestimated true right ventricular volume, compared with 

catheters whose length matched the ventricular dimension. Despite this, all catheter 

lengths maintain a strong linear correlation with real volume. 

In summary, from these experiments we found that the conductance catheter 

method can accurately measure true right ventricular volume. Furthermore, the 

pulmonary valve route appeared superior to the tricuspid valve route, being associated 

with less variability in measurement. RV shape changes associated with left 

ventricular filling did not significantly influence conductance volume determination. 

Finally, selecting a catheter with an equivalent length to the long axis of the ventricle 

is important as smaller catheters will under-estimate true RV volume. We speculate 
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that interventions that produce significant changes in right ventricular long axis (e.g. 

caval occlusion studies) may introduce significant error into the conductance volume 

measurement due to catheter length : ventricular length mismatch. 
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Chapter three 

In Chapter 3 the experiments deal with the conductance catheter method used to 

determine right ventricular volume in-situ. 

A major limitation of the method is the effect of parallel conductance, (Gp). In 

essence Gp results from current, which escapes the ventricular cavity and conducts 

through the myocardium and into the contralateral ventricle or surrounding 

mediastinal structures. This has the effect of over-estimating true ventricular volume 

and must be determined and then subtracted from the raw conductance measurements 

to derive absolute volume [ 152]. 

This concept of parallel conductance was first recognised by Baan et al [82] 

who devised a method of determination using a hypertonic saline injection technique. 

This transiently increases the conductivity of the ventricular cavity blood while the 

conductivity of the myocardium and surrounding structures remains unchanged. From 

this the volume offset for parallel conductance, Vp values may be derived. 

It was assumed that when calculated, parallel conductance would not change 

either during the cardiac cycle or when the heart was subjected to different 

environmental conditions (e.g. closed and open chest preparations). 

Although there have been many studies evaluating parallel conductance for 

left ventricular volume measurements there are relatively few studies dealing with 

right ventricular parallel conductance. It may be hypothesised that parallel 

conductance may be a greater problem in the right ventricle due to its thinner free 

wall and thus potential for greater conduction through the myocardium and into the 

surrounding mediastinal tissues. Furthermore, when the chest is open, there may be a 

greater variation in parallel conductance due to the fact that the environmental 

conditions in which the heart is situated will tend to be more variable in the open 
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chest rather than in the closed chest preparation. As the conductance catheter 

technique is being considered as potentially useful in measuring cardiac function 

during cardiac surgery, the limitations of the technique due to parallel conductance 

should be identified. 

In chapter 3 parallel conductance was studied in an open-chest porcine model. 

Parallel conductance was derived by the hypertonic saline technique and calculated 

using three methods. The first method is the original calculation by Baan et al where 

maximum and minimum conductance volumes during saline injection are linearly 

regressed, and the intercept with the line of identity is a measure of parallel 

conductance, (VprsaanJ). Method 2, described by Szwarc, uses a non-linear technique 

to regress the maximum and minimum conductance values (VPrNon-linearJ). This method 

eliminates the conflict of dependent and independent variables, the principal concern 

of the Baan method of calculation. Finally method 3, described by Langford et al, 

derives mean parallel conductance (Vp(t) rmeanJ) derived from 20 isochronal time points 

throughout the systolic portion of the cardiac cycle. As this technique uses 

conductance values from the entire systolic period, rather than 0nly two values 

(maximum and minimum) it is considered to be the most accurate and reproducible 

method of determining parallel conductance. 

The principal findings from the experiments in chapter three demonstrate that 

parallel conductance for the right ventricle varies minimally during the cardiac cycle 

in the open-chest porcine model. This is an agreement with previous closed-chest 

right ventricular studies and left ventricular conductance studies. 

We then evaluated the agreement between the three methods of determining 

parallel conductance. Vp(t)[meanJ was correlated against both (VP1 Non-IinearJ) and 

(VPrs aanJ). Essentially we identified that (VPrNon-IinearJ ) demonstrated a closer 
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correlation with Vp(t)1meanJ method. This was demonstrated both by linear regression 

analysis and by Bland Altman techniques. As a consequence we consider that for the 

right ventricle the non-linear method is a more suitable method of calculation for 

parallel conductance than the Baan technique. 

Finally we looked at the influence on parallel conductance of changing the 

external environment of the heart and altering the geometry of the right ventricle. The 

external environment of the heart was changed by placing an insulating latex rubber 

membrane on the epicardial surface. Previous studies have demonstrated that for the 

left ventricle, this will electrically insulate the heart, reduce parallel conductance and 

improve the quality of the conductance signal. Despite this, we found that the RV 

parallel conductance was not reduced with only a minor reduction in Vp variability 

during the cardiac cycle. We therefore conclude that placing an insulating cover on 

the heart surface in the open-chest preparation is probably unnecessary for right 

ventricular studies as it does not appear to have any significant effect on parallel 

conductance. 

The geometry of the ventricle was altered by two methods: (1) regional free

wall infarction and (2) left ventricular decompression using left ventricular assist 

device (LVAD). We found that such manoeuvres, which altered right ventricular 

shape, produced significant effects on parallel conductance. Although right 

ventricular infarction was associated with the variable change in parallel conductance 

the use of the L V AD caused an increase in parallel conductance in all animals 

studied. We therefore conclude that when the loading conditions or geometry of the 

heart significantly changes parallel conductance should be repeated and not assumed 

to remain constant. 
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Chapter four 

Having established a technique for measurement of right ventricular 

conductance and evaluated its limitations with respect to catheter position and parallel 

conductance, we then used the method to derive pressure-volume loops and assess the 

contractility in the porcine right ventricle. This was discussed in chapter four and the 

experimental preparation used was again an open-chest porcine model. The 

conductance catheter was introduced into the right ventricular cavity via the 

pulmonary artery. Absolute right ventricular volumes were determined by calibrating 

the conductance signal for gain (a) and volume offset for parallel conductance (Vp). 

Right ventricular pressure-volume loops during steady state and under inferior vena 

cava occlusions were obtained. Haemodynamic data were acquired under baseline 

conditions and following alteration in the inotropic state induced by infusions of 

Dobutamine and Esmolol. 

From the study data, load dependent indices of cardiac function were derived 

which included: cardiac output, stroke volume, ejection fraction, dP/dtmax and 

maximum ventricular power. From the caval occlusion pressure-volume loops, load

independent indices of contraction were calculated: Emax. the end-systolic pressure

volume relation (ESPVR), preload recruitable stroke work index (PRSW), and 

dP/dtmax-end diastolic volume relation. 

We identified that when compared with baseline, Dobutamine resulted in an 

increase in heart rate and the load-dependent indices, ejection fraction, cardiac output, 

stroke work, dP/dtmax and ventricular power. By contrast, Esmolol resulted in a 

reduction in all of these indices compared with baseline but only heart rate and 

dP/dtmax achieved statistical significance. 
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From the pressure-volume loops derived under caval occlusion we 

investigated the model of time-varying elastance for the right ventricle. Time varying 

elastance was a model describing ventricular contraction, proposed by Suga et al [2]. 

(Elastance may be considered the reciprocal of compliance). In essence this considers 

the left ventricle to progressively stiffen during systole, reaching a maximum 

elastance value at the point of end-systole. From this model the first load-independent 

indices of contraction, Emax and the end-systolic pressure volume relation were 

derived and have become widely employed in both clinical and experimental 

ventricular function studies. However, as the right ventricle is structurally and 

functionally different from the left ventricle, this model of time-varying elastance may 

not be applicable. 

We found that right ventricular contraction did comply to the model of time

varying elastance, although there were differences, as compared with the LV, 

including lower maximum elastance values and greater variation in the V 0 during 

systole. 

The effect of inotropic challenge on the elastance function was also 

investigated. Essentially Dobutamine increased peak elastance and decreased the time 

to achieve the peak elastance value. By contrast Esmolol reduced the maximum 

elastance and increased the time to achieve that point. 

The slope of the end-systolic pressure volume relation, PRSW and dP/dtmax

end-diastolic volume relation were all increased by Dobutamine. By contrast, Esmolol 

reduced ESPVR, PRSW and dP/dtmax-end-diastolic volume relation, but only PRSW 

and dP/dtmax-end-diastolic volume relation were significant. 

We concluded from these studies that the right ventricle does behave in a 

similar way to the left ventricular contraction. This is due to the fact that the right 
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ventricle can be described in terms of time-varying elastance model. Furthermore we 

identified that the indices of contractility ESPVR, PRSW and dP/dtmax-end-diastolic 

volume relation used exclusively for left ventricular contractility can also quantify 

right ventricular contraction. We considered PRSW to be the superior index for right 

ventricular contraction because of its consistent response to inotropic intervention and 

reproducibility. 
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Chapter five 

Having determined that the right ventricular contractility can be determined 

using a conductance catheter method, we then employed the technique to assess the 

effects of isolated right ventricular free-wall infarction on both right and left 

ventricular performance. We hypothesised that right ventricular ischemic induced 

dilation may affect left ventricular systolic function due to alterations in LV geometry 

associated with deviation of the inter-ventricular septum. Furthermore, we speculated 

that reducing the volume loading to the dilated ischemic right ventricle through a 

modified Glenn anastomosis (superior vena cava anastomosed to main pulmonary 

artery) might restore the position of the inter-ventricular septum and left ventricular 

geometry and improve systolic function. 

The experimental preparation was an open-chest porcme model and right 

ventricular infarction was induced by selective coronary artery ligation. Right 

ventricular pressure-volume loops were derived by the conductance method having 

been calibrated for absolute volume by determining gain (a) and volume offset for 

parallel conductance (Vp). Left ventricular performance was assessed using pressure

segment length analysis derived by sonomicrometry. 

Following right ventricular infarction, we identified a decrease in right 

ventricular contractility as indicated by reductions in Emax, PRSW and dP/dtmax-end

diastolic volume relation. Furthermore, we found a significant decline in left 

ventricular function as indicated by reduced ESPVR and PRSW derived by pressure

segment length analysis following right ventricular free-wall infarction. 

The implications of these findings are that isolated right ventricular infarction 

not only reduces left ventricular compliance and preload but also impairs the intrinsic 

contractility of the LV. This finding that RV injury can impair LV systolic function 
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has important clinical implications and has not been previously reported. We suggest 

that the alteration in LV geometry is a possible mechanism for the contractile deficit. 

Right ventricular unloading with the Glenn shunt did not improve the 

contractility of the right ventricle. However contractile impairment of the L V was 

significantly improved following RV unloading, as determined by the load 

independent indices. We thus conclude from these experiments that isolated injury of 

the right ventricle can affect both right and left ventricular performance due to inter

ventricular septal interaction, and geometric alterations. We demonstrated that the use 

of a Glenn shunt to reduce RV loading under conditions of ischemic-induced right 

ventricular dilation will have a positive effect on left ventricular performance. 
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Further work 

In this thesis I have shown that the conductance catheter method is a promising 

technique for evaluating right ventricular volume. There are however many 

limitations associated with the technique. Of particular importance is the under

estimation of true right ventricular volume and thus the necessary requirement to 

calibrate with a gain factor, a . This results from inhomogeneous dispersion of the 

electric field within the complex shaped cavity of the right ventricle. A recent 

development in conductance method has been the introduction of dual-field excitation 

[178, 179, 180, 138, 201], in which two electrical fields of different frequency are 

employed to "excite" the ventricular cavity. Studies involving the left ventricle 

suggest the method is superior to standard single-field excitation by providing 

superior current dispersion. Future studies will compare single and dual-field 

excitation for RV volume determination by conductance. 

In this thesis conductance volumes were compared with flow probe-derived 

ejected volumes in the intact circulation or reference volumes in the excised heart 

preparation. We did not compare conductance-derived RV volumes with an 

alternative "gold standard" technique of RV volume measurement during the cardiac 

cycle. Gated-MRI allows an accurate quantification of ventricular volume at multiple 

time points during the cardiac cycle and has been used to evaluate LV conductance

derived volumes. Future studies will evaluate RV conductance by correlation with 

Gated-MRI-derived RV volumes during the cardiac cycle in the intact circulation. 

Finally the effect of common clinical modes of RV failure, pressure and 

volume overload on the systolic and diastolic indices, right ventricular-pulmonary 

artery coupling and myocardial energetics derived from the pressure-volume analysis 

will be explored. 
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