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Preface 

This thesis is the culmination of four sequential projects on cardiovascular physiology, 

conducted over the past three years at the Department of Cardiology, St Vincent’s 

Hospital, Sydney in conjunction with the Cardiac Physiology and Transplantation 

Division, Victor Chang Cardiac Research Institute, Sydney, and the Faculty of 

Medicine, University of New South Wales, Sydney.   The first of these projects was 

conducted in collaboration with the Division of Experimental Medicine and 

Immunotherapeutics, University of Cambridge, England and School of Health Sciences, 

Cardiff Metropolitan University, Wales.  Whilst each of the four projects of this thesis 

is itself a standalone study, the studies are tied together by the central theme of the 

thesis – the study of pressure, volume and flow, to better understand cardiovascular 

function and dysfunction. In the first project (Chapter 2), pressure-time analyses inform 

the relationship between arterial physiology and myocardial energetics in a cohort of 

healthy volunteers.  In the second project (Chapter 3), pressure-volume analyses permit 

the first observation of left ventricular response to mitral valve replacement within the 

beating human heart.  In the third project (Chapter 4), principles of physics and 

mathematics are used to challenge the existing diagnostic criteria for a recently 

described pathological entity, paradoxical low flow, low gradient aortic stenosis.  In the 

fourth and final project (Chapter 5), pressure-volume and pressure-flow relationships 

are evaluated non-invasively to develop a method for potentially making ‘gold standard’ 

cardiovascular assessment more accessible to clinicians and researchers.   

From an early age, I have been passionate about science and have loved learning about 

the history of science and its contributions to humanity. One of the most influential 

books I have ever read was On Giants’ Shoulders by Melvyn Bragg (published by 

Hodder and Stoughton, 1998).  I came upon this book as a young secondary school 
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student, and its insights into the daily struggles of some of history’s most prominent 

scientists was both fascinating and inspiring.  By detailing the day to day lives of twelve 

renowned scientific figures (Archimedes, Galileo, Newton, Lavoisier, Faraday, Darwin, 

Poincare, Freud, Curie, Einstein, Crick and Watson), the book showed me that these 

scientists, luminaries as they are today, faced the daily challenges of all young scientists 

at the time of their work.  They each dealt with uncertainty, criticism and self-doubt. 

Furthermore, they all had their own personal challenges to contend with alongside their 

scientific careers.  This book showed me that these ‘giants’ were also human, fallible 

and relatable.  Their greatness was earnt, but also featured various combinations of good 

fortune and circumstance.  Their common threads were curiosity, perseverance and 

dedication, combined with a willingness to challenge the status quo. 

As I advanced through senior school, and then medical training, I came to realise that 

great science was made from not only from these great individual contributions, but 

equally from the amassed work of countless others who help, even in a small way, to 

advance knowledge forward through the careful observation of nature, inspired by 

curiosity.  These less celebrated increments in the human journey of knowledge provide 

the seed for the next major advance.  For each celebrated major scientific achievement, 

countless other less storied efforts came before to pave the way forward.  Thus, each 

step is as important as the other.  Curiosity is insatiable, which is why the world will 

always have hope that its challenges can be surmounted through thought, imagination 

and effort. 

I have always been privileged to have curiosity.  Inspired by my family who taught me 

to always observe and think about the processes and workings of the world, I came to 

appreciate physics and mathematics as a means of expressing and understanding these 

observations.   
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As I progressed through my training in medicine, I realised that there was only one 

specialty for me – cardiology – because it essentially was applied physics in medicine. 

It, for me, allowed the most direct transition of basic scientific principles to observable 

benefit in human healthcare.  By extending the basic principles of physics originally 

espoused by the luminaries, Galileo and Newton, the early cardiovascular physiologists, 

Harvey, Hales and Poseuille, to name but a few, brought new light to the understanding 

of the workings of the cardiovascular system.  Building on these preliminary works, 

eminent scientists across the world have since helped develop a wealth of understanding 

on how the heart functions in health and disease.  Such knowledge has vastly changed 

the impact of cardiovascular disease by improving diagnosis and management.  The 

cardiovascular scientists of even a century ago could not have imagined the depths to 

which we now understand the workings of the heart and vasculature, and how we are 

able to study its function, diagnose disease and intervene upon it.  But so much more is 

left to discover. Cardiovascular disease continues to plague humanity.  I hope to be at 

least a small part of the scientific endeavour to tackle this challenge. 

The finishing touches of this thesis were written in Boston, Massachusetts, in the early 

stages of my post-doctoral clinical and research fellowship in advanced 

echocardiography and cardiac imaging at the Massachusetts General Hospital and 

Harvard Medical School.  As I write the final words of this thesis in Boston, I reflect on 

the journey of this PhD and the broader journey of my clinical and research training in 

cardiology so far.  These reflections call me to consider the words of Charles William 

Eliot (former Harvard President) inscribed on the Dexter Gate entrance to Harvard 

Yard.  These words have come to become local legend and are passed on to each new 

member of the University.  On the entrance side of the gate as one walks in from 

Massachusetts Avenue, the words read “Enter to grow in wisdom.”.  On the exit side of 
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the gate, as one leaves the campus, the words read “Depart to serve better thy country 

and thy kind.”.  The meaning of these words is not unique to Harvard.  They may be 

applied to any endeavour of study taking place anywhere in the world.  When I 

‘entered’ this PhD, I could not foresee the journey it has taken me on.  But it has indeed 

been a source of ‘growth in wisdom’. I hope that I can use these insights both now and 

in the future, to better serve my patients and to serve the broader scientific effort to 

tackle the global burden of cardiovascular disease. 

It is rare privilege in life to be able to have your passion as your work.  I am honoured 

to say I have my passion as my work.  I hope that in the ensuing pages, you too can 

share that passion, and come on the journey of scholarship and discovery that I have 

taken over these past few years. 

     

     Mayooran Namasivayam  

                               2018  
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Abstract 

BACKGROUND: Pressure, volume and flow form the three pillars of quantification in 
cardiovascular physiology. Newer approaches to their assessment provide opportunities 
to further assess their interactions.  

METHODS: 4 projects were conducted. Project 1 evaluated mechanisms of myocardial 
oxygen supply:demand imbalance in 3682 healthy volunteers using aortic pressure-time 
integrals measured with radial arterial tonometry (AT) and generalised transfer function. 
Project 2 evaluated the acute left ventricular (LV) contractile response to transcatheter 
mitral valve replacement (TMVR) in 9 high-risk patients.  Intraoperative left and right 
heart catheterisation, 3D transoesophageal echocardiography and pressure-volume 
analyses were performed at baseline, immediately following TMVR and late post-
TMVR. Project 3 mathematically evaluated the current definition of paradoxical low-
flow, low-gradient aortic stenosis (PLFLGAS) by deriving an equation for LV end-
diastolic volume in terms of mean pressure gradient, aortic valve area and LV ejection 
fraction.  Project 4 evaluated feasibility and reproducibility of non-invasive LV 
pressure-volume and aortic pressure-flow quantification in 21 patients who underwent 
simultaneous AT and cardiovascular magnetic resonance imaging (CMRI).  

RESULTS: In project 1, more unfavourable age-related myocardial oxygen 
supply:demand profiles were seen in women than men, driven by sex differences in 
arterial aging, pressure wave reflection and cardiac ejection duration.  In project 2, 
TMVR caused acute LV dilatation and reduction in contractility, but changes returned 
to baseline by a median time of 17 minutes.  LV end-diastolic pressure and forward 
stroke volume were preserved at the three study timepoints.  In project 3, the derived 
LV end-diastolic volume equation incorporating defining criteria for PLFLGAS could 
not mathematically resolve the combined input parameters based on current definitions, 
raising concerns regarding the internal consistency of the consensus definition.  In 
project 4, non-invasive LV pressure-volume and aortic pressure-flow analyses, using 
simultaneous AT and CMRI, were feasible, reproducible and showed good and 
appropriately directed correlation to more conventional markers of cardiovascular 
function.  

CONCLUSIONS: Newer approaches to pressure, volume and flow assessment can lead 
to better understanding of the interactions between the ventricles, valves and vasculature 
in states of health and disease. 

 

 

 

 

  



Pressure, volume and flow: studies of ventricular, valvular and vascular haemodynamics in the human cardiovascular system 

26 
 

“Measure what is measurable, and make measurable what is not so.” 

 Galileo Galilei (1564-1642) 
 

 

 

“For it is by the heart’s vigorous beat that the blood is moved…” 

 William Harvey (1578-1657) 

 

 

 

“The mechanical laws of motions, which take place in an animal body, are regulated by 
the same general laws as the motions of unanimate bodies.” 

 Thomas Young (1773-1829) 

 

 

 

“What we know is a drop, what we don’t know is an ocean.” 

 Isaac Newton (1643-1727) 
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Chapter 1 

Introduction 
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1.1. Overview of thesis 

Cardiovascular disease is the most important worldwide contributor to morbidity and 

mortality.  Work over centuries has informed our understanding of cardiac function and 

dysfunction.  This understanding has shaped our diagnostic and management 

approaches and has led to considerable reduction in the mortality of cardiovascular 

disease. Challenges remain, and much is unknown.  As life expectancy increases, the 

prevalence of cardiovascular disease is increasing.  The sustained effort to quell the 

burden of cardiovascular disease is now a global challenge.  Understanding the 

mechanics of the heart and the haemodynamics of the circulation are crucial aspects to 

this challenge. 

This thesis will address the three major pillars of cardiovascular disease – namely 

ischaemic heart disease, valvular heart disease and heart failure, explored using the 

three pillars of cardiovascular physiology – namely pressure, volume and flow, 

targeting the three core structural components of the cardiovascular system – namely the 

ventricles, valves and vasculature.  Using state-of-the-art methods including arterial 

tonometry, three-dimensional echocardiography and cardiovascular magnetic resonance 

imaging, the projects of this thesis conduct a series of studies in human subjects, in 

states of health and disease, to better understand the mechanisms of cardiovascular 

function and dysfunction. 

Following a review (Chapter 1) of the history and basic principles of cardiovascular 

physiology which underpin the subsequent original research components of this work, 

the four chapters of original research will be presented (Chapters 2 to 5). 



Pressure, volume and flow: studies of ventricular, valvular and vascular haemodynamics in the human cardiovascular system 

29 
 

Chapter 2 will report a study of 3682 healthy volunteers from the Anglo-Cardiff 

Collaborative Trial, where arterial tonometric studies were evaluated to identify changes 

in myocardial energy supply and demand caused by vascular ageing. 

Chapter 3 will describe a study performed in nine consecutive patients undergoing off-

bypass transcatheter mitral valve replacement (TMVR).  In this study, the sudden 

loading change of mitral valve replacement in the beating heart setting is described for 

the first time by intra-operative pressure-volume studies.  This study will highlight the 

flaws in using ejection fraction to assess ventricular contractile function in mitral 

regurgitation and show the remarkable adaptability of the left ventricle to acute loading 

change, even with severe pre-existing systolic impairment. 

Chapter 4 will review the novel entity of paradoxical low-flow, low-gradient aortic 

stenosis (PLFLGAS) and mathematically derive an equation for the largest possible left 

ventricular end-diastolic volume that can satisfy all the diagnostic criteria for the 

condition.  In doing so, this mathematical treatise will demonstrate that the current 

definitions for the condition are internally inconsistent and show that to achieve internal 

consistency the current diagnostic criteria must be tightened.   

Chapter 5 will conclude the research component of this thesis by demonstrating 

feasibility and reproducibility of a novel approach to ‘gold standard’ haemodynamic 

assessment using simultaneous arterial tonometry and cardiovascular magnetic 

resonance imaging.  This study, performed in 21 consecutive patients, provides the 

platform for comprehensive single encounter non-invasive assessment of pressure-

volume and pressure-flow relationships.  Such analyses could be potentially applied 

across the spectrum of cardiovascular disease including ischaemia, valvular disease and 

heart failure, to better understand cardiac contractility and arterial function.   
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Chapter 6 will conclude the thesis and explore future research directions which might 

build upon the findings presented here. 

The principles cardiovascular physiology can underpin the basis of better diagnosis and 

treatment in the modern era of cardiovascular disease.  Analysis of pressure, volume 

and flow and their interactions can enhance our understanding of mechanisms and so 

inform our clinical care. 
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1.2. Historical perspective 

Over the centuries, our increasing awareness of natural processes have translated into 

better clinical management.  Application of physical science ideas have led to enhanced 

understanding of how the various components of the cardiovascular system, including 

the ventricles, valves and vasculature, interact in states of health and disease. The 

history of cardiovascular physiology is not only fascinating but also revealing. Great 

truths of the cardiovascular system have been repeatedly dispelled over the centuries. 

These serve as a timely lesson in the employment of caution with any new idea.   

The ancient Greeks are generally attributed to have first recorded thinking on the 

circulation of mammals.  Aristotle (384 BC) identified the heart as “the centre of the 

physiological mechanism, the seat of the soul and the source of all blood vessels.” 

(Aird, 2011, p.118).  Praxagaros (340 BC) postulated the different roles and origins of 

arteries and veins, whilst Herophilus (3rd century BC) specifically noticed differences 

between the vessel walls of arteries and veins (Aird, 2011).  Galen, the Greco-Roman 

physician, born 129 AD, sought to advance this rudimentary knowledge of the 

circulation. Whilst revolutionary in his own time, some of his views were ultimately 

challenged over a millennium later (Nutton, 1973; Aird, 2011). Galen described that 

arteries contained substances that we would ultimately define as oxygenated blood (this 

is a retrospective simplification of his somewhat confused views on this subject), that 

the heart pulsated and generated heat, that arteries and veins were different in their roles 

and that the right ventricle supplied blood to the lungs.   

Ibn al-Nafis (1213-1288), a physician born in Damascus, and later working in Cairo, 

extended the work of Galen over a thousand years later in his publication Commentary 

on Anatomy in Avicenna’s Canon (West, 2008).  In this work, Ibn al-Nafis deduced the 
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existence of the pulmonary circulation stating firstly that the interventricular septum 

was not porous (contrary to Galenic theory), secondly that this meant that blood must 

transition from the right heart to the left heart via the lungs, and finally that therefore 

there must be some imperceptible communication between the pulmonary arteries and 

veins (deduction of the pulmonary capillaries four centuries ahead of their discovery) 

(West, 2008). 

From here, contributions were made by Leonardo da Vinci (1452-1519) who performed 

numerous dissection studies and made detailed drawings of the heart.  He identified the 

atria as cardiac chambers, recognised the heart as a muscle, identified the relationship 

between the cardiac cycle and the pulse and deduced the haemodynamic processes 

contributing to cardiac valve opening and closure (Shoja et al., 2013). He wrote “The 

heart has four ventricles, that is to say two upper ones, called auricles of the heart, and 

below them two lower ones called the right and left ventricle.” (Keele, 1951).   

Leonardo da Vinci was also the first to describe the mechanism underlying aortic valve 

closure recognising the principle of systolic flow vortices in the sinus of Valsalva. Four-

dimensional aortic flow analysis using cardiovascular magnetic resonance imaging has 

recently confirmed these aortic root vortices, which bear striking resemblance in 

appearance to his detailed drawings half a millennium prior (Bissell et al., 2014). 

Andreas Vesalius (1514-1564), made major contributions through his meticulous 

cadaveric dissections during his work as a Professor of Anatomy at the University of 

Padua (Zampieri et al., 2015; Aird, 2011).    Vesalius’ renowned text, De humani 

corporis fabrica libri septem, first published in 1543 remains celebrated as a milestone 

in medicine, but his earlier work Tabulae anatomicae sex (1538) also revealed insight 

into the cardiovascular system and its image of the heart is still used to this day in the 

official seal of the American College of Cardiology (Zampieri et al., 2014). 
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Michael Serveto (also known as Servetus, 1511-1553) of Spain, and Realdo Colombo 

(also known as Columbus, 1516-1559) of Italy, then stated for the first time in Europe 

that the pulmonary circulation must exist to allow right to left heart communication, 

without knowledge of the work of Ibn al-Nafis who had deduced the same earlier (Aird, 

2011).   

The stage was then set for William Harvey (1578-1657), graduate of a Bachelor of Arts 

from Cambridge University, who went on to medicine at Padua, to make the most 

important advance in cardiovascular knowledge since Galen. Whilst Harvey was at 

Padua, Galileo Galilei held the chair of mathematics there, though his influence upon 

Harvey is not known and often debated (Aird, 2011).  He described the expansion of 

arteries due to the pulse generated by ventricular systole and in the boldest departure 

from Galenic theory to date, he refuted the ideas of spirits and vapours in the blood and 

he reported that the blood travelling in arteries and veins was part of a single continuous 

circuit. This extended views of pulmonary transit of blood by for the first time 

identifying a single closed-system circulation.  He refined knowledge regarding the 

respective roles of arteries and veins by using elegant ligature-based experiments (Aird, 

2011).  His text Exercitatio Anatomica de Motu Cordis et Sanguinis in Animalibus, first 

published in 1628, serves as one of the most important advancements in the history of 

cardiovascular medicine. 

The field of cardiovascular physiology beyond Harvey would never be the same.  With 

the basic workings of the system now known, opportunity was rife for mathematicians, 

physicists, physiologists and physicians alike (or occasionally, for polymaths such as 

Poiseuille and Young who practised across all these disciplines simultaneously) to apply 

the principles of the physical sciences to the mechanics of the heart and the flow of 

blood through the circulation.  Indeed, it is in this spirit of mathematics and physics as 
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applied to the cardiovascular system, that this very thesis is written in 2018, 390 years 

after the publication of Harvey’s seminal text. 

Whilst thinkers had postulated the motion of objects for millennia, perhaps there is no 

greater single scientific contribution in human endeavour to the principles of classical 

mechanics and physics than that made by Isaac Newton (1642-1727).  His two most 

masterful works Philosophiae Naturalis Principia Mathematica, published in 1687, and 

Opticks, published in 1704, remain undisputed in their rightful position amongst the 

greatest scientific works of all time, not only for their direct contributions to physics but 

for the precedent they set for future scientific thought and expression (Westfall, 1981).  

With specific regard to fluid dynamics, his second law of motion, relating force, mass 

and acceleration provided the means to understand the factors driving blood around the 

circulation (Truesdell, 1953).  Further still, his descriptions permitted the description of 

viscosity and friction in fluid transfer, allowed calculation of the velocity of fluid 

motion, and permitted the discussion of the motion of waves in the circulation.  

The approach of Newton and his contemporaries helped foster the next major steps in 

understanding the circulation. The celebrated works Exercitationes quaedam 

Mathematicae (1723-24) and more importantly Hydrodynamica (1738), of the 

remarkable Swiss mathematician Daniel Bernoulli (1700-1782), detailed the 

fundamentals of fluid flow, and related pressure, density and velocity, expressed in 

mathematical terms (Truesdell, 1953).  At around the same time, the Reverend Stephen 

Hales (1677-1761) made his descriptions of the force of blood flow in his treatise 

Haemastaticks (1733) which was ultimately authorised for publication by the president 

of the Royal Society at the time, Isaac Newton.  Hales’ achievement as the first to 

measure arterial pressure, was noted in the Nobel Prize acceptance speech of Werner 

Forssmann (Forssmann, 1956). 
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Important advances then came from the physician-physicists Jean Leonard Marie 

Poiseuille (1797-1869) of France and Thomas Young (1773-1829) of England.  

Poiseuille’s Law (now referred to as the Hagen-Poiseuille equation, crediting the 

German civil engineer Gotthif Heinrich Ludwig Hagen (1797-1884) who independently 

derived the same principle at around the same time), described the relationship between 

pressure change, length of pipe, dynamic viscosity, volumetric flow rate, radius, and 

velocity in an elegant solution (Sutera and Skalak, 1993).  Young, who worked across a 

range of disciplines, described the elastic properties of the arterial system and the 

velocity of pulse travel within the arterial tree (Laird, 1980).  The Navier-Stokes 

equation of fluid dynamics was also permitted by the earlier work of Newton and 

elegantly described the flow of viscous fluids in mathematical terms (Truesdell, 1953).  

The equation is credited to Claude-Louis Navier (1785-1836), the French engineer and 

physicist, and George Stokes (1819-1903), the Irish mathematician and physicist, who 

followed in the footsteps of Newton himself by becoming Lucasian Professor of 

Mathematics at Cambridge University, and also president of the Royal Society. 

At the time of Poseuille, Young, Navier, Stokes and beyond, cardiovascular physiology 

was evolving rapidly, and taking its rightful place as a genuine field of scientific 

endeavour in its own right into the latter 19th and earlier 20th centuries.  It is here that 

the story becomes more complex and fragmented. Until then relatively individual 

‘leaps’ were made in an altogether stepwise fashion, but now complex and simultaneous 

exponential surges in knowledge were made in parallel across the globe, in keeping 

with the rapidly expanding field of study.  Key figures included Bramwell, Hill, Moens, 

Korteweg, Fourier, Marey, Mahomed, Mackenzie, Dudgeon, Frank and Starling, to 

name but a few.  All used the basic principles of their academic predecessors to employ 

mathematical and physical science approaches to the cardiovascular system, carrying on 
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the humble traditions of Galen and all who came thereafter who have tried to reconcile 

its insurmountable complexity through these lenses.  

It is on this note that I shall end this historical overview.  No doubt, the contributions of 

many have been overlooked or understated.  There is a separate thesis in itself if one 

wishes to write the comprehensive history of cardiac physiology, thus rather than now 

turn to the most valuable contributions of those yet mentioned including Euler, 

d’Alambert, Cauchy, Pascal, Torricelli, Poisson and others, I am now compelled to 

commence a review of the three core concepts of cardiovascular physiology that 

underpin the subsequent research components of this thesis, namely pressure, volume 

and flow. 
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1.3. The three pillars of quantification in cardiovascular physiology 

1.3.1. Pressure 

As discussed earlier, the Reverend Stephen Hales is often attributed to have first 

measured arterial pressure within the cardiovascular system (Forssmann, 1956).  

Pressure is defined as the force per unit area or work per unit volume.  In fluid systems 

such as the cardiovascular system, pressure is instead often reported in its manometric 

form, which derives from the use of a column of fluid within a manometer to measure 

pressure (Nichols et al., 2011).  Hence the common usage of millimetres of mercury or 

centimetres of water as metrics of pressure within medical parlance.  When pressure is 

considered in blood, it must be considered as a closed conduit system, as opposed to 

fluid pressure in an open system such as the ocean. The pressure related to movement of 

fluid within a closed system relates to hydrodynamics, or specifically with blood 

haemodynamics.  The use of Daniel Bernoulli’s equation permits calculation of pressure 

in a closed fluid system but carries some assumptions not necessarily applicable to the 

complexities of blood flow.   

1.3.1.1. Invasive measurement of pressure 

The principles of the early manometers persist to this day.  In practice, a catheter-

manometer system is used to peripherally access and measure pressure within the 

vasculature and the chambers of the human heart in-vivo, by using Newton’s second 

law to describe the oscillation of a mass in simple harmonic motion.  This mass is 

commonly fluid, hence the term fluid filled catheter.  In addition to the force acting 

upon the system, the force of damping, oscillation frequency, system elasticity and 

cross-sectional area of the system are all relevant (Falsetti et al., 1974; Nichols et al., 

2011).  Each catheter-manometer system will have its own natural frequency of 
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oscillation, dependent on its radius and length. The response of a manometer can be 

clouded by numerous factors including the presence of an air bubble which alters 

elasticity, resonant frequency and damping.  Further still, the deposition of blood 

coagulation products within the lumina of catheter-manometer systems will also vastly 

change its properties.  The solution is to frequently flush the catheter, although in doing 

this, one does risk introducing more air into the system.   

Further to the intrinsic limitations of the catheter-manometer system, catheter 

positioning can influence the measured reading of pressure.  Effects of gravity must be 

minimised by a level table and manometers positioned at heart height (although where 

exactly this positioning should be is debated), the direction of flow must be considered 

relative to the catheter inlet, the position relative to chamber or vessel wall is important 

and impact to the system must be avoided (Falsetti et al., 1974; Nichols et al., 2011). 

To circumvent some of these limitations, high fidelity catheters were developed which 

have a pressure tip, meaning that transmission of pressure into a column of fluid is not 

required for recording pressure but rather an electronic recording is made from detection 

of mechanical stress. Such systems have a superior frequency response allowing more 

accurate and precise recording and are less affected by damping, air and blood 

confounding (Millar and Baker, 1973; Nichols et al., 1978; Gray et al., 2010).   The 

disadvantage of such systems however is that because pressure is recorded at the tip, the 

height of the tip within the chest alters the mean pressure unlike in the fluid filled 

systems which have external manometers which are at a fixed and controllable position 

relative to chest height (Nichols et al., 2011). Other modalities for detecting pressure 

invasively, which will not be discussed here, include air column catheter-manometers 

and fibre-optic methods. 
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1.3.1.2. Non-invasive assessment of pressure 

Whilst invasive measurement of pressure remains the gold standard, efforts have been 

made to reliably measure pressure in the cardiovascular system non-invasively.  Such 

methods permit more widespread measurement of pressure in clinical settings and 

expand research opportunities.  For the purposes of this thesis, the focus of discussions 

on pressure measured non-invasively will focus on left ventricular and systemic arterial 

pressure.  A discussion of pressure gradient measurement across the aortic valve will 

also be given.  While the principles used in the left heart and systemic arterial 

circulation are also partially relevant to the approximations of pressure in the venous 

and pulmonary circulations; there are unique challenges faced in the non-invasive 

approximation of pressure in the venous and pulmonary circulations, which will not be 

discussed here. 

The routine non-invasive assessment of systemic blood pressure in clinical practice is 

based on measurement with the brachial cuff sphygmomanometer.  The Italian 

physician Scipione Riva-Rocci (1863-1937) described palpation of systolic blood 

pressure with the use of a mercury cuff sphygmomanometer in 1896 (Roguin, 2006).  

His work was extended by Russian surgeon, Nikolai Sergeevich Korotkoff (1874-1920), 

who in 1905 described the auscultatory method employed to this day to quantitate blood 

pressure (Shevchenko and Tsitilik, 1996).  Limitations of measurement with this 

ubiquitous technique are well described, and include intra and inter-observer error, 

effects of rounding by the assessor including terminal digit preference (preferential 

rounding to a number ending in zero which doctors have a 12-fold bias for), observer 

bias, subject environment, tubing lengths, technical aspects of the control valve, 

manometer position, cuff placement and accurate diagnosis of diastolic pressure 

(Beevers et al., 2001). Nonetheless, this technique, now over a century old remains the 
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mainstay of clinical cardiovascular measurement and informs decisions regarding 

diagnosis and management (Whelton et al., 2018).  Oscillometric techniques have been 

developed to automate the process of cuff blood pressure measurement, but these tend 

to overestimate systolic pressure and underestimate diastolic pressure, with the 

overestimation of systolic pressure being of greater magnitude in older persons and 

diabetics, presumably due to greater arterial stiffness (Nichols et al., 2011). 

Invasive studies of the cardiovascular system revealed differences between the 

magnitude of central and brachial blood pressures due to pulse pressure amplification 

(Remington and Wood, 1956).  This led to the advent of attempts to measure the central 

arterial (aortic) blood pressure, as a more reliable marker of systemic pressure adjacent 

to the heart, brain and kidneys.  The use of applanation tonometry allowed the pulse 

contour to be digitised using a piezoelectric tonometer (Figure 1.3.1.1) which sampled 

at high frequency (128Hz), removed noise seen with invasive catheters and was able to 

record fine pressure wave fluctuations (Kelly et al., 1989a-c).   
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Figure 1.3.1.2.1. Applanation tonometry: a piezoelectric tonometer is placed over the 
radial artery, with sufficient pressure to hold (applanate) it between the recording device 
and the underlying bone (radius) and the arterial pulsation is recorded and converted to a 
digitised signal. From Kelly et al., 1989c. Copyright American Heart Association. 

 

When calibrated to brachial cuff pressure, the use of Fourier transformation (see section 

1.3.1.3 below) allowed the approximation of central (aortic) blood pressure 

(Karamanoglu et al., 1993). This approach was validated invasively (Chen et al., 1997; 

Soderstrom et al., 2002; Pauca et al., 2001; Sharman et al., 2006) and shown to be 

reproducible (Siebenhofer et al., 1999; Filipovsky et al., 1999).  

 

1.3.1.3. Pressure in the time and frequency domains 

The analysis of pressure can occur in different domains.  Traditionally, pressure is 

analysed in the time domain, meaning that variations in pressure are assessed over time.  

This leads to the familiar display of pressure contours over time (Figure 1.3.1.3.1). 

  



Pressure, volume and flow: studies of ventricular, valvular and vascular haemodynamics in the human cardiovascular system 

42 
 

 

Figure 1.3.1.3.1. Intra-procedural pressure recordings displayed in the time domain 
denoting left ventricular, aortic and tether pressures during transcatheter mitral valve 
replacement (from a patient studied in Chapter 3). 

 

Such display permits pressure to be analysed as a function of time and is extremely 

useful to determine the change in pressure during a cardiac cycle, as necessary for 

pressure-volume analysis (Chapter 3).  It is also permissive of pressure-time studies, as 

necessary to obtain insight into ventricular energetics (Chapter 2). 

It is less widely appreciated that pressure can also be analysed in the frequency domain 

by separating into its constituent harmonics (much like a musical note).  Through 

harmonic analysis, McDonald, Womersley and Taylor showed that mean and pulsatile 

components of pressure were different and used these insights to obtain greater 

understanding between the relationship between pulsatile pressure and flow (McDonald, 

1955; McDonald and Taylor, 1959; Taylor, 1957a; Taylor, 1957b; Womersley, 1957;).  

Such insights helped develop the concept of vascular impedance (Patel et al., 1965; 
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O’Rourke and Taylor, 1967) (discussed further in Section 1.5, Afterload) to better 

quantify left ventricular afterload and vascular-ventricular interaction.   

1.3.1.4. Measurement of pressure gradients across stenotic aortic valves 

The work of Daniel Bernoulli, described earlier, permits approximation of pressure by 

measurement of velocity.  Thus, the velocity at which blood flows through a stenosed 

aortic valve corresponds to the pressure gradient created by the aortic valve.  The 

relationship in its simplified form is commonly taken to be: 

P = 4V2 , where P = peak pressure gradient, V = peak transvalvular velocity.   

This simplification of Bernoulli’s principle does not adequately account for fluid 

density, temperature and frictional energy losses, but is sufficient for estimation of peak 

transvalvular systolic gradient in aortic stenosis.  Mean gradient is calculated using the 

mean transvalvular velocity (which is itself determined by the pressure-time integral 

[displacement]) and ejection time.  This principle applied to Doppler ultrasound 

assessment of the transvalvular aortic flow has become the conventional way to measure 

aortic stenosis severity. 

It becomes evident that the measurement of gradient is therefore dependent on flow 

across the aortic valve, which can be influenced by the stroke volume ejected per 

cardiac cycle and the ejection duration, i.e. the transvalvular flow rate, defined as stroke 

volume divided by ejection time (Vamvakidou et al., 2018; O’Sullivan and Spitzer, 

2018; Voelker et al., 1995; Burwash et al., 1994; Shah, 2016; Pibarot and Clavel, 2016).  

Such concepts have led to the increased appreciation of states of aortic stenosis which 

do not have high gradients but are nonetheless associated with tight valves and adverse 

clinical outcomes (Hachicha et al., 2007; Pibarot and Dumesnil, 2012). The classic 

situation is severe aortic stenosis with left ventricular systolic dysfunction whereby the 
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stroke volume is reduced due to impaired systolic function, such that despite severe 

aortic stenosis, enough transvalvular flow cannot be generated to create high 

transvalvular gradients.  The more complex entity is when such a condition of low 

gradient severe aortic stenosis exists in the presence of normal left ventricular systolic 

function, but impaired stroke volume.  Such an entity is termed paradoxical low-flow, 

low-gradient aortic stenosis, and is described further in Chapter 4.  Further complicating 

matters is the recent description of severe aortic stenosis with low gradients in the 

presence of normal stroke volume (Clavel et al., 2018).  Transvalvular pressure gradient 

can also be quantified using invasive catheterisation, using simultaneous left ventricular 

and aortic pressure transduction or pullback measurement.  The concept of pressure 

recovery must be considered in invasive quantification of pressure gradient, however.  

This is where part of the kinetic energy of the flow jet beyond the vena contracta in 

aortic stenosis is recovered in pressure, lowering the measurement of invasive 

transvalvular gradient in comparison to non-invasive measurement (Levine et al., 1989; 

Garcia et al., 2003).  

1.3.2. Volume 

Knowledge of the volume of the chambers of the heart, particularly of the left ventricle, 

at various stages of the cardiac cycle is important to understand principles of filling, 

contraction, ejection and relaxation.  Measuring volume accurately is challenging.  

Various approaches have been and continue to be employed.  These include 

cineangiography, nuclear imaging, computed tomography, echocardiography (M-mode, 

two-dimensional and three-dimensional echocardiography), cardiovascular magnetic 

resonance imaging (CMRI) and conductance catheterisation (Foley et al., 2012;.Garg et 

al., 2016; Bellenger et al., 2000; Nichols et al., 2011).  In this thesis, three-dimensional 

(3D) echocardiography (Chapter 3) and CMRI (Chapter 5) were employed as measures 



Pressure, volume and flow: studies of ventricular, valvular and vascular haemodynamics in the human cardiovascular system 

45 
 

of ventricular volume, and as such these will form the focus of this section.  As 

conductance catheterisation is considered the gold standard for volumetric 

measurement, this approach will also be discussed.  

Echocardiography can be used to approximate left ventricular volume from two-

dimensional images using either the modified Simpson’s method, or the area length 

method.  The former uses images obtained from the 2-chamber and 4-chamber apical 

transthoracic views or mid-esophageal transesophageal views (Lang et al., 2005).  This 

principle uses the concept of stacked elliptical disks, whereby disks are measured in 

blocks of fractional thickness (usually 1/20th) of the left ventricular long axis (Figure 

1.3.2.1).  The long axis length is determined from the longer of the 2 lengths measured 

by either 2-chamber or 4-chamber views. Such analysis requires good endocardial 

definition in two orthogonal views.  An alternative method is the use the area length 

approach by measuring the area of the ventricle in short axis imaging by planimetry and 

the length of the ventricle in 4 chamber view and subsequently assuming a bullet shape 

for the left ventricle by using the formula: volume = [5 (area)(length) /6 ] (Lang et al., 

2005). 
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Figure 1.3.2.1. Modified Simpson’s biplane method to quantitate left ventricular 
volumes at the end of diastole and (left column) and systole (right column) using 
endocardial tracing from the apical four-chamber (top row) and two-chamber (bottom 
row) views. From Lang et al., 2005. Copyright American Society of Echocardiography. 
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The advent of three-dimensional echocardiography permitted real-time volumetric 

analysis using semi-automated endocardial definition recorded through the cardiac cycle 

in three dimensions (Figure 1.3.2.2).  Such 3D analysis has been shown to be 

comparable to reference measurements using CMRI and electromagnetic flow 

catheterisation (Mor-Avi et al., 2009; Corsi et al., 2005; Lang et al., 2006; Qin et al., 

2000; Jenkins et al., 2007) and to be the most reliable echocardiographic measure with 

regard to inter and intra-observer variability in tracking sequential change in ventricular 

volume (Thavendiranathan et al., 2013). 

 

 

 

Figure 1.3.2.2. 3-dimensional echocardiographic volumetric assessment using semi-
automated endocardial tracing in three dimensions to reconstruct left ventricular volume 
over the cardiac cycle. From a patient studied in Chapter 3. 
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Cardiac magnetic resonance imaging uses the short-axis stack method to reconstruct the 

left ventricular volume, which is essentially a sophisticated extension of the 

echocardiographic area length method using the benefit of CMRI cine imaging (Figure 

1.3.2.3). It is considered the gold standard non-invasive quantitative approach to left 

ventricular volumetric assessment (Childs et al., 2011; Pattynama et al., 1994). 

 

 

 

Figure 1.3.2.3. Short-axis stack volumetric assessment using cardiovascular magnetic 
resonance.  From Childs et al., 2011.  Copyright Childs et al (Open Access). 
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The gold standard invasive method to determine left ventricular volume is electrical 

conductance catheterisation.  This technique uses a customised catheter with a series of 

electrodes which measure electrical conductance throughout the cardiac cycle (Figure 

1.3.2.4).  By exploiting the relationship between electrical conductance and volume 

which is governed by electrode distance (fixed and known) and blood conductivity 

(predictable, with some assumptions), time-varying left ventricular electrical 

conductance can be used to measure time-varying left ventricular volume (Baan et al., 

1984).  The method allows good quality left ventricular volumetric analysis in the time 

domain but can be limited by catheter position, changes in blood conductivity and 

parallel conductance (conductance of non-blood tissues/structures) (Baan et al., 1970; 

Georgakopoulos and Kass, 2000; Nielsen et al., 2007). 
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Figure 1.3.2.4. Electrical conductance catheter. From Baan et al., 1984.  Copyright 
American Heart Association. 
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1.3.3. Flow 

The flow of fluid can be expressed as velocity flow (the linear flow velocity of a particle 

within a fluid) or volumetric flow (the volume of fluid moved in a particular time 

period).  The flow of blood through the heart and vasculature is extremely complex. 

Fluid viscosity, shear stress, shear/viscosity relationships (Newtonian versus non-

Newtonian fluids), laminar flow versus turbulent flow, compressibility or 

incompressibility and rotational versus irrotational flow are but some of the factors to 

consider when applying concepts of fluid dynamics developed by Bernoulli, Poiseuille, 

Hagen, Navier and Stokes to the flow of blood (Nichols et al., 2011).  Despite these 

complexities, the principles of fluid dynamics can be applied reliably to methods of 

blood flow quantification with some assumptions.  

1.3.3.1. Invasive measurement of flow 

Numerous techniques may be employed to invasively measure flow.  The Fick principle 

is named for Adolph Fick who described it first in 1870.  In its simplest terms measures 

the concentration of a substance at two points within a circulation and knowing the 

difference in concentration in the substance and consumption of the substance allows 

determination of flow.  Oxygen is most commonly used, such that: 

Cardiac output (L/min) = O2 consumption (mL/min) ÷ [arterial O2 (mL/L) – venous O2 

(mL/L)] 

Dilution methods using an indicator injection of chemical (such as lithium chloride) 

(Mathews and Singh, 2008) or cold saline (thermodilution) to measure the rapidity by 

which the concentration of substance or temperature alteration returns to baseline, as a 

surrogate of cardiac output.  Thermodilution via Swan-Ganz catheterisation represents 

the commonest means of invasive cardiac output monitoring in clinical practice, and 
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indeed was the invasive approach we used in the transcatheter mitral valve implantation 

study described in Chapter 3. 

Electromagnetic flow catheters have been the traditional invasive approach to 

measurement of flow within the arterial system.  The basic premise of an 

electromagnetic flowmeter is to use Faraday’s law to quantify the motion of a conductor 

(blood) through a magnetic field, and then amplify and digitise this motion for 

quantification.  Considered the gold standard for flow measurement, the method was 

widely employed in early animal and human studies but is less popular for clinical 

purposes.  Careful calibration for the probe’s sensitivity and frequency response are 

important for accuracy (Nichols et al., 2011) whilst use of an electromagnetic flow 

catheter within a turbulent jet can yield erroneous interpretations of flow signals (Yotti 

et al., 2015; O’Rourke and Nichols, 2015).   

Ultrasonic flowmeters use the principle of Doppler measurement to quantitate blood 

flow (see non-invasive approaches, section 1.3.3.2).  Whilst these methods are more 

commonly employed using non-invasive ultrasound transducers, it is worth noting that 

invasive ultrasonic flowmeters can provide valuable insights. 

1.3.3.2. Non-invasive measurement of flow 

Whilst invasive measurement of flow may be the gold standard for research studies, its 

inherent nature makes it impractical and unethical for widespread use in clinical studies 

involving patients when reliable non-invasive alternatives are available.  Below is an 

outline of the three key non-invasive approaches to measurement of flow. 

Measurement of cardiac chamber volumes permits calculation of cardiac output using 

determination of stroke volume, which when multiplied by heart rate gives cardiac 

output.  Stroke volume is calculated using volumetric analysis outlined earlier in section 
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1.3.2, as the difference between end-diastolic and end-systolic volume in the left 

ventricle.   

Distinct from the calculation of stroke volume using chamber volumes, the waveform of 

flow may also be quantitated non-invasively using ultrasound or magnetic resonance 

imaging.  Echocardiographic approaches permit pulse wave Doppler of blood flow 

within the left ventricular outflow tract.  By detecting the velocity of blood flow using 

the principles of Doppler analysis (frequency shift correlates to direction and speed of 

motion), the velocity of blood flow can be calculated non-invasively.  The high 

temporal resolution of ultrasound makes this a good method for characterising the flow 

waveform accurately, but potential pitfalls include modal velocity errors and inadequate 

alignment of ultrasound beams with flow direction.  If the left ventricular outflow tract 

area is known, the velocity detected by ultrasound may be multiplied by this area to 

provide a volumetric flow quantification (because velocity x area = volume/time).  

Whilst attractive and commonly used to estimate stroke volume from echocardiography, 

the accuracy of quantifying left ventricular outflow tract area from ultrasound methods 

is limited (Dulgheru et al., 2016; Hahn and Pibarot, 2017).  This forms part of the 

limitation in approximation of aortic valve area in aortic stenosis, which will be 

discussed further in Chapter 4.   

Velocity encoded magnetic resonance imaging can also permit reliable non-invasive 

quantification of flow (Nayak et al., 2015).  The principle of phase contrast imaging is 

used, whereby the changes in phase of proton precession are related to velocity of 

motion of the protons through a magnetic field with a known gradient.  The temporal 

resolution of CMRI is less than that of ultrasound, however the advantages of CMRI are 

that it is not limited by directionality of signal.  CMRI is also performed using multiple 

cardiac cycles interpolated to reconstruct a single flow waveform.  Errors in appropriate 
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image processing can cause errors in assessment of flow.  This is particularly true for 

patients with irregular heart rhythms.  Similar to ultrasonic methods, once the velocity 

of flow is determined, it can be used to calculate volumetric flow using cross-sectional 

area.  Determination of area by CMRI is more accurate than ultrasonic methods.  Unlike 

ultrasound, though, which is portable, widely available and cost efficient, CMRI is 

logistically challenging.  It requires patients to enter a fixed scanner, hold their breath, 

lay still and not have any contraindications to CMRI scanning.  It is currently also only 

used in specialised centres and remains expensive.  Other potential limitations include 

signal:noise ratio errors, region of interest error, turbulence errors and calibration errors 

(Nayak et al., 2015). Phase contrast velocity encoded magnetic resonance imaging was 

the method employed in Chapter 5 of this thesis for measurement of flow. 
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1.4.Ventricular performance: pressure-volume relationships 

The performance of the left ventricle is intimately linked to its interaction with the 

systemic vasculature (vascular load) and the mitral and aortic valves (valvular load).  

This will form the basis of subsequent considerations within this thesis but let us first 

consider how best to describe the isolated performance of the left ventricle.  The normal 

performance of the left ventricle has been described as “the ability…to fill at a low 

enough pressure not to cause pulmonary congestion, then deliver a sufficient quantity of 

blood to the vasculature at a high enough pressure to perfuse the tissue” (Thomas and 

Popovic, 2006, p.2014). Left ventricular performance can be evaluated at molecular, 

subcellular, myocyte, myofibre, isolated muscle segment or organ level.  It is the last of 

these levels of assessment that will be considered in this thesis.  

Quantifying the normal performance of the left ventricle, as defined above, can be 

challenging in-vivo.  It requires assessment of filling, contractility, ejection, compliance 

and relaxation.  To assess these parameters optimally, it is necessary to have 

simultaneous assessment of left ventricular pressure and left ventricular volume 

(McKay et al., 1984; Guarracino et al..2013; Aurigemma et al., 1995; Chen et al., 2001; 

Hayashi et al., 2000; Gorcsan III et al., 1994; Burkhoff, 2013; Aurigemma et al., 1995; 

Sorraja et al., 2017; Chirinos, 2013).    By simultaneous assessment of changes in left 

ventricular pressure and volume, pressure-volume loops can be measured. From these, 

one can ascertain changes in left ventricular performance relatively independently of the 

influences of loading conditions.   

The term loading conditions relates to the state of preload and afterload under which the 

left ventricle is operating at any given moment.  Preload is traditionally defined by the 

end-diastolic volume (McKay et al., 1984).  This is the volume of blood available to the 
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heart at the commencement of systole.   As preload increases, according to the Frank-

Starling relationship, the contractile performance of the healthy heart will increase to a 

certain point (Glower et al., 1985; John Solaro, 2007).  Afterload relates to the 

opposition to flow encountered by the left ventricle as it seeks to eject blood.  When the 

aortic and mitral valves function normally, there are no intracardiac shunts and there is 

no left ventricular outflow tract obstruction, the afterload is determined by the vascular 

impedance of the systemic circulation (Sunagawa et al., 1983).  The term impedance 

refers to the opposition to pulsatile flow, in contrast to resistance which denotes the 

opposition to steady state flow (O’Rourke and Taylor, 1967; Patel et al., 1965; Kelly et 

al., 1992).  Afterload will be discussed in more detail in section 1.5. 

When loading conditions are not accounted for, approximations of contractility based 

on volume of blood ejected (for instance using the ubiquitous ejection fraction, the ratio 

of stroke volume to left ventricular end-diastolic volume) can be highly misleading 

(Konstam and Abboud, 2017).  This is because contractility is defined by the 

relationship between pressure and volume, not volume alone.  Preload and afterload 

changes can dramatically alter stroke volume, and therefore ejection fraction without 

necessarily altering intrinsic myocardial contractility. Even the more recently described 

technique of myocardial strain analysis is subject to the effects of load when quantifying 

left ventricular performance (Donal et al., 2009; Fredholm et al., 2017).   

Load independent measures of left ventricular contractility therefore are the gold 

standard (Ross Jr., 1983). Whilst load independence is almost impossible to achieve in a 

purist sense, the effects of preload and afterload can be minimised by simultaneous 

assessment of pressure and volume (McKay et al., 1984; Burkhoff, 2013; Ross Jr., 

1983).  The pressure-volume loop is a single figure which relates change in pressure 

over time with change in volume over time to eliminate the time domain and show the 



Pressure, volume and flow: studies of ventricular, valvular and vascular haemodynamics in the human cardiovascular system 

57 
 

simultaneous dynamic change in ventricular volume and pressure in one cardiac cycle 

(Figure 1.4.1.1).  For invasive assessment, pressure is traditionally measured using a 

pressure manometer catheter whilst volume is traditionally measured using a 

conductance volume catheter which uses electrical conductance to determine left 

ventricular volume from within the cavity. 
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Figure 1.4.1.1. The pressure-volume loop (top) composed from simultaneous analysis 
of change in pressure and volume over time (bottom two panels). From Kibble and 
Halsey, 2009. Copyright McGraw-Hill. 

  



Pressure, volume and flow: studies of ventricular, valvular and vascular haemodynamics in the human cardiovascular system 

59 
 

1.4.1 Contractility as defined by the end-systolic elastance and preload 

recruitable stroke work relationship 

Suga and Sugawa (1974) evaluated pressure-volume relationships in the excised, 

supported canine ventricle and described the time-varying ratio of instantaneous 

pressure to volume, described as elastance, and eventually developed the end-systolic 

pressure-volume ratio (ESPVR) as an index of left ventricular contractile function 

(Sagawa et al., 1977).  This approach required measurement of the end-systolic left 

ventricular pressure and volume across a range of load .  By then joining these plotted 

points with a line to determine the line’s slope, the ESPVR, also termed the end-systolic 

elastance (Ees), could be measured.  This pioneering work demonstrated that at varying 

levels of preload, the relationship of left ventricular pressure to volume at the end of 

systole followed a near linear pattern.  The slope of the line connecting the points of 

various end-systolic pressure-volume ratios at various preload conditions formed the 

end-systolic elastance (Ees) which reflected the intrinsic contractility of the left ventricle 

– which by definition was independent of preload.  The effects of load variation of 

pressure-volume relationships is discussed further in section 1.4.3. 

While varying load conditions in excised, supported ventricles or in-vivo in animals is 

relatively feasible, methods become impractical, unsafe and relatively ineffective when 

applied to humans.  Preload reduction using balloon catheter occlusion of the inferior 

vena cava is one such method used to vary preload in animals, which has comparatively 

less effect in humans (van Fossen et al., 1987; Kass et al., 1988).   Most importantly, 

though, the effect of reflex autonomic response to whatever method used to vary load 

cannot be ameliorated in humans safely - as it can be in animals using autonomic 

blockade (Glower et al., 1985; Little et al., 1989; Karunanithi et al., 1992).  
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As a result of these challenges, investigators sought to develop single-beat 

approximations of pressure-volume relationships (Senzaki et al., 1996; Takeuchi et al., 

1991; Shishido et al., 2000).  These methods used the end-systolic pressure and volume 

measured during a single cardiac cycle, and then approximated the slope of the line 

joining this point on the pressure-volume loop to the intercept of the x-axis, the so-

called V0 or the volume at which the pressure in the left ventricle is zero.  Investigators 

have used a variety of means to approximate V0 during single-beat calculations, 

however, more recently, investigators have used the origin to define V0 and 

subsequently determine the slope of the single-beat assessment of Ees or ESPVR 

(Gaemperli et al., 2013; Ky et al., 2013).  This latter approach will be employed in this 

thesis, when single-beat Ees is evaluated.  Limitations of the single-beat approach will 

be discussed in Chapter 3. 

The work of the heart is also described by the relationship between ventricular pressure 

and volume.  But in contradistinction to Ees where the pressure and volume at the end of 

ejection are compared as a ratio, stroke work (SW) describes the product of the mean 

ventricular pressure during systole (mean ejection pressure) and the volume of blood 

ejected from the ventricle during systole (i.e. stroke volume) (Glower et al., 1985).  On 

the pressure-volume loop, SW represents the area contained within the loop. 

Preload influences SW through the Frank-Starling relationship whereby increased 

preload begets increased stroke volume assuming normal myocardial contractility and 

standard operating range volumes are being discussed.  Therefore, investigators 

determined that the ratio of SW to the preload, namely the end-diastolic volume (EDV) 

would be a more reliable marker of true ventricular contractility.  This relationship of 

SW to EDV is termed preload recruitable stroke work (PRSW).  When loading is 

varied, the slope of the relationship between stroke work and preload is defined as the 
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preload recruitable stroke work relationship (Mw) and is also considered, like Ees, to be 

a gold standard marker of ventricular contractile performance (Feneley, 2013; 

Karunanithi and Feneley, 2000).  For reasons already discussed, load variation presents 

challenges in human clinical studies, and as such investigators developed validated 

single-beat approximations of Mw (Karunanithi and Feneley, 2000; Lee et al., 2003).   

These single beat approximations can be done with the assumption of Vw being nought 

or Vw can be approximated using stroke work, end-diastolic volume and wall volume 

(Karunanithi and Feneley, 2000).  Vw is relatively constant in any one individual, such 

that the slope Mw is indicative of the inotropic state (Glower et al., 1985; Little et al., 

1989; Karunanithi et al., 1992; Feneley et al., 1992).   

In summary, gold standard assessment of left ventricular contractile performance 

requires pressure-volume analysis and quantitation of Ees and Mw. Whilst load variation 

is feasible in animals, in humans, single-beat assessments are more practical and 

effective.  Whilst traditionally measured invasively using pressure-volume 

catheterisation, newer approaches can facilitate non-invasive assessment, as will be 

explored in subsequent chapters of this thesis.  Finally, it is worth mentioning the 

semantics of single-beat pressure-volume analyses.  It is debated as to whether single-

beat measures should be referred to as ESPVR or Ees.  For the purposes of this thesis, 

the meanings of single-beat ESPVR and single-beat Ees are identical.  
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1.4.2 Compliance as defined by the end-diastolic pressure-volume relationship 

Just as the systolic limb of the pressure-volume loop contains valuable information 

about ventricular contractility, the diastolic limb of the pressure-volume loop contains 

valuable information about ventricular compliance.  This is because by definition, the 

diastolic limb of the pressure-volume loop describes the incremental change in left 

ventricular diastolic pressure for a given change in volume.  This relationship is non-

linear (Figure 1.4.2.1).  At the lower end of the pressure-volume range, a small increase 

in volume increases pressure only slightly, as the ventricle (and its constituent elastin 

fibres, myocytes and myocyte sarcomeric titin molecules) can accommodate this 

volume by stretching adequately (Burkhoff et al., 2005).  The ventricle is compliant in 

this pressure-volume range, and ventricular stiffness (dP/dV) is low.  As volume 

increases however, the elastic limit of these constituent structures and therefore the 

ventricle is approached, and pressure begins to rise in greater orders of magnitude for 

any given increment in volume.  At these higher ranges of pressure-volume in diastole, 

ventricular stiffness (dP/dV) is high.  Thus, stiffness of the ventricle is pressure and 

volume dependent (Burkhoff et al., 2005; Katz, 1988). Pathological processes such as 

ischaemia, valvular heart disease, hypertension, metabolic disease or infiltrative 

cardiomyopathies can result in myocardial fibrosis which can alter the compliance 

characteristics of the ventricle (Burkhoff et al., 2005).  Non-fibrotic pathology including 

myocardial oedema and ventricular hypertropy also alters the end-diastolic pressure-

volume relationship.  Further still, factors external to the left ventricular myocardium 

including intrathoracic pressure changes, pericardial effusion or constriction, and 

interventricular dependence characteristics can alter the end-diastolic pressure-volume 

relationship. 
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Figure 1.4.2.1. The end-diastolic pressure-volume relationship is non-linear, with 
increasing dP/dV (stiffness) at increasing left ventricular volumes.  From Burkhoff et al. 
(2005). Copyright the American Physiological Society. 

 

1.4.3 Effects of changes in inotropy, lusitropy, preload and afterload 

Modification to ventricular inotropy and lusitropy are reflected by characteristic 

changes in the pressure-volume loop (Katz, 1988).  Increased inotropy increases the 

ability of the heart to do work at a given end-diastolic pressure and volume, and as such 

increases the end-systolic pressure and decreases the end-systolic volume, moving the 

top left corner of the pressure-volume loop upward and leftward (Sagawa, 1978).   This 

increases the slope of the end-systolic pressure-volume relationship (Figure 1.4.3.1). A 

downward and rightward shift of this point of the pressure-volume loop would therefore 

reflect a reduction in inotropy and a reduction in the slope of the end-systolic pressure-

volume relationship.  This phenomenon can be put to good effect in assessing the 

hemodynamic effect of interventions (Sagawa, 1978; Gaemperli et al., 2013; Katz, 

1988).  



Pressure, volume and flow: studies of ventricular, valvular and vascular haemodynamics in the human cardiovascular system 

64 
 

 

 

Figure 1.4.3.1.Effect of changes in inotropy on slope of end-systolic pressure-volume 
relationship (elastance).  From Burkhoff et al. (2005).  Copyright the American 
Physiological Society. 

 

Changes in ventricular lusitropy can also be assessed using shift patterns in the 

pressure-volume loop (Katz, 1988).  With increased lusitropy (greater relaxation), the 

ventricle becomes more compliant, reducing the slope of the end-diastolic pressure-

volume relationship by allowing smaller increases in pressure for a given increment in 

volume.  Conversely, a negatively lusitropic process would increase the slope of the 

end-diastolic pressure-volume relationship, consistent with a reduction in compliance.   

Pressure-volume relationships in the left ventricle are affected by the preload and 

afterload conditions.  Isolated changes in preload will reduce both volume and pressure 

but contractility and afterload will be unchanged.  This phenomenon permits the 

calculation of the slope of the end-systolic pressure-volume relationship using preload 

variation as described earlier (Figure 1.4.3.2).  Conversely, an isolated change in 

afterload will alter the stroke volume of the ventricle (whereby higher afterload results 

in lower stroke volume) and will also increase left ventricular end-systolic pressure 



Pressure, volume and flow: studies of ventricular, valvular and vascular haemodynamics in the human cardiovascular system 

65 
 

(Figure 1.4.3.2).  Once again, however, note that the end-systolic pressure volume 

relationship slope remains constant, in accordance with the load independence of 

pressure-volume derived measures of contractility.  This is because, while end-systolic 

pressure has increased, so has end-systolic volume (due to reduced stroke volume) 

meaning the end-systolic pressure-volume ratio is relatively unchanged.  Achieving 

isolated changes in preload and afterload, and avoiding neurohumoral effects becomes 

challenging, if not impossible in the intact in vivo human heart setting, therefore the 

descriptions provided are idealised (Katz, 1988; Burkhoff et al., 2005; Sagawa, 1978).  

Nonetheless, the benefits of relative load independence of pressure-volume parameters 

in the quantification of contractility and compliance cannot be overstated. 

 

Figure 1.4.3.2. Changes in pressure-volume loop with alteration in preload (left panel) 
and afterload (right panel).  Preload alteration changes stroke volume and end-diastolic 
volume, but end-systolic elastance (end-systolic pressure-volume relationship slope) 
remains unchanged.  Afterload alteration also alters stroke volume and end-systolic 
volume, but again, end-systolic elastance is unchanged. From Burkhoff et al. (2005).  
Copyright the American Physiological Society.  
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1.4.4 Myocardial energetics derived from the pressure-volume loop 

The pressure-loop also serves as an important means of quantifying left ventricular 

energetics.  Suga (1979) described the use of the pressure-volume loop area (stroke 

work) to quantify myocardial oxygenation. Suga’s underlying thesis was that the area of 

the pressure-volume loop reflected the stroke work of the heart and that the oxygen 

consumption of the heart was directly correlated to stroke work (Figure 1.4.4.1).  His 

idea was supported by pre-existing data (Burns and Covell, 1972; Monroe and French, 

1961) upon which he based the figure shown in Figure 1.4.4.1. His concept was verified 

in animal models during beat-to-beat variation (Nozawa et al., 1994).  Using this 

framework of pressure-volume area quantification, Kameyama et al. (1992) quantified 

mechanical efficiency by relating the external work to energy consumed.  The authors 

showed that mechanical efficiency was relatively preserved even in left ventricular 

dysfunction until contractility was severely depressed.   
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Figure 1.4.4.1. Relationship between myocardial oxygen consumption (VO2) and 
pressure-volume loop area (PVA).  From Suga (1979). Copyright the American 
Physiological Society. 

 

1.5. Afterload: pressure-flow relationships  

Afterload describes the load faced by the left ventricle during systole.  It can be 

described by the steady state resistance to flow (systemic vascular resistance) as well as 

the pulsatile harmonic components of opposition to flow (impedance), the latter being 

more comprehensive, and thereby the gold standard.  

1.5.1. Arterial function, steady and pulsatile load, and wave transmission and 
reflection 
 

The traditional view of the arterial system is one of a capacitor-resistor system in 

reference to the electrical circuit theory of flow.  In states of health, the proximal aorta 

acts as a cushion, absorbing pulsatile energy through its elasticity, whilst more distal 

vessels provide resistance to more steady state flow.  This concept is often referred to as 

a Windkessel system whereby pulsatile flow is converted to steady flow through a 
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cushion effect, analogous to the medieval fire hose system used to convert pulsatile 

pump flow to steady hose flow using an air/fluid chamber (Windkessel) (Westerhof et 

al., 2009).  Thus, the overall load faced by the left ventricle is comprised of the load 

from the cushioning function of the aorta (or the opposition to pulsatile flow, termed 

impedance) in addition to the load caused by resistance to steady flow from the distal 

vessels (best quantified by systemic vascular resistance).   

Whilst the quantification of peripheral resistance is relatively straightforward (namely 

the ratio of mean arterial pressure (minus the central venous pressure) to cardiac 

output), the quantification of aortic impedance is more complex.  This requires analysis 

of pulsatile pressure-flow relationships in the frequency domain, pioneered by the 

works of McDonald, Taylor and Womersley (McDonald, 1955; McDonald and Taylor, 

1959; Taylor, 1957a; Taylor, 1957b; Womersley, 1957).  A pressure or flow wave can 

be described as a series of oscillations of varying frequency around a mean value.  The 

amplitude and phase of these oscillations at varying frequencies can be quantified from 

pressure-time recordings using Fourier harmonic analysis.  When the pressure and flow 

harmonics are compared at different frequencies, an impedance spectrum in terms of 

amplitude and phase may be calculated to describe the opposition to pulsatile flow.  

Thus, the measurement of aortic impedance requires high fidelity simultaneous 

acquisition of pressure and flow waveforms from the aorta. 

This was traditionally done in animals and early human studies using high fidelity 

micromanometer catheters and electromagnetic flow catheters, but more recently, newer 

non-invasive approaches to pressure and flow quantification pave the way for non-

invasive impedance assessment, as will be described in Chapter 5.  
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Using the Windkessel model, it follows that the pressure transmission within the 

circulation can be described in terms of waves.  The initial wave created is a forward 

propagating wave which leaves the heart and travels toward the periphery.  Upon 

reaching areas where impedance changes (most commonly at branch points and 

arteriolar origins), a part of this wave is reflected back to the heart.   

The magnitude of the forward travelling wave and the magnitude and timing of wave 

reflection provides insight into the relative stiffness of the proximal aorta versus the 

remainder of the arterial tree.  Wave reflection in the optimal healthy young mammal is 

thought to be timed such that reflected pressure waves arrive in diastole, thereby 

augmenting coronary perfusion pressure (Vasan, 2008).  With time, and increasing 

arterial stiffness, pressure transmission within the arterial tree increases and 

consequently, reflected pressure waves arrive earlier to the aorta, augmenting aortic 

pressure during systole.  This increases the afterload faced by the left ventricle and can 

lead to hypertension and heart failure with preserved ejection fraction, in addition to 

altering the balance between myocardial energy supply capacity and demand.  Wave 

transmission in the arterial tree is summarised in Figure 1.5.1.1. 
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Figure 1.5.1.1. Forward and reflected waves in the arterial circulation (top) as evaluated 
by the central pressure waveform (bottom).  From Vasan (2008).  Copyright American 
Heart Association. 
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1.5.2. Valvular afterload 

In addition to the load faced by the left ventricle due to the arterial tree, the left sided 

cardiac valves (aortic and mitral) also influence load.  In states of health, the 

competence of the mitral valve means that blood flow must be directed to exit via the 

aortic valve.  If the mitral valve is incompetent however (mitral regurgitation), then the 

load created by the mitral valve’s competence is removed, and blood can exit the left 

ventricle during systole in a retrograde fashion, into the left atrium.  Therefore, mitral 

regurgitation is considered as a low afterload state.  This is relevant in states of severe 

left ventricular systolic dysfunction whereby correction of mitral regurgitation through 

valve repair or replacement can acutely increase the load to the left ventricle, which 

may be in excess of what can be acutely tolerated by the impaired left ventricle. 

Whilst the mitral valve’s function is to create a normal state of load during competence, 

by preventing regurgitation, the aortic valve’s normal function is to create no significant 

opposition to flow by opening normally.  In aortic stenosis however, a calcified and 

restricted aortic valve creates left ventricular load, leading left ventricular hypertrophy, 

diastolic dysfunction and cardiovascular morbidity and mortality.  The load of the mitral 

valve will be discussed further in Chapter 3, whilst the load of the aortic valve will be 

discussed further Chapter 4. 
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1.6.Concluding remarks 

Over centuries of study, our understanding of the cardiovascular system has been 

enlightened by the application of principles of physical science to the heart’s pumping 

action and flow of blood through blood vessels.  The three pillars of cardiovascular 

physiology, pressure, volume and flow allow insight into the three core components of 

the cardiovascular system, the ventricles, valves and vasculature, and permit an 

approach to tackling the three core cardiovascular diseases, ischaemia, valvular disease 

and heart failure.  The ensuing chapters will describe the four constituent original 

studies of this thesis, and their utilisation of the aforementioned concepts to tackle these 

challenges.   
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Chapter 2 

Pressure-time interactions as markers of myocardial oxygen supply and demand in 

healthy volunteers: vascular-ventricular interaction and the predisposition to 

ischaemia  
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The findings from this chapter form the basis for the publication: 

Namasivayam M, McEniery CM, Wilkinson IB, Yasmin, Cockroft JR, 
McDonnell BJ, Adji A, O’Rourke MF. Different effects of vascular aging on 
ischemic predisposition in healthy men and women. Hypertension (American 
Heart Association). 2018;72(6):1294-1300. 
 

2.1. Background, aims and hypothesis 

The measurement of aortic pressure over time permits aortic pressure-time integration 

during systolic and diastolic portions of the cardiac cycle.  Such analyses were 

performed by Sarnoff et al. (1958) to describe the systolic pressure-time integral, termed 

the tension-time index (TTI).  This measure, whilst strictly not assessing tension (which 

incorporates left ventricular geometry) was shown in isolated canine hearts to reliably 

predict myocardial oxygen demand. 

Buckberg et al. (1972) extended the work of Sarnoff et al. by also studying the diastolic 

pressure-time integral, or diastolic pressure-time index (DPTI) and calculating the ratio 

of the DPTI to TTI.  This ratio was termed the subendocardial viability ratio (SEVR), 

later referred to as the Buckberg index (Hoffman and Buckberg, 1978).   In open 

chested dogs, Buckberg et al. (1972) demonstrated that SEVR correlated with the ratio 

of endocardial to epicardial blood flow, such that reduction in SEVR could predict 

subendocardial ischaemia.  The investigators went further to show that any flow related 

changes in ischemia were because of change in aortic pressure. 

These concepts showed that myocardial ischaemia could be generated by unfavourable 

ratios between myocardial oxygen supply capacity (diastolic pressure-time) and demand 

(systolic pressure-time).  Thus, anything that reduced diastolic pressure or duration, and 

increased systolic pressure and duration would adversely influence myocardial 

energetics. 
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Non-invasive aortic pressure quantification through arterial tonometry (section 1.3.1.2) 

permits aortic pressure-time analysis in the same manner performed by Sarnoff et al. 

(1958) and Buckberg et al. (1972), who used invasive data.  Using clinical data from St. 

Vincent’s Clinic, our group has previously evaluated the variation in TTI across the age 

spectrum in cardiology outpatients, and shown greater myocardial oxygen demand in 

older women, driven by earlier pressure wave reflection and longer cardiac ejection 

duration (Namasivayam et al., 2011).  Such an analysis has not heretofore been 

performed in a large cohort of healthy persons, thus the predisposition to ischaemia as 

part of the healthy ageing process in men and women is worthy of investigation.  This 

study aimed to evaluate the differences in DPTI, TTI and SEVR across a large cohort of 

healthy volunteers, and evaluate the role of age, sex, forward wave magnitude, reflected 

wave magnitude and cardiac ejection duration in these differences, whilst correcting for 

confounders.  The study hypothesis was that unfavourable myocardial energetics would 

be observed in older women, owing to differences in vascular-ventricular interaction.    
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2.2. Methods 

This study evaluated subjects from the Anglo-Cardiff Collaborative Trial database, 

which contains 10,096 subjects who had been invited to join from general practitioner 

lists and open-access cardiovascular risk assessment clinics from East Anglia and Wales 

(McEniery et al., 2005).   The response rate to participation was 83% overall. A healthy 

cohort was selected by using the following exclusion criteria: 

 Hypertension (brachial cuff blood pressure ≥ 140/90 mmHg) 

 Diabetes mellitus 

 Serum cholesterol ≥ 6.5 mmol/L 

 Renal disease, defined as  

o Clinical history  

o Creatinine >150 µmol/L 

o Active urinary sediment 

 Cardiovascular disease 

o Clinical history 

o Physical examination 

 Currently taking medication 

This left 4001 subjects (92% Caucasian, 4% Asian, 2% Far Eastern, 2% Afro-

Caribbean). From this cohort, only 3682 had complete data for multivariate analysis.  

There were no significant differences in any parameter evaluated between the cohort of 

4001 and 3682. 

Patients had age, sex, height, weight, heart rate, brachial cuff blood pressure and arterial 

tonometry recorded during their study visit.  Blood pressure was measured after 15 

minutes of seated rest, in the dominant arm, using an oscillometric device (HEM-



Pressure, volume and flow: studies of ventricular, valvular and vascular haemodynamics in the human cardiovascular system 

77 
 

705CP, Omron Corp, Kyoto, Japan). Studies were approved by the local research ethics 

committees and all subjects gave written informed consent.   

Arterial waveform analysis was performed with the use of applanation tonometry (Kelly 

et al., 1989a).  Using a Millar SPT-301 high fidelity arterial tonometer (Millar 

Instruments, Houston, Texas, USA), the radial artery was applanated between the 

tonometer tip and distal radius bone, allowing detection of change in distention over 

time in the artery as a high fidelity mechanical signal. The piezoelectric tonometer then 

converted this signal into a digital signal (digitised at 128Hz), which when calibrated to 

cuff blood pressure provided a radial pressure waveform. 

When signal strength is consistently good, the SphygmoCor version 7.1 software 

(AtCor Medical, Sydney, Australia) records 10 seconds worth of pressure waveforms.  

This 10 second radial waveform is then subject to a generalised transfer function which 

permits validated and Food and Drug Administration (FDA) approved (#K002742 and 

K012487) approximation of the aortic waveform (Gallagher et al., 2004; Karamanoglu 

et al., 1993; Pauca et al., 2001; Agabiti-Rosei et al., 2007).  The waveforms across the 

10 second period are ensemble averaged to generate a single representative waveform 

for the radial artery and aorta.   

The ensemble averaged aortic waveform can then be analysed to calculate various 

parameters.   These measures include quantification of forward wave amplitude (termed 

P1 height, P1h), reflected wave magnitude (termed augmented pressure, AP) and aortic 

systolic, diastolic and pulse pressures (Figure 2.2.1).  The aortic pressure-time curve can 

also be used to calculate cardiac ejection duration, DPTI, TTI and SEVR by integrating 

pressure-time in diastole and systole, and then determining their ratio, respectively.  TTI 

and DPTI can be expressed in mmHg.s, or more conventionally are expressed per 
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minute by multiplying by heart rate to yield the units mmHg.s.min-1.  SEVR is 

expressed as a percentage.  

 

 

 

 

Figure 2.2.1. A typical middle-age adult aortic pressure waveform showing the incident 
wave (P1 height = P1h), the reflected wave (augmented pressure = AP), reflected wave 
transit time (Tr) as well as aortic systolic (SBPao), diastolic (DBPao) and pulse (PPao) 
pressure. Augmentation index is defined as AP divided by PPao and is typically expressed 
as a percentage. Source: After Vasan (2008) (American Heart Association). 
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To evaluate the study hypothesis, changes in DPTI, TTI and SEVR across age decade 

subgroups in were observed in the study cohort.  This was done separately by sex.  

Subsequently, multivariate linear regression models were calculated, to quantify the 

influence of age, female sex (and age x sex interaction), forward wave amplitude, 

reflected wave amplitude and cardiac ejection duration.  Confounders (height, weight, 

heart rate and mean arterial pressure) were controlled for.  Beta, partial eta squared and 

F were calculated for models, with confounder correction and without cardiac ejection 

duration as a covariate.  The latter analyses were done to evaluate the influence of 

cardiac ejection duration on the relative contributions of the forward and reflected wave 

to DPTI, TTI and SEVR.  Significance was taken at p <0.05.  Statistical analyses were 

performed using IBM SPSS 24.0 (IBM Corporation, Armonk, New York, USA).  
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2.3.Results 

Baseline hemodynamic parameters were considerably different between men and 

women.  Table 2.3.1 highlights these differences. 

 

Table 2.3.1. Subject characteristics by sex. 

Variable Males (n = 
1821) 

Females (n = 
1861) 

Significance 

Age (yrs) 51.2 (18.0) 53.2 (16.4) 0.0004 
Height (m) 1.74 (0.09) 1.63 (0.08) <0.0001 
Weight (kg) 78.9 (14.0) 69.2 (13.5) <0.0001 
BMI (kg/m2) 26.2 (4.0) 26.0 (4.6) NS (0.1596) 
HR (bpm) 65.0 (10.9) 68.3 (10.3) <0.0001 
MAP (mmHg) 93.2 (7.5) 91.2 (8.4) <0.0001 
ED (ms) 313.0 (28.2) 320.5 (27.8) <0.0001 
TR (ms) 144.4 (16.5) 134.0 (14.9) <0.0001 
AP (mmHg) 7.9 (6.2) 11.7 (6.6) <0.0001 
P1h (mmHg) 27.4 (4.8) 25.8 (5.6) <0.0001 
TTI 
(mmHg.sec.min-1) 

2088.9 (295.1) 2215.0 (320.1) <0.0001 

DPTI 
(mmHg.sec.min-1) 

3503.7 (345.3) 3257.4 (349.5) <0.0001 

SEVR (%) 171.2 (30.3) 149.9 (25.5) <0.0001 
pSBP (mmHg) 125.3 (9.2) 121.5 (11.4) <0.0001 
pDBP (mmHg) 77.2 (6.8) 74.5 (7.3) <0.0001 
pPP (mmHg) 48.1 (8.1) 47.0 (9.8) 0.0002 
cSBP (mmHg) 113.6 (10.1) 112.9 (12.1) NS (0.0570) 
cDBP  (mmHg) 78.1 (6.9) 75.4 (7.5) <0.0001 
cPP (mmHg) 35.5 (7.9) 37.5 (10.0) <0.0001 
PP Amp 1.38 (0.21) 1.28 (0.19) <0.0001 

All values presented are mean(SD). 
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Central hemodynamic parameters were more unfavourable in women, despite their male 

counterparts having worse peripheral blood pressures.  This can be explained by the 

greater propensity for pulse pressure amplification in men, due to their generally taller 

physique (Smulyan et al., 2001; Smulyan et al., 1998; Hayward and Kelly, 1997). 

Table 2.3.2 shows the breakdown of the cohort by age decade. 

 

Table 2.3.2. Gender and cohort distribution by age. 

Age Decile Males Females 

11-20 yrs 189 (57.4) 140 (42.6) 

21-30 yrs 129 (61.4) 81 (38.6) 

31-40 yrs 181 (52.6) 163 (47.4) 

41-50 yrs 267 (46.7) 305 (53.3) 

51-60 yrs 389 (45.4) 467 (54.6) 

61-70 yrs 417 (47.7) 458 (52.3) 

71-80 yrs 225 (50.0) 225 (50.0) 

81-90 yrs 24 (52.2) 22 (47.8) 

Total 1821 (49.5) 1861 (50.5) 

All values are n(%). 

 

  



Pressure, volume and flow: studies of ventricular, valvular and vascular haemodynamics in the human cardiovascular system 

82 
 

Figures 2.3.1, 2.3.2 and 2.3.3 show the changes in TTI, DPTI and SEVR, respectively, 

by age decade in men and women. 

 

 

Figure 2.3.1. Change in tension time index (TTI, mmHg.s.min-1) by age decade in men 
and women. Data are mean±SEM. 
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Figure 2.3.2. Change in diastolic pressure time index (DPTI, mmHg.s.min-1) by age 
decade in men and women. Data are mean±SEM. 
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Figure 2.3.3. Change in subendocardial viability ratio (%) by age decade in men and 
women. Data are mean±SEM. 
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Figures 2.3.1, 2.3.2 and 2.3.3 show a diverging pattern of change with age in TTI in 

men and women, a similar pattern of rise then fall in DPTI in men and women, leading 

to divergent SEVR in men and women with increasing age. 

Multivariate analyses for SEVR, with and without ejection duration are presented below 

in Table 2.3.3.  Table 2.3.3 demonstrates that both the forward and reflected wave are 

important contributors to SEVR, despite confounder correction and that there is a 

statistically significant [age x female sex] interaction.  When ejection duration is added 

to the model, however, the [age x female sex] interaction becomes statistically non-

significant and the contribution of wave reflection becomes less important.   
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Table 2.3.3. Multiple regression model for subendocardial viability ratio, without and 
then with ejection duration as a covariate. 

 
Variable  

F 
Partial 
Eta Sq. 

Sig. 
Std. 
beta† 

Sig. 
(beta) 

SEVR      
Age 63.4 0.017 <0.001 -0.104 <0.001 
Female sex 56.0 0.015 <0.001 -0.145 <0.001 
Height 11.5 0.003 0.001 0.045 <0.001 
Weight 42.0 0.011 <0.001 -0.072 <0.001 
Heart rate 6303.1 0.632 <0.001 -0.846 <0.001 
Mean arterial pressure 145.2 0.038 <0.001 0.124 <0.001 
AP 393.1 0.097 <0.001 -0.303 <0.001 
P1h 379.5 0.094 <0.001 -0.179 <0.001 
Age*female sex 8.7 0.002 0.003 - - 

      

Variable  
F 

Partial 
Eta Sq. 

Sig. 
Std. 
beta† 

Sig. 
(beta) 

SEVR      
Age 75.5 0.020 <0.001 -0.053 <0.001 
Female sex 7.9 0.002 0.005 -0.031 <0.001 
Height 2.9 0.001 NS 0.010 NS 
Weight 1.1 0.000 NS -0.006 NS 
Heart rate 39292.8 0.915 <0.001 -1.293 <0.001 
Mean arterial pressure 503.1 0.121 <0.001 0.111 <0.001 
AP 232.3 0.060 <0.001 -0.115 <0.001 
P1h 1564.7 0.299 <0.001 -0.179 <0.001 
Age*female sex 0.5 0.000 NS - - 
ED 12228.0 0.769 <0.001 -0.749 <0.001 

 

Abbreviations: AP: augmented pressure (mmHg), ED: ejection duration (ms), P1h (P1 
Height) (mmHg), SEVR: subendocardial viability ratio (%). † Age*female sex term not 
included in model for determination of standardized beta.   
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When the multivariate predictors of ejection duration are analysed (Table 2.3.4), the 

reflected wave is associated with a greater beta value, partial eta squared value and level 

of statistical significance than the forward wave. 

 

 

Table 2.3.4. Multiple regression model for ejection duration. 

 
Variable  

F 
Partial 

Eta 
Sq. 

Sig. 
Std. 
beta† 

Sig. 
(beta) 

ED      
Age 18.5 0.005 0.005 0.068 <0.001 
Female sex 48.7 0.013 <0.001 0.151 <0.001 
Height 8.6 0.002 0.003 -0.046 0.002 
Weight 46.2 0.012 <0.001 0.089 <0.001 
Heart rate 2263.4 0.381 <0.001 -0.596 <0.001 
Mean arterial pressure 2.1 0.001 NS -0.017 NS 
AP 197.0 0.051 <0.001 0.250 <0.001 
P1h 0.3 0.000 NS 0.000 NS 
Age*female sex 8.8 0.002 0.003 - - 

 

Abbreviations: AP: augmented pressure (mmHg), ED: ejection duration (ms), P1h (P1 
Height) (mmHg). † Age*female sex term not included in model for determination of 
standardized beta. 
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2.4. Discussion 

2.4.1. Vascular aging and ischemic predisposition 

The findings presented show that there are differences in the pattern of change with age 

in myocardial oxygen demand and supply in men and women.  This is as measured by 

aortic pressure-time integrals as surrogates of myocardial oxygen supply and demand, 

as done by earlier invasive work of Sarnoff et al. (1958) and Buckberg et al. (1972). Our 

group has previously evaluated tension-time index non-invasively in a clinical cohort 

(Namasivayam et al., 2011).  This study sought to evaluate a healthy cohort and further 

study DPTI and SEVR. 

Women had greater myocardial oxygen demand (TTI) in older age, and less myocardial 

oxygen supply capacity (DPTI) leading to worse supply:demand ratios (SEVR).  This 

change was driven by the forward and reflected arterial pressure waves, which are 

themselves increased by arterial stiffening (Vasan, 2008). The implication of this 

finding is that older women have a substrate for ischemia due to large artery stiffening, 

irrespective of coronary artery stenosis. Given shortening of diastolic perfusion time 

with tachycardia, there is the potential for exacerbation of these observations during 

periods of physical stress (Ferro et al.,1995; Merkus et al., 1999). 

Chest pain with normal coronary arteries is a well established phenomenon in women 

(Bugiardini and Bairey Merz, 2005).  Studies have observed that women who present 

with chest pain and have normal coronary arteries are still at risk for adverse 

cardiovascular events.  The mechanisms underlying this observation are not known.  

Endothelial dysfunction has been described (Cannon, 2009; Campisi and Marengo, 

2017; Liu et al., 2018), but the findings of this study would suggest that large artery 

stiffening is also an important factor to consider.  Large artery stiffening causes changes 



Pressure, volume and flow: studies of ventricular, valvular and vascular haemodynamics in the human cardiovascular system 

89 
 

in central haemodynamics that alter myocardial energetics, creating a substrate for 

ischemia.   

Mechanistic studies have confirmed this phenomenon, particularly in women, by 

studying coronary flow reserve in varying states of arterial stiffness and central 

haemodynamics (Kingwell et al., 2002; Nichols et al., 2013; Nichols et al., 2015).   

The findings of this study were seen in completely healthy volunteers.  This suggests 

that the process observed is one that is part of normal healthy ageing.  As shown in 

earlier work (Namasivayam et al., 2011), patients with cardiovascular disease would 

also be subject to this process.  The concomitant presence of coronary disease would 

exacerbate the tendency to ischemia. 

This idea of supply/demand in the mechanisms of ischaemia is not new but has perhaps 

been forgotten with increasing emphasis being placed upon the coronary artery lumen.  

Great advancement in the diagnosis and management of coronary artery disease has 

been made by increasing study of the coronary lumen, but other avenues should also be 

explored.  From the data presented here, in conjunction with other studies described, 

one could postulate that therapies that reduce arterial stiffening and wave reflection 

could be potential therapies for ischaemia.  In the acute phase of severe ischaemia, intra-

aortic balloon counterpulsation has been used to alter myocardial energetics in favour of 

increasing supply and reducing demand.   

This data also clarify the respective roles of the forward and reflected wave in age-

related cardiovascular pathophysiology.  This issue was a source of vigorous debate 

(Vasan, 2008; Mitchell et al., 2004), but since then studies from our group 

(Namasivayam et al., 2009; Namasivayam et al., 2016) and others (Wang et al., 2010) 

have affirmed the conventional view that wave reflection remains important throughout 
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the lifespan.  The findings also show the close relationship between cardiac ejection 

duration and wave reflection, in the determination of myocardial energetics 

(Namasivayam et al., 2011).  Mechanistically, these observations suggest that increased 

wave reflection results in greater systolic load, and longer cardiac ejection duration.  

But the above data have only demonstrated correlation, not causality.  An alternative 

view would be that increased ejection duration causes increased wave reflection 

(Nurnberger et al., 2003).  This view is not supported by the early work of Buckberg et 

al. (1972) who showed that increasing aortic pressure with supravalvular constriction 

caused increased cardiac ejection duration.  

2.4.2. Limitations 

The cohort analysed was a cross-sectional one.  Longitudinal changes are being inferred 

from this cohort.  Clearly, a longitudinal study across the spectrum of age is logistically 

more challenging, but studies such as those in Framingham provide an opportunity for 

the findings presented here to be assessed longitudinally.  

Aortic pressure was approximated and used this as a surrogate of left ventricular 

pressure, assuming the absence of aortic stenosis or left ventricular outflow tract 

obstruction.  Whilst such absences are reasonable assumptions in a healthy cohort of 

this size, the use of aortic pressure to infer ventricular pressure-time relationships 

carries some limitations.  Firstly, it assumes that the left ventricular diastolic pressure is 

zero in the calculation of DPTI.  In the original description by Buckberg et al. (1972), 

the diastolic pressure used was determined as the coronary perfusion pressure (namely 

the difference between aortic root pressure and left ventricular pressure during diastole).  

The use of aortic pressure overestimates coronary perfusion pressure, and therefore 

overestimating myocardial oxygen supply capacity.  As such, the findings of reduced 
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DPTI and SEVR in older persons, particularly women, would only be exacerbated by 

the incorporation of left ventricular diastolic pressure measurement and determination 

of true coronary perfusion pressure. 

Using aortic pressure to estimate ventricular pressure during systole also carries 

limitations.  It means that intraventricular pressure changes during isovolumetric 

contraction and relaxation are not accounted for.  This results in an overestimation of 

DPTI by 10-15% and an underestimation of TTI by 10-15%.  Consequently, myocardial 

oxygen demand is underestimated whilst simultaneously supply is overestimated, 

meaning our findings would have been more marked, particularly for SEVR.   Buckberg 

et al. (1972) themselves did not directly measure left ventricular diastolic pressure, but 

rather measured left atrial pressure as a surrogate. 

The term tension time index is a source of confusion.  Tension, strictly, is dependent on 

the ventricular dimensions and geometry by the law of LaPlace.  The use of the term 

tension time index is an unfortunate semantic error carried forward through the 

literature since the original description of Sarnoff et al. (1958).  This study did not 

evaluate ventricular geometry, and as such, true tension was not measured.  This could 

have implications in sex differences for TTI, as men have larger ventricles on average 

than women.  True tension would have been underestimated in men by this study.  

Having said this, wall thickness or ventricular geometry was not measured in the 

original study of Sarnoff et al., but the authors still showed good correlation to directly 

quantified myocardial oxygen demand.   

The cohort was assumed to be free of coronary artery disease, but coronary status was 

not evaluated.  Clearly, invasive assessment of coronary status in a large cohort of 

healthy volunteers is unethical, but newer non-invasive approaches such as computed 
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tomographic coronary angiography may be applied in future settings.  The presence of 

coronary disease would only exacerbate the tendency to ischaemia created by large 

artery stiffness that we observed.  Functional assessment of ischaemia, through use of 

stress echocardiography, with incorporation of strain or contrast to quantify 

subendocardial ischaemia, or stress magnetic resonance imaging might better assess the 

impact of unfavourable SEVR. 
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2.5 Conclusions 

The change in central haemodynamics in healthy men and women over the lifespan 

leads to increased predisposition to myocardial ischemia in older women than men.   

This is caused by unfavourable myocardial oxygen supply:demand ratios, which result 

from arterial stiffening, wave reflection and prolongation of cardiac ejection duration.  

These insights can be provided non-invasively by arterial tonometry derived pressure-

time analyses.  The findings of this study may explain, in part, ischaemia in older 

women in the absence of significant coronary stenosis.  Considerations in ischaemic 

heart disease must incorporate thinking beyond the coronary lumen, including changes 

in central haemodynamics caused by arterial ageing. 
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Chapter 3 

Pressure-volume assessment in transcatheter mitral valve replacement: first 

evaluation of intra-operative left ventricular contractile response to mitral valve 

replacement in the beating human heart 
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The findings of this chapter form the basis for the publication: 

Namasivayam M, Feneley MP, Hayward CS, Shaw M, Rao S, Jansz P, Muller 
DWM. First evaluation of acute left ventricular response to off-pump 
transcatheter mitral valve replacement in high-risk patients. Journal of the 
American College of Cardiology Cardiovascular Interventions (Elsevier). 
2018;11(12):2239-2240.  
 
 

3.1. Background, aim and hypothesis 

Mitral regurgitation is a state of low afterload, as described previously (section 1.5.2).  

The correction of mitral regurgitation using mitral valve replacement, therefore 

increases afterload, by eliminating the low elastance atrial exit for blood during 

ventricular systole.  This acute increase in afterload may exceed the capability of a 

weakened left ventricle.  This is the reason that mitral valve replacement in patients 

with severe left ventricular systolic impairment is a source of concern and caution (Ross 

Jr., 1985; Rukosujew et al., 2009; Quintana et al., 2014).  Patients may have difficulty 

weaning off cardiopulmonary bypass if the left ventricle is unable to cope with the new 

loading conditions following mitral valve replacement.  Such a phenomenon is well 

known in the medical literature and cardiological and surgical clinical discussions, but it 

has been unable to be tested in vivo in humans due to the difficulty in assessing effects 

of acute load change during mitral valve replacement.  Mitral valve replacement has 

traditionally required cardioplegia and cardiopulmonary bypass.  By the time left 

ventricular performance can be reassessed after valve replacement, the patient must be 

weaned off bypass, in the presence of multiple different changes in loading conditions 

including pressor and inotrope boluses/infusion and fluid loading.   The advent of 

transcatheter mitral valve replacement, with its beating heart deployment, permitted an 

opportunity to study the acute contractile response of the left ventricle to the sudden 
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loading change caused by mitral valve replacement in a cohort of high-risk surgical 

patients. 

This study aimed to evaluate the immediate left ventricular contractile response to 

mitral valve replacement in the beating human heart using intra-operative pressure-

volume analysis, left and right heart catheterisation and three-dimensional 

transoesophageal echocardiography.  The hypothesis was that the acute loading change 

caused by mitral valve replacement would impair contractility but that there would be 

sufficient contractile response to maintain adequate forward perfusion at stable 

intracardiac pressures.  
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3.2.Methods 

3.2.1. Subjects 

Nine consecutive patients recruited into the Tendyne (Tendyne Holdings LLC, 

Roseville, MN) transcatheter mitral valve replacement (TMVR) Global Feasibility 

Study (NTC02321514; Muller et al., 2017) were included in a substudy evaluating left 

ventricular performance intra-operatively.  Patients were eligible if deemed to be at high 

risk for conventional mitral valve surgery by a heart team comprising cardiologists, 

cardiac surgeons and cardiac anaesthetists.  Inclusion criteria were: age ≥ 18 years, 

grade 3 or 4 mitral regurgitation (either primary or secondary), dyspnea symptoms 

(New York Heart Association functional class ≥ 2) and ability to consent.  Exclusion 

criteria were: left ventricular end-diastolic diameter ≥ 70 mm, severe calcification of the 

mitral annulus or leaflet, left atrial or ventricular thrombus, previous surgical 

intervention to the mitral or aortic valve, previous transcatheter mitral intervention, 

pulmonary artery systolic pressure ≥ 70 mmHg, severe tricuspid regurgitation, or severe 

right ventricular dysfunction with evidence of right heart failure. Whilst ejection 

fraction <30% on screening 2D transthoracic echocardiography was an exclusion 

criterion, it was not infrequently the case that intra-operative 3D transoesophageal 

echocardiography found ejection fraction to be <30% in patients who had had ejection 

fraction >30% on screening 2D transthoracic imaging.  All patients provided written 

informed consent and studies were approved by the St. Vincent’s Hospital Research 

Ethics Committee.   

3.2.2. Operative protocol 

Procedures were performed in a hybrid cardiac catheterisation laboratory with patients 

under general anaesthesia, intubated and ventilated.    A multispecialty group 



Pressure, volume and flow: studies of ventricular, valvular and vascular haemodynamics in the human cardiovascular system 

98 
 

comprising cardiologists, cardiac surgeons, cardiac anaesthetists, cardiology nurses, 

cardiac surgery nurses and anesthetics nurses represented the operative team (Figure 

3.2.2.1).  My role in the team as the clinical cardiology and research fellow was to 

ensure appropriate capture of all necessary data at each timepoint, but in between data 

capture I had the opportunity to perform procedural imaging with the transesophageal 

echocardiography probe, under the expert guidance of Dr. Marty Shaw.  Technical 

experts from Tendyne Holdings LLC were also present to talk the team through the 

details of deployment.    
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Figure 3.2.2.1. The operative team at St. Vincent’s Hospital for the Tendyne 
transcatheter mitral valve replacement procedures, comprising cardiologists (lead 
cardiologist A/Prof D. Muller), cardiac surgeons (lead surgeon Dr. P. Jansz), cardiac 
anaesthetists (lead anaesthetist Dr. M. Shaw) and nursing staff.  I am pictured in the 
bottom left panel, facing the camera, carrying my study data clipboard, standing next to 
Dr. Shaw (who is facing away from camera).  Images courtesy of the Sydney Morning 
Herald and National Geographic Australia. 
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Transcatheter implantation of the Tendyne valve (Figure 3.2.2.2) was performed via 

apical access through a 4-5cm anterolateral thoracotomy after pre-operative computed 

tomographic (CT) and echocardiographic planning.   Following apical access, a 

guidewire was inserted into the left ventricle and then the left atrium followed by a 

delivery sheath which contained the compressed valve.   The valve was then flowered in 

the left atrium (Figures 3.2.2.3 and 3.2.2.4) and pulled down into the mitral annulus.  

The apical tether was then secured to the apex using an epicardial pad (Figure 3.2.2.2 

and Figure 3.2.2.5).  This left the final device tensioned into the mitral annulus and 

anchored to the left ventricular apex (Figure 3.2.2.6).  
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Figure 3.2.2.2. Tendyne mitral valve.  Panel A: en face view, Panel B: long axis view. 
The valve is shown in its entirety with a cuff (AC) that rests against anterior left atrial 
wall and aorta.  The valve is attached by a tether (T) which is secured to the left 
ventricular apex via an apical epicardial pad (EP). From Muller et al., 2017.  Copyright 
Elsevier. 

 

 

 

Figure 3.2.2.3. Apical delivery sheath placed into the left atrium, with valve being 
deployed (flowered) into the left atrium before being retracted into the annulus.  Source: 
Tendyne Holdings LLC, a subsidiary of Abbott Vascular. Copyright Tendyne Holdings 
LLC. 
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Figure 3.2.2.4. Flowering of the Tendyne valve as seen on three-dimensional 
transoesophageal echocardiography from the left atrial (“surgeon’s”) view.  Images 
were acquired during one of the Tendyne cases used in the study described in this 
chapter. 

 

 

 

 

 

Figure 3.2.2.5. Artist’s representation of epicardial pad as viewed from the left 
ventricular apex. Source: Tendyne Holdings LLC, a subsidiary of Abbott Vascular. 
Copyright Tendyne Holdings. 
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Figure 3.2.2.6. Three-dimensional computed tomographic image reconstruction of 
Tendyne valve in situ for a patient from the St. Vincent’s Tendyne cohort.  From Otton 
and Muller, 2017. Copyright Elsevier. 
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All patients had intra-operative recording of left ventricular and aortic pressures using 

fluid filled pigtail catheters placed from femoral arterial access points. Swan-Ganz 

catheterization (Edwards Lifesciences, Irvine, CA) via the right internal jugular vein 

was also performed and provided real-time right heart measurements.  Left ventricular 

end-systolic pressure (LVESP) was measured with a pigtail catheter in the left ventricle. 

Timing of end-systole was determined by the incisura on the simultaneously acquired 

aortic pressure trace from the proximal aortic pigtail pressure catheter.  Averages of 10 

consecutive beats were used for acquisition and measurement to account for changes 

due to ventilator (respiratory) cycle variation. Cardiac index (CI) (using continuous 

cardiac output monitoring via thermal filament thermodilution), central venous pressure 

(CVP), pulmonary artery (PA) pressures and mixed venous oxygen saturations (SvO2) 

were measured.   At each of the sampling time-points, three measurements were taken 

and averaged for each of the right heart catheter parameters. 

Left ventricular volume was determined by three-dimensional (3D) transoesophageal 

echocardiography (TOE).  The TOE probe was placed at the beginning of the case and 

remained in a stable position in the mid-esophagus throughout the procedure.  End-

systole on TOE was determined by a combination of mitral valve position, LV cavity 

size and electrocardiographic gating, in accordance with consensus recommendations 

(American Society of Echocardiography, 2005). 

Pressure-volume measures were used to assess left ventricular contractility (McKay et 

al., 1984; Guarracino et al..2013; Chirinos, 2013; Aurigemma et al., 1995; Chen et al., 

2001; Hayashi et al., 2000; Gorcsan III et al., 1994). End-systolic elastance of the left 

ventricle (Ees), described previously in section 1.4.1, was defined using simultaneous 

measurements of LVESP and left ventricular end-systolic volume (LVESV).  Single 

beat Ees was calculated using the formula:  Ees =LVESP/LVESV.    
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Left ventricular end-diastolic pressure (LVEDP) and left ventricular end-diastolic 

volume (LVEDV) were used to derive single beat Eed (end-diastolic elastance), a 

measure of left ventricular compliance, using the formula: Eed = LVEDP/LVEDV.   

Additionally, left ventricular end-isovolumetric contraction pressure (LVEICP) and left 

ventricular end-isovolumetric relaxation pressure (LVEIRP) were measured.  LVEICP 

is equivalent to aortic end-diastolic pressure (AoEDP).  Using the difference between 

LVEICP (AoEDP) and LVEDP, coronary perfusion pressure (CPP) was determined. 

Pressure-volume loops were reconstructed using the following four coordinates (1: 

LVESV, LVEIRP; 2: LVESV, LVESP; 3: LVEDV, LVEICP; 4: LVEDV, LVEDP) 

(McKay et al., 1984). In addition to Ees and Eed, which were calculated from coordinates 

2 and 4 respectively, integration of the reconstructed loop allowed calculation of the 

area of the loop from the vertex coordinates (using the surveyor’s formula 

(Braden,1986)), thereby giving instantaneous stroke work (SW).   

Analogous to the derivation of single beat Ees using LVESP and LVESV, the single beat 

preload recruitable stroke work relationship slope (Mw) was determined by dividing SW 

by LVEDV, to permit analysis of contractility by another gold standard, load 

independent measure (Karunanithi and Feneley, 2000; Lee et al., 2003).  Arterial 

elastance (Ea) was determined using the ratio of LVESP to stroke volume (SV), as a 

measure of total left ventricular afterload (Chirinos, 2013). At baseline, in the setting of 

severe MR, “arterial” elastance (Ea) includes both left atrial and arterial elastance due to 

a component of retrograde SV into the left atrium. 

3.2.3. Statistics  

Because not all parameters evaluated were normally distributed, non-parametric 

significance testing (Wilcoxon Signed-Rank test) with post-hoc Bonferroni correction 



Pressure, volume and flow: studies of ventricular, valvular and vascular haemodynamics in the human cardiovascular system 

106 
 

was used for pairwise comparisons across the timepoints studied (SPSS Version 24, 

IBM Corporation, Armonk, NY).  Significance was taken at p<0.05.  Values are 

reported as mean+SD and median. 
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3.3.Results 

Table 3.3.1 summarizes the patient demographics.  The age of the cohort was 75.8+10.2 

years (range 55-91 years).  All patients had secondary MR, predominantly due to 

ischemic leaflet tethering. All had extensive non-cardiovascular comorbidities and well-

established cardiovascular disease. The Society of Thoracic Surgeons predicted risk of 

mortality (STS-PROM) score for mitral valve replacement was 9.4±6.3%.  All patients 

had echocardiographic grade 4+ MR pre-operatively, and all patients had complete 

abolition of MR post valve implantation.   
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Table 3.3.1.  Baseline demographics and valve pathology. 

 
  
 Age (yrs) 75.8+10.2 
  
 Gender 
  Male 88.9% (8/9) 
  Female 11.1% (1/9) 
 
 Co-morbidities 
  Diabetes mellitus 11.1% (1/9) 
  Chronic kidney disease (eGFR <60 ml/min) 33.3% (3/9) 
  Chronic obstructive pulmonary disease 22.2% (2/9) 
  Atrial fibrillation 44.4% (4/9) 
  Prior stroke 0.0% (0/9) 
  Prior myocardial infarction 77.8% (7/9) 
  Body mass index (kg/m2) 25.2+5.1  
  
  Prior treatment  
  Prior percutaneous revascularization only 22.2% (2/9) 
  Prior coronary artery bypass surgery 55.6% (5/9)  
  Prior ICD/CRT-D 22.2% (2/9) 
  
 STS predicted risk of mortality (%) 9.4+6.3  
   
 NYHA functional class 
  I 0.0% (0/9) 
  II 0.0% (0/9) 
  III 100.0% (9/9) 
  IV 0.0% (0/9) 
  
 Mitral valve pathology 
  Primary  0.0% (0/9) 
  Secondary - ischemic 77.8% (7/9) 
  Secondary – non-ischemic 22.2% (2/9) 
  
  Severity of Mitral Regurgitation 
  None/trivial 0.0% (0/9) 
  1+ 0.0% (0/9) 
  2+ 0.0% (0/9) 
  3+ 0.0% (0/9) 
  4+ 100.0% (9/9) 
  
 
Values are mean+SD (N) or % (n/N). Abbreviations: CRT-D: cardiac resynchronization therapy 
with defibrillator (biventricular permanent pacemaker with defibrillator); eGFR = estimated 
glomerular filtration rate; ICD = implantable cardioverter/defibrillator; NYHA = New York 
Heart Association; STS = Society of Thoracic Surgery.  
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Agents used to maintain anesthesia were similar between cases.  Inotrope and 

vasopressor support were used intra-operatively in 7 patients either as a low-dose 

infusion (n=6) or as intermittent low-dose bolus administration (n=1) (Table 3.3.2).  

Five patients were in sinus rhythm throughout the procedure and 3 patients were in 

ventricular paced rhythm.  Although there were 2 patients in atrial fibrillation, one had 

ventricular pacing via temporary pacing wire to maintain stable ventricular rate. 

Existing implantable cardioverter-defibrillator leads were used in two other patients to 

pace at a stable rate throughout the procedure.  Median time interval from valve 

deployment to recording of immediate post-deployment data was 1 minute (range 1-

25mins), and median time from baseline to late post-deployment data recording was 17 

minutes (range 10-36 mins) (details in Table 3.3.2).   
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Table 3.3.2. Intra-operative conditions. 

Patient Anesthetic 
Agents 

Inotrope/Vasopressor Rhythm Time to 
immediate 

post-
deployment 

measures 
(min) 

 

Time to late 
post-

deployment 
measures 

(min) 

1 Midazolam, 
Fentanyl, 
Propofol, 
Pancuronium 
 

Dobutamine (stable 5 
mcg/kg/min) 
 

Paced 
90bpm† 

1 17 

2 Midazolam, 
Fentanyl, 
Propofol, 
Pancuronium 
 

Nil baseline but 
adrenaline and 
noradrenaline boluses 
given post valve 
deployment 
 

Paced 
90bpm† 

1 15 

3 Midazolam, 
Fentanyl, 
Propofol, 
Rocuronium, 
Sevoflurane 
 

Nil  
 

Sinus 
rhythm 

25 36 

4 Midazolam, 
Fentanyl, 
Propofol, 
Cisatracurium, 
Sevoflurane 
 

Noradrenaline* 
 

Sinus 
rhythm 

1 34 

5 Midazolam, 
Fentanyl, 
Propofol, 
Cisatracurium, 
Sevoflurane 
 

Dobutamine (stable 10 
mcg/kg/min) plus 
noradrenaline* 
 

Atrial 
fibrillation 

1 14 

6 Midazolam, 
Fentanyl, 
Propofol, 
Cisatracurium, 
Sevoflurane 
 

Adrenaline* 
 

Paced 
80bpm‡ 

1 13 

7 Midazolam, 
Fentanyl, 
Propofol, 
Cisatracurium, 
Sevoflurane 
 

Dobutamine, 
adrenaline, 
noradrenaline* 
 

Sinus 
rhythm 

1 10 

8 Midazolam, 
Fentanyl, 
Propofol, 
Rocuronium, 
Pancuronium, 
Sevoflurane 
 

Nil  
 

Sinus 
rhythm 

1 17 

9 Midazolam, 
Propofol, 

Adrenaline * Sinus 
rhythm 

12 26 
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Fentanyl, 
Cisatracurium, 
Sevoflurane 
 

 

*Infusion rates varied intra-operatively; †Using existing right ventricular cardioverter-defibrillator lead; ‡ 
Using right ventricular temporary pacing wire (underlying atrial fibrillation).  Immediate post valve 
measurements for patients 3 and 9 were delayed due to technical factors. 

 

 

 

Tables 3.3.3 and 3.3.4 summarize hemodynamic changes intra-procedurally. LVEDP 

and other left heart pressures remained stable throughout valve deployment.  Right heart 

catheter parameters also demonstrated stability, with no significant change in CVP, 

mean PA pressure, CI or SvO2.  CVP was elevated at baseline but did not change 

throughout the procedure.  There was an immediate increase in absolute and indexed 

LVESV following TMVR (absolute LVESV mL: [121+46.2, median 113.2] vs. 

[144.1+46.3, median 135.9] ; p<0.05) but LVESV returned to baseline by the time late 

post deployment measures were taken such that there was no significant difference 

between baseline and late post deployment values.  There was a significant reduction in 

EF from baseline to immediate and late post deployment timepoints (EF %: [32.2+10.1, 

median 31.0] vs. [26.9+11.1, median 26.8] vs. [24.4+9.2, median 25.5]; p<0.05 at 

immediate and late timepoints compared to baseline) but forward stroke volume was 

preserved throughout the procedure.  Ees decreased immediately after valve replacement 

(Ees mmHg/mL: [0.8+0.5, median 0.6] vs. [0.6+0.3, median 0.5]; p<0.05) as did Mw 

(Mw mmHg: [17.1+6.9, median 14.1] vs. [13.7+6.8, median 12.9]; p<0.05) but these 

parameters subsequently stabilized such that there were no significant differences 

between baseline and late post deployment values for either measure.  There were no 

significant changes in Eed post TMVR. 
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Table 3.3.3.  Left and right heart catheter parameters during transcatheter mitral valve 
replacement. 

 Baseline Immediately 
post TMVR 

Late post TMVR Sig. 

     
LVESP (mmHg) 81.6+15.5 

77.5 (53.7-103.5) 
79.1+22.5 

72.7 (50.1-128.2) 
84.2+14.2 

78.9 (65.1-110.7) 
 

NS 

LVEDP (mmHg) 17.8+4.3 
17.2 (9.5-23.2) 

18.4+4.8 
17.3 (9.8-27.7) 

19.2+5.0 
20.4 (11.1-26.6) 

 

NS 

Coronary perfusion 
pressure (mmHg) 

39.7+11.8 
39.4 (19.3-57.5) 

39.4+16.0 
35.5 (21.1-69.2) 

41.8+13.5 
42.9 (21.2-61.8) 

 

NS 

SvO2 (%) 78.8+7.2 
82.0 (62.0-85.0) 

78.1+7.0 
80.0 (61.3-85.0) 

79.0+6.2 
80 (65.0-86.0) 

 

NS 

Mean PA pressure 
(mmHg) 

32.3+8.6 
28.0 (22.0-46.0) 

36.4+13.6 
31.5 (24.0-60.0) 

34.9+9.5 
30.5 (24.0-49.0) 

 

NS 

CVP (mmHg) 15.7+3.8 
17.0 (8.0-21.0) 

 

16.7+4.6 
17.0 (10.0-25.0) 

15.2+2.6 
16.0 (11.0-18.0) 

NS 

Data are mean+SD and median (range).   

Abbreviations: CVP: central venous pressure; LVEDP: left ventricular end-diastolic pressure; 
LVESP: left ventricular end-systolic pressure; PA: pulmonary artery; SvO2: mixed venous 
oxygen saturation; TMVR: transcatheter mitral valve replacement; NS=not significant.  
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Table 3.3.4.  Volumetric and pressure-volume parameters during transcatheter mitral 
valve replacement. 

Parameter Baseline Immediately 
post TMVR 

Late post 
TMVR 

Sig. 

     
LVEDV (ml) 174.8+53.7 

150.2 (111.8-
246.8) 

 

197.4+60.6 
162.3 (141.9-

315.6) 

176.5+42.0 
171.7 (117.5-

256.8) 

NS 

LVESV (ml) 121.0+46.2 
113.2 (49.2-

184.9) 
 

144.1+46.3 
135.9 (74.8-

225.6) 

134.7+37.6 
141.9 (69.6-

177.9) 

p<0.05† 

LVEDVI 
(ml/m2) 

93.3+26.0 
92.1 (55.0-

143.1) 
 

104.6+24.1 
87.7 (67.3-166.1) 

94.1+17.7 
101.9 (51.6-

135.2) 

NS 

LVESVI 
(ml/m2) 

64.7+23.9 
59.6 (27.3-

113.4) 
 

76.7+21.1 
75.1 (41.6-118.7) 

72.2+19.4 
85.7 (37.4-101.5) 

p<0.05† 

LVEF (%) 32.2+10.1 
31.0 (20.7-56.0) 

 

26.9+11.1 
26.8 (14.1-50.1) 

24.4+9.2 
25.5 (13.8-40.8) 

p<0.05†‡ 

Forward SV* 
(ml) 

46.5+18.7 
41.1 (27.6-70.8) 

 

49.5+17.8 
45.4 (26.4-73.1) 

48.4+12.6 
48.1 (27.6-64.4) 

NS 

CI (L/min/m2) 1.7+0.5 
1.9 (1.1-2.5) 

 

1.8+0.4 
1.7 (1.3-2.4) 

1.9+0.3 
1.9 (1.3-2.4) 

NS 

HR (beats/min) 72.9+14.7 
71 (51-90) 

 

72.8+15.7 
71 (54-92) 

74.6+13.4 
73 (57-90) 

NS 

Ees (mmHg/ml) 0.8+0.5 
0.6 (0.4-1.9) 

 

0.6+0.3 
0.5 (0.3-1.3) 

0.7+0.3 
 0.6 (0.4-1.3) 

p<0.05† 

Eed (mmHg/ml) 0.1+0.0 
0.1 (0.1-0.2) 

 

0.1+0.0 
0.1 (0.1-0.2) 

 

0.1+0.0 
0.1 (0.1-0.2) 

 

NS 

SW (mmHg.ml) 2820.4+792.2 
3277.2  

(1210.7-3602.6) 
 

2665.0+1243.9 
2705.1  

(583.3-4361.6) 

2320.5+947.2 
2277.2  

(1245.5-4397.1) 

NS 

Mw (mmHg) 17.1+6.9 
14.1 (9.1-32.2) 

 

13.7+6.8 
12.9 (3.6-29.1) 

13.3+4.7 
13.4 (7.7-21.2) 

p<0.05† 

Ea (mmHg/ml) 1.6+0.5 
1.6 (0.9-2.1) 

 

2.0+1.7 
1.5 (0.8-6.4) 

2.3+1.0 
1.9 (1.0-3.9) 

NS 

*Determined by thermofilament (Swan-Ganz); † p<0.05 baseline vs. immediate; ‡ p<0.05 baseline vs. 

late. Data are mean+standard deviation and median (range). Abbreviations: CI: cardiac index; Ea: arterial 
elastance; Eed: end-diastolic elastance; Ees: end-systolic elastance; LVEDV: left ventricular end-diastolic 
volume; LVEDVI: left ventricular end-diastolic volume index; LVEF: left ventricular ejection fraction; 
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LVESV: left ventricular end-systolic volume; LVESVI: left ventricular end-systolic volume index; 
NS=not significant; Mw: preload recruitable stroke work relationship; SV: stroke volume; SW: stroke 
work. 

 

Figures 3.3.1 and 3.3.2 show the cohort distribution of change by subject in LVESV and 

Ees, respectively.  Figure 3.3.3 shows the reconstructed mean pressure-volume loop for 

the cohort at each time-point, calculated as described in Methods.  A smoothed curve 

was fitted for graphical display.  The key observations are a rightward shift of the loop 

immediately post-deployment (reflecting acute ventricular dilatation) followed by a 

return to baseline, in combination with relative stability in vertical position and height 

of the loops (absolute and relative left ventricular pressures) throughout the procedure.   

 

 

 

 

Figure 3.3.1. Intraprocedural change in left ventricular end-systolic volume (LVESV) 
across the cohort (data for individual patient 1-9 and mean data [dashed] presented). 
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Figure 3.3.2. Intraprocedural change in end-systolic elastance (Ees) across the cohort 
(data for individual patient 1-9 and mean data [dashed] presented). 
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Figure 3.3.3. Reconstructed mean pressure-volume loops for entire cohort showing 
immediate rightward shift (ventricular dilatation) with a subsequent return to baseline 
with stable vertical loop height and position (indicating stable left ventricular 
pressures).   
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3.4.Discussion 

3.4.1 Acute effects of mitral valve replacement in the beating heart 

This study evaluated the intra-procedural effects of abrupt abolition of mitral 

regurgitation on parameters of left ventricular performance in a cohort of patients 

considered to be at high risk for conventional mitral valve surgery.  In this cohort, 

although there was an immediate effect on left ventricular performance manifest as 

ventricular dilatation (LVESV and indexed LVESV, p<0.05) and reduction in 

contractility (p<0.05 for Ees and Mw) following TMVR, the left ventricle was able to 

adapt such that these changes returned to baseline by a median time of 17 minutes – 

such that there were no significant differences from baseline at this timepoint for any of 

these parameters.  Furthermore, left and right heart pressures, cardiac index, forward 

stroke volume, mixed venous oxygen saturations and left ventricular compliance 

remained remarkably stable considering the high-risk nature of our cohort and despite 

the tethering mechanism of the Tendyne mitral valve (Muller et al., 2017; Regueiro et 

al., 2017). 

The reduction in ejection fraction through the study is not unexpected.  Following mitral 

valve replacement, the abolition of retrograde stroke volume and dilatation of the 

ventricle results in reduced ejection fraction.  Such a phenomenon is a clear example of 

why ejection fraction is in fact a marker of the interaction between left ventricular 

contractility and load rather than an isolated marker of left ventricular contractility.  

These findings support the observations of others, which highlight the limitations of 

ejection fraction as an index of left ventricular contractile state in the context of severe 

mitral regurgitation or any state of load variation (Quintana et al., 2014; Konstam and 

Abboud, 2017).  
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The cohort size was small, but our measurements were rigorous, averaged over multiple 

measurements and done with as much control of confounding factors as feasible.  The 

small cohort size reflects the very preliminary nature of off-pump transcatheter mitral 

valve replacement, which is still in the phase of early feasibility trials.  Numerous 

parameters of cardiac performance were measured using left and right heart 

catheterization and 3D-TOE.  The pressure-volume parameters reported in this study 

were calculated using pressure measurements from fluid-filled catheters in the left 

ventricle and aorta combined with simultaneous left ventricular volume data from three-

dimensional transoesophageal echocardiography.   Conductance catheters were not used 

to determine left ventricular volumes because of the potential for the metal valve 

prosthesis to interfere with intra-ventricular electrical conductance, and because of 

concerns that trans-apical delivery of the prosthesis could alter the conductance catheter 

position within the ventricle, thereby introducing measurement error.  The impact on 

volume assessment of alterations in left ventricular geometry related to the apical tether 

was also unknown. Instead of electrical conductance, 3D-transoesophageal 

echocardiographic endocardial border detection was used to determine intra-operative 

left ventricular volumes.  3D-echocardiography has been shown to be robust and 

comparable to cardiac magnetic resonance in determining accurate LV volumes 

(Thomas and Popovic, 2006; Thavendiranathan et al., 2012; Lang et al., 2006; Jenkins 

et al., 2007; Thavendiranathan et al., 2013). It has also been shown to be the most 

reliable echocardiographic measure with regards to inter- and intra-observer variability 

in tracking temporal change in ventricular volume (Thavendiranathan et al., 2013). 

To my best knowledge, only one other study that has performed measures of the LV 

pressure-volume relationships in the immediate period after intervention for mitral valve 

regurgitation in the clinical setting. In the study of Gaemperli et al. (2013), pressure-
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volume loops were recorded using conductance catheters before and after MitraClip 

implantation. That study also showed an increase in LV end-systolic volume and a 

decline in LVEF post-intervention.  Ees did not change in the study by Gaemperli et al. 

(2013) but Mw fell.  Post-intervention measurements were recorded at only one time-

point (time unspecified), so immediate effects prior to adaptive responses were perhaps 

not appreciated. Of note, the population studied by Gaemperli et al. included both 

degenerative (n=16) and functional (n=15) mitral regurgitation, with considerably better 

baseline left ventricular function and hemodynamic state than in our patient population. 

In particular, the LVESV was much lower in their study in comparison to ours (57 vs 

121 ml), the baseline LVEF was higher (55 vs 32%), and the cardiac index was higher 

(2.6 vs 1.8 L/min/m2).    Importantly also, abolition of MR was not achieved in the 

study of Gaemperli et al. (2013) Echocardiography performed 69+48 days post-

intervention in a subset of 22 patients showed residual MR in all patients, with grade 2-

4+ MR in 7 (32%).   

3.4.2 Limitations 

In contrast to animal studies, where Ees and Mw are traditionally measured using 

multiple sequential recordings with variation in preload using inferior vena caval 

occlusion, this study used the single beat approach which is more widely used in clinical 

studies due to its superior feasibility, efficacy and safety in the human heart failure 

setting (Chirinos, 2013; Aurigemma et al., 1995; Chen et al., 2001; Hayashi et al., 2000; 

Gorcsan III et al., 1994; Karunanithi and Feneley, 2000; Lee et al., 2003). The single-

beat method assumed a zero volume-axis intercept in calculating both Ees and Mw . 

Such approximations in single-beat estimates of elastance carry limitations.  Despite 

extensive validation of single-beat approaches in the studies described above, others’ 

data have questioned whether test precision and predictive value is reliable and whether 
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sensitivity to inotropic variation is adequate (Kjorstad et al., 2002). We compared 

measurements at three timepoints within each subject.  Thus, it is the relative change in 

parameters within each subject rather than the absolute values of the parameters that are 

most important.  Further still, multi-beat analyses are impractical and ineffective in 

human clinical studies for reasons described in section 1.4.1.  Gaemperli et al. (2013) 

used the same method we employed.  With this said, the limitations of a single-beat 

approach must be considered in the interpretation of our data. 

While intra-operative conditions were held as stable as possible, intra-operative 

haemodynamic adjustments were necessary using inotrope/vasopressor adjustment 

(Table 3.3.2). When performed, these adjustments were minor, and well within the 

normal scope of practice during routine cardiac surgical intervention.  Heart rate was 

not fixed or regular in all patients. 

This study did not correlate the changes seen with long-term ventricular remodeling or 

patient outcome.  It is possible that more reliable measures of myocardial contractile 

performance, as measured by the pressure-volume relationship, could be predictive of 

patient outcome in the setting of poor baseline hemodynamics. Larger studies with 

longer term follow-up are required to address this question. 

This study evaluated the effects of abrupt abolition of mitral regurgitation parameters of 

left ventricular performance in a high-risk cohort.  The key findings of the study are that 

i) TMVR is highly effective in abolishing mitral regurgitation and ii) this abrupt change 

in hemodynamic state is well tolerated in a population with severely impaired LV 

contractile function at baseline.  The sudden reduction in MR is associated with the 

following: first, an initial increase in LV volume, followed by a return towards baseline; 
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second, a fall in LVEF but preservation of forward stroke volume, cardiac index and 

myocardial contractility as assessed by Ees and Mw.  
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3.5.Conclusions 

TMVR abolished MR in a series of patients with poor baseline hemodynamic 

parameters. Although this resulted in an immediate observation of LV dilatation 

(increased LVESV) and reduction in contractility (Ees and Mw), these changes returned 

to baseline after a median time of 17 minutes.  Left and right heart pressures, forward 

stroke volume, cardiac index and mixed venous oxygen saturations were remarkably 

well preserved.  Even in patients with severely impaired LV contractile performance at 

baseline, the acute hemodynamic effects of TMVR were tolerated and adapted to 

quickly in the off-pump, beating heart setting.   
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Chapter 4 

Use of a general equation relating ventricular volume, ejection fraction, mean 

gradient and aortic valve area to improve the definition of paradoxical low-flow, 

low-gradient aortic stenosis  
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The findings of this chapter form the basis for the manuscript in preparation: 

Namasivayam M, Hayward CS, Muller DWM, Feneley MP. Use of a general 
equation relating ventricular volume, ejection fraction, mean gradient and aortic 
valve area to improve the definition of paradoxical low-flow, low-gradient aortic 
stenosis. [In preparation, journal for submission and final title to be confirmed] 

 

4.1.Background, aim and hypothesis 

A low aortic valve pressure gradient despite severe aortic stenosis (AS) is well 

recognised in patients with a low left ventricular ejection fraction (EF), and results from 

a low stroke volume (Pibarot and Dumesnil, 2012). This is classical low-flow, low-

gradient AS. In 2007, the clinical entity of paradoxical low-flow, low-gradient severe 

AS (PLFLGAS) was described Hachicha et al., the “paradox” being the normal EF in 

these patients. By definition, the stroke volume is low in these patients with a normal 

EF because the end-diastolic volume (EDV) is low. Impaired ventricular filling is 

attributed to diastolic dysfunction in these patients, often with left ventricular 

hypertrophy and high aortic impedance (Pibarot and Dumesnil, 2012; Hachicha et al., 

2007; Kampaktsis et al., 2017; Cote et al., 2017). Low-gradient AS with a normal EF 

has been reported in up to 50% of patients with “severe” AS (Clavel, 2017; Gonzalez 

Gomez et al., 2017)  

The current diagnostic criteria for PLFLGAS include: aortic valve area (AVA) < 

1.0cm2, mean valve gradient (MVG) < 40mmHg, stroke volume index (SVi) < 

35mL/m2 and EF  > 50% (Pibarot and Dumesnil, 2012; Hachicha et al., 2007; 

Nishimura et al., 2014). Although PLFLGAS is recognised in both the American Heart 

Association /American College of Cardiology (AHA/ACC) (Nishimura et al., 2014) and 

the European Society of Cardiology valve guidelines (Vahanian et al., 2012) the 

indications for aortic valve replacement in these patients remain very controversial 
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(Jander et al., 2011; Zoghbi, 2015; Hermann et al., 2013; Zoghbi, 2011; Clavel et al., 

2016; Lancelotti et al., 2016; Bavishi et al., 2016; O’Sullivan and Weneweser, 2014; 

Lauten et al., 2014). Some insist the poor prognosis of severe AS with a low stroke 

volume mandates intervention in PLFLGAS, but others question the true severity of AS 

in many of these patients. Inconsistencies in the diagnostic criteria for PLFLGAS have 

been noted, as have measurement errors that can confound non-invasive diagnostic 

assessment (Mo et al., 2018; Clavel et al., 2013; Ringle et al., 2018; Barasch et al., 

2008; Stahli et al., 2017).  Still more perplexing is the description of low-gradient 

severe AS in the presence of a normal stroke volume (Carabello, 2018; Bleakley and 

Monaghan, 2017; Cote et al., 2017; Clavel, 2017; Carter-Storch et al., 2017; Zusman et 

al., 2018). This study aimed to evaluate the internal consistency of the definition of 

PLFLGAS by relating all its defining characteristics by a generalised formula. The 

hypothesis was that the required end-diastolic volumes to satisfy the defining criteria 

would be non-physiological. 
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4.2.Methods 

An equation for EDV in terms of the parameters that define the syndrome of PLFLGAS 

was derived as follows:  

Stroke volume (SV) can be determined as the product of AVA and the Doppler-derived 

aortic velocity-time integral (VTI): 

SV = AVA x VTI                                                                       (Eq. 1) 

But SV is also the product of EF and EDV, so that: 

EF x EDV = AVA x VTI                                                           (Eq. 2) 

So,  

EDV = (AVA x VTI) / EF                                                         (Eq. 3) 

The VTI is equivalent to the product of the aortic valve mean velocity (Vm) and the 

ejection duration (Tej), so that: 

EDV = (AVA x Vm x Tej) / EF                                                 (Eq. 4) 

The MVG can be determined from Vm and the peak velocity (Vp) with the formula of 

Zhang and Nitter-Hauge (1985): 

MVG = 8Vm2 x [Vp/ (Vp+Vm)]                                                   (Eq. 5) 

The ratio Vm/Vp has a maximum theoretical value of 1.0 and a minimum theoretical 

value of 0.5 (triangular ejection velocity with early systolic peak with no stenosis). For 

more realistic ejection velocity profiles in severe aortic stenosis, where MVG is 

approximately two-thirds the peak gradient, Vm/Vp  is approximately 0.77 (Chambers 

et al., 2005). Substituting the maximum and minimum values for Vm/Vp  into Equation 

5, MVG must lie between 4Vm2 and 5.33Vm2 (4.52Vm2 for Vm/Vp 0.77), where Vm is 
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measured in metres/second. Rearranging Equation 5, Vm can be determined in 

centimetres/second as √(MVG / k) x 100, where k lies between 4 and 5.33. Substituting 

for Vm in Equation 4, therefore, EDV in mL (cm3) can be calculated from AVA (cm2), 

√(MVG/k) x 100 (cm/second) and Tej (seconds):  

EDV = (AVA x √(MVG/k) x 100 x Tej) / EF                            (Eq. 6) 

Studies have shown that Tej is approximately 0.3 seconds in aortic stenosis (SD 10%) 

(Hachicha et al., 2007; Bache et al., 1973), so that: 

EDV = (AVA x √(MVG/k) x 30) / EF                                       (Eq. 7) 

The maximum EDV that satisfies the current criteria for PLFLGAS can now be 

determined by substituting the cut-off values for each of the parameters in Equation 7: 

AVA 1.0cm2, MVG 40mmHg and EF 50% (0.5): 

EDV < 1.0 x √(40/k) x 30 / 0.5                                                  (Eq. 8) 

Or, 

EDV < 60√(40/k)                                                                       (Eq. 9) 

 

 

 

  



Pressure, volume and flow: studies of ventricular, valvular and vascular haemodynamics in the human cardiovascular system 

128 
 

4.3. Results 

Having defined Equation 9, by substituting the maximum and minimum k values in 

Equation 9, the maximum EDV compatible with the syndrome of PLFLGAS, as 

currently defined, is between 164mL and 190mL, values that are toward the high end of 

the normal EDV range for men, and above the normal range for women (Lang et al., 

2005). With EF > 0.5, the corresponding stroke volumes would exceed 82mL and 

95mL, respectively, again values that are not lower than the normal range. Normalised 

to average body surface area for men and women (Verbraecken et al., 2006), these 

stroke volumes correspond to a SVi between 44mL/m2 and 58mL/m2 – i.e. values 

exceeding the defining requirement of PLFLGAS for SVi: < 35mL/m2.  

If this essential criterion for SVi being < 35mL/m2 is imposed, it follows that the cut-off 

values for either the AVA (1.0cm2) or the MVG (40mmHg), or both, must be reduced to 

render the diagnostic criteria for PLFLGAS internally consistent. 

Table 4.3.1 shows the results of the analysis of these options. Reducing the MVG cut-

off in 5 mmHg steps to 30 mmHg had little impact. Reducing the AVA cut-off in 

0.1cm2 steps to 0.7 cm2 was more effective, but a stroke volume index < 35mL/m2 

could be achieved consistently only with the combination of AVA < 0.7cm2 and MVG 

< 30mmHg. 
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Table 4.3.1. Analysis of variations in the diagnostic criteria for PLFLGAS. 

 MVG       AVA                EDV                    SV                           SVI  

mmHg       cm2                 mL                       mL                          mL/ m2 

 

 

  40            1.0           164-178-190            82-89-95                     44-47-54-56        

  35            1.0           154-167-177               77-84-89                     41-45-51-54                                                                                  

  30            1.0           142-155-160               71-78-80                     38-41-47-48                                                                              

  40            0.9           148-161-171               74-81-86                     39-43-49-52                                                                                                  

  40            0.8           131-143-152               66-72-76                     35-38-44-46                                                                                                                           

  40            0.7           115-125-133               58-63-67                     31-34-38-41  

  30            0.8           114-124-131               57-62-66                     30-33-38-40 

  30            0.7           100-108-116               50-54-58                     27-29-33-35 

MVG, mean aortic valve gradient; AVA, aortic valve area; EDV, left ventricular end 
diastolic volume; SV, stroke volume; SVI, stroke volume index. Values shown for 
EDV, SV and SVI are the full range possible in small font (k values 4.0 and 5.33 in 
Equation 7), with the values in larger font typical for severe aortic stenosis (k = 4.52, 
the two values for the SVI reflect the different body surface areas of males and 
females).  
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4.4.Discussion 

4.4.1. The challenges of accurately diagnosing PLFLGAS 

The description of PLFLGAS in 2007 (Hachicha et al., 2007) has fostered new 

understanding of the mechanisms of aortic stenosis and drawn attention to the 

importance of considering flow state when assessing aortic stenosis severity, even when 

EF is normal.  The diagnosis of truly severe aortic stenosis is challenging when markers 

of severity are discordant.   Cut-off AVA values for severe aortic stenosis have varied 

widely in the literature, from 0.7cm2 to 1.0cm2, or 0.4cm2/m2 to 0.6cm2/m2 (Mo et al., 

2018; Dahl et al., 2015). This study’s analysis demonstrates that an AVA < 0.7cm2 and 

MVG < 30mmHg are required to ensure that the defining criterion of a low SVi is met.   

The observations of this study are supported by a number of real world clinical 

observations. In the original description of PLFLGAS by Hachicha et al. (2007), the 

average AVA was 0.76cm2, or 0.42cm2/m2, and the average MVG was 32mmHg.  The 

findings of Jander et al. (2011) and associated editorial commentaty of Zoghbi (2011) 

argued that stricter AVA and gradient criteria as we propose would lead to more 

accurate classification of truly severe AS in PLFGLAS, and that many people currently 

being diagnosed with PLFLGAS in fact have moderate AS explaining their similar 

prognostic trajectory.   Barasch et al. (2008) showed that patients with low-gradient AS 

with an MVG <30mmHg had a mean AVA of 0.85cm2 had higher mortality than 

patients with MVG >30 mmHg.  Mo et al. (2018) showed that changing the AVA cutoff 

to 0.8cm2 from 1.0cm2 led to correction of area-flow-gradient inconsistencies in 

discordant AS. Carabello (2002) used the Gorlin formula to show that an AVA of 

0.8cm2 rather than 1.0cm2 corresponded to an MVG of 40mmHg.  Stahli et al. (2017) 

showed that enhanced measurement of stroke volume using computed tomography and 
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Doppler led to more accurate classification of PLFLGAS which was overestimated by 

up to 3.4 fold by 2D echocardiography measures of stroke volume.  Earlier work by 

Galan et al. (1991) showed that the majority of symptomatic patients with AS have 

AVA <0.75cm2, with considerably less patients with AVA 0.75-1.0cm2 requiring 

intervention. 

The findings presented in this study suggest that patients who have AVA between 0.7-

1.0 cm2 and MVG between 30-40mmHg whilst EF >0.5 cannot mathematically have 

SVi <35mL/m2 at reference range body surface area and left ventricular ejection times.  

But such measurements are being routinely obtained and diagnoses of PLFGLAS are 

being made in these patients, potentially leading to interventions in these patients.  It is 

likely that in this subgroup, measurement error is likely to have played a role leading to 

this constellation of measures which are inherently mathematically inconsistent.  These 

errors may be in underestimating SVi or AVA due to underestimation of left ventricular 

outflow tract area for use in the continuity equation, by underestimating gradients due to 

technical difficulties during Doppler measurement or by erroneous calculation of body 

surface area (or a combination of all of these) (Zoghbi et al., 1986; Clavel et al., 2017). 

Whilst Jander et al. (2011) showed comparable prognosis of PLFLGAS patients, as 

currently defined, and patients with moderate AS in a large prospective series, other 

evidence points strongly to the poor prognosis associated with a low stroke volume in 

severe aortic stenosis regardless of the EF (Hermann et al., 2013; Eleid et al., 2015).  

So, it is important not to miss any patients with true severe AS who have a low stroke 

volume.  Further still, consideration of transvalvular flow rate is important in 

determining true AS severity in discordant AS (Blais et al., 2006; Kusunose et al., 2017; 

Vamvakidou et al., 2018; O’Sullivan and Spitzer, 2018).  This is because it is ultimately 
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the flow rate that determines the gradient for any given anatomic orifice area (Voelker 

et al., 1995). 

Unfortunately, stroke volume and AVA measurements by Doppler echocardiography 

are prone to significant error (Mo et al., 2018; Clavel et al., 2013; Ringle et al. 2018; 

Barasch et al., 2008; Stahli et al., 2017). Independent verification of a low stroke 

volume estimate is essential. Alternative methods include Simpson’s method, three-

dimensional echocardiography, Fick calculation, thermodilution, combined computed 

tomography/Doppler approaches and magnetic resonance imaging (Clavel et al., 2017). 

Augmenting the low stroke volume with dobutamine or preload augmentation may aid 

correct categorisation of AS severity by echocardiography (Blais et al., 2006; Kusunose 

et al., 2017). Ultrasonic planimetry of the AVA may be compromised by valve 

calcification but measuring the degree of valve calcification by computed tomography 

can provide an independent assessment of AS severity (Clavel et al., 2013). 

It has been proposed that a high aortic impedance could account for the phenomenon of 

a reduced MVG in severe AS despite a normal stroke volume (Cote et al., 2017; Clavel, 

2017). This proposition can be assessed by rearranging Equation 7 to provide the 

following equation for the stroke volume:  

SV = AVA x √MVG x K                                                   (Eq. 10) 

where K is a constant. For any given AVA, it is clear from Equation 10 that any 

reduction in MVG with increased aortic impedance would require a reduction in the 

stroke volume proportionate to the reduction in √MVG. Recent experimental evidence 

confirms this prediction: increasing the aortic impedance in pigs with critical AS 

reduced √MVG by 25%, consistent with the concomitant 28% reduction in the stroke 

volume index (Cote et al., 2017). Notably, AVA estimated with the continuity equation 



Pressure, volume and flow: studies of ventricular, valvular and vascular haemodynamics in the human cardiovascular system 

133 
 

did not change with the reduced stroke volume secondary to increased aortic impedance 

under these tightly controlled experimental conditions (Cote et al., 2017).  Equation 10 

shows that the MVG is inextricably linked to the stroke volume for any given AVA. 

This raises fundamental questions about the proposed entity of severe aortic stenosis 

despite normal flow (Carabello, 2018; Bleakley and Monaghan, 2017; Carter-Storch et 

al., 2017; Zusman et al., 2018). This befuddling new entity may be another situation 

where calculation of transvalvular flow rate may be of considerable value. 

4.4.2. Limitations 

The results of this study are based on derivations alone without direct in vitro, in vivo or 

clinical data, hence findings must be interpreted in this hypothesis generating context. 

Nonetheless, the derived observations are based on robust and established physiological 

principles and are supported by numerous independent real world observations in 

patients as described above.  The Zhang and Nitter-Hauge equation (Zhang and Nitter-

Hauge, 1985) was used to determine Vm from MVG which is validated but is 

nonetheless a mathematical approximation.  An ejection time of 0.3 seconds was used in 

the setting of aortic stenosis.  This is supported by population data, but in individual 

patients, ejection time may vary.  It is reasonable to consider this an acceptable 

limitation when attempting to make a generalised defining relationship between 

variables at population level, much like most echocardiographic parameter definitions 

which are set from such generalisations.   

4.4.3 Future directions 

Prospective data evaluating outcomes by these newer criteria are required in order to 

directly validate our proposals.  Future studies must also incorporate and evaluate newer 

methods to resolve discordant AS including three-dimensional echocardiography, 
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computed tomography, magnetic resonance imaging and transvalvular flow rate 

measurement (Clavel et al., 2017).  Recent work by Johnson et al. (2018) using 

advanced haemodynamics also reminds us that the ‘gold standard’ measurements of 

AVA and MVG used ubiquitously should be continually questioned (Reddy and 

Nishimura, 2018). Newer ways to better quantify functional valvular load in AS must be 

developed. Finally, it is worth noting the thoughts of Carabello (2018) who recently 

reminded us that clinical judgement must always supersede the increasingly complex 

quantitative diagnostics in AS. 
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4.5.Conclusions 

PLFLGAS is a complex condition whereby severe AS may exist despite low measured 

aortic valve gradients, which are discordant with a low measured AVA due to a 

paradoxically low-flow state in the absence of impaired ejection fraction. The current 

criteria used to define PLFLGAS are not internally consistent, whereby SVi <35mL/m2 

cannot be achieved at an AVA <1.0cm2, an MVG <40 mmHg and an EF > 0.5, at 

population reference range body surface areas and left ventricular ejection times.  

Revising the criteria to AVA < 0.7 cm2 and MVG < 30mmHg makes the definition 

physiologically and mathematically internally consistent.  When PLFLGAS is 

diagnosed with SVi <35mL/m2, AVA between 0.7-1.0 cm2, MVG between 30-40mmHg 

and EF > 0.5, the accuracy of measurement should be questioned as these values are 

mathematically inconsistent.  This study’s observations support numerous existing 

clinical observations in patients, however prospective data are required to validate the 

proposals described and to determine whether such a revision in criteria can lead to 

better patient diagnosis and management. 
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Chapter 5 

Non-invasive assessment of ventricular pressure-volume and aortic pressure-flow 

relationships using simultaneous arterial tonometry and cardiovascular magnetic 

resonance imaging 
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The findings of this chapter form the basis for the following manuscripts: 

Namasivayam M, Adji A, Lin L, Hayward CS, Feneley MP, O’Rourke MF, 
Muller DWM, Jabbour A. Non-invasive quantification of ventricular 
contractility, arterial elastic function and ventriculo-arterial coupling from a 
single diagnostic encounter using simultaneous arterial tonometry and magnetic 
resonance imaging. Cardiovascular Engineering and Technology (Springer 
Nature). 2019; Accepted. 

 

Namasivayam M, Hayward CS, Muller DWM, Jabbour A, Feneley MP. 
Ventricular-vascular coupling ratio is the ejection fraction in disguise. Journal of 
the American Society of Echocardiography (Elsevier). 2019;32:791. 

 

5.1. Background, aims and hypothesis 

Reliable assessment of cardiovascular performance is vital to the clinician and 

researcher alike.  In an era where heart failure is increasingly burdening the health 

systems of nations worldwide (Savarase and Lund, 2017), accurate quantification of left 

ventricular (LV) performance is important for diagnostic and management purposes. 

Ejection fraction (EF) (the ratio of stroke volume to left ventricular end-diastolic 

volume) has traditionally been used to quantify left ventricular (LV) contractile 

performance. However, EF is highly influenced by cardiac loading conditions (both 

preload and afterload) and can vary widely due to change in loading states despite little 

change in intrinsic contractility (Konstam and Abboud, 2017). Even the increasingly 

popular measure of LV strain is influenced by ventricular loading conditions (Donal et 

al., 2009; Fredholm et al., 2017).  As described earlier (section 1.4), load independent 

assessment of LV performance requires simultaneous measurement of LV pressure and 

volume, in order to determine the relationship between these two parameters at various 

points in the cardiac cycle.  Traditionally, this approach has required invasive 

measurement which is cumbersome, risky and expensive, making it difficult to apply 

widely.  Some investigators have used estimations of LV pressure from cuff systolic 
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blood pressure and LV volumes using two-dimensional echocardiography to determine 

pressure-volume relationships (Ky et al., 2013; Narayan et al., 2016). Although useful, 

this can lead to erroneous estimations and does not make full use of the non-invasive 

armamentarium available to the modern cardiologist. This study sought to use the most 

precise and accurate non-invasive tools available to quantify LV and aortic pressure, LV 

volume, and aortic flow. The aim was to use this data to determine LV pressure-volume 

and aortic pressure-flow relationships.  The hypothesis was that combining arterial 

tonometry and CMRI would provide a feasible and reproducible means of obtaining 

pressure-volume and pressure-flow data from a single encounter. 
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5.2. Methods 

5.2.1. Subjects 

21 consecutive patients referred for cardiovascular magnetic resonance imaging (CMRI) 

were enrolled to undergo a protocol of simultaneous arterial tonometry and CMRI 

volumetric and flow acquisition.  All patients provided written, informed consent and 

all studies were approved by the St. Vincent’s Hospital Research Ethics Committee. 

Patients with aortic stenosis or left ventricular outflow tract obstruction were excluded 

from analysis. Our cohort age ranged from 18 to 79 years with a mean age of 55 years.  

There were 8 women and 13 men. Patients were primarily referred for exclusion of 

cardiomyopathy (18/21).   Other reasons for referral related to the presence of structural 

heart disease: namely, bicuspid aortic valve (1/21), mitral valve prolapse (1/21) and a 

right atrial mass (1/21). 

5.2.2. Haemodynamics 

Arterial tonometry was performed using a standalone (operator independent) CMRI 

compatible wrist tonometer bracelet, custom modified from a Millar SPT-301 high 

fidelity arterial tonometer (Millar Instruments, Houston, Texas). The bracelet was 

applied to the patient’s wrist before scanning occurred.  The patient was also connected 

to a cuff sphygmomanometer which was CMRI compatible. Once a stable pressure trace 

was obtained and retained, the bracelet was left in situ for the duration of the study.  

Using the SphygmoCor 8.1 system (AtCor Medical, Sydney, Australia), radial pressure 

tonometry was calibrated to brachial sphygmomanometer cuff systolic and diastolic 

pressures and converted to aortic pressure waveforms using a validated transfer function 

(Pauca et al., 2001; Wilkinson et al., 1998; Siebenhofer et al., 1999; Agabiti-Rosei et 

al., 2007). This permitted high fidelity measurement of end-systolic pressure (ESP) and 
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other indices.  In the absence of aortic stenosis or left ventricular outflow tract 

obstruction, aortic ESP was taken as equivalent to left ventricular ESP. 

LV volume acquisition and aortic flow acquisition were performed in a 1.5T magnet 

(Siemens Magnetom, Erlangen, Germany) simultaneously with cuff blood pressure 

measurement and wrist bracelet tonometry. LV volume was measured using the short 

axis stack view and aortic flow was measured using phase contrast imaging in the 

ascending aorta at main pulmonary artery level (Nayak et al., 2015).  LV strain was 

quantified using mid-wall circumferential strain.  All CMRI analyses were performed 

using CVI 42 (Circle Cardiovascular Imaging, Calgary, Canada). My thanks to Dr 

Linda Lin who assisted with the analysis of CMRI data. 

Pressure-volume relationships were then calculated using aortic pressures and LV 

volumes (McKay et al., 1984; Guarracino et al., 2013; Chirinos, 2013; Aurigemma et 

al., 1995; Chen et al., 2001; Hayashi et al., 2000).  We quantified LV end-systolic 

elastance (Ees) also known as the end-systolic pressure-volume relationship (ESPVR), 

defined as the ratio between LV end-systolic pressure and volume.  In addition we 

determined stroke work (SW) by multiplying mean ejection pressure (determined from 

arterial tonometry) by stroke volume.  Dividing SW by LV end-diastolic volume 

provided single-beat preload recruitable stroke work relationship (Mw) (Glower et al., 

1985; Karunanithi and Feneley, 2000).  We determined arterial elastance (Ea), a marker 

of left ventricular afterload, by calculating the ratio of end-systolic pressure to stroke 

volume (Kelly et al., 1992). Aortic characteristic impedance and systemic vascular 

resistance (SVR) were determined using MATLAB (MathWorks, Natick, 

Massachusetts) by the relationship of harmonics (Fourier analysis) of aortic pressure 

and aortic flow volume rate (O’Rourke and Taylor, 1967; Patel et al., 1965; Murgo et 

al., 1980).  Flow volume rate was calculated as aortic flow velocity at main pulmonary 
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artery level multiplied by ascending aortic cross-sectional area at main pulmonary artery 

level (as determined on CMRI).  My thanks to Dr Audrey Adji who analysed harmonic 

pressure-flow data using MATLAB software (MATLAB, Natick, Massachusetts, USA). 

Pressure-volume markers of cardiac contractility were correlated to more traditional 

markers (EF and strain) using regression analysis.  In a subset of 5 patients, we 

measured intra-operator and inter-operator variability using intraclass correlation 

coefficient analysis for measurement of LV volume and aortic flow.  These measures 

(volume and flow) are the key drivers for potential variability in intra-operator or inter-

operator measurement of pressure-volume and pressure-flow data, as pressure data is 

operator independent (bracelet tonometer acquisition in the magnet).  Statistical 

analyses were performed using SPSS 25 (IBM Corporation, Armonk, New York). 
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5.3. Results 

5.3.1. Haemodynamics 

Mean data for pressure, volume, flow and other key parameters are presented in Table 

5.3.1.1.  End-systolic elastance and ejection fraction distribution show that our cohort 

represented a spectrum of cardiovascular contractile performance (Figure 5.3.1.1).  

Moreover, it is clear from Figure 5.3.1.1 that in our cohort for a slight increment in EF 

between patients there are marked increases in contractility as measured by Ees – i.e. the 

relationship between EF and Ees is non-linear (Figure 5.3.1.2).  
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Table 5.3.1.1. Descriptive statistics. 

 Mean (SD) Range  
Age (years) 55.5 (17.6) 18-79 
Height (cm) 172.2 (11.2) 150-188 
Weight (kg) 76.1 (13.2) 50.0-93.0 
Body mass index (kg/m2) 25.6 (3.5) 19.1-36.5 
BSA Mosteller (m2) 1.9 (0.2) 1.5-2.2 
Cardiac ejection duration (ms) 324.8 (18.5) 298.3-354.0 
Brachial SBP (mmHg) 133.2 (16.8) 107-164 
Brachial DBP (mmHg) 78.7 (11.2) 59-102 
Aortic SBP (mmHg) 121.8 (18.6) 96-157 
Aortic DBP (mmHg) 80.3 (11.6) 59-104 
Aortic PP (mmHg) 41.5 (11.5) 24-64 
Central mean systolic pressure 
(mmHg) 110.0 (15.6) 88.7-137.0 
Central end systolic pressure (mmHg) 110.3 (17.7) 78.7-141.3 
Central pressure AIx (%) 23.8 (16.0) -10.3-48.0 
Pressure pulse amplification (%) 135.7 (21.2) 107-183 
EF (%) 64.3 (9.2) 39.5-76.4 
LVEDV (mL) 150.1 (42.5) 89.0-254.0 
LVESV (mL) 56.2 (27.7) 21.0-129.0 
SV (MRI) 93.9 (19.8) 60.0-130.0 
SV (flow) 81.8 (17.8) 50.5-119.5 
Ees (mmHg/mL) 2.5 (1.4) 0.8-5.9 
Ea (mmHg/mL) 1.2 (0.3) 0.7-1.8 
Ees:Ea 2.0 (0.7) 0.7-3.2 
SW (mmHg.mL) 9011.4 (2273.2) 5031.7-12232.9 
Mw (mmHg) 62.1 (15.5) 33.1-88.3 
Ao characteristic impedance 
(dyne.s.cm-5) 74.7 (23.0) 30.5-115.3 
SVR (dyne.s.cm-5) 1474.1 (416.3) 502.8-2287.8 
Asc Ao max area (cm2) 7.4 (2.4) 4.2-16.0 
Asc Ao min area (cm2) 6.0 (1.7) 2.4-10.5 
Asc Ao Distensibility 0.25 (0.22) 0.08-1.10 
Asc Ao peak flow velocity (cm/s) 63.2 (17.1) 33.2-100.7 
Asc Ao mean flow velocity (cm/s) 13.6 (3.4) 6.4-20.3 
Asc Ao flow velocity AIx (%) 82.1 (7.5) 61.9-92.6 
Aortic PWV (cm/s) 710.5 (271.3) 330-1416 
Mid LV circ strain (%) -19.7 (4.7) -28.7 – -11.5 
Cardiac index (L/min/m2) 2.8 (0.6) 1.6-3.9 
LV mass index (g/m2) 60.5 (12.3) 41.0-87.0 

Abbreviations: Ao: aortic; Asc Ao: ascending aortic, BSA: body surface area; Ea: arterial 
elastance; Ees: end-systolic elastance; Ees:Ea: ventriculo-arterial coupling ratio; EF: ejection 
fraction; LV: left ventricular; LVEDV: left ventricular end-diastolic volume; LVESV: left 
ventricular end-systolic volume, Mw: preload recruitable stroke work relationship; SV: stroke 
volume; SVR: systemic vascular resistance; SW: stroke work; SBP: systolic blood pressure; 
DBP: diastolic blood pressure; PP: pulse pressure; AIx: augmentation index; PWV: pulse wave 
velocity. 
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Figure 5.3.1.1. Distribution of end-systolic elastance (Ees) and ejection fraction (EF) 
across the entire cohort of 21 displayed in ascending order. 
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Figure 5.3.1.2. Relationship between end-systolic elastance (Ees) and ejection fraction 
(EF). 
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The relationship between Ees, Ea, and Mw to more conventional measures including EF 

and LV circumferential strain are summarised in Table 5.3.1.2.  The relationships 

between pressure-volume parameters and EF are stronger than the relationships to left 

ventricular mid wall circumferential strain, but nonetheless relationships are observed 

and are statistically significant and reasonably well correlated in the expected direction.  

Patients with larger ventricles tended to have lower Ees (Figure 5.3.1.3).   The 

relationship between Mw and Ees is strong as expected (Table 5.3.1.2).   
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Table 5.3.1.2. Pressure-volume and pressure-flow regression analyses. 

Dependent Independent Model Direction R sq. Sig. 

      
Ees 

(mmHg/mL) EF (%) Exponential Positive 0.735 <0.001 
      

Mw (mmHg) EF (%) Linear Positive 0.420 <0.01 
      

Ees 
(mmHg/mL) 

LV mid wall circ. strain 
(%) Exponential Negative 0.535 <0.001 

      

Ees:Ea ratio 
LV mid wall circ. strain 

(%) Linear Negative 0.566 <0.001 
      

Mw (mmHg) 
LV mid wall circ. strain 

(%) Linear Negative 0.464 <0.01 
      

Mw (mmHg) Ees (mmHg/mL) Linear Positive 0.625 <0.001 
      

Ees 
(mmHg/mL) LVEDV (mL) Exponential Negative 0.774 <0.001 

      
SVR 

(dyne.s.cm-5) Ea (mmHg/mL) Linear Positive 0.567 <0.001 
      

SVR 
(dyne.s.cm-5) 

 

Aortic characteristic 
impedance (dyne.s.cm-5) 

 
Linear 

 
Positive  

 
0.345 

 
<0.01 

 
 

Abbreviations: Ea: arterial elastance; Ees: end-systolic elastance; Ees:Ea: ventriculo-
arterial coupling ratio; EF: ejection fraction; LV: left ventricular; LVEDV: left 
ventricular end-diastolic volume; Mw: preload recruitable stroke work; SVR: systemic 
vascular resistance. 
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Figure 5.3.1.3. Relationship between end-systolic elastance (Ees) and left ventricular 
end-diastolic volume (LVEDV). 
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Pressure-flow analysis permitted quantification of aortic characteristic impedance and 

systemic vascular resistance (SVR).  There was a strong relationship between markers 

of LV afterload as measured by pressure-volume analysis (Ea) and pressure-flow 

analysis (SVR) as shown in Table 5.3.1.2 and Figure 5.3.1.4.  The relationship between 

aortic characteristic impedance and SVR was positively correlated but less strong 

(Table 5.3.1.2), possibly reflecting the limitations of a comparison between measures of 

pulsatile load (impedance) and steady state load (SVR). 

 

 

 

 

Figure 5.3.1.4. Relationship between systemic vascular resistance (SVR) determined by 
pressure-flow relationship and arterial elastance (Ea) determined by pressure-volume 
relationship. 
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5.3.2 Reproducibility 

Intra-operator and intra-operator variability analyses were performed in a subset of 5 

patients for LV end-diastolic volume and ascending aortic flow quantification.  As 

shown in Table 5.3.2.1, volumetric and flow measurement using CMRI was extremely 

reproducible, with intraclass correlation coefficients approaching 1 for both intra and 

inter-operator variability for both volume and flow measurement.  As pressure 

acquisition was operator independent, it follows that pressure-volume and pressure-flow 

assessments using simultaneous tonometry and CMRI are extremely reproducible.  

There was extremely strong correlation between stroke volume as measured by two 

completely independent methods: volumetric acquisition (short axis stack LV volume) 

and phase contrast flow wave acquisition (aortic flow) (Figure 5.3.2.1).  This suggests 

reliability of pressure-volume and pressure-flow analyses, given the internal consistency 

of our volume and flow derived measures. 

 

 

 

Table 5.3.2.1. Reproducibility of left ventricular volume and aortic flow using 
cardiovascular magnetic resonance imaging. 

 

Intra-class 
correlation 
coefficient Significance 

LVEDV (mL)   
Intra-operator variability 0.997 <0.001 
Inter-operator variability 0.996 <0.001 

   
SV (aortic flow curve, mL)  

Intra-operator variability 0.994 <0.001 
Inter-operator variability 0.996 <0.001 

 

Abbreviations: LVEDV: left ventricular end-diastolic volume; SV: stroke volume. 
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Figure 5.3.2.1. Relationship of stroke volume (SV) as measured using phase contrast 
flow acquisition and short axis stack volumetric acquisition. 
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5.4. Discussion 

In a series of 21 consecutive patients, it was possible to non-invasively measure LV 

pressure-volume and aortic pressure-flow data easily and reproducibly. Correlation to 

traditional markers of LV function was demonstrated and internal consistency and 

remarkable reproducibility of measures at intra and inter-observer levels were 

highlighted.  To my best knowledge, this is the first time left ventricular pressure-

volume and aortic pressure-flow relationships have been quantified together in humans 

using arterial tonometry and cardiovascular magnetic resonance imaging. 

5.4.1. Pressure-volume relationships 

EF has been widely used for decades to quantify LV contractile function, but is 

appropriately garnering increasing criticism for this use (Konstam and Abboud, 2017).  

This data shows that a more complete understanding of cardiovascular performance and 

LV contractility using Ees and Mw can now be attained non-invasively.  The use of 

pressure-volume relationships to describe contractility minimises the confounding of 

loading conditions, and the non-invasive approach leads to applicability of methods 

once reserved only for invasive cardiac physiologists.  Not only are absolute numbers 

well within expected ranges for our cohort, the trends of parameters give us confidence 

when compared to traditional markers and independently calculated pressure-flow data. 

5.4.2. Pressure-flow relationships 

This data confirm that aortic characteristic impedance, first determined in pioneering 

invasive studies (O’Rourke and Taylor, 1967; Patel et al., 1965; Murgo et al., 1980) can 

be determined non-invasively using arterial tonometry and CMRI. This study builds on 

recent work which used non-simultaneous carotid tonometry (performed immediately 

after CMRI) as a surrogate for central pressure (Bollache et al., 2015; Bargiotas et al., 
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2015; Adji et al., 2016; Zamani et al., 2017; Phan et al., 2016). Quantification of aortic 

characteristic impedance, in addition to determination of SVR, is highly valuable in 

understanding cardiovascular function (and the interaction between ventricular and 

arterial performance), and could potentially be applicable in better appreciating 

hypertension, heart failure and valvular heart disease.  Furthermore, pressure-flow 

analyses, when combined with pressure-volume analyses described above, could 

enhance understanding of ventriculo-arterial interaction. 

The interaction between arterial load, ventricular function and valvular heart disease is 

well established (Merillon et al., 2014; Ky et al., 2013; Yotti et al., 2015).  In contrast to 

the work which pioneered the use of tonometry and CMRI to calculate impedance 

(Bollache et al., 2015; Bargiotas et al., 2015; Adji et al., 2016; Zamani et al., 2017; 

Phan et al., 2016), the measurement of central pressure in this study is operator 

independent by use of a purpose-built free-standing bracelet tonometer. This makes the 

method potentially more accessible to the clinician or researcher unfamiliar with 

pressure waveforms and manometric artefact.  Although the bracelet tonometer was 

free-standing, tonometric data collection was supervised.  The method, unlike earlier 

studies (Bollache et al., 2015; Bargiotas et al., 2015; Adji et al., 2016; Zamani et al., 

2017; Phan et al., 2016), also permitted simultaneous acquisition of pressure and flow 

data. 

The data are reassuring in that independent markers of afterload assessed by disparate 

methods (Ea and SVR) are well correlated (Table 2 and Figure 4).  Further work 

exploring the harmonic components of non-invasively determined pressure, flow and 

impedance could shed more light on arterial function and vascular-ventricular 

interaction. 
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5.4.3. Limited value of the ventriculo-arterial coupling ratio: it is just the ejection 

fraction in disguise 

Sunagawa et al.(1983) modelled LV afterload as an effective arterial elastance (Ea), 

which they defined as the ratio of ESP to SV. They then defined the ratio Ea/Ees as 

the ventriculo-arterial coupling ratio. A plethora of studies, detailed in the review paper 

of Chirinos and Sweitzer (2017), have explored the Ea/Ees ratio and discussed its 

superiority to EF in quantifying cardiovascular performance.  Such studies, which 

continue to emerge (Obokata et al., 2017), are inherently flawed for one simple and 

incontrovertible reason - the Ea/Ees ratio is just the EF in disguise, as demonstrated 

below: 

 

Ea = ESP/SV 

Ees ≈ ESP/ESV     

Therefore, 

Ea/Ees  = ESV/SV 

             = [EDV – SV]/SV 

             = EDV/SV - SV/SV 

             = [1/EF] - 1 

 

This is illustrated when measured single-beat Ea/Ees values using V0 (section 1.4) are 

compared with values derived from the measured EF values using the formula above: 

the values were identical, as expected (Figure 5.4.3.1). Thus, for any given EF, the 

value of the Ea/Ees ratio is fixed and identical in all hearts, and vice versa. 
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It is not meaningful to argue, therefore, that the Ea/Ees ratio is superior to the EF. Rather, 

the Ea/Ees ratio is better viewed as a very simplified model of how the contractile state 

of the heart (approximated here by Ees) and the LV afterload (approximated here as a 

simple Windkessel, Ea) interact to ‘determine’ a given EF. In this model, two patients 

with the same EF may have different contractility if the patient with the lower 

contractility (Ees) has a commensurately lower afterload (Ea) so that the Ea/Ees ratio is 

the same.  

 

The significant limitations of this simplified model of ventriculo-arterial coupling, 

however, are that the true LV afterload (impedance) is more complex than Ea, the 

ESPVR is not strictly linear, particularly with high afterload, and Ees is not strictly 

insensitive to afterload. The Ea/Ees model of ventriculo-arterial interaction makes 

unrealistic predictions regarding the normal operating conditions of the heart, predicting 

that an EF of 50% should be optimal, for example, because this corresponds to the 

optimal theoretical coupling ratio (Ea/Ees) of 1.0. In contrast, a typical, normal EF of 

60% mandates an Ea/Ees ratio of 0.67, and Ea/Ees ratios in normal human hearts range 

from 0.62 to 0.82 (Chirinos and Sweitzer, 2017).  Moreover, LV stroke work and 

mechanical efficiency were shown experimentally to exceed 90% of their optimal 

values over an extremely wide range of Ea/Ees values (0.3-1.33) (De Tombe et al., 

1993).  These observations indicate that the Ea/Ees ratio is not ‘determining’ EF under 

most operating conditions. Its conceptual value is probably limited to very sick hearts 

with poor contractile reserve, where reducing afterload is critical to maintaining 

adequate cardiac output. 
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Figure 5.4.3.1. Left panel shows fixed non-linear mathematical relationship between 
measured Ea/Ees ratio and EF described by the equation noted, confirmed in the right 
panel showing identical values for predicted Ea/Ees from measured EF and measured 
Ea/Ees.  Note that the EF values are expressed as decimal fractions rather than 
percentages. 

 
 

 

5.4.4. Limitations 

While preliminary in nature, this study has proposed a method by which ‘gold standard’ 

non-invasive tools for measuring aortic pressure, left ventricular volume and aortic flow 

have been combined to provide high quality hemodynamic assessment.  Whilst it would 

have been ideal to obtain simultaneous invasive data for pressure, volume and flow 

(using micromanometers for pressure, conductance catheters for volume and 

electromagnetic flow catheters for flow), clearly, these instruments would not be 

permissible within a CMR environment.  An alternative approach to invasive validation 

of our findings would have been to have studied patients at invasively initially and then 

take patients to the CMR, but the variability in hemodynamic conditions between the 
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two measurement sets would then not be accounted for (which would include changes 

due to patient transfers, delays, positioning/repositioning, pain from access site etc.).   

Further still, the gold standard non-invasive method for measuring central pressure was 

used (arterial tonometry and transfer function) which has been widely invasively 

validated (Pauca et al., 2001; Chen et al., 1997; Soderstrom et al., 2002) in combination 

with the gold standard reference for ventricular volume assessment (cardiac magnetic 

resonance) (Pennell, 2010; Pfeiffer and Biederman, 2015).  Flow assessment utilised 

phase contrast CMRI which is considered state-of-the-art in the non-invasive 

assessment of flow (Nayak et al., 2015). Thus, the combination of data from these 

independently well established and validated methods does not necessarily warrant 

repeat invasive validation in a first description of a novel approach.   

This study is also limited in that we did not challenge the patients with loading 

alterations during the test to assess the response of our measures.  Our measures were 

single-beat, not multi-beat.  The limitations of this approach are discussed in Chapter 3, 

section 3.4.2. This study aimed to test our method in a series of consecutive patients to 

demonstrate initial feasibility and reproducibility in a clinical cohort. A protocol 

mandating afterload variation (for instance using angiotensin infusion) would have been 

both impractical and unethical in such a cohort.  Given the promising preliminary 

results, validation with afterload variation in a set of healthy volunteers would be 

reasonable.  Preload variation with fluid loading could also be used. The small nature of 

our cohort also warrants repeat studies in larger cohorts, but the high degree of 

correlation is reassuring of valid findings.  Although none of the patients had aortic 

stenosis, one of our patients had an aortic valve replacement without significant gradient 

and another had a bicuspid aortic valve.  These could alter the flow characteristics in the 

proximal aorta and affect estimation of aortic pressure from radial pressure to a degree.   
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5.4.5. Future directions 

Future studies should assess the validity of this study’s findings in patients with heart 

failure with reduced ejection fraction (HFrEF) and valvular heart disease to determine if 

relationships continue to remain strong and reproducible.  A particular future target 

might be patients with low gradient aortic stenosis facing transcatheter aortic valve 

replacement, where the importance of ventriculo-arterial interaction is increasingly 

being recognized but remains difficult to quantify (Clavel et al., 2017). Of course, 

further work clarifying the validity of this approach in aortic stenosis, with turbulent 

aortic flow, would need to occur before application of our method to such a question. 

If such studies are performed to build upon this one, there is the potential for further 

development of a novel, accessible and reproducible means of comprehensively 

assessing cardiovascular function for both clinical and research purposes.  For patients 

unable to undergo CMRI for any reason (including those without access to CMRI), 

three-dimensional echocardiography could provide an alternate means to measuring 

reliable left ventricular volumes (Thavendiranathan et al., 2012; Lang et al., 2006; 

Jenkins et al., 2007; Thavendiranathan et al., 2013). These could be subsequently used 

to obtain pressure-volume data alongside simultaneous tonometry.  Aortic flow data can 

also be assessed on echocardiography if flow velocity is measured and combined with 

aortic cross-sectional area, to express flow in terms of volume. Flow waves obtained at 

echocardiography are generally considered less robust and reproducible than those 

obtained at CMRI, primarily due to operator dependency and the superiority of axi-

symmetrical flow velocity averaging over the aortic cross-section achieved by CMRI 

(analogous to the methods used by the original cuff electro-magnetic flowmeters) in 

contrast to echocardiographic Doppler velocity acquisition (Nayak et al., 2015). 

Nonetheless, with careful operator training, both pressure-volume and pressure-flow 
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calculation may be possible from combined tonometry and echocardiography.   This 

may make our approach more widely applicable to clinicians and researchers. 
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5.5. Conclusions 

Using simultaneous arterial tonometry and CMRI, it is possible to calculate (from a 

single diagnostic encounter) “gold standard” parameters of left ventricular contractility, 

arterial elastic function and ventriculo-arterial coupling.  End-systolic elastance, preload 

recruitable stroke work relationship and arterial impedance, in addition to systemic 

vascular resistance and arterial elastance, can be determined from this single 

examination.  The constituent technologies that we employed in our method have been 

validated extensively, and specific to our approach we have shown performance across 

a range of ventricular function, good intra and inter-observer variability and expected 

associations with traditional metrics of function.  The method presented enhances 

conventional approaches to non-invasive cardiovascular assessment and opens 

possibilities for more comprehensive study of the cardiovascular system in clinical care 

and research settings.   
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Chapter 6 

Conclusions and future directions 
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6.1.Implications for ischaemia, valvular disease and heart failure 

Over centuries, the pioneers of cardiovascular physiology applied concepts of physics 

and mathematics to better understand the heart and vasculature by studying pressure, 

volume and flow, building on the early observations of the heart and blood vessels that 

were recorded in ancient Greece.  In this same spirit, this thesis aimed to better 

understand cardiovascular function and dysfunction through these three core 

components of physiology.  Using newer methods of quantification, namely arterial 

tonometry, three-dimensional echocardiography and cardiovascular magnetic resonance 

imaging, insights into ischaemia, valvular heart disease and heart failure were obtained. 

Chapter 2 has highlighted the importance of arterial ageing in the predisposition to 

ischaemia in older age, particularly in older women.  This is irrespective of coronary 

artery status.  Changes in central haemodynamics are caused by vascular stiffening, 

which lead to increased myocardial oxygen demand, reduced myocardial oxygen supply 

capacity and unfavourable supply:demand ratios.  These changes can be quantified 

using pressure-time analyses.  Changes were observed in healthy individuals, 

suggesting that this tendency to ischaemia is part of ‘normal’ ageing.  These 

observations highlight that future considerations of ischaemic heart disease should 

extend their scope beyond the coronary lumen. 

Chapter 3 reported the first evaluation of the acute left ventricular response to mitral 

valve replacement in the beating human heart.  Findings showed the acute dilatation of 

the left ventricle in response to the acute loading change created by TMVR, in 

association with acute reduction in contractility.  This study also showed, however, that 

these changes were transient and returned to baseline after a median time of 17 minutes.  

The implications of this first insight are that patients with severe left ventricular systolic 
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impairment may be able to tolerate the acute load of rendering the mitral valve 

competent.  Further evaluation is needed, but these findings suggest an acute adaptive 

response to loading alteration, even in the presence of severe systolic dysfunction. 

Chapter 4 mathematically evaluated the current definition of paradoxical low-flow, low-

gradient aortic stenosis.  Findings of a general equation relating left ventricular end-

diastolic volume, ejection fraction, mean gradient and aortic valve area showed that the 

current definition is mathematically internally inconsistent.  Further still, it was 

demonstrated that tightening of the current criteria could make the definition consistent 

and was more corroborative of real world data than the current definition.  

Finally, Chapter 5 combined arterial tonometry and cardiovascular magnetic resonance 

imaging to study pressure-volume and pressure-flow relationships.  Findings showed 

that such analysis was feasible, reproducible and corroborative of more traditional 

metrics of left ventricular and vascular function.  From a single encounter, detailed 

information about ventricular-vascular performance and interaction can be determined, 

opening the possibility of more comprehensive non-invasive cardiovascular assessment 

in a variety of settings. 

6.2. Future directions 

Future directions for research avenues building on the work of this thesis are discussed 

in the individual chapters themselves, but it is worth taking this opportunity to look 

forward to the general future of non-invasive cardiovascular assessment and cardiac 

physiology.  Exciting times lay ahead.  The continued increase in computing power will 

facilitate substantial changes in the way we acquire, analyse and process data.  Machine 

learning will become central to cardiovascular imaging and cardiovascular research.  

New technologies will permit better imaging of the heart and vasculature.  Flow vortex 
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analysis, holographics, advanced tissue deformation, automated chamber quantification 

are all current technologies, but are likely to become much more mainstream in the 

years to come.  The improvement in data power will also lead to better integration of 

imaging and physiological data with other sources of information, including 

biochemical, genetic, demographic and environmental parameters.  Artificial 

intelligence and precision medicine will allow tailored diagnostics and therapeutic 

delivery.  Amid these rapid developments it is worth remembering the core principles of 

curiosity, observation, innovation, and communication that have advanced the field of 

cardiovascular science over millennia.  By holding to these values, the possibilities 

abound for the ways in which we can continue to improve cardiovascular health 

globally through scientific endeavour in the 21st century and beyond.   I will conclude 

by reiterating the words of Isaac Newton listed at the opening of this thesis: “what we 

know is a drop, what we don’t know is an ocean.”.  I hope that the body of work 

described here may contribute at least a small step forward in cardiovascular science, 

and that it inspires further efforts in our collective endeavour to achieve better 

cardiovascular outcomes through the avenue of research. 

 

Mayooran Namasivayam, 2018 
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