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Abstract 

 

Heart failure with a preserved ejection fraction (HFpEF) accounts for half of all 

admissions for heart failure. However, there are no therapeutic approaches with proven 

benefits. Hypertension is a major risk factor for HFpEF, but the development of HFpEF may 

often occur in hypertensives irrespective of the degree of blood pressure (BP) control. Better 

insights into the identification of those at risk for and appropriate approaches to managing 

hypertensives at risk of HFpEF are therefore required. In the present thesis I assessed several 

aspects of the functional changes in the left ventricle (LV) (diastolic dysfunction [DD]), thought 

to antedate the development of hypertensive HFpEF. 

Patients with hypertensive heart disease and associated underlying coronary artery or 

other diseases, often require β-adrenergic receptor (AR) blocker therapy. However, whether 

sympathetic-induced β-AR stimulation (which often accompanies heart failure) has beneficial 

effects on LV diastolic function in those with hypertensive LV DD, is unknown. I therefore 

assessed the impact of acute administration of the β-AR stimulant, isoproterenol (ISO) on LV 

diastolic function in rat models of hypertension. As compared to normotensive rats, or Dahl salt-

sensitive (DSS) rats not receiving NaCl in the drinking water, Spontaneously Hypertensive 

(SHR) and DSS rats receiving NaCl in the drinking water had a reduced myocardial relaxation 

as indexed by lateral wall e’ (early diastolic tissue velocity at the level of the mitral annulus) and 

an increased LV filling pressure as indexed by E/e’. However, LV ejection fraction and 

deformation and motion were preserved in both SHR and DSS rats. The administration of ISO 

resulted in a marked increase in ejection fraction and decrease in LV filling volumes in all 

groups; and an increase in e’ in SHR, but not DSS rats. However, after ISO administration, 

although E/e’ decreased in DSS rats in association with a reduced filling volume, E/e’ in SHR 

remained unchanged. These data suggest that the hypertensive heart is indeed characterised 

by reductions in myocardial relaxation and increases in filling pressures, but β-AR activation 

fails to improve myocardial relaxation and when this occurs, does not reduce LV filling 

pressures. 
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Although the development of LV dysfunction in hypertension has traditionally been 

viewed as a transition process from a phase of structural LV remodelling to dysfunction, the 

extent to which LV mass (LVM) and remodelling account for BP-associated alterations in LV 

diastolic function is uncertain. : In 709 randomly selected participants from a community sample 

with a high prevalence of hypertension (49.6%), in product of coefficient mediation analysis, I 

therefore determined the extent to which LVM index (LVMI) or relative wall thickness (RWT) 

account for relations between BP and LV diastolic function. Although with adjustments for 

confounders, LVMI and RWT were independently associated with E/A, e’/a’, e’ and E/e’, in 

product of coefficient mediation analysis, LVM and RWT failed to account for most BP-

associated changes in diastolic function. Thus, most BP-associated decreases in LV diastolic 

function are likely to be a transition process independent of LV hypertrophy or concentric 

remodelling. 

Although obesity-associated metabolic abnormalities (insulin resistance-IR) may not play 

as marked a role in determining LV DD as hypertension, the impact of combinations of these 

risk factors on DD is unknown. In 704 randomly selected participants from a community sample 

with a high prevalence of hypertension (50.6%) and obesity (46.5%), I determined the impact of 

adiposity indices or the homeostasis model (HOMA-IR) on LV diastolic function in hypertension. 

HOMA-IR was independently associated with lateral wall e’ and E/e’ as well as a diagnosis of 

DD. Importantly however, an enhanced relationship between HOMA-IR and E/e’ in 

hypertensives (n=356) as compared to normotensives (n=348) was noted. Consequently, as 

compared to normotensives, with adjustments for confounders, hypertension was independently 

associated with DD only in those with the highest tertile of HOMA-IR, whilst in those with the 

lowest tertile of HOMA-IR, hypertension failed to show a higher prevalence of DD. Thus, IR 

enhances the impact of hypertension on LV DD. 

In conclusion, in the present thesis I provide evidence to suggest that β-adrenergic 

receptor stimulation is not beneficial to hypertensive LV DD; that structural remodeling does not 

account for BP-associated alterations in LV DD; and that insulin resistance enhances the impact 

of hypertension on LV DD. Thus, the present thesis provides further insights into the 
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identification of those at risk and appropriate management approaches that may be employed in 

hypertensives at risk of HFpEF. 
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Preface 

 

 Whilst striking progress has been made in the prevention and management of 

cardiovascular events in general, heart failure remains a major burden in most countries and in 

particular on the African continent. Importantly, heart failure is a leading cause of cardiovascular 

disease in Africa. An important reason for the burden of heart failure anywhere in the world is an 

increasing recognition of heart failure associated with a preserved ejection fraction (HFpEF), a 

form of heart failure where there are no therapeutic approaches with proven benefit and which 

may account for half of all admissions for heart failure. Although it is well recognized that 

hypertension is the most important risk factor for HFpEF, the ability to identify those 

hypertensives at risk of HFpEF and the most appropriate management approaches is uncertain. 

Consequently, I conducted the studies included in the present thesis to further our 

understanding of management approaches and risk identification of HFpEF. In this regard, I 

employed both human studies and where necessary (for ethical reasons) animal models of 

hypertensive heart disease to assess various aspects of the factors associated with preclinical 

cardiac diastolic dysfunction, the pathophysiological change thought to be primarily responsible 

for HFpEF. 

The present thesis consists of a series of semi-independent chapters, each with its own 

introduction, methods, results and discussion section. The thesis begins with a chapter where I 

critically review the available evidence in the field and lead the reader through a series of 

arguments in support of conducting the studies described in the present thesis. Furthermore, 

the present thesis concludes with a summary chapter which consolidates the findings of each 

chapter and underscores the novelty of the findings by placing the studies in the context of our 

present understanding of the field. In support of the present thesis, the data presented in 

chapters 2 to 4 have either been published or are in-press in the well-respected international 

journals, the Journal of Cardiovascular Pharmacology (Bamaiyi et al 2018), the Journal of 

Hypertension (Bamaiyi et al 2019, in-press), and the journal Clinical Cardiology (Bamaiyi et al 

2019). 
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INTRODUCTION 

 

Pathophysiology of Cardiac Diastolic 

Dysfunction with a Focus on Hypertension 
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1.1 Introduction 

 

Whilst significant progress has been made in the prevention and management of 

cardiovascular events in general (Buonacera et al 2018; Borlaug & Redfield 2011) heart failure 

remains a major burden to society in most countries and in particular on the African continent. 

The prevalence of heart failure is still on the rise (Ebong et al 2014; Bloomfield et al 2013) and 

is a leading cause of cardiovascular disease in Africa (Ogah et al 2015; Owolabi et al 2014; 

Appiah et al 2017). Whilst the prevalence of heart failure is estimated to be 2-3% of 

cardiovascular events in industrialized countries, in sub-Saharan Africa the prevalence is 

reported to be as high as between 25.6%-88.3% of admissions for cardiovascular disease 

(Ebong et al 2014; Appiah et al 2017). Much of the reason for the burden of heart failure in all 

countries is because heart failure with a preserved ejection fraction (HFpEF), a form of heart 

failure that accounts for approximately 50 % of heart failure cases, presents with distinct 

phenotypes which still elude treatment (Lewis et al 2017; Borlaug & Paulus 2011; Shah et al 

2016). Advancement in the diagnosis of HFpEF has led to an increasing rate of detection of 

HFpEF (Borlaug & Redfield 2011; Shah et al 2016). Coupled with ageing of the African 

demographic structure, the concomitant burden of hypertension has contributed to an 

increasing prevalence of heart failure in Africa (Akinyemi et al 2018; Borlaug & Redfield 2011). 

Indeed, HFpEF has at its cornerstone, uncontrolled hypertension, an entity explained in Africa 

to be associated with urbanization and changes in lifestyle (Twinamasiko et al 2018; Bintabara 

& Mpondo 2018). Hypertensive heart disease is the commonest cause of HFpEF in sub-

Saharan Africa (Agbor et al 2018; Tadic. et al 2018; Ojji et al 2013) and heart failure is 

estimated to be as high as 15% of hypertensives in sub-Saharan Africa (Ogah et al 2015). In 

this regard, in sub-Saharan Africa hypertension control is reported to be abysmally low among 

patients taking antihypertensive medications and in some countries in sub-Saharan Africa over 

70% of the hypertensive population are unaware that they have the disorder (Beaney et al 

2018; Ogah et al 2015; Twinamasiko et al 2018).  

 As will be underscored in the present chapter, although much is understood of the 

cellular mechanisms that explain the functional disturbances of the heart in HFpEF, little of this 
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information has translated into the clinical arena, largely because it is only in the more recent 

past that HFpEF has been acknowledged as a clinical entity. In this regard, there are several 

outstanding questions which remain from a clinical perspective, such as whether the 

compensatory neurohumoral and other changes in this form of heart failure, as with heart failure 

with a reduced ejection fraction (HFrEF), have deleterious effects. Moreover, what the primary 

changes responsible for myocardial functional disturbances are in response to risk factors in 

HFpEF is uncertain. In addition, the exact contribution of some of the risk factors that herald the 

transition to the myocardial functional changes responsible for HFpEF is unknown. The 

importance of these questions prompted me to address several of these issues in the present 

thesis. Therefore, in the present chapter I will review the topic of HFpEF and the structural and 

functional changes (diastolic dysfunction) thought to produce this form of heart failure, 

highlighting the missing evidence that prompted me to perform the studies described in the 

present thesis.  

 

1.2 Heart failure with a preserved versus reduced ejection fraction 

 

Clinically, heart failure is described as a disorder identified from a group of symptoms 

and signs that are a consequence of raised pressures in the heart during filling or a reduced 

ability of the heart to generate a normal blood flow (Borlaug & Redfield 2011; Yancy et al 2013). 

The types of heart failure can be classified in different ways. The less commonly used 

classification of heart failure, namely the ACC/AHA heart failure classification. According to this 

classification, heart failure is described as having four stages which are: A, patients identified as 

being at risk due to the presence of diabetes mellitus or coronary artery disease; B, patients 

with structural heart disease (ie. LV hypertrophy or reduced LV ejection fraction or chamber 

enlargement) who have not yet developed symptoms of heart failure; C, patients who have 

developed clinical heart failure; D, patients with refractory heart failure which requires 

intervention such as LV assist device, pacemakers or transplant (Yancy et al 2013). A more 

clinically relevant classification for patients requiring heart failure therapy, which is based on a 

measure of cardiac systolic chamber function, that is left ventricular (LV) ejection fraction (EF) 
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(Hundely et al 2001; Lee et al 2009). In this classification, two major forms of heart failure are 

described, namely HFrEF in which heart failure is associated with a decreased ejection fraction 

(EF<40%), and HFpEF in which ejection fraction is normal (≥50%). These two forms of heart 

failure fit into the stage C category according to the ACC/AHA heart failure classification. More 

recently, an intermediate phenotype of heart failure has been proposed in which the ejection 

fraction lies between 40 and 50% (Nadar & Tariq 2018; Andronic et al 2016; Sato et al 2017), 

but this is at present a poorly understood entity. Heart failure with a reduced ejection fraction, is 

also termed systolic heart failure as it is a consequence of systolic dysfunction of the LV. Heart 

failure with a reduced ejection fraction is associated with cardiac dilatation (marked eccentric LV 

remodeling when the radius of the chamber increases more than the wall thickens). Systolic 

heart failure is commonly seen in men who are elderly (Federmann & Hess 1994; Masoudi et al 

2003; Bhatia et al 2006; Borlaug & Redfield 2011); is a frequent occurrence following 

myocardial infarction, and also commonly occurs with no apparent cause (idiopathic dilated 

cardiomyopathy) (Francone 2014; Slavich et al 2011). It may occur as a consequence of 

hypertension or any other cardiac pathology that has progressed to an advanced stage 

including disorders which start off with marked concentric LV remodeling such as hypertrophic 

obstructive cardiomyopathy (Slavich et al 2011; McNally & Mestroni 2017). Alternatively, 

HFpEF, is also termed diastolic heart failure as it is characterised by LV diastolic dysfunction. 

Heart failure with a preserved ejection fraction is more commonly associated with hypertension, 

obesity and diabetes mellitus, and is more frequently found in women who are elderly (Borlaug 

& Redfield 2011). Indeed, in large community-based studies, patients with a diagnosis of 

HFpEF are more commonly elderly women; infrequently have coronary artery disease, although 

coronary artery disease may be a cause, and more often present with hypertension and obesity 

(Masoudi et al 2003; Redfield et al 2003; Bhatia et al 2006; Bursi et al 2006; Owan et al 2006; 

Lee et al 2009). In comparison to HFrEF where LV dilatation is common, HFpEF is often 

associated with concentric LV hypertrophy or remodeling (Borlaug & Redfield 2011), where the 

wall thickens more than the chamber enlarges and wall thickness to radius ratio is increased.   

The proportion of patients with HFpEF as opposed to HFrEF is rising progressively, with 

an annual increase of about 1% in the prevalence of HFpEF as compared to HFrEF 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Tariq%20O%5BAuthor%5D&cauthor=true&cauthor_uid=29892468
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(Federmann & Hess 1994; Owan et al 2006; Fonarow et al 2007; Borlaug & Redfield 2011; 

Borlaug & Paulus 2011; Scantlebury & Borlaug 2011). Most newly diagnosed cases of heart 

failure are likely to be HFpEF (Borlaug & Redfield 2011; Bhatia et al 2006) and HFrEF and 

HFpEF may exist in a 1:1 ratio (Borlaug & Paulus 2011; Adeniran 2015). Thus, whilst the 

disease burden of HFrEF is decreasing, the prevalence of HFpEF is on the rise (Shah et al 

2016). The increased prevalence of HFpEF is probably a consequence of longevity and 

escalating prevalence of hypertension, diabetes and obesity and/or an increased identification 

of HFpEF by clinicians (Owan et al 2006). As the world’s population becomes increasingly 

industrialized and westernized with a related increase in the prevalence of obesity, diabetes 

mellitus and hypertension (Twinamasiko et al 2018; Bloomfield et al 2013), and through 

reductions in infectious diseases and malnutrition, live to an older age, the prevalence of HFpEF 

has grown beyond the rate at HFrEF (Akinyemi et al 2018; Bloomfield et al 2013). Moreover, the 

increasing prevalence of coronary artery disease in black populations may also predispose to 

HFpEF (Shah et al 2016; Mohammed et al 2012; Wan et al 2014). 

 

1.2.1 Cardiac dysfunction in HFpEF versus HFrEF 

 

The functional changes in the heart of patients with HFrEF are fairly well known and this 

knowledge is the foundation of current approaches to the therapeutic management of heart 

failure in general (Harjola et al 2017). In essence the myocardium develops a reduced ability to 

generate an adequate force of contraction in systole, hence HFrEF is often called systolic heart 

failure. The decreased force of contraction in HFrEF is attributed to several changes. First 

myocardial damage or dysfunction may occur through cardiomyocyte apoptosis, necrosis or 

decreased function of the ability of the myocyte to cycle calcium or a reduced ability of 

myofilaments to effectively shorten (Pitt et al 2014; Sadej et al 2014). The LV initially maintains 

stroke volume by increasing filling volumes, which promote an enhanced Frank-Starling effect, 

but at the same time increase filling pressures. The increased filling pressures transmit 

backward to the left atrium and hence pulmonary capillaries causing increases in pulmonary 

capillary hydrostatic pressures and pulmonary congestion. The increased left atrial pressures 
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also increase pulmonary artery pressures and hence enhance the afterload to the right ventricle 

causing right heart failure. The LV is thought with time to maintain normal filling pressures at 

higher filling volumes by dilating, a process that involves cardiomyocyte slippage (Kapelko et al 

1991). The cardiac dilatation, although maintaining normal filling pressures initially, will with time 

increase wall tension through LaPLace’s Law (T=Pr/2h, where T is tension, P is pressure, r is 

radius and h is wall thickness). The high wall tension reduces systolic function even further and 

the heart develops terminal decreases in stroke volume and increases in filling pressures. 

Although cardiac dilatation is thought to be a consequence of cell damage and contractile 

disturbances there is significant evidence that cardiac dilatation without contractile disturbances 

are sufficient to reduce ejection fraction (Norton et al 2002; Norton et al 2008). Importantly, 

cardiac dilatation may occur through chronic neurohumoral activation (Norton et al 2002; Norton 

et al 2008). Consequently, the principle change associated with an improved ejection fraction 

with heart failure therapy is reverse remodeling of a dilated LV (Booysen et al 2012). Current 

approaches that reverse remodel the LV incorporate the administration of agents that block the 

renin-angiotensin-aldosterone system (angiotensin-converting enzyme inhibitors, angiotensin 

receptor blockers and aldosterone receptor blockers) or the sympathetic nervous system (β-

adrenergic receptor blockers), which target systems that are activated in chronic heart failure 

and which are involved in dilating the LV. Importantly, it has been shown repeatedly in large 

multicenter clinical trials that the risk of death or hospitalization for heart failure in patients with 

HFrEF can be diminished by the use of these current therapeutic practices (Borlaug & Redfield 

2011). Consequently, in patients with HFrEF, survival has increased steadily (Roger et al 2004). 

In comparison to HFrEF, the functional changes in the heart of patients with HFpEF is 

less well understood, and therefore therapeutic practices largely rely on an understanding of the 

pathophysiology of HFrEF. In this regard however, these therapeutic options have been 

unsuccessful in increasing survival in patients with HFpEF (Borlaug & Redfield 2011; Owan et al 

2006). Although various functional changes such as decreases in contractile reserve, 

chronotropic reserve, vasodilatory reserve and endothelial function (Borlaug et al 2006; 

Brubaker et al 2006; Borlauga et al 2010; Borlaugb et al 2010) are likely to contribute to the 

transition to HFpEF, the essential abnormality of cardiac function in HFpEF is an abnormality of 
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the diastolic period of the cardiac cycle. Hence, HFpEF is often called diastolic heart failure. In 

other words, the characteristic changes in function of the LV in HFpEF are those of LV diastolic 

dysfunction (LV DD) (Burke et al 2014; Lee & Cooper 2009; Russo et al 2011), In this regard, 

decreases in the active relaxation and an enhanced passive stiffness of the LV are fundamental 

features of LV DD (Phan et al 2009; Selby et al 2011; Westermann et al 2008; Zile et al 2004). 

Indeed, increases in ventricular stiffness (a left shift in the ventricular pressure-volume 

relationship at end diastole) and decreases in myocardial relaxation occur in patients with 

HFpEF (Burke et al 2014; Mohammed et al 2012; Shah et al 2014; Westerman et al 2008; Zile 

et al 2004). The effect of these changes is enhanced filling pressures in the LV for a given filling 

volume, the consequences of which are several fold. First, increased filling pressures cause 

increased left atrial pressures and hence enhanced pulmonary capillary hydrostatic pressures, 

the result being pulmonary congestion. Second, the high left atrial pressures increase 

pulmonary artery pressures, afterload to the right ventricle and hence produce right heart 

failure. In addition, the ability to fill the LV during exercise is reduced and hence increases in 

stroke volume during exercise are limited (do Prado & Rocco 2017; Rommel et al 2018) an 

effect that may contribute to the exercise intolerance in HFpEF. Therefore, HFpEF may be 

characterized by several functional changes that may be determined using non-invasive 

assessments. What are the commonly noted alterations in LV function in HFpEF? 

First, an increased LV filling pressure (raised end diastolic pressure [EDP]) may be 

indexed by increases in the ratio (E/e’) of early diastolic transmitral blood flow velocity 

(E)/velocity of myocardial tissue lengthening during early diastole (e’). In this regard, whilst E 

reflects the degree of myocardial relaxation, it also increases when filling pressures increase. In 

contrast, e’ is a preload independent index of myocardial relaxation. Thus the ratio of E/e’ is an 

index of filling pressures and this increases in HFpEF. In addition, in HFpEF reductions in 

indices of myocardial relaxation including e’ also occur. As filling pressures in the LV increase, 

these pressures are transmitted back to the left atrium, which dilates and hence increased left 

atrial volumes (LAV) similarly occur. As the afterload to the right ventricle (RV) increases, the 

RV fails and hence changes in indices of right sided pressures such as increases in tricuspid 

regurgitant velocities also occur in HFpEF (Bar et al 2018; Mascherbauer et al 2017). 
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Although HFpEF is characterized by alterations in the diastolic period of the cardiac 

cycle, LV systolic dysfunction without decreases in EF may occur together with diastolic 

dysfunction in HFpEF (Wan et al 2014; Borlaug & Paulus 2011). In this regard decreases in 

systolic myocardial function including LV segmental strain, strain rate, displacement or velocity 

may frequently occur (Adeniran et al 2015). In the presence of a normal EF however, exactly 

how these changes in systolic function contribute to heart failure in patients with HFpEF is 

uncertain. 

 

1.2.2 Current therapeutic approaches to treating HFpEF 

 

Beneficial therapeutic approaches to treating HFrEF all rely heavily on blockade of 

neurohumoral activation and increased loading conditions (Abraham et al 2015; Zhang & 

Anderson 2014) and thus largely target the deleterious effects described in aforementioned 

section. However, neurohumoral activation may also promote myocardial fibrosis and overload 

the heart irrespective of the cause of heart failure. Thus, as indicated in the aforementioned 

sections, clinically, the treatment approaches to patients with HFpEF are primarily founded upon 

knowledge of the pathophysiology of HFrEF (Federmann & Hess 1994; Yusuf et al 2003; 

Cleland et al 2006; Massie et al 2008; Hernandez et al 2009; Borlaug & Redfield 2011). 

Nevertheless, data from large multicenter clinical trials that have employed agents that target 

activation of the renin-angiotensin-aldosterone system have revealed that the rate of death or 

hospitalization for heart failure in patients with HFpEF is not reduced by any of the current 

therapeutic approaches (Owan et al 2006; Paulus & van Ballegoij 2010; Borlaug & Paulus 2011; 

Borlaug & Redfield 2011; Li et al 2013; Pitt et al 2014). Moreover, to-date the clinical outcomes 

of more novel agents designed to treat the pathophysiological changes in the myocardium 

thought to be responsible for HFpEF have also been unsatisfactory. Importantly, agents 

designed to reduce myocardial fibrosis, the purported primary pathophysiological mechanism 

underpinning HFrEF (see discussion below), have proved to be ineffective (Nanayakkara & 

Kaye 2015). Indeed, although, the aldosterone receptor antagonist, spironolactone has been 

reported to improve diastolic function (Edelmann et al 2013), a large outcomes-based study 
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(TOPCAT) failed to show improved survival in HFpEF as a consequence of spironolactone 

treatment (Pitt et al 2014). Moreover, the more novel aldosterone receptor antagonist, 

eplerenone, had no effect on conventional measures of diastolic function and only modest 

reductions in LV filling pressures (Deswal et al 2011) and other approaches to reduce fibrosis 

(such as the use of sildenafil, a phosphodiesterase 5 inhibitor) have failed to show 

improvements in clinical measurements or measurements of cardiac structure (Redfield et al 

2013). Moreover, the advanced glycosylation end-product breaker (ALT-711) has failed to 

improve measurements of diastolic function (Little et al 2005). Although several alternative 

approaches are being explored to treat HFpEF, none have provided early data to suggest 

possible benefits. 

As current therapeutic options for the management of patients with HFpEF are 

ineffective (Borlaug & Redfield 2011), and the burden of disease of HFpEF is high (Bhatia et al 

2006; Yancy et al 2006; Fonarow et al 2007; Lam et al 2007; Borlaug & Redfield 2011; Chirinos 

et al 2012; Nichols et al 2015), further approaches that will successfully decrease mortality and 

morbidity due to HFpEF are required. Improving our knowledge of the pathophysiology of LV 

diastolic dysfunction (DD), which is thought to be the predecessor of HFpEF may assist in the 

prevention of the development of HFpEF and may provide insights into the pathophysiological 

process responsible for heart failure in HFpEF. Consequently, in the present thesis I focused on 

the determinants of preclinical LV DD and aspects of the functional changes in the LV in 

preclinical LV DD. In the subsequent section I will therefore discuss aspects of the determinants 

of and pathophysiological changes in LV DD and several notions of LV DD that are poorly 

understood that prompted me to perform the studies in my thesis. 

 

1.2.3 Cellular mechanisms responsible for DD in HFpEF 

  

There are several cellular mechanisms responsible LV diastolic dysfunction in HFpEF. 

The increased resting tension in cardiomyocytes in HFpEF may be due to incomplete relaxation 

as a consequence of reduced calcium reuptake by the sarcoplasmic reticulum (van Heerebeek 

et al 2006); or when the stiffer isoform of the macromolecule titin is noted to be increased (van 
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Heerebeek et al 2006). Alternatively, interstitial changes may produce a stiffer myocardium 

(changes in passive properties). With respect to alterations in relaxation processes, ion channel 

remodelling and a lower resting energy reserve, changes which may reduce the ability to 

sequester calcium, may reduce active myocardial relaxation and hence contribute to diastolic 

dysfunction (Adeniran et al 2015; Lamb et al 1999; Phan et al 2009; Selby et al 2011; Shah et al 

2014). Importantly, pharmacological agents that influence cardiomyocyte calcium handling 

including ryanodine receptor stabilisers (Sacherer et al 2012), inhibitors of the sodium-calcium 

exchanger (Kamimura et al 2012), and strategies that improve calcium uptake by the 

sarcoplasmic reticulum (Sedej et al 2014), can improve diastolic function. Furthermore, 

interventions that shift energy substrate utilization important for promoting calcium 

sequestration, improve cardiac PCr/ATP ratio and diastolic function (Abozguia et al 2010; 

Beadle et al 2015; Fragasso et al 2006). However, in these studies improved cardiac diastolic 

properties were noted in forms of cardiac disease that are caused primarily by abnormalities of 

systolic rather than diastolic function (Abozguia et al 2010; Beadle et al 2015; Fragasso et al 

2006; Sedej et al 2014). Consequently, whether an improvement in active processes involved in 

myocardial relaxation reduce filling pressures in cardiac pathology causing primarily decreases 

in diastolic function, remains uncertain. 

With respect to changes in passive properties, the proliferation of myocardial collagen 

(fibrosis) related to enhanced activation of the renin-angiotensin-aldosterone system (thought to 

mainly be mediated by aldosterone effects) and/or enhanced collagen cross-linking (commonly 

related to the increase in advanced glycation end-products in diabetes mellitus or to an 

enhanced oxidative stress) result in an increased myocardial stiffness (Borlaug & Paulus 2011; 

Norton et al 1996; Kasner et al 2011; Lopez et al 2012; van Heerebeek et al 2006). Even in the 

absence of diabetes mellitus, the expression of the protein lysyl oxidase (which mediates the 

cross-linking of collagen) is increased in patients with HFpEF in association with an increase in 

myocardial fibrosis (Kasner et al 2011; Lopez et al 2012). The pathophysiological changes 

described above have been the foundation upon which pharmacological agents have been 

developed. Although pharmacological agents that enhance myocardial sarcoplasmic reticulum 

calcium re-uptake; reduce collagen deposition or decrease collagen cross-linking have been 



11 

 

developed, only a few of these agents have advanced from pre-clinical studies to clinical trials 

and none have translated into evidence for improved clinical outcomes in HFpEF. 

More recently, a complex microvascular endothelial change, which through inflammatory 

substances causes cellular changes responsible for abnormalities of diastolic function has been 

suggested as a cause of HFpEF. This hypothesis posits that risk factors cause chronic low-

grade inflammation and through the inflammatory substances tumour necrosis factor-α and 

interleukin-6 consequently produce rarefaction of the coronary microvasculature (Paulus & 

Tschope 2013; Franssen et al 2016; Mohammed et al 2015). Inflammatory-induced 

microvascular changes in turn through the liberation of various chemical substances produce 

oxidative stress and hence influence all of the cellular changes responsible for DD (Franssen et 

al  2016; Paulus & Tschope 2013; Matyas et al 2017; van Heerebeek et al 2012). This 

hypothesis provides an additional potential target for HFpEF. That is, it is possible that 

approaches that reduce the inflammatory changes responsible for the cellular alterations 

causing DD may prove to be beneficial. However, as yet this has not translated into clinical trials 

and it is possible that extensive work is still required at a preclinical level before taking this 

information to a clinical level. 

 

1.2.4 Neurohumoral activation and the implications thereof in HFpEF versus HFrEF 

 

Heart failure is widely reported to be associated with increased sympathetic activation 

(Zhang & Anderson 2014; Abraham et al 2015; Ramchandra et al 2014), a state that may have 

some compensatory effects (Leite-Moreira et al 2001). In this regard, adrenergic activation will 

promote both inotropy and lusitropy, thus simultaneously improving cardiac output and 

promoting increases in filling volumes at lower filling pressures. However, as a failing heart with 

a reduced EF decompensates, β1-adrenergic receptor-induced signaling downregulates (Talan 

et al 2011; Klabunde 2012) and the heart then depends more on β2 adrenergic receptor 

signaling, a far less effective pathway for promoting inotropy and lusitropy. Ultimately, when EF 

decreases below 40% even β2 adrenergic receptor signaling is impaired (Lahaye Sle et al 

2010). Whilst sympathetic activation in HFrEF may initially produce some compensatory 
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inotropic and lusitropic effects, the long term effects are markedly deleterious. Indeed, through 

activation of apoptotic and necrotic pathways; through several interstitial changes (activation of 

matrix metalloproteinases and reductions in collagen cross-linking); and through cardiomyocyte 

lengethening, chronic β1-adrenergic receptor activation produces further decreases in cardiac 

function and at the same time induces cardiac dilatation (adverse remodelling), thus contributing 

to reductions in EF. Thus, the early beneficial effects of sympathetic activation in HFrEF are 

offset by the chronic adverse effects. Consequently, based on several large clinical trials, it is 

now well-recognized that β-adrenergic receptor blocking agents are some of the most effective 

agents at preventing death and hospitalisation in chronic heart failure. Nevertheless, this has 

only been demonstrated for HFrEF (Abraham et al 2015; Zhang & Anderson 2014; Parker et al 

1995). What of the possible impact of sympathetic activation on HFpEF? 

  Hypertension and coronary artery disease are common causes of HFpEF (Mohammed 

et al 2015; Desai et al 2013; Kamimura et al 2012), and these disorders often require β-

adrenergic receptor blocking agents for their management (Zhang & Anderson 2014). 

Furthermore, HFpEF, particularly that caused by hypertension, may be associated with atrial 

fibrillation, a condition that also benefits from rate control produced by the use of β-adrenergic 

receptor blocking agents (Hernandez et al 2009; Reiken et al 2003). It is therefore important to 

understand whether sympathetic activation 1) occurs in HFpEF; 2) produces acute benefits to 

diastolic function in those with LV DD and 3) produces adverse effects on LV DD when 

activated chronically. In this regard, if neurohumoral activation occurs in HFpEF and is 

beneficial for DD, then β-adrenergic receptor blocking agents may promote the development 

and extent of HFpEF. 

Importantly, sympathetic activation is a characteristic finding in both HFpEF and HFrEF 

(Chang et al 2013; Grimm & Brown  2010; Woo & Xiao  2012; Akhter et al 1997). In this regard, 

β-adrenergic receptor activation in cardiomyocytes is thought to improve both inotropy as well 

as lusitropy (Chang et al 2013; Pepe et al 2004; Leite-Moreira et al 2001). Both β1 and β2 

adrenergic receptors predominate in mammalian (including human) cardiomyocytes (Zheng et 

al 2005; Shizukuda & Buttrick  2002) and in HFpEF, β2-adrenergic receptors may be over-

expressed leading to phosphatidylinositol 3-kinase (PI3K) and protein kinase B (Akt)-induced 
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anti-apoptotic cardio-protection (Zheng et al 2004; Shizukuda & Buttrick 2002). Thus, 

sympathetic activation in HFpEF may not only promote lusitropic effects, but via β2-

adrenoreceptors and PI3K and Akt activation may improve LV DD (Devic et al 2001; Florea & 

Blatter 2012; Leone et al 2002; Leite-Moreira et al 2001), thus preventing the progression from 

LVDD to HFpEF. On the other hand, however, chronic β-adrenergic stimulation could stimulate 

β1-adrenergic receptors and through calcium-calmodulin dependent protein kinase II signaling, 

result in an enhanced mitochondrial pore permeability and unfavorable cardiac remodeling, 

including apoptosis and hypertrophy (Chang et al 2013; Grimm & Brown 2010). Importantly, β2-

adrenergic receptor-mediated cardio-protection (Florea & Blatter 2012; Chang et al 2013; Devic 

et al 2001) may dominate in HFpEF (Woo & Xiao 2012; Zheng et al 2004). Indeed, both animal 

(Leite-Moreira et al 2001; Talan et al 2011) and clinical studies (Jensen et al 2014) suggest 

improvement in both systolic and diastolic function of the LV in LV DD and HFpEF following 

selective β-adrenoreceptor stimulation. Thus, selective β2-adrenergic receptor activation may 

provide a novel modality for the treatment of HFpEF (Jensen et al 2014; Grimm & Brown 2010; 

Brodde et al 2006). In summary, as with HFrEF, neurohumoral activation is indeed associated 

with HFpEF. As β-adrenergic receptor blocking agents have no proven benefit in HFpEF 

(Williams et al 2017; Leite-Moreira et al 2001; Lahye et al 2010), and indeed selective β-

adrenergic receptor stimulation may protect the heart in LV DD, it is unlikely that chronic 

sympathetic activation in HFpEF promotes adverse effects on the heart. Thus, the question that 

remains is whether sympathetic activation in DD and HFpEF improves LV diastolic function? 

Importantly, β1 adrenergic receptor-induced effects on chronotropic and inotropic properties of 

the LV are preserved in HFpEF (Klabunde, 2012, Lahaye Sle et al., 2010). However, whether at 

rest or during physical activity, β-AR-induced lusitropic effects have benefits to the heart with 

DD (thus accommodating increased filling volumes at normal filling pressures) and β-

adrenoreceptor blockers may thus attenuate these beneficial effects, is unknown. Furthermore, 

whether sympathetic activation in DD, through β-AR-induced lusitropic effects and increases in 

filling volumes at normal filling pressures limits the transition to clinical HFpEF, is unknown. 

Importantly, in hearts with DD, an attenuated sympathetic-induced LV suction (an effect 

mediated by relaxation of the LV in early diastole) occurs (Ohara et al  2012). If a decreased 
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sympathetic-induced LV suction (Ohara et al 2012) translates into a limited impact of adrenergic 

activation on LV filling pressures in DD, under these circumstances the use of β-adrenoreceptor 

blocking agents may have little deleterious effect on DD either at rest or during physical activity 

and sympathetic activation cannot be viewed as a beneficial effect in the transition to clinical 

HFpEF. In the present thesis I therefore assessed the extent to which β-adrenoreceptor 

stimulation improves LV relaxation abnormalities and hence decreases Doppler indexes of LV 

filling pressure in Spontaneously Hypertensive (SHR) and Dahl salt-sensitive (DSS) 

hypertensive rat models of LV DD. I selected to study animal models of DD as the impact of 

maximal adrenergic stimulation cannot be ethically assessed in humans and in humans with DD 

data will be confounded by the presence of agents employed to manage risk factors. I assessed 

diastolic function using contemporary non-invasive echocardiographic approaches consistent 

with the clinical scenario rather than invasive approaches, but selected animal models (SHR) to 

study in which our group have previously demonstrated diastolic dysfunction using gold-

standard end diastolic pressure-dimensions and stress-strain relations (Norton et al 1997). The 

data for this study have been published in J Cardiovasc Pharmacol (Bamaiyi et al, 2018) and 

are described and discussed in chapter 2 of the present thesis. 

 

1.2.5 Clinical presentation of HFpEF versus HFrEF  

 

Both HFpEF and HFrEF may present with common clinical features including 

breathlessness, exercise intolerance and signs of right heart failure (Phan et al 2009; Bhatia et 

al., 2006, Borlaug & Paulus, 2011). However, the underlying mechanisms are different (Borlaug 

& Paulus, 2011; Bhatia et al 2006; Phan et al 2009). In HFrEF exercise intolerance is due the 

decrease in the LV’s ability to eject sufficient blood to meet the requirements for physical 

exertion (Abraham et al., 2015, Rengo et al 2014) whilst breathlessness is due to an increased 

LV end diastolic volume and hence pressure which will lead to pulmonary congestion (Bhatia et 

al 2006; Borlaug & Paulus 2011). In HFpEF, a reduced LV relaxation and increased passive 

stiffness increases LV filling pressure (Adeniran et al., 2015, Zile et al., 2004, Leite-Moreira et 

al., 2001), consequently leading to pulmonary congestion, breathlessness and exercise 
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intolerance (Phan et al 2009; Leite-Moreira et al 2001). In this regard, increased filling pressures 

in DD have indeed been shown to contribute to exercise intolerance (Paulus 2010). In this 

regard, exercise-induced pulmonary hypertension and an elevation of pulmonary capillary 

wedge pressures occurs in patients with exertional dyspnea and DD (Borlaug et al  2010). 

Importantly exercise activates the sympathetic nervous system and in a normal LV enhances 

myocardial relaxation, thus reducing filling pressures and accommodating greater filling 

volumes (thus allowing for a greater Frank-Starling effect). Sympathetic activation in HFpEF 

may similarly limit the symptoms of heart failure by promoting reduced filling pressures. 

Attenuation of sympathetic-induced increases in myocardial relaxation with the use of β-

adrenoreceptor blocking agents in those with LV DD or HFpEF could therefore result in an LV 

that does not accommodate a higher filling volume at rest or during exercise, thus reducing the 

Frank-Starling mechanism and contributing to exercise intolerance or increasing filling 

pressures at rest. However, there are presently no studies that have evaluated whether 

sympathetic activation in LV DD produces benefits to LV diastolic function. Thus, as indicated in 

the aforementioned section in the present thesis I therefore assessed the extent to which β-

adrenoreceptor stimulation improves LV relaxation abnormalities and hence decreases Doppler 

indexes of LV filling pressure in Spontaneously Hypertensive (SHR) and Dahl salt-sensitive 

(DSS) hypertensive rat models of LV DD. As also indicated these data have been published in J 

Cardiovasc Pharmacol (Bamaiyi et al, 2018) and are described and discussed in chapter 2 of 

the present thesis. 

 

1.3 Preclinical cardiac diastolic dysfunction  

 

Several large community-based studies have demonstrated a high prevalence of LV DD 

prior to the development of HFpEF and these functional changes in the LV are strongly related 

to several acknowledged risk factors for HFpEF, including age, hypertension, and obesity 

(Burke et al 2014; Libhaber et al 2014; Mohammed et al 2012; Russo et al 2011; Owan et al 

2006; Bursi et al 2006; Zile et al 2004; Redfield et al 2003). These findings therefore provide an 

ideal setting to better study the impact of risk factors on LV diastolic function. Importantly, there 
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is an association between LV DD and HFpEF (Shah et al 2016; Paulus & Tschope 2013; 

Hamdani et al 2013; Lamb et al 1999). Moreover, LV DD or indexes of an abnormal LV 

relaxation or increased filling pressures precede or predict the development of heart failure or 

HFpEF (Bella et al 2002; Wan et al 2014; Wang et al 2003; Zile et al 2002; Westermann et al 

2008; Aurigemma et al 2001; Kane et al 2011; Lam et al 2011; Redfield et al 2003; Schillaci et 

al 2002). Moreover, a decreased LV end-diastolic volume, which often accompanies DD, 

predicts the progression to HFpEF (Burke et al 2014). 

 

1.3.1 Hypertension as a risk factor for preclinical LV DD and HFpEF 

 

There is considerable evidence to substantiate a role for hypertension as an important 

cause of heart failure. Approximately 48% of patients diagnosed with heart failure in primary 

care facilities have hypertension (Cleland et al 2002). Hypertension is one of the most frequent 

comorbidities identified in patients with heart failure (Levy et al 1996), and in addition, 

hypertension is one of the four most frequently cited comorbidities in clinical trials of heart 

failure (Krum & Gilbert 2003). The importance of blood pressure in the development of heart 

failure is underscored by the substantial evidence showing the prevention of heart failure 

development with the use of antihypertensive therapy (Dahlof et al 1991; Kostis et al 1997; 

MRC Working Party Medical Research Council 1992). Although hypertension may play a role in 

either HFrEF or HFpEF, hypertension may be a more important risk factor for HFpEF than 

HFrEF. What is the evidence to support this notion? 

There is substantial evidence from preclinical animal models of hypertension that 

hypertension results in decreases in diastolic function of the LV (either increases in stiffness or 

decreases in relaxation) well before systolic abnormalities are observed and that these are 

prevented with adequate blood pressure (BP) control (Norton et al 1997). Moreover, many 

studies have shown associations between systolic BP (Abhayaratna et al 2008; Chung et al 

2010; Hsu et al 2010; Masugata et al 2005; Pavlopoulos et al 2008) or diastolic BP (AlJaroudi et 

al 2012; Hwang et al 2012; Tsioufis et al 2008; Libhaber et al 2014) and LV E/A, a preload-

dependent index of LV relaxation. Importantly, the BP that most strongly relates to E/A or LV 
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DD in some large studies is diastolic rather than systolic BP (AlJaroudi et al 2012; Hwang et al 

2012; Tsioufis et al 2008; Libhaber et al 2009) and more recently diastolic BP has been shown 

to be correlated with E/A independent of systolic BP whereas systolic BP is not correlated with 

E/A independent of diastolic BP (Libhaber et al 2014). In comparison to relationships between 

BP and E/A, E/e’ (an index of LV filling pressures) or the preload-independent index of 

myocardial relaxation (e’) are more frequently associated with systolic BP, but not diastolic BP 

(Abhayaratna et al 2008; Chung et al 2010; Hsu et al 2010; Libhaber et al 2014; Mottram et al 

2005; Pavlopoulos et al 2008; Russo et al 2010). However, one study showed that both systolic 

and diastolic BP were independently associated with E/e’ (Hwang et al 2012). Importantly, 

regardless of which brachial BP (systolic or diastolic) is better related to measures of LV 

diastolic function in cross-sectional studies, in several clinical studies including major clinical 

trials such as the Anglo-Scandinavian Cardiac Outcomes Trial (ASCOT) (Tapp et al 2010) 

antihypertensive therapy has been demonstrated to produce beneficial effects on tissue Doppler 

measures of DD (E/e’ and e’) and systolic BP is the BP that is best related to these 

improvements in diastolic function (Almuntaser et al 2009). Also noteworthy is the finding in 

cross-sectional analysis of a community-based study with a high prevalence of obesity, that BP 

contributed substantially more to LV DD than did any other risk factor except for age (Millen et 

al 2014). 

With respect to evidence that hypertension is an important risk factor for HFpEF, as 

previously highlighted, HFpEF is frequently related to hypertension (Masoudi et al 2003; 

Redfield et al 2003; Owan et al 2006; Desai et al 2009; Kane et al 2011). In this regard, 

hypertension is an independent determinant of the progression to HFpEF (Mohammed et al 

2012; Schillaci et al 2002) and a more rapid progression to LV DD occurs in hypertensives than 

normotensives (Bella et al 2002). Heart failure with a preserved ejection fraction has also been 

reported to be the dominant phenotype of heart failure in hypertensive heart disease (Tadic et al 

2018). 

 

1.3.2 Role of cardiac hypertrophy and remodeling in hypertensive LV DD and heart 

failure. 
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Traditionally, the development of LV dysfunction and consequently heart failure in 

hypertension has been viewed as the evolution from a phase of structural LV remodeling 

(concentric remodeling and hypertrophy) to LV decompensation. Indeed, well-recognised 

determinants of a reduced LV diastolic function are LV hypertrophy and concentric LV 

remodelling (as indexed by relative wall thickness) (Chahal et al 2010). Consequently, the 

presence of LV hypertrophy is thought to be an essential prelude to LV dysfunction, including 

LV DD. Indeed, LV DD may be seen in up to 84% of hypertensive individuals with LV 

hypertrophy (Wachtell et al 2000). Conversely, it has been estimated that only 11% to 20% of 

hypertensive patients have LV DD without exhibiting LV hypertrophy (Dini et al 2013; Phillips et 

al 1989). However, these estimates were obtained at a time when more contemporary non-

invasive approaches to determining LV diastolic function were not available. Nevertheless, DD 

may be worse in patients with LV hypertrophy as compared to those without LV hypertrophy 

(Kattel et al 2016). Moreover, LV hypertrophy is well-recognised as progressing to both DD and 

heart failure and concentric LV hypertrophy is thought to progress to HFpEF (Drazner 2011). 

Although there is substantial evidence to support the fact that LV hypertrophy and 

concentric LV remodelling mediate LV DD, there is also considerable evidence to oppose this 

view. Indeed, animal models of DD without LVH are well described (Norton et al 1996). 

Furthermore, even in animal models of hypertensive LVH, antihypertensive agents that reduce 

pressures without modifying LV mass are equally as effective at preventing LV DD as agents 

that regress LV hypertrophy (Norton et al 1997). It is also now well recognised that many 

patients with HFpEF do not have LV hypertrophy (Lam et al 2007) despite the fact that 

hypertension is the dominant risk factor for this form of heart failure. Moreover, it is recognised 

that LV DD without LV hypertrophy is an early manifestation of hypertensive heart disease 

(Messerli et al 2017). Furthermore, a dissociation has been noted between ethnicity and LV 

mass versus DD in a recent large echocardiographic study (Shantsila et al 2018), and the 

limited contribution of concentric LV hypertrophy to DD in hypertensives recently described 

(Nazário Leão et al 2018). In addition, it is mainly those with LV hypertrophy who, in addition to 

a structural change in the LV, have biomarker evidence of increased loading conditions or 

myocardial damage produced presumably by increased loads, that progress to heart failure 
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(Seliger et al 2015). Further, assigning those with LV hypertrophy to concentric versus eccentric 

subtypes only moderately differentiates participants at increased risk of heart failure with a 

preserved versus reduced ejection fraction (Ho et al 2013). Also in the ASCOT, the marked 

differences in treatment groups in improvements in LV diastolic function with antihypertensive 

therapy were unaffected by adjustments for LV mass index (Tapp et al 2010). Importantly, as 

indicated in preceding sections, it has been well-recognised for several decades (González et al 

2018) with even more novel mechanisms continuing to emerge (González et al 2018; Paulus & 

Tschope 2013) of a role for several cellular changes induced by hypertension that are unrelated 

to the hypertrophic process and which determine LV diastolic function. Consequently, the value 

of measures of LV hypertrophy or the remodelling process as effective indices that herald the 

presence of LV DD is unclear. As part of the present thesis I therefore, in a large community-

based study with a high prevalence of untreated hypertension, using product of coefficient 

mediation analysis, also aimed to determine the extent to which LV mass or relative wall 

thickness accounts for the impact of BP on indices of LV diastolic function. These data have 

been accepted for publication in J Hypertens (Bamaiyi et al, 2019, in-press) and are described 

and discussed in chapter 3 of the present thesis. The answer to this question is essential to 

obtaining a better understanding of those factors that may better identify hypertensives at risk of 

DD and hence of HFpEF, 

 

1.4 Obesity as a risk factor for heart failure. 

 

Frequently observed comorbid conditions are hypertension and obesity. In this regard, 

obesity is a well-recognized risk factor for hypertension. A steady rise in the global prevalence 

of obesity has been observed (Ebong et al 2014; Jonk et al 2007) with one-third of adults in the 

United States, (Buonacera et al 2018) and a similar proportion of adult women in developing 

countries such as South Africa (Beaney et al 2018) being obese. Although hypertension has 

over several decades been documented as a cause of heart failure (Mickerson 1959; Mancia et 

al 1993), it is only in the more recent past that obesity has been observed to be an independent 

risk factor for heart failure beyond all conventional risk factors including hypertension, diabetes 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Mickerson%20JN%5BAuthor%5D&cauthor=true&cauthor_uid=13651507
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mellitus, dyslipidaemia and prior myocardial infarction. Indeed, a nested case-control study and 

a number of prospective studies have shown an independent association between the extent of 

adiposity and the development of heart failure (Chen et al 1999; He et al 2001; Johansson et al 

2001; Wilhelmsen et al 2001; Kenchaiah et al 2002; 2009; Ingelsson et al 2005a & 2005b; 

Nicklas et al 2006; Bahrami et al 2008; Spies et al 2009). This relationship has been shown in 

the general population (He et al 2001; Kenchaiah et al 2002; Ingelsson et al 2005b; Bahrami et 

al 2008), in the middle-aged (Ingelsson et al 2005a), in the elderly (Chen et al 1999; Nicklas et 

al 2006), in women (He et al 2001), in men (Wilhelmsen et al 2001; Ingelsson 2005b), in 

general practice (Johansson et al 2001), in physicians (Kenchaiah et al 2009) and in persons 

with established coronary artery disease (Spies et al 2009). 

Independent of conventional cardiovascular risk factors, a body mass index (BMI) of 

between 25 and 30 kg/m2 (overweight) may increase the risk of heart failure by 39-49% 

compared to a BMI between 20 and 25 kg/m2 (normal) (Bahrami et al 2008; Kenchaiah et al 

2009). Similarly, a BMI greater than or equal to 30 kg/m2 (obese) independently increases the 

risk of heart failure by 83-180% (Johansson et al 2001; Kenchaiah et al 2002; Bahrami et al 

2008; Kenchaiah et al 2009). Importantly, the independent risk for heart failure attributed to 

overweight or obese is quantitatively similar to the effects of the presence of hypertension or 

diabetes mellitus noted in the same study. 

 Although the strength of the ability of indices of an excess adiposity to predict the risk of 

heart failure is influenced by statistical adjustments for traditional cardiovascular risk factors, as 

well as by adjustments for coronary events, the effect of these adjustments is surprisingly 

minimal. Indeed, in overweight and obese persons, the risk for heart failure is decreased by only 

1-13% with these adjustments (He et al 2001; Ingelsson et al 2005a; 2005b; Nicklas et al 2006; 

Spies et al 2009) and by only 55% in obese individuals despite obesity increasing the risk for 

heart failure by 180% (Kenchaiah et al 2009). Hence, although there is no doubt that targeting 

modifiable cardiovascular risk factors with lifestyle interventions and medication is a crucial 

approach to prevent overweight/obesity-induced heart failure, the large remaining risk for heart 

failure after adjustments for conventional cardiovascular risk factors indicates that this is 

probably not the most effective approach. Importantly, while obesity is responsible for 11-14% 
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of heart failure in the United State of America, (Ebong et al 2014) it is reported to be responsible 

for 13.7-19.4% of heart failure in sub-Saharan Africa (Adeboye et al 2012). Thus, targeting 

obesity may be a key element to reducing the high prevalence of heart failure in Africa. 

 

1.4.1 Relationship between obesity or associated insulin resistance and preclinical LV 

DD 

 

Although hypertension has been well-recognised for several decades as a cause of LV 

DD (Shkhvatsabaia et al 1979; Dreslinski et al 1981) as with heart failure, it is also only more 

recently that the comorbidity, obesity has been recognized in large cross-sectional studies as 

being independently associated with LV DD (Tsioufis et al 2008; Libhaber et al 2009; Russo et 

al 2011; AlJaroudi et al 2012; Cil et al 2012). Moreover, in a meta-analysis and systematic 

review of 23 studies evaluating the impact of bariatric surgery on cardiac function and structure 

in obese patients, enhancements in LV diastolic function as well as decreases in relative wall 

thickness and LV mass were noted (Cuspidi et al 2014). Importantly however, more recent 

evidence from our group suggests that the impact of BP on LV diastolic function as assessed 

from contemporary measures of function at a community level is more crucial than the impact of 

obesity effects on LV diastolic function (Millen et al 2014). Nevertheless, assuming that obesity 

does play an important role in mediating DD, what are the potential mechanisms of this effect? 

In obesity, insulin signaling may be defective with associated insulin resistance 

occurring. However, in the early stages of insulin-resistance, euglycaemia is maintained through 

compensatory hyperinsulinaemia. Prior to the development of diabetes mellitus and poor blood 

glucose control, insulin resistance may induce adverse cardiac changes through a number of 

mechanisms. Importantly, insulin resistance is not restricted to skeletal muscle, but also affects 

myocardial muscle tissue (Nikolaidis et al 2004, Ouwens et al 2005, Coort et al 2007). In 

myocardial muscle, insulin resistance downregulates glucose uptake and thereby prevents the 

energetic advantage provided by glucose compared to free fatty acid oxidation (Nikolaidis et al 

2004, Ouwens et al 2005). In addition, insulin resistance is associated with intracellular 

accumulation of triacylglycerol resulting in activation of apoptotic pathways (lipotoxicity) (Coort 
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et al 2007). Hence, by reducing the efficiency of energy utilization or by promoting cell death 

(lipotoxicity), obesity could decrease myocardial relaxation thereby producing LV DD. Evidence 

for a role for insulin resistance in promoting obesity-associated LV DD has accumulated over 

the years from many small studies. However, the evidence from studies in unselected 

populations with a large sample size is less convincing. In this regard, in the Jackson Heart 

Study (2399 participants), the homeostasis model of insulin resistance (HOMA-IR) was 

assessed in women with a normal fasting blood glucose, and no relations with LV diastolic 

function determined using trans-mitral velocity and tissue Doppler assessments were reported 

on (Fox et al 2011). We therefore assume that no independent relations were noted in that 

study (Fox et al 2011). In participants being evaluated for health checks (n=1599), although 

decreases in E/A and increases in E/e’ were observed with increasing quartiles of HOMA-IR, 

whether adjustments for indices of excess adiposity had any impact on these relationships was 

not reported on (Hwang et al 2012). In contrast to the lack of impact of adiposity indices on DD 

as demonstrated by our group (Millen et al 2014), in a more recent study conducted by our 

group, in 430 randomly recruited participants from a community sample, a more concentrically 

remodeled LV determined whether insulin resistance as determined from HOMA-IR, was 

associated with LV diastolic function (Peterson et al 2016). Importantly, in that study (Peterson 

et al 2016), relations between HOMA-IR and more contemporary measures of LV diastolic 

function (tissue Doppler indices) were modest at best and robust relations were only noted in 

those with a more concentrically remodeled LV. As hypertension is a strong determinant of 

concentric LV remodeling, the possibility exists that even if obesity or associated insulin 

resistance considered alone have only a modest impact on LV diastolic function, that obesity or 

its metabolic consequences may determine the extent to which DD occurs in hypertension. 

However, the extent to which adiposity indices or the metabolic abnormalities associated with 

obesity enhance the impact of hypertension on LV diastolic function has not been assessed.  

Consequently, as part of the present thesis I aimed to determine whether adiposity indices or 

insulin resistance influence the extent to which DD occurs in hypertension in a community 

sample with a high prevalence of hypertension and obesity. These data have been accepted for 

publication in Clin Cardiol (Bamaiyi et al, 2019) and are described and discussed in chapter 4 of 
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the present thesis The answer to this question is likely to better identify those hypertensives at 

risk of DD and hence HFpEF and perhaps offer an additional therapeutic target to prevent the 

transition from hypertension to HFpEF. 

 

1.5 Problem statement 

 

 The prevalence of HFpEF is becoming increasingly more prevalent in all countries and is 

a major cause of hypertensive heart failure in Africa. As there are no therapeutic approaches 

with proven treatment benefits for HFpEF, a better understanding of the factors that influence its 

development is required. As HFpEF is caused by DD, a thorough understanding of the 

determinants of DD is essential. Central to DD is hypertension, but there are several 

outstanding questions regarding hypertensive DD that remain unanswered. In this regard, β-

adrenergic receptor blockers are often essential for the management of hypertension, 

particularly in those patients with underlying coronary artery disease or atrial fibrillation. 

Although neurohumoral (including sympathetic) activation occurs in HFpEF, there is little 

understanding as to whether through well-recognised lusitropic properties this is beneficial to 

DD and hence whether β-adrenergic receptor blocker therapy will worsen DD. Furthermore, 

although classical principles promote the notion that the transition to LV dysfunction, including 

DD, occurs through concentric LV hypertrophy, several lines of evidence suggest that this 

concept is outdated. If so, specifically targeting LV hypertrophy would no longer be an 

acceptable approach to preventing or reversing DD in hypertension. In addition, not all 

hypertensives develop LV DD, and hence a better understanding of those at risk is essential. In 

this regard, obesity or its metabolic consequences, which are common co-morbid conditions in 

hypertension, although contributing comparatively less to DD than hypertension may enhance 

the impact of hypertension on DD.      

 

1.6 Aims 

 

Therefore, in the present thesis I aimed to determine; 
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1. Whether in hypertensive rat models (SHR and Dahl Salt-sensitive rats) associated with 

impaired LV diastolic but normal systolic function, β-adrenergic receptor stimulation 

improves LV relaxation and consequently decreases LV filling pressure. These data have 

been published in J Cardiovasc Pharmacol (Bamaiyi et al 2018) and are described and 

discussed in chapter 2. 

2. Using product of coefficient mediation analysis, the extent to which LV mass and concentric 

LV remodelling account for the impact of blood pressure on LV diastolic function and LV DD 

in a community sample with a high prevalence of uncontrolled hypertension. These data 

have been accepted for publication in J Hypertens (Bamaiyi et al, in-press) and are 

described and discussed in chapter 3. 

3. The extent to which adiposity indices or the homeostasis model of insulin resistance add to 

the impact of hypertension on LV diastolic function and DD in a community sample with a 

high prevalence of obesity and its metabolic consequences. These data have been 

published in Clin Cardiol (Bamaiyi et al 2019) and are described and discussed in chapter 4. 
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CHAPTER 2 

 

 

 

 

Limited Impact of β-Adrenergic Receptor Activation on Left Ventricular Diastolic 

Function in Rat Models of Hypertensive Heart Disease. 

 

 

The data in this chapter have been published in the Journal of Cardiovascular Pharmacology 
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2.0 Abstract 

 

Background: Hypertension is a major cause of left ventricular (LV) diastolic dysfunction (DD). 

Although β-adrenergic receptor (β-AR) blockers are often employed to manage hypertension, 

the impact of β-AR activation on LV lusitropic effects and hence filling pressures in the 

hypertensive heart with LV DD, is uncertain. 

Methods: Using tissue Doppler imaging and Speckle tracking software we assessed LV 

function in isoflurane anesthetised Spontaneously Hypertensive (SHR) and Dahl salt sensitive 

(DSS) rats before and after β-AR activation (isoproterenol [ISO] administration). 

Results: As compared to normotensive Wistar Kyoto control (WKY) rats, or DSS rats not 

receiving NaCl in the drinking water, SHR and DSS rats receiving NaCl in the drinking water 

had a reduced myocardial relaxation as indexed by lateral wall e’ (early diastolic tissue velocity 

at the level of the mitral annulus) and an increased LV filling pressure as indexed by E/e’. 

However, LV ejection fraction and deformation and motion were preserved in both SHR and 

DSS rats. The administration of ISO resulted in a marked increase in ejection fraction and 

decrease in LV filling volumes in all groups; and an increase in e’ in SHR, but not DSS rats. 

However, after ISO administration, although E/e’ decreased in DSS rats in association with a 

reduced filling volume, E/e’ in SHR remained unchanged and SHR retained greater values than 

WKY. 

Conclusions: The hypertensive heart is characterised by reductions in myocardial relaxation 

and increases in filling pressures, but β-AR activation may fail to improve myocardial relaxation 

and when this occurs, does not reduce LV filling pressures. 

 

Key words: hypertensive heart disease, left ventricular diastolic function, myocardial relaxation, 

adrenergic activation. 
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2.1 Introduction 

 

Hypertension is a well-recognised cause of left ventricular (LV) diastolic dysfunction 

(DD) and consequently heart failure with a preserved ejection fraction (EF) (Borlaug & Paulus 

2011; Borlaug & Redfield 2011; Lee et al 2009). Heart failure with a preserved EF contributes to 

close to half of all admissions for heart failure, and the outcomes may be equally as poor as 

heart failure with a reduced EF (Bhatia et al 2006; Owan et al 2006; Pitt et al 2014). Included in 

those agents that may be employed to manage hypertension are β-adrenergic receptor (β-AR) 

blockers. However, sympathetic activation, such as may occur with physical activity, has well-

recognised physiological benefits to LV diastolic function, with the ability to enhance lusitropy 

through β-AR stimulation. Thus, the use of β-AR blockers to treat hypertension may worsen DD 

during periods of physical activity. However, the impact of β-AR stimulation on LV diastolic 

function in hypertensives with LV DD, is unclear. 

Decreases in myocardial active properties (which influence relaxation) contribute to LV 

DD (Zile et al 2004; Lewis et al 2017; Shah et al 2016; Tschöpe et al 2017; Shah et al 2014) 

and are thought to play a major role in determining increases in filling pressures in hypertensive 

DD (Shah et al 2014).Consequently, during physical activity, β-AR-induced lusitropic effects 

may have benefits to the heart with DD (thus accommodating increased filling volumes at 

normal filling pressures) and β-AR blockers may attenuate these beneficial effects. However, in 

hearts with DD, an attenuated sympathetic-induced LV suction (an effect mediated by relaxation 

of the LV in early diastole) occurs (Ohara et al 2012). If a decreased sympathetic-induced LV 

suction (Ohara et al 2012) translates into a limited impact of adrenergic activation on LV filling 

pressures in DD, under these circumstances the use of β-AR blocking agents may have little 

deleterious effect on DD during physical activity. Nevertheless, the impact of β-AR stimulation 

on LV filling pressures in DD, is unknown. In the present study we therefore assessed the 

extent to which β-AR stimulation improves LV relaxation abnormalities and hence decreases 

Doppler indexes of LV filling pressure in Spontaneously Hypertensive (SHR) and Dahl salt-

sensitive (DSS) hypertensive rat models of LV DD. 
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2.2 Methods 

 

The Animal Ethics Screening Committee of the University of the Witwatersrand 

approved the protocol (approval numbers 2016/03/08/A and 2016/06/28/B). Forty one rats were 

evaluated in the present study. Seven month old male SHR (n=14) and age-matched Wistar 

Kyoto control (WKY) (n=11) rats, and 5 month old male Dahl salt-sensitive rats (DSS) (originally 

sourced from Charles River Co, Washington DC, USA) (n=16) were evaluated. Of the DSS rats, 

7 received 0.6% NaCl in the drinking water for 2 months and 9 received normal tap water. All 

DSS rats were assessed at 7 months of age. Prior to echocardiographic and invasive 

hemodynamic assessments, awake restrained rats had tail cuff blood pressures (BP) 

determined using standard techniques (BIOPAC systems, Inc. NIBP250 blood pressure 

amplifier). Rats were habituated to these measurements by placing them in restrainers for 10 

minutes at a time on 3 separate occasions and allowing them to undergo the BP measurement 

procedure before BP values were recorded. Fourteen SHR, 5 WKY rats and all DSS rats had 

hemodynamic assessments performed at baseline and then following the administration of a β-

adrenoreceptor agonist (isoproterenol). Six WKY rats had hemodynamic assessments 

performed at baseline and then after increases in BP produced by administration of an α-

adrenoreceptor agonist, phenylephrine. This approach was adopted to ensure that differences 

in function between hypertensives and normotensives were not attributed to the effects of BP 

afterload on the LV. At the end of the study post-mortem examinations were performed to 

identify the presence of clinical features of heart failure (Tsotetsi et al 2001). 

2.2.1 Hemodynamics. Anesthesia was induced with isoflurane (5%) in oxygen and 

maintained with 2% isoflurane. Rats were placed on a heating pad for the duration of the study. 

To assess the impact of isoproterenol on hemodynamic values in anesthetised rats, baseline 

echocardiography was performed and then again after 4 doses of 0.1 mg/kg per rat 

isoproterenol at which point heart rate no longer increased (a total of 0.4 mg/kg per rat). To 

assess hemodynamic values in WKY at higher afterloads, echocardiography was performed at 

baseline and following 7 doses of phenylephrine (PE) (0.5 mg/kg intraperitoneal) at which point 

BP no longer increased (total of 3.5 mg/kg per rat). Data were obtained over a maximum of 30 
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minutes from the time of anesthetic induction in rats receiving isoproterenol and the average 

time (mean±SD) taken to collect all data was similar between groups of rats receiving 

isoproterenol (WKY=19 minutes and 20 seconds±4 minute and 52 seconds; SHR=23 minutes 

and 36 seconds±4 minutes and 18 seconds; DSS-no additional NaCl=21 minutes and 22 

seconds±5 minutes and 38 seconds; DSS receiving additional NaCl=22 minutes and 35 

seconds±5 minutes and 22 seconds). As a catheter was inserted into WKY rats receiving PE, 

the time taken from anesthetic induction to final data collection was 40 minutes and 42 

seconds±8 minutes and 41 seconds.The average time taken between baseline measurements 

and measurements obtained in the presence of isoproterenol stimulation was also similar 

between groups of rats (WKY=14 minutes±1 minute and 32 seconds; SHR=17 minutes and 25 

seconds±3 minutes and 36 seconds; DSS-no additional NaCl=18 minutes and 17 seconds±3 

minutes and 30 seconds; DSS receiving additional NaCl=17 minutes and 25 seconds±4 minutes 

and 50 seconds). In a pilot study performed with no interventions in normotensive rats (n=4), no 

significant changes in hemodynamic parameters occurred from baseline over a 30 minute 

assessment period. 

To determine pressure changes in rats receiving PE, carotid pressures (assumed to be 

only 1 mm Hg higher than aortic pressure and hence employed as a surrogate thereof) were 

recorded using a PP-50 heparinised saline-filled polyethylene catheter, coupled to a pressure 

transducer. The catheter was inserted into the left common carotid artery, advanced 1.5 to 2.0 

cm until the tip of the catheter was close to the origin of the carotid artery from the aorta, and 

subsequently the catheter was tied in place. The amplitude-frequency response of the catheter-

transducer dome combination employed was uniform to 10 Hz. Pressure recordings were 

obtained on a Powerlab recording system (4/30 model ML866, Adinstruments system, 

Australia). 

2.2.2 Echocardiography. Echocardiographic measurements were performedby an 

experienced observer (AJW) with the rats (anterior chest hair shaved) in the left lateral 

decubitus position using an echocardiogram (Acuson SC2000 Diagnostic ultrasound system, 

Siemens Medical Solutions, USA, Inc.) equipped with a 10 MHz linear array transducer and 

ECG. A frame rate of >110 frames per second was employed for all B-mode and M-mode 
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images. Left ventricular dimensions were determined using two-dimensional directed 

(parasternal long axis view) M-mode echocardiography obtained in the short axis of the heart as 

close to the tip of the mitral valves as possible in all rats. The LV dimensions were measured 

only when appropriate visualization of both the right and the left septal surfaces occurred and 

where the endocardial surfaces of both the septal and posterior wall were clearly visible. LV end 

systolic (LVESD) and end diastolic (LVEDD) internal diameters (leading edge method) and wall 

thickness values were obtained from M-Mode images and these recordings were analyzed 

according to the American Society of Echocardiography convention (Sahn et al 1979). Left 

ventricular systolic chamber function was determined from LV endocardial fractional shortening 

(FSend) calculated from LV (EDD-ESD)/EDD expressed as a percentage and LV ejection 

fraction (EF) calculated using the Teichholz method. 

To further evaluate changes in LV systolic function, LV strain, strain rate, displacement 

and velocity measurements were obtained from digital dynamic cine-loops of long axis 

(longitudinal) and short axis (circumferential or rotational) B-mode images using vendor’s 

software (velocity vector imaging, VVI). Images selected for analysis had well-defined 

endocardial and epicardial borders and no substantial image artefacts. Image analysis was 

performed according to manufacturer's instructions. At least five consecutive cardiac cycles 

were selected for analysis. The endocardium and epicardium were traced semi-automatically 

using vendor’s software (VVI) beginning at the mitral valve annulus (free wall edge), extending 

to the apex, and returning to the mitral valve annulus (septal edge) for the long-axis images, 

and beginning at the anteroseptum and returning to the original location in a clockwise direction 

for the short axis images. The traces were manually adjusted to ensure adequate tracking of the 

endocardial and epicardial borders throughout the cardiac cycle. Velocity, displacement, strain, 

and strain rate were calculated in the longitudinal and circumferential planes. 

Left ventricular diastolic function was assessed from a pulsed wave Doppler examination 

of the mitral inflow at rest and tissue Doppler indexes (TDI). Pulse wave Doppler recordings of 

trans-mitral velocity were obtained with the sample volume at the tip of the mitral valve in the 

apical four-chamber view. Trans-mitral velocity measurements were obtained during the early 

(E) and late (atrial contraction) (A) period of LV diastolic inflow and care was taken to avoid the 
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overshoot in the spectral image often noted in rat imaging when velocity assessments are 

determined. In this regard, the leading (outer) edge or the most dense, or brightest, portion of 

the spectral image was identified as the actual velocity waveform. To perform TDI, the velocity 

of myocardial tissue lengthening at the level of the mitral annulus was recorded in the apical 

four-chamber view. The sample volume was positioned at the lateral corner of the mitral 

annulus. To determine diastolic function using TDI, peak velocities during early (e’) and late 

(atrial contraction)(a’) diastole were measured. Data were expressed as the E/e’ ratio (an index 

of LV filling pressures) or as e’ alone, e’/a’ and E/A (indexes of myocardial relaxation). Because 

mitral annular velocity (e’) remains constant and trans-mitral flow velocity (E) increases with an 

increased filling pressure, E/e’ ratio correlates well with left ventricular filling pressures in rat 

hearts (Leite et al 2015). 

2.2.3 Data analysis. For comparisons of resting values, an unpaired Student’s t-test 

was performed. For comparisons of values before and after interventions, a paired Student’s t-

test (effect of phenylephrine in WKY rats) or repeated measures two-way ANOVA with a Tukey 

post hoc test (effect of isoproterenol on hypertensives and controls) was performed where 

appropriate. 

 

2.3 Results 

 

2.3.1 Blood pressures, LV remodelling and evidence of heart failure. SHR and DSS 

rats receiving NaCl in the drinking water had increased tail cuff (awake, restrained) BP values 

as compared to controls (Table 2.1). Although SHR had similar absolute heart and LV weights 

as WKY, heart weight or LV weight/body weight ratios were markedly increased in SHR (Table 

2.1). DSS rats receiving NaCl in the drinking water however, did not have increased heart and 

LV weights as compared to DSS rats receiving no additional NaCl (Table 2.1). As compared to 

WKY rats, SHR had concentric LV remodelling as indexed by increases in relative wall 

thickness (septal+posterior wall thickness at end diastole/EDD) and decreases in internal 

diameters (Table 2.1). In contrast, DSS rats receiving NaCl in the drinking water had no obvious  
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Table 2.1. Blood pressures, cardiac weight and geometry and left ventricular (LV) function in 

hypertensive rat models. 

        WKY            SHR              DSS         DSS-NaCl 

      (n=11)     (n=14)                (n=9)                (n=7) 

____________________________________________________________________________ 

Tail cuff blood pressure 

Systolic blood pressure (mm Hg)         147±10           214±4**    163±9   233±5** 

Cardiac weight and geometry 

Body weight (BW) (g)         467±8             359±10**    432±7            402±8* 

Total heart weight (g)                         1.33±0.03       1.34±0.03      1.65±0.05      1.65±0.02        

Heart weight/BW x 103                        2.85 ±0.06     3.73±0.10**    3.82±0.12     4.1.2±0.11 

Left ventricular (LV) weight (g)            1.00±0.04      1.01±0.01       1.31±0.03     1.33±0.04        

LV/BW x 103                                       2.13±0.20      2.80±0.10*    3.04±0.09     3.32±0.13 

LV end diastolic (ED) diameter (mm)   0.70±0.03      0.60±0.02*    0.77±0.02     0.77±0.04        

LVED posterior wall thickness (mm)    0.19±0.01      0.20±0.01       0.18±0.02     0.14±0.02 

LVED relative wall thickness               0.52±0.03      0.67±0.04*      0.49±0.03     0.40±0.06 

LV function 

Endocardial fractional shortening (%)  35.4±3.6         31.6±1.8     33.4±3.2      35.7±3.9           

Midwall fractional shortening (%)        20.0±0.02       19.0±0.01        18.9±1.9      21.8±3.0 

Longitudinal strain rate (sec-1)   -3.38±0.70      -3.85±0.48       -5.72±1.44   -8.25±1.60 

Longitudinal displacement (cm)          0.27±0.07        0.24±0.06        0.35±0.07    0.33±0.15 

Longitudinal velocity (cm/sec)  0.79±0.11     0.83±0.16      0.91±0.13    0.63±0.36 

Transmitral E(cm/s)                             88±8            120±4**             78±12       111±25 

e’/a’                                                     1.15±0.16           1.26±0.08      1.25±0.21    0.80±0.18 

E/A                              2.29±0.18         2.88±0.18*      2.47±0.32    2.76±0.63 

_________________________________________________________________________ 

SHR, Spontaneously Hypertensive Rats; WKY, Wistar Kyoto control rats; DSS, Dahl salt-

sensitive rats; E,transmitral blood flow velocity in the early phase of diastole; e’, velocity of 

myocardial tissue lengthening in the early phase of diastole at the level of the mitral annulus; a’, 

velocity of myocardial tissue lengthening in the atrial contraction phase of diastole at the level of 

the mitral annulus; A, transmitral blood flow velocity in the atrial contraction phase of diastole. 

*p<0.01, **p<0.005 versus control group. 
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concentric LV remodelling as compared to controls (Table 2.1). On post mortem examination, 

none of the rats had evidence of left atrial thrombi, or pleuro-pericardial effusions and none of 

the SHR or NaCl-loaded Dahl SS rats had lung weights that were two standard deviations 

above the mean value of WKY or non-NaCl-loaded Dahl SS rats. 

2.3.2 Left ventricular systolic function at baseline. No differences were noted in 

indexes of systolic chamber function (FSend and EF) at baseline between SHR or DSS rats 

receiving NaCl in the drinking water and their respective control groups (Table 2.1, Figure 2.1). 

Furthermore, neither indexes of LV myocardial deformation (longitudinal or circumferential strain 

or strain rate) nor motion (longitudinal or circumferential/rotational displacement or velocity) 

were reduced in SHR or DSS rats receiving NaCl in the drinking water as compared to their 

respective control groups at baseline (Tables 2.1 and 2.2, Figure 2.1). Indeed, DSS rats 

receiving additional NaCl had a marked increase in longitudinal strain as compared to controls 

(Figure 2.1). 

2.3.3 Left ventricular diastolic function at baseline. As compared to controls, at 

baseline, SHR and DSS rats receiving NaCl in the drinking water had a diminished LV 

relaxation as indexed by decreases in lateral wall e’ (Figure 2.1). In addition, as compared to 

controls, at baseline, SHR and DSS rats receiving NaCl in the drinking water had increases in 

the Doppler index of LV filling pressures, E/e’ (Figure 2.1). Consistent with a restrictive filling 

pattern in a concentrically remodelled LV, E and E/A values were increased in SHR as 

compared to WKY (Table 2.1). However, in keeping with the lack of concentric LV remodeling in 

DSS rats receiving NaCl in the drinking water, no significant differences in E or E/A were 

observed as compared to controls (Table 2.1). 

2.3.4 Load-induced effects on left ventricular function in WKY. The administration of 

phenylephrine produced marked increases in BP in WKY rats with no significant change in 

indexes of systolic LV chamber function, LV myocardial deformation or motion (Tables 2.3 and 

2.4). Phenylephprine administration did however produce a trend for improvements in LV 

relaxation (e’) and decreases in LV filling pressure (E/e’) (Table 2.3). 

2.3.5 Impact of β-adrenergic receptor stimulation on LV systolic function. Isoproterenol 

administration produced marked and consistent increases in FSend, FSmid, and EF as well as  
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Figure 2.1. Left ventricular (LV) systolic and diastolic function in hypertensive rat models. 

See table 3 for other LV parameters. *p<0.05,**p<0.005 vs WKY or DSS. SHR, Spontaneously 

Hypertensive Rat; WKY, Wistar Kyoto control rats; DSS, Dahl salt sensitive rats; lateral e’, 

velocity of myocardial tissue lengthening in the early phase of diastole in the lateral wall of the 

LV at the level of the mitral annulus; E, transmitral blood flow velocity in the early phase of 

diastole; E/e’, index of filling pressure. 
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Table 2.2. Left ventricular (LV) systolic function in the circumferential plane in hypertensive rat 

models. 

        WKY                   SHR                DSS               DSS-NaCl

  

         (n=11)      (n=14)        (n=9)        (n=7) 

____________________________________________________________________________ 

Circumferential strain (%)                     -23.3±3.8        -21.1±2.9     -27.2±7.0       -12.4±10.0           

Circumferential strain rate (sec-1)         -5.92±1.68       -3.77±0.59       -7.90±2.00      -6.07±1.15 

Rotational displacement (degree)         3.60±0.69      3.51±0.66      3.75±1.39       1.80±0.84 

Rotational velocity (degree/sec)              99±17       102±12       126±39             83±15 

_________________________________________________________________________ 

SHR, Spontaneously Hypertensive Rats; WKY, Wistar Kyoto control rats; DSS, Dahl salt-

sensitive rats. 
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Table 2.3. Impact of the administration of phenylephrine (PE) on blood pressures and left 

ventricular function in Wistar Kyoto control rats (WKY) (n=6). 

 

                Before PE  After PE   

______________________________________________________________ 

Carotid systolic blood pressure (mm Hg)  120±3    188±6** 

Carotid diastolic blood pressure (mm Hg)    94±1     136±5** 

Left ventricular ejection fraction (%)       72.0±7.8                      69.6±6.5 

Endocardial fractional shortening (%)    38.7±6.3                     36.0±4.4 

Midwall fractional shortening (%)               19.8±4.5     21.0±3.1 

Longitudinal strain (%)               -14.6±4.3            -12.6±3.4 

Longitudinal strain rate (sec-1)                    -3.38±0.70             -2.69±0.69 

Longitudinal displacement (cm)                  0.25±0.21                   0.22±0.06 

Longitudinal velocity (cm/sec)             0.86±0.19             0.70±0.16   

Lateral e’ (cm/s)            5.66±0.66                   8.92±1.72* 

Transmitral E  (cm/s)                                  77.0±7.7                     79.1±6.8 

e’/a’                                                           0.96±0.16                    1.59±0.46 

E/A                                                            2.44±0.31                    2.20±0.32 

E/e’                                                             14.1±1.7                      8.8±1.5* 

______________________________________________________________ 

See table 2.1 for abbreviations. *p=0.05, ** p<0.0001 versus before PE. 
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Table 2.4. Impact of the administration of phenylephrine (PE) on left ventricular systolic function 

in the circumferential plane in Wistar Kyoto control rats (WKY) (n=6). 

 

                Before PE  After PE   

______________________________________________________________ 

Circumferential strain (%)             -26.3±7.1                    -18.6±5.7 

Circumferential strain rate (sec-1)                -5.92±1.68             -4.57±1.01 

Rotational displacement (degree)         4.55±1.29                   3.59±1.03 

Rotational velocity (degree/sec)   123±34               98±35 

______________________________________________________________ 

See table 2.1 for abbreviations.  
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rotational velocity in both SHR and DSS rats and their respective control groups (Tables 2.5 and 

2.6). Isoproterenol administration also increased rotational displacement in DSS rats, but not in 

WKY or SHR (Tables 2.7 and 2.8). However, isoproterenol administration decreased 

circumferential strain in WKY, SHR and control DSS rats (Tables 2.5 and 2.6), but increased 

circumferential strain and circumferential strain rate in DSS rats receiving NaCl in the drinking 

water (Tables 2.6 and 2.8). Therefore, whilst SHR and WKY rats had similar systolic function 

after isoproterenol administration, DSS rats receiving NaCl in the drinking water had a greater 

longitudinal and circumferential strain and strain rate after isoproterenol administration than 

DSS rats receiving no additional NaCl in the drinking water (Tables 2.5, 2.6, 2.7 and 2.8). 

2.3.6 Impact of β-adrenergic receptor stimulation on LV diastolic function. 

Isoproterenol administration produced a decrease in end diastolic volume (EDV), but no change 

in E, e’, e’/a’ or E/A in WKY rats (Figure 2.2, Table 2.5). However, in SHR, isoproterenol 

administration resulted in a decreased EDV and an increased LV relaxation as indexed by 

increases in E and e’, but not e’/a’ or E/A (Figure 2.2, Table 2.5). As isoproterenol improved 

myocardial relaxation, as indexed by the load-independent measure, e’, in SHR, but not WKY, 

relaxation properties (e’) were similar between SHR and WKY after isoproterenol administration 

(Figure 2.2). A correlation between isoproterenol-induced increases in e’ and decreases in filling 

pressures (E/e’) was noted in WKY and SHR (r2=0.48, p<0.001). Despite this correlation and 

the finding that isoproterenol administration resulted in reductions in EDV in both SHR and WKY 

rats, in neither WKY, nor SHR did isoproterenol administration alter filling pressures (E/e’) 

(Figure 2.2). Hence filling pressures in SHR remained elevated as compared to WKY rats 

(Figure 2.2).  

Isoproterenol administration produced a decrease in end diastolic volume (EDV), but 

failed to improve  myocardial relaxation as indexed by E, e’, e’/a’ or E/A in either DSS rats 

receiving NaCl in the drinking water or controls (Figure 2.3, Table 2.6). However, in DSS rats 

receiving NaCl in the drinking water isoproterenol administration reduced filling pressure (E/e’) 

(Figure 2.3). The isoproterenol-induced decrease in filling pressures in DSS rats receiving NaCl 

in the drinking water was attributed to reductions in EDV. Indeed, isoproterenol-induced 

decreases in E/e’ correlated with reductions in EDV (r2=0.44, p<0.001). 
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Table 2.5. Left ventricular function in Spontaneously Hypertensive Rats (SHR) versus Wistar Kyoto control rats (WKY) before and after β-

adrenergic receptor stimulation with isoproterenol (ISO). 

 

WKY (n=5)                          SHR (n=14) 

      Before ISO      After ISO            Before ISO       After ISO    

___________________________________________________________________________________________ 

Heart rate (min-1)                        345±10               442±12**                314±10†                442±9**              

Ejection fraction (%)                  50.2±2.4            85.4±4.9**              64.6±2.7               89.2±1.6** 

Endocardial fractional shortening (%) 26.9±3.0            44.5±11.3**            31.6±1.8               59.5±2.6** 

Midwall fractional shortening (%)              15.6±2.1    24.4±4.5**             18.6±1.3               32.5±1.5** 

Longitudinal strain (%)                      -14.9±4.4            -8.9±4.5          -16.7±1.4             -10.7±2.4 

Circumferential strain (%)               -20.4±2.5            -9.4±4.9*           -21.1±2.9               -8.0±1.3** 

Rotational velocity (degree/sec)             70±6               199±58**                102±12                191±39** 

Transmitral E (cm/s)                 101±13             127±19                   120±4                  163±9**       

e’/a’                                        1.38±0.30          1.40±0.16               1.26±0.08            1.37±0.12         

E/A                                         2.11±0.21          2.52±0.13               2.88±0.17†           1.79±0.09**‡ 

___________________________________________________________________________________________ 

See table 2.1 for abbreviations. *p<0.05 **p<0.005 versus before ISO; †p<0.05 versus WKY before ISO; ‡p<0.05 versus WKY after ISO. 
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Table 2.6. Left ventricular function in Dahl salt-sensitive rats (DSS) before and after β-adrenergic receptor stimulation with isoproterenol (ISO). 

                                                              DSS (n=9)                      DSS-NaCl (n=7) 

                       Before ISO      After ISO              Before ISO       After ISO    

________________________________________________________________________________________________ 

Heart rate (min-1)                         355±13   418±9**                  352±11       382±14**              

Ejection fraction (%)        66.1±3.2  91.3±1.9**              63.8±6.4               92.0±2.0** 

Endocardial fractional shortening (%)  33.4±3.2               55.3±5.7**              35.7±3.9               53.3±4.0** 

Midwall fractional shortening (%)                 18.9±1.9  26.2±3.9**              21.8±3.0    29.7±3.1** 

Longitudinal strain (%)       -14.1±1.9  -9.9±2.2          -25.3±3.5†    -24.2±5.0‡ 

Circumferential strain (%)      -27.2±7.0  -11.0±4.5*        -12.4±10.0  -45.7±11.7*‡ 

Rotational velocity (degree/sec)    126±39                  345±93**                  83±15                348±60** 

Transmitral E (cm/s)                     78±11                       64±17                   111±25                  99±14       

e’/a’                                           1.25±0.21              0.91±0.14                0.80±0.18            0.89±0.13         

E/A                                            2.47±0.32             1.46±0.30*               2.76±0.63            1.51±0.43* 

_______________________________________________________________________________________________ 

See table 2.1 for abbreviations. *p<0.05, **p<0.005 versus before ISO, †p<.05 versus DSS or DSS-NaCl before ISO, ‡p<0.05 versus DSS after 

ISO.
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Table 2.7. Additional left ventricular systolic functional parameters in Spontaneously Hypertensive Rats (SHR) versus Wistar Kyoto control rats 

(WKY) before and after β-adrenergic receptor stimulation with isoproterenol (ISO). 

 

      WKY (n=5)                          SHR (n=14) 

     Before ISO      After ISO            Before ISO       After ISO 

______________________________________________________________________________________ 

Longitudinal strain Rate(sec-1) -3.16±1.00           -4.41±1.52             -3.85±0.48            -3.97±0.73 

Circumferential Strain rate (sec-1)       -3.84±0.70           -4.06±1.89             -3.77±0.59           -2.74±0.74 

Longitudinal displacement (cm)        0.32±0.07             0.32±0.14              0.24±0.06            0.13±0.03* 

Rotational displacement (degree)     3.45±1.14             4.20±2.59              3.51±0.66             2.38±0.68 

Longitudinal velocity (cm/sec) 0.70±0.14              1.09±0.31               0.83±0.16             0.88±0.13  

______________________________________________________________________________________ 

See table 2.1 for abbreviations. *p<0.05 versus before ISO. 
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Table 2.8. Additional left ventricular systolic functional parameters in Dahl salt-sensitive rats (DSS) before and after β-adrenergic receptor 

stimulation with isoproterenol (ISO). 

       DSS (n=9)                      DSS-NaCl (n=7) 

      Before ISO      After ISO            Before ISO       After ISO    

_________________________________________________________________________________________ 

Longitudinal strain rate (sec-1)                     -5.72±1.44       -3.71±1.10  -8.25±1.60      -9.94±2.06‡ 

Circumferential strain rate (sec-1)            -7.90±2.01      -7.39±1.81   -6.1±1.15        -13.0±1.9*‡ 

Longitudinal displacement (cm)          0.35±0.07             0.23±0.06  0.33±0.15        0.37±0.14 

Rotational displacement (degree)       3.75±1.39            10.96±3.42*          1.80±0.84             7.34±2.44* 

Longitudinal velocity (cm/sec)  0.91±0.13             0.89±0.29            0.63±0.36             1.50±0.33 

_________________________________________________________________________________________ 

See table 2.1 for abbreviations. *p<0.05 versus before ISO, ‡p<0.05 versus DSS after ISO. 
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Figure 2.2. Impact of β-adrenergic receptor stimulation (isoproterenol administration [ISO]) on 

left ventricular diastolic function in Spontaneously Hypertensive Rats (SHR) versus Wistar Kyoto 

control rats (WKY). *p<0.05, **p<0.005 vs WKY; †p<0.05, ††p<0.005 vs before ISO. See Figure 

2.1 for abbreviations. 
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Figure 2.3. Impact of β-adrenergic receptor stimulation (isoproterenol administration [ISO]) on 

left ventricular diastolic function in Dahl salt-sensitive (DSS) rats. *p<0.05, **p<0.005 vs DSS; 

†p<0.05, ††p<0.005 vs before ISO. See Figure 2.1 for abbreviations. 
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2.4 Discussion 

 

The main findings of the present study are as follows: As compared to control rats, as 

determined under anesthetic conditions the LV of SHR and DSS rats receiving additional NaCl, 

is characterized by a reduced LV relaxation (decreased e’), and increased filling pressures  

(increased E/e’). These diastolic abnormalities were noted despite preserved indexes of LV 

chamber and myocardial (deformation or motion) systolic function. Importantly, through 

increases in ventricular ejection with consequent reductions in filling volumes, but not through 

lusitropic effects (e’), β-adrenergic receptor stimulation decreased filling pressures (E/e’) in DSS 

rats. In contrast however, although adrenergic stimulation in SHR induced lusitropic effects (e’), 

and through increases in rotational velocity increased EF and reduced filling volumes, these 

changes failed to translate into decreases in filling pressures (E/e’). 

2.4.1 β-AR-induced changes in LV diastolic function in hypertensive hearts. 

Abnormalities in LV diastolic function in hypertensive rats (decreases in myocardial relaxation 

as indexed by e’ and increases in filling pressures as indexed by E/e’) in the present study are 

consistent with those previously reported in SHR at a similar age (Shah et al 2014). Importantly, 

the impact of hypertension in SHR at a similar age on LV diastolic function (as determined from 

diastolic pressure-dimension relations) and on myocardial collagen changes has been well 

described by our group on several previous occasions (Tsotetsi et al 2001; Norton et al 1997). 

In this regard, SHR have marked changes in the interstitium which may in-part explain 

reductions in diastolic function. However, a number of cellular changes (Lewis et al 2017; Shah 

et al 2016; Tschöpe et al 2017) may contribute to diastolic dysfunction, alterations which 

influence either active or passive processes. Ion channel remodeling and a lower resting energy 

reserve, changes which may decrease the ability to sequester calcium, reduce active 

myocardial relaxation and hence contribute to DD (Adeniran et al 2015; Lamb et al 1999; Phan 

et al 2009; Selby et al 2011). Importantly, alterations in cardiomyocyte calcium release and 

sequestration are well-described in the heart of SHR (Shah et al 2014). Consequently, 

sympathetic activation during physical activity, could improve myocardial relaxation and thus in 
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hypertensive heart disease, maintain normal LV filling pressures whilst filling volumes increase. 

However, in the present study we show that despite abnormalities in myocardial relaxation in 

hypertensive rat models, β-AR activation of an LV with DD does not improve myocardial 

relaxation in some forms of DD (DSS rats), and despite promoting lusitropic effects in SHR, fails 

to reduce LV filling pressures. Thus, in the management of hypertensives with LV DD, the use 

of agents that block β-ARs are unlikely to oppose any beneficial actions of sympathetic-induced 

lusitropic effects that may occur during physical activity, on LV filling pressures. 

When SHR or Dahl rats progress to heart failure, an important mechanism responsible 

for this change is early LV dilatation and systolic chamber dysfunction, rather than heart failure 

with solely a preserved ejection fraction (Tsotetsi et al 2001; Norton et al 1997). However, under 

these circumstances LV diastolic abnormalities always occur secondary to systolic functional 

abnormalities rather than primarily as a consequence of diastolic abnormalities. To avoid the 

confounding effects of systolic functional abnormalities on diastolic function, in the present study 

we therefore focused on rats with preclinical diastolic dysfunction and a preserved systolic 

function, rather than overt heart failure. Indeed, in the present study neither systolic chamber 

function, nor more sensitive indexes of myocardial systolic function (deformation or motion) 

were modified in either SHR or Dahl rats. Importantly, preclinical diastolic dysfunction is now 

well recognized as progressing to overt heart failure. However, further studies are required to 

evaluate the impact of adrenergic stimulation on LV diastolic function in rat models of heart 

failure with a normal systolic function. 

The inability of β-AR activation to reduce LV early diastolic filling pressures in SHR in the 

present study, despite promoting lusitropic effects (increased e’), could be explained by a 

reduced adrenergic-induced increase in LV suction forces, previously noted to occur in patients 

with DD (Ohara et al 2012). In this regard, decreases in β-AR-induced early diastolic suction in 

patients with DD are attributed to reduced inertial acceleration between the mid-LV and LV apex 

(Ohara et al 2012). These suction forces are therefore likely to generate enhanced filling 

because of reductions in LV early diastolic pressures. The consequence of these reduced 
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suction forces is therefore likely to be an inability of β-AR activation to reduce filling pressures in 

the early phase of LV filling (as indexed by E/e’) as demonstrated in SHR. 

In the present study, although β-AR activation failed to improve lusitropic effects (lateral 

wall e’ remained unchanged) in DSS rats receiving NaCl in the drinking water, it reduced filling 

pressures. This may be attributed to increases in ejection and consequent decreases in filling 

volumes (EDV). These findings highlight the marked adverse effects of adrenergic stimulation in 

SHR on diastolic properties, where even though lusitropy (e’) improved and EF increased 

markedly with consequent decreases in filling volumes, filling pressures retained values as high 

as before adrenergic stimulation. Importantly, an explanation for the differential impact of β-AR 

stimulation on lusitropic properties in SHR and DSS rats is not apparent. An increased heart 

rate contributes to the normal response to β-AR stimulation in-part through the relaxation-

frequency relation (Izawa et al 1997) and this may be retained in those with DD (Wachter et al 

2009). As heart rate increased less in DSS rats after β-AR stimulation (despite the same 

increases in EF) as compared to SHR, it is therefore possible that lusitropic effects occur in the 

LV with DD only in the presence of more marked β-AR-induced chronotropic effects. 

2.4.2 Potential impact of limited β-AR-induced changes in LV diastolic function in 

hypertensive hearts. Increased filling pressures in DD contribute to exercise intolerance (Paulus 

2010). Indeed, exercise-induced pulmonary hypertension and an elevation of pulmonary 

capillary wedge pressures occurs in patients with exertional dyspnea and DD (Borlaug et al 

2010). Importantly exercise activates the sympathetic nervous system and in a normal LV 

enhances myocardial relaxation, thus reducing filling pressures and accommodating greater 

filling volumes (thus allowing for a greater Frank-Starling effect). Although we did not assess the 

impact of adrenergic stimulation after enhancing filling volumes, such as occurs with exercise-

induced increases in preload, the present study suggests that in hypertensive heart disease, 

adrenergic activation either fails to improve myocardial relaxation (DSS rats), or if it increases 

myocardial relaxation, this fails to translate into reduced filling pressures, despite reductions in 

filling volumes (SHR). The consequence could be that the LV does not accommodate a higher 

filling volume during exercise, thus reducing the Frank-Starling mechanism and contributing to 
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exercise intolerance. The limited beneficial effect of β-AR activation on DD in hypertensive 

hearts suggests that the use of β-AR blocking agents in hypertension will have no deleterious 

actions on DD during physical activity.  

2.4.3 LV systolic function before and after β-AR stimulation in hypertensive hearts. A 

reduced LV systolic deformation has been well described in hypertensive heart disease (Tadic 

et al 2018) including in SHR (Shah et al 2014). These changes have been suggested to occur in 

combination with diastolic LV abnormalities and to be a consequence of concentric remodeling 

(Tadic et al 2018). Importantly, SHR in the present study had marked concentric LV remodeling, 

but failed to show reductions in LV deformation or motion. These data suggest that DD 

precedes systolic dysfunction and a lack of causal relationship between concentric LV 

remodeling and decreases in LV systolic deformation. Hence, reductions in longitudinal LV 

systolic deformation in hypertensive heart disease (Shah et al 2014; Tadic et al 2018) occur 

after diastolic dysfunction occurs and are more likely to reflect long-term damage to the 

myocardium produced by BP effects rather than an adverse effect of LV remodeling per se. 

In the present study whilst β-AR stimulation produced marked increases in LV systolic 

chamber function (EF and FSend), neither longitudinal, nor circumferential strain, or longitudinal 

displacement were increased by β-AR stimulation. Moreover, in keeping with reports on 

adrenergic-induced decreases in LV strain at higher heart rates (Weidemann et al 2002), in the 

present study rats showed a decline in circumferential strain with β-AR stimulation in most 

groups. However, rotational velocity was increased by β-AR stimulation to an equivalent extent 

in all groups. It is therefore possible that β-AR stimulation enhances the speed of LV rotation 

and that this is sufficient to promote an increased EF. 

2.4.4 Animal models of preclinical hypertensive LV dysfunction. An important question 

that arises is whether the current animal models studied appropriately reflect the human 

condition. In this regard it is now well recognized that hypertensive heart disease is often 

associated with LV diastolic dysfunction, including decreases in e’ and increases in E/e’, with 

little change in systolic function (Tadic et al 2018). Moreover, these abnormalities may be all 

that is noted in the LV of patients with overt heart failure (Lee et al 2009; Zile et al 2004; Lewis 
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et al 2017) and are included in guidelines to assist in identifying patients with heart failure with a 

preserved ejection fraction (Nagueh et al 2016). The ability of the hypertensive heart to maintain 

systolic function is explained by an increase in LV relative wall thickness (wall thickness-to-

radius ratio [h/r])(concentric LV remodeling)(Tsotetsi et al 2001; Norton et al 1997), which 

according to LaPlace’s Law of the heart, adequately maintains a normal wall stress despite high 

pressure loads. Although overt heart failure may occur in hypertensive humans in the absence 

of systolic chamber dysfunction, it is only when LV dilatation begins to occur and h/r decreases, 

that SHR decompensate. In this regard, we have previously described the decrease in h/r in the 

transition to heart failure in the SHR (Tsotetsi et al 2001). At the point where heart failure 

occurs, despite markedly greater increases in LV weight in older SHR, h/r decreases relative to 

values in younger SHR without heart failure, but who have only modest increases in LV weight 

(Tsotetsi et al 2001). In other words, as with preclinical human diastolic LV dysfunction and in 

heart failure with a preserved ejection fraction, before heart failure occurs in SHR, despite 

markedly high pressure loads, systolic function is preserved, an effect attributed to concentric 

LV remodeling (Tsotetsi et al 2001; Norton et al 1997). The higher E/A in SHR confirms the 

impact of the marked concentric LV remodeling, where this change is considered to represent a 

restrictive filling pattern. With respect to the DSS rats we have noted that after a further month 

(3 months in total) of salt in the drinking water, that DSS rats quickly develop evidence of heart 

failure. This is likely to occur because DSS rats do not adequately remodel the LV at very high 

pressures (h/r was unchanged), a finding which may relate to the fact that they do not have 

markedly high BP values from a young age (as with SHR). Hence, in the present study we only 

maintained the salt load for 2 months before final data collection occurred. 

2.4.5 Study limitations. Although in the present study we explored the impact ofβ-AR 

activation on LV diastolic function in the hypertensive heart, we are unable to assess function of 

the LV in SHR and DSS during physical activity. Consequently, whether β-AR blockade 

modifies LV diastolic function during physical activity in hypertensives requires further study. 

Second, the use of anesthesia is likely to have influenced LV function. However, we employed 

maximal effective doses of isoproterenol titrated against heart rate and EF and report on an 
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inability rather than reduction in ability of β-AR stimulation to improve lusitropy in DSS rats, and 

a lack of effect rather than reduction in effect of β-AR stimulation to reduce filling pressures in 

SHR despite achieving lusitropic effects. Importantly, the inability of β-AR stimulation to produce 

lusitropic effects in DSS rats and decreases in filling pressures in SHR despite lusitropic effects, 

were noted despite marked increases in systolic function (EF) with β-AR stimulation. Third, we 

employed non-invasive approaches rather than catheter-based systems to assessing DD, as in 

rats we have noted decreases in e’ (relaxation) following the insertion of fluid-filled catheters 

through the aortic valve. However, tissue Doppler indices of filling pressures have previously 

been well correlated with filling pressures in rats (Sahn et al 1979). Fourth, although SHR 

demonstrated marked increases in LV relative wall thickness and an increased LV-to-body 

weight ratio, absolute LV weights were similar to normotensive controls. Moreover, salt-loaded 

Dahl SS rats did not show LV remodelling. As LV remodelling is thought to contribute to LV 

diastolic dysfunction, it may be argued that we could have underestimated the impact of 

hypertension on LV diastolic function. However, we have previously demonstrated a limited 

contribution of LV hypertrophy to diastolic function in SHR (Tsotetsi et al 2001; Norton et al 

1997), and in the present study we demonstrated similar changes in LV diastolic function in both 

SHR and Dahl SS rats as those previously described in SHR (Shah et al 2014). Moreover, the 

diastolic functional abnormalities described in both SHR and salt-loaded DSS rats are typical of 

changes in diastolic function noted in humans with heart failure with a preserved ejection 

fraction (Nagueh et al 2016). Thus, it is likely that factors other than LV hypertrophy play an 

essential role in mediating LV diastolic dysfunction in hypertension and that the LV diastolic 

functional changes noted in the present study reflect typical changes noted in human 

hypertension. Fifth, we employed standard rat diets to assess the impact of hypertension in 

Dahl SS rats on LV function. In this regard, this rat strain is sensitive to several dietary 

components which were not controlled for and which may have contributed to the development 

of hypertension and the cardiorenal syndrome in these rats. Nevertheless, we assessed two rat 

strains of hypertension, one of which was the SHR, a rat strain that is not sensitive to dietary 

components, and yet similar data were obtained using either strain.        
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2.5 Conclusions 

 

In conclusion, in the present study we show that under isoflurane anesthesia, the LV of 

rat models with hypertension (SHR and DSS rats) and a preserved systolic function (in both the 

longitudinal and circumferential planes), have a reduced myocardial relaxation and increased 

filling pressures. Although β-AR stimulation markedly enhances EF and hence reduces filling 

volumes and pressures in anesthetised DSS rats, decreases in filling pressures are not 

attributed to lusitropic effects. Although β-AR stimulation improves lusitropy in anesthetised 

SHR, these changes do not reduce filling pressures. These findings indicate that acute β-AR-

mediated lusitropic effects may have little physiological benefit to an LV with DD and may even 

enhance filling pressures for a given filling volume. These findings caste light on the potential 

impact of β-AR blocking effects on sympathetic-induced changes in LV diastolic function during 

physical activity in hypertensives with LV DD. 
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3.0 Abstract 

 

Background: Although the development of left ventricular (LV) dysfunction in hypertension has 

traditionally been viewed as a transition process from a phase of structural LV remodelling to 

dysfunction, the extent to which LV mass (LVM) and remodelling account for blood pressure 

(BP)-associated alterations in LV diastolic function is uncertain. In product of coefficient 

mediation analysis, we aimed to determine the extent to which LVM index (LVMI) or relative wall 

thickness (RWT) account for relations between BP and LV diastolic function, 

Methods: In 709 randomly selected participants from a community sample with a high 

prevalence of hypertension (49.6%), we determined BP and LVMI, RWT and several indices of 

diastolic function from transmitral blood flow and myocardial tissue Doppler (E/A, e’/a’, e’ and 

E/e’) and left atrial volume using standard echocardiographic techniques. 

Results: With adjustments for confounders, LVMI (p<0.001-0.0001) and RWT (p<0.05-0.001) 

were independently associated with E/A, e’/a’, e’ and E/e’. However, in product of coefficient 

mediation analysis, LVM and RWT failed to account for most BP-associated changes in 

diastolic function. Indeed, whilst a one SD increase in diastolic or systolic BP (13 and 22 mmHg 

respectively) translated into a 0.07, 0.13 and 0.53 decrease in E/A, e’/a’, e’ and a 0.73 increase 

in E/e’ respectively, in mediation analysis LVMI accounted for only 0.0005, 0.0017, 0.05 and 

0.08 of the impact of a one SD effect of LVMI on E/A, e’/a’, e’ and E/e’ respectively. Similar 

contributions of RWT as for LVMI to BP-associated LV diastolic functional changes were noted 

and the contribution of LVMI or RWT to BP-related alterations in diastolic function was similar in 

those participants not receiving antihypertensive therapy. 

Conclusions: Although structural LV remodelling is independently associated with changes in 

LV diastolic function, LVMI and RWT account for only a minor proportion of the impact of BP on 

diastolic function. Thus, most BP-associated decreases in LV diastolic function are likely to be a 

transition process independent of LV hypertrophy or concentric remodelling. 
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Key words: left ventricular hypertrophy, left ventricular remodelling, left ventricular diastolic 
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3.1 Introduction 

 

Heart failure with a preserved ejection fraction may contribute to close to half of all 

admissions for heart failure, and the outcomes may be equally as poor as heart failure with a 

reduced ejection fraction (Borlaug & Redfield 2011; Lee et al 2009; Owan et al 2006; Bhatia et 

al 2006). There is presently little evidence for proven treatment benefits for heart failure with a 

preserved ejection fraction (Borlaug & Redfield 2011; Borlaug & Paulus 2011; Pitt et al 2014). 

Hence, a better understanding of the pathophysiological mechanisms involved, is essential. 

Decreases in left ventricular (LV) diastolic function are central to the pathophysiology and 

outcomes of heart failure with preserved ejection fraction (Zile et al 2004; Westermann et al 

2008; Burke et al 2014; Mohammed et al 2012; Shah et al 2014) and pre-clinical LV diastolic 

dysfunction predicts the progression to heart failure with a preserved ejection fraction (Wan et al 

2014). Although it is now well-recognised that sustained hypertension is a major determinant of 

LV diastolic dysfunction (DD) and the development of heart failure with a preserved ejection 

fraction, the transition process from a compensated LV to LV DD in hypertension is unclear. 

Traditionally, the development of LV dysfunction and consequently heart failure in 

hypertension has been viewed as the evolution from a phase of structural LV remodeling 

(concentric remodeling and hypertrophy) to LV decompensation. Consequently, the presence of 

LV hypertrophy (LVH) is thought to be an essential prelude to LV dysfunction, including LV DD. 

Indeed, LV DD may be seen in up to 84% of hypertensive individuals with LVH (Wachtell et al 

2000). Conversely, it has been estimated that only 11% to 20% of hypertensive patients have 

LV DD without exhibiting LVH (Dini et al 2013; Phillips et al 1989).  However, these estimates 

were obtained at a time when more contemporary non-invasive approaches to determining LV 

diastolic function were not available. Importantly, it has been well-recognised for several 

decades (González et al 2018) with even more novel mechanisms continuing to emerge 

(González et al 2018; Paulus & Tschope 2013) of a role for several cellular changes induced by 

hypertension that are unrelated to the hypertrophic process and which determine LV diastolic 

function. In this regard, many patients with heart failure with a preserved ejection fraction do not 
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have LVH (Lam et al 2007) despite the fact that hypertension is the dominant risk factor for this 

form of heart failure. Moreover, LV DD without LVH is an early manifestation of hypertensive 

heart disease (Messerli et al 2017). Consequently, the value of measures of LVH or the 

remodeling process as effective indices that herald the presence of LV diastolic dysfunction is 

unclear. In the present study we therefore evaluated in a reasonably large community-based 

study with a high prevalence of untreated hypertension, using product of coefficient mediation 

analysis, the extent to which LV mass (LVM) or relative wall thickness (RWT) account for the 

impact of BP on indices of LV diastolic function. 

 

3.2 Methods 

 

3.2.1 Study sample. The present study was approved by the University of the 

Witwatersrand Committee for Research in Human Subjects (approval number M02-04-72 

renewed as M07-04-69, M12-04-108 and M17-04-01). Participants gave informed, written 

consent. The study design has previously been described (Woodiwiss et al 2008; Libhaber et al 

2014; Woodiwiss et al 2009; Peterson et al 2016; Redelinghuys et al 2010). 1044 Participants of 

nuclear families of black African descent with siblings older than 16 years were randomly 

recruited from the South West Township of Johannesburg, South Africa for echocardiographic 

studies. Random recruitment of families living in formal dwellings (but not institutions) was 

performed based on the national census figures of 2001 (Department of Home Affairs) and a 

participation rate of 72% was obtained (Woodiwiss et al 2008; Libhaber et al 2014; Woodiwiss 

et al 2009; Peterson et al 2016; Redelinghuys et al 2010). No subjects of mixed, Asian, or 

European ancestry and no Khoi-San subjects were recruited. Tissue Doppler measures of 

myocardial function were obtained in a sub-study conducted in 709 participants from the time 

that these measures became routinely available. 

3.2.2 Demographic and clinical information. A standardized questionnaire was 

administered to obtain demographic and clinical data (Woodiwiss et al 2008; Libhaber et al 

2014; Woodiwiss et al 2009; Peterson et al 2016; Redelinghuys et al 2010). Height, weight, and 
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waist circumference (WC) were measured using standard approaches and participants were 

identified as being overweight if their body mass index (BMI) was ≥25 kg/m2, and obese if their 

BMI was ≥30 kg/m2. Central obesity was defined as an enlarged WC (≥88 cm in women and 

≥102 cm in men). Laboratory blood tests including percentage glycated haemoglobin (HbA1c) 

were performed. Diabetes mellitus was defined as the use of insulin or oral hypoglycaemic 

agents or a glycated haemoglobin (Roche Diagnostics, Mannheim, Germany) value greater 

than 6.5%. 

Nurse-derived conventional BP was measured according to guidelines using a mercury 

sphygmomanometer after five minutes of rest in the seated position as previously described 

(Woodiwiss et al 2009). Five consecutive BP readings were obtained using an appropriately 

sized cuff, 30 to 60 seconds apart. The average of the five readings was taken as the BP. None 

of the visits had fewer than the planned BP recordings. Hypertension was defined as the use of 

antihypertensive medication or if the mean of the five conventional BP measurements was >140 

(systolic BP) or 90 (diastolic BP) mm Hg in those not receiving medication. 

3.2.3 Echocardiography. Echocardiographic measurements were performed as 

previously described (Woodiwiss et al 2008; Libhaber et al 2014; Peterson et al 2016) by two 

experienced observers (AJW and CDL) with the participants in the partial left decubitus position. 

All potential participants were assessed for mitral valve abnormalities as determined using 2-

dimensional and colour Doppler imaging and excluded if significant valve abnormalities were 

present. The LV dimensions were measured on M-Mode images only when appropriate 

visualization of both the right and the left septal surfaces occurred and where the endocardial 

surfaces of both the septal and posterior wall were clearly visible. Pulse wave Doppler 

recordings of trans-mitral velocity were obtained with the sample volume at the tip of the mitral 

valve in the apical four-chamber view. To perform TDI, the velocity of myocardial tissue 

lengthening at the level of the mitral annulus was recorded in the apical four-chamber view. The 

sample volume was positioned at the septal and lateral corners of the mitral annulus. Left atrial 

volume was calculated using the area-length method, where length was defined as the shortest 

of the two long axes measured in the apical four-chamber and two-chamber views. Left atrial 
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area was measured by planimetry in the apical four-chamber and two-chamber views at left 

ventricular end systole (maximum left atrial dimensions). 

Left ventricular dimensions were determined using two-dimensional directed M-mode 

echocardiography in the short axis view and these recordings were analyzed according to the 

American Society of Echocardiography convention (Sahn et al 1978). Left ventricular mass was 

determined using a standard formula (Devereux et al 1986) and due to the high prevalence of 

obesity and hypertension in the community studied, indexed (LVMI) to both height1.7 as well as 

body surface area (BSA). Left ventricular RWT was assessed using standard M-mode 

approaches. Left ventricular ejection fraction was calculated using the biplane Simpson method. 

Left ventricular diastolic function was determined from a pulsed wave Doppler examination of 

the mitral inflow at rest (early [E] and late [atrial contraction-A] velocity) and using tissue 

Doppler indices (TDI)(early [e’] and late [atrial contraction a’] velocity) as well as left atrial 

volumes (LAV) (Peterson et al 2016). Data were expressed as E/A, e’/a’ and the E/e’ ratio (an 

index of LV filling pressures). Left atrial volume was indexed to body surface area.  

The correlation coefficients, variances and differences in echocardiographic parameters 

determined for the calculation of LVMI within and between observers, and for E, A and e’ within 

observers has previously been reported on (Maseko et al 2013; Millen et al 2014). In this 

regard, all variables showed little difference or variation between (inter-observer variability) or 

within (intra-observer variability) observers (Maseko et al 2013; Millen et al 2014). Intra-observer 

variability studies conducted on 26 subjects on whom repeat echocardiographic measurements 

were performed within a two week period of the initial measurements showed Pearson’s 

correlation coefficients for LAV and a’ of 0.78 and 0.97, variances (mean % difference ± SD) of 

0.72±8.55% and 0.12±5.86%, and no significant differences between repeat measurements 

(paired t-test)(p=0.60 and p=0.96). Inter-observer variability studies conducted on 29 

participants showed Pearson’s correlation coefficients for LAV, E, A, e’ and a’ of 0.77, 0.96, 

0.95, 0.98 and 0.95, variances (mean % difference ± SD) of 0.07±8.47%, 0.74±6.81%, -

1.61±8.99%, 0.05±5.68% and -0.06±7.89%, and no significant differences between 

measurements (unpaired t-test) (p=0.73, p=0.94, p=0.80, p=0.86 and p=0.99 respectively). 



 
  59 

 

As several approaches to identifying DD have been advocated and not all of those 

individuals identified as having DD according to one method have DD using an alternative 

method, we employed two approaches to diagnosing DD. In this regard, at the time of initiating 

our study, pulmonary artery pressures were not advocated, and we were unable to obtain 

consistent E and A data during the Valsalva manoeuvre. Hence, we employed modified 

approaches to that advocated by guidelines (Nagueh et al 2016) and to that originally 

suggested (Redfield et al 2003). Based on current guidelines, in those participants with an 

EF>50%, DD was therefore identified by the presence of at least two of the following: a lateral 

e’<10 cm/s or a septal e’<8 cm/s, E/e’>14, or LAV ≥34ml/m2 (Nagueh et al 2016). For those 

participants with an EF <50%, we identified DD if participants had an E/A>2.0 (restrictive filling 

pattern) or an E/A 0.8-2.0 with both E/e’>14 and LAV ≥34ml/m2 (Nagueh et al 2016). We further 

identified the presence of either mild, moderate or severe DD using previous criteria if E/A was 

<0.75 (mild DD), E/A was between 0.75 and 1.5 and E/e’ was >10 (moderate DD), or if E/A was 

>1.5 and E/e’ was >10 (severe restrictive filling pattern)(Redfield et al 2003). Although age-

specific criteria for LV diastolic dysfunction have recently been described (Nayor et al 2018), 

these criteria were not used in the current study for the following reasons: they have not yet 

been included in guidelines and recommendations; they have been defined in largely Caucasian 

populations and hence may not be applicable as the participants studied in my thesis were all of 

African ancestry; and criteria for LAV and septal e’ have not been described. 

3.2.4 Data analysis. Database management and statistical analyses were performed 

with SAS software, version 9.4 (SAS Institute Inc., Cary, North Carolina, USA). Data from 

individuals were averaged and expressed as mean±SD or SEM. To improve on the distribution 

of data lateral e’, septal e’, E/e’, E/A, e’/a’ and left atrial volume were logarithmically 

transformed. To determine independent relations, multivariate adjusted linear (continuous data) 

or logistic (discrete data) regression analysis was performed. Adjustments were performed for 

all factors correlated with BP, indices of LV remodeling, or indices of LV diastolic function. As 

we have previously demonstrated differential relations between SBP and DBP and various 

indices of LV diastolic function (Libhaber et al 2014), in relations with e’ or E/e’, SBP was 
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employed and in relations with E/A and e’/a’, DBP was employed as the BP index. To determine 

the relative contribution of factors toward LV diastolic function, multivariate stepwise regression 

analysis was performed and factors not independently associated with LV diastolic function 

were forced into the model. To determine the contribution of LVMI or RWT to the impact of BP 

on LV diastolic function, multivariate adjusted product of coefficient mediation analysis, which 

accounts for hierarchical causal structures, was performed. Multivariate adjusted product of 

coefficient mediation analysis was conducted as for the following example where the 

contribution of LVMI to SBP-related increases in E/e’ was assessed. The regression coefficient 

(slope) for the multivariate adjusted regression relationship between SBP and LVMI represents 

the change in LVMI per mm Hg. This regression coefficient has a value which we designate x. 

The regression coefficient (slope) for the multivariate adjusted regression relationship between 

LVMI and E/e’ represents the change in LVMI per unit change in E/e’. This regression 

coefficient has a value which we designate y. From these two regression coefficients, we know 

that LVMI increases per mm Hg by x units and that for every unit increase in LVMI, E/e’ 

increases by y units. Thus, per mm Hg, LVMI must cause E/e’ to increase by the product of x 

and y or xy units. This value (xy) therefore identifies the mm Hg contribution of LVMI to E/e’ 

elevation with SBP. The second regression (ie LVMI versus E/e’), with slope y must be adjusted 

for SBP, such that the potential influence of SBP (the key independent variable) is not 

accounted for twice as an independent variable in the multiplicative series. This analysis was 

performed to determine the contribution of either LVMI or RWT to relationships between either 

SBP or DBP and all indices of LV diastolic function. For the derivation of probability values, 

further adjustments were made for non-independence of family members using the mixed 

procedure as outlined in the SAS package. Sensitivity analysis was conducted in those not 

receiving antihypertensive therapy and in sex-specific and obese and non-obese subgroups.  

 

3.3 Results 

3.3.1 Characteristics of study sample. Table 3.1 gives the demographic and clinical 

characteristics of the participants. More women than men participated in the study and a high  
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Table 3.1. Characteristics of the study sample. 

____________________________________________________ 

Sample number (% female)          709 (67.6) 

Age (years)            47.2±18.1 

Body mass index (kg/m2)          30.0±7.9 

% Overweight/obese           22.9/46.5 

Waist circumference (WC) (cm)          94.4±18.0 

% Abnormal waist circumference                      53.7 

Regular tobacco (% subjects)                16.2 

Regular alcohol (% subjects)                 19.5 

% Diabetes mellitus or an HbA1c>6.5%                 13.1 

% Hypertensive                  49.6 

% Treated for hypertension                           29.3 

% Uncontrolled blood pressure                                          35.0   

Brachial SBP/DBP (mm Hg)                                       128±22/83±13 

Lateral e’ (cm/s)                                                              11.3±4.1                   

E/A      1.26±0.51 

e’/a’      1.40±0.70 

E/e’                                                                                  7.5±4.2            

Left atrial (LA) volume index (ml/m2)                             19.7±7.5 

LVM indexed to height (LVMI-ht1.7)(g/m1.7)                62.7±23.1 

LVM indexed to body surface area (LVMI-BSA) (g/m2)     68.9±27.6    

LV relative wall thickness (RWT)                          0.36±0.08 

_______________________________________________________        

HbA1c, glycated haemoglobin; SBP, systolic blood pressure; DBP, diastolic BP; E/A, transmitral 

early/atrial blood flow velocity; e’, myocardial tissue lengthening in early diastole at the mitral 

annulus; a’, myocardial tissue lengthening in late diastole at the mitral annulus; E/e’, transmitral 

early blood flow velocity/velocity of the mean value of lateral and septal wall myocardial tissue 

lengthening in early diastole at the mitral annulus; LVM, left ventricular mass.  
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proportion of participants were overweight, or obese and had central obesity. A high proportion 

of participants were hypertensive and were not receiving antihypertensive therapy and hence 

the proportion of participants with uncontrolled hypertension was high. As compared to 

participants recruited prior to TDI becoming available, participants in whom echocardiography 

was performed once routine TDI became available, were modestly older with more abdominal 

obesity (Table 3.2). Based on current guidelines, 15.4% of the participants had DD and this was 

largely determined by a combination of either reductions in lateral or septal e’ and increases in 

E/e’ (11.6%). Based on previous criteria, 28.1% of the participants had DD and this was largely 

determined by mild (12.8%) or moderate (11.3%) DD. No participants had an ejection 

fraction<40% and 4.1% had an ejection fraction<50%. Of the sample 39.6% had LVH (LVMI>80 

g/m1.7 for men and >60 g/m1.7 for women) and 18.1% had concentric LV remodeling (relative 

wall thickness>0.42). A greater proportion of hypertensives than normotensives had LVH and 

concentric LV remodeling.  

3.3.2 Factors related to LVMI or RWT. Independent of age, sex, regular smoking or 

alcohol intake, or the presence of diabetes mellitus, systolic BP and indices of adiposity (WC or 

BMI) were associated with LVMI (p<0.0001). In addition, independent of confounders systolic 

BP (p=0.05) and BMI (p<0.01) were associated with RWT.  

3.3.3 Independent relations with LV diastolic function. With adjustments for 

confounders, systolic BP (Tables 3.3 and 3.4), and either WC (Tables 3.3 and 3.4) or BMI (data 

not shown) were independently associated with lateral wall e’ and E/e’. Moreover, with 

adjustments for confounders, diastolic BP (Tables 3.4 and 3.5), and either WC (Tables 3.3 and 

3.6) or BMI (data not shown) were independently associated with E/A and lateral wall e’/a’. With 

the inclusion of LVMI-ht1.7 or RWT in the regression models, although both LVMI or RWT were 

independently associated with lateral wall e’ or E/e’ (Tables 3.3 and 3.4), or E/A or e’/a’ (Tables 

3.5 and 3.6), the impact of alternative risk factors on these indices of diastolic function was 

hardly modified. The use of LVMI-BSA rather than LVMI-ht1.7 produced essentially the same 

results (Table 3.7). The lack of impact of adjustments for LVMI or RWT on relations between BP 

and indices of LV diastolic function was reproduced in men and women (see Table 3.8 for LVMI  
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Table 3.2. Characteristics of community sample without tissue Doppler imaging (TDI). 

             

_______________________________________________ 

Sample number (% female)   335 (65.3) 

Age (years)     43.5±18.1** 

Body mass index (kg/m2)   29.1±7.4 

% Overweight/obese    24.5/42.5 

Waist circumference (WC) (cm)   89.9±15.5** 

% Abnormal waist circumference            43.3** 

Regular tobacco (% subjects)      12.6 

Regular alcohol (% subjects)       21.3 

% Diabetes mellitus or an HbA1c>6.5%       13.8 

% Hypertensive        45.2 

% Treated for hypertension                 23.1* 

% Uncontrolled blood pressure                         36.4   

Brachial SBP/DBP (mm Hg)                     130±22/84±12 

____________________________________________________        

HbA1c, glycated haemoglobin; SBP, systolic blood pressure; DBP, diastolic BP. *p<0.05, 

**p<0.005 vs with TDI. 



 
  64 

 

Table 3.3. Relative contribution (standardized β-coefficient) of risk factors toward indices of left ventricular diastolic function in a community sample 

(n=709). 

 

                            Log lateral wall e’                                                   Log E/e’  

  β-coef±SEM (p-value)   β-coef±SEM (p-value) β-coef±SEM (p-value)      β-coef±SEM (p value)  β-coef±SEM (p-value) β-coef±SEM (p-value) 

LVMI-ht1.7 -    -  -0.100±0.032 (<0.005)   -          -          -               -  0.112±0.039 (<0.005)          -                    -  

RWT  -    -             -       -       -0.067±0.030 (<0.05)                -                -                  -      -    0.099±0.036 (<0.01) 

SBP  -0.147±0.032 (<0.0001) -0.131±0.032 (<0.0001) -0.142±0.032 (<0.0001) 0.189±0.039 (<0.0001) 0.171±0.040 (<0.0001)  0.181±0.039 (<0.0001)   

WC   -0.159±0.034 (<0.0001) -0.127±0.036 (<0.0005) -0.156±0.034 (<0.0001) 0.130±0.042 (<0.005)   0.095±0.044 (<0.05)      0.126±0.042 (<0.005)   

Age  -0.401±0.039 (<0.0001) -0.387±0.039 (<0.0001) -0.386±0.039 (<0.0001) 0.169±0.047 (<0.0005) 0.153±0.047 (<0.002)   0.147±0.048 (<0.005)     

____________________________________________________________________________________________________________________ 

β-coef, standardized β-coefficient (slope). See table 3.1 for other abbreviations. Also included in the models are sex, regular tobacco use, and regular 

alcohol consumption, treatment for hypertension, diabetes mellitus and pulse rate. For models with LVMI-BSA see table 3.7. 
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Table 3.4. Relative contribution (standardized β-coefficient) of risk factors toward indices of left ventricular diastolic function in those having never 

received antihypertensive therapy from a community sample (n=501). 

 

                            Log lateral wall e’                                                   Log E/e’  

  β-coef±SEM (p-value)   β-coef±SEM (p-value) β-coef±SEM (p-value)      β-coef±SEM (p value)  β-coef±SEM (p-value) β-coef±SEM (p-value) 

LVMI-ht1.7 -    -  -0.081±0.040 (<0.05)             -          -          -               -  0.079±0.047 (=0.09)          -                    -  

RWT  -    -             -       -       -0.076±0.037 (<0.05)                -                -                  -      -    0.066±0.044 (=0.14) 

SBP  -0.168±0.040 (<0.0001) -0.151±0.041 (<0.0005)  -0.159±0.040 (<0.0001) 0.172±0.047 (<0.0005) 0.156±0.048 (<0.002)    0.165±0.048 (<0.001)   

WC   -0.124±0.042 (<0.005)   -0.095±0.044 (<0.05)     -0.114±0.042 (<0.01)     0.161±0.049 (<0.002)   0.133±0.052 (<0.02)      0.153±0.050 (<0.005)   

Age -0.427±0.045 (<0.0001)  -0.421±0.045 (<0.0001) -0.415±0.045 (<0.0001) 0.142±0.053 (<0.01)      0.136±0.053 (<0.02)      0.132±0.054 (<0.02)     

_______________________________________________________________________________________________________________________ 

β-coef, standardized β-coefficient (slope). See table 3.1 for other abbreviations. Also included in the models are sex, regular tobacco use, and regular 

alcohol consumption, diabetes mellitus and pulse rate. 
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Table 3.5. Relative contribution (standardized β-coefficient) of risk factors toward indices of left ventricular diastolic function in a community sample 

(n=709). 

 

                            Log lateral wall e’/a’                                              Log E/A  

  β-coef±SEM (p-value)   β-coef±SEM (p-value) β-coef±SEM (p-value)      β-coef±SEM (p value)  β-coef±SEM (p-value) β-coef±SEM (p-value) 

LVMI-ht1.7 -    -   -0.070±0.027 (<0.01)   -          -          -               - -0.024±0.030 (=0.44)          -                    -  

RWT  -    -             -       -       -0.042±0.025 (=0.10)                -                -                  -      -   -0.035±0.029 (=0.22) 

DBP -0.137±0.025(<0.0001) -0.134±0.025(<0.0001) -0.135±0.025 (<0.0001) -0.124±0.029 (<0.0001) -0.123±0.029 (<0.0001) -0.122±0.029 (<0.0001)   

WC   -0.185±0.029 (<0.0001) -0.162±0.031 (<0.0005) -0.183±0.029 (<0.0001) -0.099±0.033 (<0.005) -0.091±0.035 (<0.01)   -0.097±0.033 (<0.005)   

Age  -0.551±0.031(<0.0001) -0.537±0.031(<0.0001) -0.541±0.032 (<0.0001) -0.563±0.035 (<0.0001) -0.558±0.036 (<0.0001) -0.554±0.036 (<0.0001)     

_______________________________________________________________________________________________________________________ 

β-coef, standardized β-coefficient (slope). See table 3.1 for other abbreviations. Also included in the models are sex, regular tobacco use, and regular 

alcohol consumption, treatment for hypertension, diabetes mellitus and pulse rate. For models with LVMI-BSA see table 3.7.
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Table 3.6. Relative contribution (standardized β-coefficient) of risk factors toward indices of left ventricular diastolic function in those having never 

received antihypertensive therapy from a community sample (n=501). 

 

                            Log lateral wall e’/a’                                                   Log E/A  

  β-coef±SEM (p-value)   β-coef±SEM (p-value) β-coef±SEM (p-value)      β-coef±SEM (p value)  β-coef±SEM (p-value) β-coef±SEM (p-value) 

LVMI-ht1.7 -    -   -0.055±0.032 (=0.09)   -          -          -               - -0.020±0.036 (=0.57)          -                    -  

RWT  -    -             -       -       -0.059±0.030 (<0.05)                -                -                  -      -   -0.035±0.034 (=0.31) 

DBP -0.154±0.031(<0.0001) -0.150±0.031(<0.0001) -0.152±0.031 (<0.0001) -0.131±0.035 (<0.0005) -0.130±0.035 (<0.0005) -0.130±0.035 (<0.0005)   

WC   -0.172±0.035 (<0.0001) -0.152±0.037 (<0.0001) -0.164±0.035 (<0.0001) -0.078±0.038 (<0.05)  -0.071±0.041 (=0.09)     -0.073±0.039 (=0.06)   

Age  -0.591±0.035(<0.0001) -0.584±0.035(<0.0001) -0.580±0.035 (<0.0001) -0.611±0.039 (<0.0001) -0.608±0.039 (<0.0001) -0.604±0.039 (<0.0001)     

_______________________________________________________________________________________________________________________ 

β-coef, standardized β-coefficient (slope). See table 3.1 for other abbreviations. Also included in the models are sex, regular tobacco use, and regular 

alcohol consumption, treatment for hypertension, diabetes mellitus and pulse rate.  
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Table 3.7. Relative contribution (standardized β-coefficient) of left ventricular mass indexed to body surface area (LVMI-BSA) and blood pressure 

to indices of left ventricular diastolic function. 

 

    β-coef±SEM (p-value)       β-coef±SEM (p-value)   β-coef±SEM (p value)    β-coef±SEM (p-value) 

_____________________________________________________________________________________________________ 

                            Log lateral wall e’                                             Log E/e’  

LVMI-BSA   -       -0.111±0.031 (<0.0005)            -       0.123±0.038 (<0.002)           

SBP   -0.147±0.032 (<0.0001)   -0.131±0.032 (<0.0001)                 0.189±0.039 (<0.0001)   0.170±0.039 (<0.0001)                       

                            Log lateral wall e’/a’                                            Log E/A  

LVMI-BSA   -       -0.086±0.026 (<0.002)            -      -0.069±0.029 (<0.02)           

DBP   -0.137±0.025 (<0.0001)   -0.136±0.025 (<0.0001)                -0.124±0.029 (<0.0001)   -0.123±0.028 (<0.0001)                       

_______________________________________________________________________________________________________ 

β-coef, standardized β-coefficient (slope). See table 3.1 for other abbreviations. Also included in the models are age, sex, waist circumference, 

regular tobacco use, and regular alcohol consumption, treatment for hypertension, diabetes mellitus and pulse rate. 
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Table 3.8. Relative contribution (standardized β-coefficient) of left ventricular mass index (LVMI) and blood pressure to indices of left ventricular 

diastolic function in men and women. 

 

     Men (n=230)                         Women (n=479) 

             β-coef±SEM (p-value)     β-coef±SEM (p-value)          β-coef±SEM (p value)       β-coef±SEM (p-value) 

_____________________________________________________________________________________________________ 

                                Log lateral wall e’                                               

LVMI-ht1.7   -                        -0.099±0.052 (=0.06)      -      -0.109±0.041 (<0.01) 

SBP          -0.144±0.051 (<0.01)       -0.124±0.052 (<0.02)           -0.144±0.042 (<0.0001)    -0.129±0.042 (<0.005) 

                                     Log E/e’  

LVMI-ht1.7   -                         0.131±0.065 (<0.05)                 -       0.102±0.050 (<0.05) 

SBP          0.209±0.063 (<0.005)       0.183±0.064 (<0.01)           0.178±0.051 (<0.001)        0.164±0.052 (<0.002) 

                                Log lateral wall e’/a’   

LVMI-ht1.7              -  -0.104±0.042 (<0.02)      -      -0.059±0.035 (=0.09) 

DBP        -0.212±0.042 (<0.0001)    -0.215±0.042 (<0.0001)          -0.099±0.032 (<0.005)       -0.094±0.032 (<0.005) 

                                           Log E/A  

LVMI-ht1.7             -  -0.076±0.045 (=0.09)      -      0.005±0.041 (=0.90) 

DBP       -0.149±0.045 (<0.002)      -0.152±0.045 (<0.002)          -0.123±0.038 (<0.005)      -0.123±0.038 (<0.005) 

________________________________________________________________________________________________________ 

β-coef, standardized β-coefficient (slope). See table 3.1 for other abbreviations. Also included in the models are age, waist circumference, regular 

tobacco use, and regular alcohol consumption, treatment for hypertension, diabetes mellitus and pulse rate. 
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in the model with RWT showing similar data) and in obese versus non-obese (see Table 3.9 for 

LVMI in the model with RWT showing similar data) participants. Systolic BP was modestly and 

independently associated with LAV index in the whole group (Table 3.10), but not in the group 

having never received antihypertensive therapy (Table 3.11). Neither WC (Tables 3.10 and 3.11) 

nor BMI (data not shown) were independently associated with LAV index. Left ventricular mass 

index, but not RWT was independently associated with LAV index. With the inclusion of LVMI, but 

not RWT in the regression models, systolic BP was no longer independently associated with LAV 

index (Table 3.10). 

3.3.4 Product of coefficient mediation analysis. Adjustments for LVMI-ht1.7 or LVMI-BSA 

failed to modify the impact of a one standard deviation (SD) effect of BP on e’, E/e’, E/A or e’/a’ 

(Figures 3.1 and 3.2) and in mediation analysis, LVMI-ht1.7 or LVMI-BSA failed to account for a 

significant proportion of the impact of a one SD effect of BP on either e’, E’/e, E/A or e’/a’ (Figures 

3.1 and 3.2). Similarly, adjustments for RWT failed to modify the impact of a one standard 

deviation (SD) effect of BP on e’, E/e’, E/A or e’/a’ (Figures 3.1 and 3.2) and in mediation analysis, 

RWT failed to account for a significant proportion of the impact of a one SD effect of BP on either 

e’, E’/e, E/A or e’/a’ (Figures 3.1 and 3.2). 

3.3.5 Relations with LV diastolic dysfunction. Irrespective of the criteria employed to 

diagnose DD, systolic BP (p=0.005), LVMI (p<0.0005) and RWT (p<0.001), were independently 

associated with LV DD. However, with adjustments for LVMI-ht1.7, LVMI-BSA or RWT, the 

independent relations between systolic BP and DD were unchanged (Figures 3.3 and 3.4). 

 

3.4 Discussion 

 

 The main findings of the present study are as follows: In a reasonably large community-

based study with a high prevalence of untreated and uncontrolled hypertension we show that 

although both LVMI and RWT are independently associated with several characteristic changes in 

LV diastolic function, they account for little of the relationship between BP and LV diastolic 

function. Indeed, in product of coefficient mediation analysis, the contribution of either LVMI or  
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Table 3.9. Relative contribution (standardized β-coefficient) of left ventricular mass index (LVMI) and blood pressure to indices of left ventricular 

diastolic function obese and non-obese participants. 

 

         Body mass index≥30 kg/m2 (n=330)        Body mass index<30 kg/m2 (n=379) 

    β-coef±SEM (p-value)   β-coef±SEM (p-value)   β-coef±SEM (p value)  β-coef±SEM (p-value) 

_____________________________________________________________________________________________________ 

                                Log lateral wall e’                                               

LVMI-ht1.7   -                        -0.122±0.052 (<0.02)      -      -0.076±0.040 (=0.06) 

SBP          -0.117±0.053 (<0.05)       -0.105±0.053 (<0.05)           -0.185±0.043 (<0.0001)    -0.171±0.043 (<0.0001) 

                                     Log E/e’  

LVMI-ht1.7   -                         0.080±0.060 (=0.18)                 -       0.117±0.051 (<0.05) 

SBP          0.148±0.061 (<0.02)        0.140±0.061 (<0.05)           0.226±0.054 (<0.0001)      0.203±0.054 (<0.0005) 

                                Log lateral wall e’/a’   

LVMI-ht1.7              -  -0.100±0.045 (<0.05)      -      -0.060±0.035 (=0.08) 

DBP        -0.181±0.043 (<0.0001)    -0.177±0.042 (<0.0001)          -0.115±0.035 (<0.002)       -0.114±0.035 (<0.005) 

                                   Log E/A  

LVMI-ht1.7             -  -0.024±0.051 (=0.64)      -     -0.061±0.035 (=0.08) 

DBP       -0.176±0.049 (<0.0005)    -0.175±0.049 (<0.0005)           -0.107±0.036 (<0.005)     -0.106±0.035 (<0.005) 

________________________________________________________________________________________________________ 

β-coef, standardized β-coefficient (slope). See table 3.1 for other abbreviations. Also included in the models are age, sex, regular tobacco use, and 

regular alcohol consumption, treatment for hypertension, diabetes mellitus and pulse rate. 
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Table 3.10. Relative contribution (standardized β-coefficient) of risk factors toward left atrial 

volume index in a community sample (n=709). 

 

       β-coef±SEM (p-value)        β-coef±SEM (p-value)            β-coef±SEM (p-value)

  

LVMI-ht1.7 -        -                    0.265±0.041 (<0.0001)                  -         - 

RWT  -        -                      -             -                             0.058±0.041 (=0.15)           

SBP  0.089±0.043 (<0.05)          0.045±0.042 (=0.29)             0.085±0.043 (<0.05)           

WC   0.053±0.046 (=0.25)         -0.026±0.047 (=0.57)              0.050±0.046 (=0.28)          

Age  0.170±0.052 (<0.002)        0.129±0.051 (<0.02)              0.159±0.053 (<0.005)          

_________________________________________________________________________ 

β-coef, standardized β-coefficient (slope). See table 3.1 for other abbreviations. Also included in 

the models are sex, regular tobacco use, and regular alcohol consumption, treatment for 

hypertension, diabetes mellitus and pulse rate. 
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Table 3.11. Relative contribution (standardized β-coefficient) of risk factors toward left atrial 

volume index in those having never received antihypertensive therapy from a community 

sample (n=501). 

 

         β-coef±SEM (p-value)        β-coef±SEM (p-value)            β-coef±SEM (p-value)

  

LVMI-ht1.7  -        -           0.232±0.050 (<0.0001)                 -  - 

RWT   -        -                      -             -                     0.079±0.049 (=0.11)           

SBP     0.062±0.052 (=0.23)          0.013±0.052 (=0.81)               0.055±0.052 (=0.29)           

WC      0.095±0.034 (=0.08)          0.017±0.056 (=0.76)               0.083±0.055 (=0.13)          

Age     0.106±0.058 (=0.07)          0.088±0.057 (=0.13)               0.098±0.058 (=0.09)          

____________________________________________________________________________ 

β-coef, standardized β-coefficient (slope). See table 3.1 for other abbreviations. Also included in 

the models are sex, regular tobacco use, and regular alcohol consumption, diabetes mellitus 

and pulse rate. 
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Figure 3.1. Contribution of left ventricular mass index (LVMI) or geometric remodelling (relative 

wall thickness [LVMI]) to the relationship between systolic (SBP) or diastolic (DBP) blood 

pressure and indices of left ventricular diastolic function in a community sample (n=709). 

Figures show one standard deviation (SD) effect of BP before and after adjustments (adj.) for 

LVMI or RWT on LV diastolic function and the contribution of LVMI or RWT to the one SD effect 

of BP on LV diastolic function (product of coefficient mediation analysis). See table 3.1 for 

abbreviations. Adjustments are for LVMI or RWT as indicated and age, sex, waist 

circumference, the presence of diabetes mellitus, treatment for hypertension, regular tobacco 

use, regular alcohol consumption and pulse rate. 
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Figure 3.2. Contribution of left ventricular mass index (LVMI) or geometric remodeling (relative 

wall thickness [RWT]) to the relationship between systolic (SBP) or diastolic (DBP) blood 

pressure and indices of left ventricular diastolic function in those having never received 

antihypertensive treatment in a community sample (n=501). Figures show one standard 

deviation (SD) effect of BP before and after adjustments (adj.) for LVMI or RWT on LV diastolic 

function and the contribution of LVMI or RWT to the one SD effect of BP on LV diastolic function 

(product of coefficient mediation analysis). See table 3.1 for abbreviations. Adjustments are for 

LVMI or RWT as indicated and age, sex, waist circumference, the presence of diabetes 

mellitus, regular tobacco use, regular alcohol consumption and pulse rate. 
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Figure 3.3. Impact of adjustments for left ventricular mass index (LVMI) or relative wall 

thickness on the independent associations between systolic blood pressure (SBP) and the 

presence of LV diastolic dysfunction (DD) in a community sample (n=709). Adjustments are for 

LVMI or RWT as indicated and age, sex, waist circumference, the presence of diabetes 

mellitus, treatment for hypertension, regular tobacco use, regular alcohol consumption and 

pulse rate. Upper panel shows relations with DD determined using criteria from current 

guidelines (Nagueh et al 2016) and the lower panel shows relations with DD determined using 

previously described criteria (Redfield et al 2003).  
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Figure 3.4. Impact of adjustments for left ventricular mass index (LVMI) or relative wall 

thickness (RWT) on the independent associations between systolic blood pressure (SBP) and 

the presence of LV diastolic dysfunction (DD) in those having never received antihypertensive 

treatment in a community sample (n=501). Adjustments are for LVMI or RWT as indicated and 

age, sex, waist circumference, the presence of diabetes mellitus, regular tobacco use, regular 

alcohol consumption and pulse rate. Upper panel shows relations with DD determined using 

criteria from current guidelines (Nagueh et al 2016) and the lower panel shows relations with 

DD determined using previously described criteria (Redfield et al 2003). 
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RWT to relationships between BP and lateral wall e’, E/e’, E/A and e’/a’ was minor at best and 

adjustments for LVMI or RWT failed to significantly modify relationships between BP and either 

indices of LV diastolic function or the presence of DD. These effects were noted irrespective of 

whether all participants were considered or only those having never received antihypertensive 

agents. 

 Left ventricular hypertrophy and remodeling have traditionally been viewed as an almost 

necessary prelude to LV dysfunction and heart failure in hypertension. In this regard, concentric 

LV remodeling and hypertrophy are thought to progress to LV DD and eccentric hypertrophy to 

LV systolic dysfunction. Using less contemporary approaches to identifying LV DD, 84% of 

hypertensive patients with LVH have previously been noted to have LV DD (Wachtell et al 

2000), and it is estimated that only 11% to 20% of hypertensive patients have LV diastolic 

dysfunction without exhibiting LVH (Dini et al 2013; Phillips et al 1989). However, these 

estimates were obtained at a time when more recent non-invasive approaches to determining 

LV diastolic function were not available. In contrast however, it is also well recognised that 

many patients with heart failure with a preserved ejection fraction do not have LVH (Lam et al 

2007) despite the fact that hypertension is the dominant risk factor for this form of heart failure. 

Moreover, LV DD without LVH is an early manifestation of hypertensive heart disease (Messerli 

et al 2017). Indeed, the cellular changes responsible for LV DD in hypertension are often 

independent of the hypertrophic process (González et al 2018; Paulus & Tschope 2013). In this 

regard, myocardial fibrosis is correlated with diastolic dysfunction determined using tissue 

Doppler imaging in hypertensive patients irrespective of LVM, and myocardial fibrosis may 

precede LVH in the evolution of hypertensive heart disease (Muller-Brunotte et al 2007). In 

support of the notion that neither LVMI nor RWT explain BP-related decreases in LV diastolic 

function, little of the impact of BP on several aspects of LV diastolic function noted in the 

present study could be accounted for by LVMI or RWT. Importantly, these findings were noted 

when assessing relations between BP and diastolic function or dysfunction with as compared to 

without adjustments for LVMI or RWT and in product of coefficient mediation analysis. These 

data are in-part consistent with a dissociation noted between ethnicity and LVM versus DD in a 
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recent large echocardiographic study (Shantsila et al 2018), and the limited contribution of 

concentric LVH to DD in hypertensives recently described (Nazário Leão et al 2018). In this 

regard, the present study suggests that neither LVH nor the LV remodeling process contribute 

to any significant degree to BP-associated changes in LV diastolic function. 

 Although the results of the present study suggest that LVMI and RWT are not necessary 

preludes to LV DD in hypertension, they do not suggest that those with LVH or concentric LV 

remodeling are not at risk of LV DD or the development of heart failure with a reduced ejection 

fraction. Indeed, DD may be worse in patients with LVH as compared to those without LVH 

(Kattel et al 2016), and in the present study LVH and RWT were independently associated with 

DD. Moreover, LVH is well-recognised as progressing to both DD and heart failure and 

concentric LVH is thought to progress to heart failure with a preserved ejection fraction (Drazner 

2011; Aurigemma et al 2001). The present study nevertheless raises the question of whether 

DD in LVH or the progression to DD in those with LVH is attributed to the impact of structural 

remodeling of the LV or rather separately to BP effects. Indeed, it is mainly those with LVH who, 

in addition to a structural change in the LV, have biomarker evidence of increased loading 

conditions or myocardial damage produced presumably by increased loads, that progress to 

heart failure (Seliger et al 2015). Moreover, assigning those with LVH to concentric versus 

eccentric subtypes only moderately differentiates participants at increased risk of heart failure 

with a preserved versus reduced ejection fraction (Ho et al 2013).  Consequently, LVH and 

RWT alone may not be strong phenotypes for detecting the risk for heart failure or heart failure 

subtypes in hypertension. In this regard, the present study adds to this notion by suggesting the 

neither LVMI nor RWT are strong phenotypes for identifying the presence of BP-associated 

decreases in LV diastolic function. Nevertheless, whether as recently suggested, the 

combination of LVH and DD is a worse cardiac phenotype in hypertensive heart disease than 

either considered separately (Messerli et al 2017) requires further study. 

 A further question of importance that arises from the present study is whether in the 

treatment of hypertension, LV diastolic functional parameters improve in close association with 

on-treatment reductions in LVMI. Although several studies, including major clinical trials (Tapp 
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et al 2010) have demonstrated improvements in contemporary measures of LV diastolic 

function following antihypertensive therapy, to the best of our knowledge we can find no 

reported data to suggest the extent to which regression of LVH explains the benefits of 

antihypertensive therapy on LV diastolic function. However, in the Anglo-Scandinavian Cardiac 

Outcomes Trial (ASCOT), the marked differences in treatment groups in improvements in LV 

diastolic function were unaffected by adjustments for LVMI (Tapp et al 2010). Hence, in-keeping 

with the present study, on-treatment reductions in LVMI in the ASCOT study (Tapp et al 2010) 

are unlikely to have contributed significantly to improvements in LV diastolic function. Although 

in the ASCOT study little difference in brachial BP was noted between treatment groups (Tapp 

et al 2010), marked differences in central aortic BP did occur between the treatment groups. 

Thus, on-treatment differences in the improvement of LV diastolic function in the ASCOT study 

(Tapp et al 2010) are likely to have been attributed to differences in the impact of treatment on 

pulsatile loads.  

The criteria for the diagnosis of LV DD have been debated over several decades. As 

recently highlighted (Nagueh et al 2016), tissue Doppler indices of diastolic dysfunction (e’ and 

E/e’), LA volume and pulmonary artery pressures, are recommended for the diagnosis of DD in 

the presence of a normal EF. Although we determined 3 of the 4 recommended measures of 

DD (lateral and septal wall e’, E/e’ and LA volumes), at the time of initiating the present study, 

we did not determine pulmonary artery pressures. As the diagnosis of DD in those with a normal 

EF requires more than 2 of the 4 criteria to be present (Nagueh et al 2016), we may have 

included indeterminate participants as having DD. We nevertheless also showed similar 

relations with DD when employing the original criteria proposed several years prior to the recent 

guidelines (Redfield et al 2003). However, using the previously described criteria for identifying 

DD (Redfield et al 2003), pseudo-normalisation of E/A may be determined from changes noted 

with the Valsalva manoeuvre, an approach which we were unable to reproducibly perform. 

Nevertheless, according to these original criteria (Redfield et al 2003) moderate DD may also 

be identified from E/e’ >10 (Redfield et al 2003), an approach employed in the present study for 

the diagnosis of DD. 
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There are several additional limitations to the present study. This is a cross-sectional 

study and hence we cannot draw conclusions regarding causality. However, the causal 

relationship between BP and indices of LV diastolic function has been well described. In 

addition, concentric LV remodelling is more prevalent in groups of African descent than other 

origins, and female gender and obesity are well recognised risk factors for DD. In this regard, 

the present findings were noted in a community sample of black African ancestry with a high 

prevalence of obesity and where more women than men volunteered to participate. Hence, it is 

important to consider the possibility that the findings are specific to groups of African ancestry 

and to obese females. Nevertheless, although we were not statistically powered to perform 

analysis on relations with a diagnosis of DD in subgroups, the lack of contribution of LVMI or 

RWT to BP-associated changes in the individual criteria for DD were reproduced in men and 

women and in obese versus non-obese participants of the present study. Further, the lack of 

impact of adjustments for LVM on the ability of decreases in BP to modify tissue Doppler indices 

of diastolic function previously described (Tapp et al 2010) was observed in a clinical trial 

conducted largely in patients of European ancestry with an equivalent male as compared to 

female distribution and whom had a low prevalence of obesity. Moreover, relations between 

circulating concentrations of procollagen type I and indices of diastolic function beyond LVM 

(Norton et al 1997) were previously described in largely male Caucasians with a low prevalence 

of obesity. Thus, the ability of BP and BP-associated changes in myocardial properties to 

associate with diastolic function beyond LVM is likely to be consistent across ethnic groups, 

genders and levels of body size. 

Although in the present study we show a limited contribution of LVM to BP effects on LV 

diastolic function, we failed to provide evidence for a mechanism that may explain these effects. 

In this regard, as indicated in the aforementioned paragraph, circulating concentrations of 

procollagen type I are correlated with tissue Doppler indices of diastolic function (Muller-

Brunotte et al 2007). Importantly however, it is now well recognised that several mechanisms 

explain relationships between hypertension and diastolic dysfunction including alterations in 

myocardial calcium cycling, titin expression, collagen cross-linking (mediated by oxidative 
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stress) and coronary microvascular alterations (González et al 2018; Paulus & Tschope 2013; 

Norton et al 1997). Indeed, unequivocal preclinical evidence challenges the role of both 

myocardial fibrosis and LVH independently mediating DD in hypertension (Norton et al 1997). 

Hence, only biopsy studies will comprehensively identify the mechanisms of BP-mediated 

myocardial DD. 

 

3.5 Conclusions 

 

In a relatively large community-based sample with a high prevalence of untreated 

hypertension, we show in product of coefficient mediation analysis, that independent of 

confounders, LVM and the extent of concentric LV remodelling account for little of the adverse 

effects of BP on LV diastolic function. Thus, most BP-associated decreases in LV diastolic 

function should be viewed as a transition process to LV dysfunction independent of LVH or 

concentric remodelling and hence that measures of LVM or LV remodelling offer little insight 

into the adverse effects of BP on LV diastolic function. 
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CHAPTER 4 

 

 

 

 

Insulin Resistance Influences the Impact of Hypertension on Left Ventricular Diastolic 

Dysfunction in a Community Sample. 
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4.0 Abstract 

 

Background: Although obesity-associated metabolic abnormalities (insulin resistance-IR) may 

not play as marked a role in determining left ventricular (LV) diastolic dysfunction (DD) as 

hypertension, the impact of combinations of these risk factors on DD is unknown. We 

hypothesized that IR influences the impact of hypertension on DD. 

Methods: In 704 randomly selected participants from a community sample with a high 

prevalence of hypertension (50.6%) and obesity (46.5%), we determined adiposity indices, IR 

from the homeostasis model (HOMA-IR) and LV diastolic function using standard 

echocardiographic techniques. 

Results: HOMA-IR was independently associated with lateral wall e’ and E/e’ (p<0.05 to 

p<0.005) as well as a diagnosis of DD (p<0.02). Importantly however, an enhanced relationship 

between HOMA-IR and E/e’ in hypertensives (n=356, partial r=0.15, p<0.005) as compared to 

normotensives (n=348, partial r=0.02 p=0.75) was noted. Consequently, as compared to 

normotensives, with adjustments for confounders, hypertension was independently associated 

with DD only in those with the highest tertile of HOMA-IR (Odds ratio=2.65, 95% confidence 

interval=1.29 to 5.42, p<0.01), whilst in those with the lowest tertile of HOMA-IR, hypertension 

failed to show a higher prevalence of DD (p=0.22). 

Conclusions: Insulin resistance enhances the impact of hypertension on LV DD. Thus DD is 

more likely to occur with the combination of hypertension and IR.  

 

Key words: obesity, insulin resistance, left ventricular diastolic function, hypertension.  
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4.1 Introduction 

 

Heart failure with a preserved (normal) ejection fraction may contribute to close to half of 

all admissions for heart failure, and the outcomes may be equally as poor as heart failure with a 

reduced ejection fraction (Borlaug & Redfield 2011; Lee et al 2009; Owan et al 2006; Bhatia et 

al 2006). There is presently little evidence for proven treatment benefits for heart failure with a 

normal ejection fraction (Borlaug & Redfield 2011; Borlaug & Paulus 2011; Pitt et al 2014). 

Although diastolic dysfunction (DD) is central to the pathophysiology and outcomes of heart 

failure with a normal ejection fraction (Zile et al 2004; Westermann et al 2008; Burke et al 2014; 

Mohammed et al 2012; Shah et al 2014) and pre-clinical DD predicts the progression to heart 

failure with a normal ejection fraction (Wan et al 2014), it is possible that the pathophysiological 

mechanisms responsible for DD may differ depending on the risk factors involved. In order to 

better identify therapeutic targets for heart failure with a preserved ejection fraction, an 

improved understanding of the role of the risk factors for DD is required. In this regard, the 

impact on DD of the combination of the commonly occurring co-morbidities, hypertension and 

obesity or the associated metabolic disturbances, is uncertain. 

Some prior studies conducted in elderly populations, in patients referred for 

echocardiography, or in samples with a high proportion of participants receiving therapy, report 

on an equal or greater impact of obesity as compared to hypertension on left ventricular (LV) 

diastolic function (Rusco et al 2011; Çil et al 2012; Aljaroudi et al 2012). However, in studies 

conducted across the full adult age range in a community sample with a high proportion of 

obesity and hypertension, but a low proportion of participants who were receiving 

antihypertensive therapy, blood pressure (BP) was noted to be the main determinant of DD 

(Millen et al 2014). Nevertheless, more recent evidence suggests that a more concentrically 

remodeled LV determines whether obesity-related insulin resistance (IR) is associated with LV 

diastolic function (Peterson et al 2016). As hypertension is a strong determinant of concentric 

LV remodeling, the possibility exists that even if obesity or associated IR have only a modest 

impact on LV diastolic function, that obesity or its metabolic consequences may determine the 
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extent to which DD occurs in hypertension. Consequently, in the present study we aimed to 

determine whether adiposity indices or IR influence the extent to which DD occurs in 

hypertension in a community sample with a high prevalence of hypertension and obesity. 

 

4.2 Methods 

 

4.2.1 Study sample. The present study was approved by the University of the 

Witwatersrand Committee for Research in Human Subjects (approval number M02-04-72 

renewed as M07-04-69, M12-04-108 and M17-04-01). Participants gave informed, written 

consent. The study design has previously been described (Woodiwiss et al 2008; Libhaber et al 

2014; Woodiwiss et al 2009; Redelinghuys et al 2010). 1044 Participants of nuclear families of 

black African descent with siblings older than 16 years were randomly recruited from the South 

West Township of Johannesburg, South Africa for echocardiographic studies. Tissue Doppler 

measures of myocardial function were obtained in a sub-study conducted in 704 participants 

from the time that these measures became routinely available. 

4.2.2 Demographic and clinical information. A standardized questionnaire was 

administered to obtain demographic and clinical data (Woodiwiss et al 2008; Libhaber et al 

2014; Woodiwiss et al 2009; Redelinghuys et al 2010). Height, weight, and waist circumference 

(WC) were measured using standard approaches and participants were identified as being 

overweight if their body mass index (BMI) was ≥25 kg/m2, obese if their BMI was ≥30 kg/m2 and 

morbidly obese of their BMI was ≥35 kg/m2. Central obesity was defined as an enlarged WC 

(≥88 cm in women and ≥102 cm in men). Laboratory blood tests including percentage glycated 

hemoglobin (HbA1c) were performed. Fasting plasma insulin concentrations were determined 

from an insulin immulite, solid phase, two-site chemiluminescent immunometric assay 

(Diagnostic Products Corporation, Los Angeles, CA, USA). Diabetes mellitus or an abnormal 

blood glucose control was defined as the use of insulin or oral hypoglycemic agents or a 

glycated hemoglobin (Roche Diagnostics, Mannheim, Germany) value greater than 6.5%. 
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Insulin resistance was estimated by the homeostasis model assessment of IR (HOMA -IR) using 

the formula (insulin [μU/ml] x glucose [mmol/l])/22.5. 

Nurse-derived conventional BP was measured according to guidelines using a mercury 

sphygmomanometer after five minutes of rest in the seated position as previously described 

(Woodiwiss et al 2009). Five consecutive BP readings were obtained using an appropriately 

sized cuff, 30 to 60 seconds apart. The average of the five readings was taken as the BP. None 

of the visits had fewer than the planned BP recordings. Hypertension was defined as the use of 

antihypertensive medication or if the mean of the five conventional BP measurements was >140 

(systolic BP) or 90 (diastolic BP) mm Hg in those not receiving medication. 

4.2.3 Echocardiography. Echocardiographic measurements were performed as 

previously described (Millen et al 2014; Peterson et al 2016; Woodiwiss et al 2008; Libhaber et 

al 2014) by two experienced observers (AJW and CDL) with the participants in the partial left 

decubitus position. All potential participants were assessed for mitral valve abnormalities as 

determined using 2-dimensional and colour Doppler imaging and excluded if significant valve 

abnormalities were present. Left ventricular dimensions were determined using two-dimensional 

directed M-mode echocardiography in the short axis view and these recordings were analyzed 

according to the American Society of Echocardiography convention (Shah et al 1978). The LV 

dimensions were measured only when appropriate visualization of both the right and the left 

septal surfaces occurred and where the endocardial surfaces of both the septal and posterior 

wall were clearly visible. Left ventricular ejection fraction was calculated using the biplane 

Simpson method. Left ventricular mass (LVM) was determined using a standard formula 

(Devereux et al 1986) and indexed (LVMI) to height1.7. 

Left ventricular diastolic function was assessed from a pulsed wave Doppler examination 

of the mitral inflow at rest and using tissue Doppler indices (TDI) as well as left atrial volumes 

(LAV) (Nagueh et al 2016). Pulse wave Doppler recordings of trans-mitral velocity were 

obtained with the sample volume at the tip of the mitral valve in the apical 4-chamber view. 

Trans-mitral velocity measurements were obtained during the early (E) period of left ventricular 

diastolic inflow. To perform TDI, the velocity of myocardial tissue lengthening at the level of the 
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mitral annulus was recorded in the apical four-chamber view. The sample volume was 

positioned at the septal and lateral corners of the mitral annulus. To determine diastolic function 

using TDI, peak velocities during early (e’) diastole were measured. Data were expressed as 

the E/e’ ratio (an index of LV filling pressures). Because mitral annular velocity (e’) remains 

constant and trans-mitral flow (E) increases with an increased filling pressure, E/e’ ratio 

correlates well with left ventricular filling pressures. Left atrial volume indexed to body surface 

area, was calculated using the area-length method, where length was defined as the shortest of 

the two long axes measured in the apical four-chamber and two-chamber views. Left atrial area 

was measured by planimetry in the apical four-chamber and two-chamber views at left 

ventricular end systole (maximum left atrial dimensions). As no participants had a reduced EF, 

LV DD was identified by the presence of at least two of the following: a lateral e’<10 cm/s or a 

septal e’<8 cm/s, E/e’>14, or LAV index ≥34ml/m2 (Nagueh et al 2016).  

4.2.4 Data analysis. Database management and statistical analyses were performed 

with SAS software, version 9.4 (SAS Institute Inc., Cary, North Carolina, USA). Data from 

individuals were averaged and expressed as mean±standard deviation (SD) or the standard 

error of the mean (SEM). To improve on the distribution of data, HOMA-IR, lateral e’, septal e’, 

E/e’ and LAV index were logarithmically transformed. To determine independent relations, 

multivariate adjusted linear (continuous data) or logistic (discrete data) regression analysis was 

performed. Indexes of diastolic LV function were adjusted for several confounders associated 

with diastolic function noted in bivariate analysis. Relationships (partial r values) were compared 

with z-statistics. 

 

4.3 Results 

 

4.3.1 Characteristics of study sample. Table 4.1 gives the demographic and clinical 

characteristics of the normotensive and hypertensive participants. More women than men 

participated in the study and a high proportion of participants, particularly the hypertensives, 

were overweight, obese or morbidly obese and had central obesity. As compared to participants  
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Table 4.1. Characteristics of the study sample. 

            All             Normotensives      Hypertensives 

__________________________________________________________________________ 

Sample number (% female)            704 (67.3%)  348 (65.8%)      356 (68.8%) 

Age (years)               47.2±18.1     37.8±14.5        56.5±15.5**    

Body mass index (BMI) (kg/m2)  30.1±8.1     27.9±8.0        32.2±7.6** 

% Overweight/obese/morbidly obese           23.0/20.2/26.3  27.0/16.1/16.1    19.1/24.2/36.2** 

Waist circumference (WC) (cm)   93.9±18.2     87.6±17.2      100.0±17.0** 

% Abnormal waist circumference      52.3           39.2  65.1** 

Regular tobacco (% subjects)       16.5           18.1  14.9  

Regular alcohol (% subjects)       19.5           21.8  17.1 

% Diabetes mellitus or an HbA1c>6.5%     14.4             5.7  22.7**  

% Treated for hypertension       29.3              0  57.9** 

HOMA-IR                                                       2.51±3.92            2.13±3.74        2.88±4.07* 

Brachial SBP/DBP (mm Hg)                      128±21/83±13      114±11/76±8      141±22/89±13** 

E/e’                                                                  7.5±4.2                7.0±3.3              9.2±4.3** 

Lateral e’ (cm/s)                                             11.3±4.1             13.2±3.9              9.5±3.4** 

Septal e’ (cm/s)                                               9.6±3.6              11.2±3.5              8.0±3.0** 

Left atrial volume (LAV) index (ml/m2)          19.7±3.6              18.6±7.0            20.9±7.8**  

Left ventricular mass index (g/m1.7)              62.7±23.1            55.9±20.3          69.2±23.8**  

LV relative wall thickness                             0.36±0.08            0.34±0.07          0.38±0.08** 

% with diastolic dysfunction                             15.3                      5.5                   25.0** 

___________________________________________________________________________        

HbA1c, glycated haemoglobin; SBP, systolic blood pressure; DBP, diastolic BP; HOMA-IR, 

homeostasis model of insulin resistance; e’, myocardial tissue lengthening in early diastole at 

the mitral annulus; E/e’, transmitral early blood flow velocity/velocity of the mean value of lateral 

and septal wall myocardial tissue lengthening in early diastole at the mitral annulus; LV, left 

ventricle. *p<0.01, **p<0.0001 versus normotensives. 



 
  90 

 

recruited prior to TDI becoming available, participants in whom echocardiography was 

performed once routine TDI became available, were modestly older with more abdominal 

obesity, but a lower HOMA-IR and LVMI and more were receiving treatment for hypertension 

(Table 4.2). 5.5% of the normotensives and 25.0% of the hypertensives had DD and this was 

largely determined by a combination of either reduction in lateral or septal e’ and increases in 

E/e’ (75%). No participants had an ejection fraction<40% and 4.4% had an ejection 

fraction<50%. Of the sample 39.3% had LV hypertrophy (LVH) (LVMI>80 g/m1.7 for men and 

>60 g/m1.7 for women) and 18.1% had concentric LV remodelling (relative wall thickness>0.42). 

A greater proportion of hypertensives than normotensives had LVH and concentric LV 

remodelling. 

4.3.2 Factors associated with LV diastolic function. With adjustments for confounders, 

systolic BP, and either WC, HOMA-IR, or BMI were independently associated with lateral and 

septal wall e’ and E/e’ (Table 4.3). Whilst WC and systolic BP were independently associated 

with LAV index, HOMA-IR and BMI were not (Table 4.3). However, with adjustments for 

confounders systolic BP and HOMA-IR, but not WC or BMI were independently associated with 

the presence of LV DD (Table 4.4). Consistent with the effects of IR as opposed to 

hyperglycaemia, plasma insulin (p<0.05 to p<0.01) but not blood glucose (p=0.08 to p=0.83) 

was independently associated with LV diastolic function and the presence of LVDD.   

4.3.3 Impact of IR on LV diastolic function in hypertensives and normotensives. In both 

normotensives and hypertensives, WC (and BMI) as well as HOMA-IR were independently 

associated with lateral wall e’ (Table 4.5). However, in normotensives, but not in hypertensives, 

WC or BMI were independently associated with E/e’, whilst in hypertensives, but not 

normotensives, HOMA-IR was independently associated with E/e’ (Table 4.5). Importantly, as 

compared to normotensives, this translated into an independent effect of hypertension on E/e’ 

(and lateral wall e’) only in those hypertensives with a HOMA-IR in the upper two tertiles (Figure 

4.1). Although hypertension was also only independently associated with an increased E/e’ (and 

lateral wall e’) in the upper two tertiles of BMI this effect failed to show a stepwise relationship 

and hypertension was also only independently associated with an increased E/e’ (and lateral 
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Table 4.2. Characteristics of community sample without tissue Doppler imaging (TDI). 

 

        p value versus with TDI 

__________________________________________________________________ 

Sample number (% female)   340 (65.3)  (0.53) 

Age (years)      43.5±18.1  0.002 

Body mass index (kg/m2)   29.1±7.4  0.06 

% Overweight/obese/morbidly obese           24.6/20.1/22.5  0.19 

Waist circumference (cm)             89.9±15.5  <0.001 

% Abnormal waist circumference      42.4   0.007 

Regular tobacco (% subjects)                             12.6   0.10    

Regular alcohol (% subjects)        21.3             0.51 

% Diabetes mellitus or an HbA1c>6.5%       13.8  0.85  

% Treated for hypertension        23.0  0.03  

HOMA-IR                                                        3.23±3.28                   0.002 

Brachial SBP/DBP (mm Hg)                        130±23/84±12           0.16/0.23                          

Left ventricular mass index (g/m1.7)                73.0±21.6                 <0.0001 

__________________________________________________________________        

HbA1c, glycated hemoglobin; SBP, systolic blood pressure; DBP, diastolic BP; HOMA-IR, 

homeostasis model of insulin resistance; LV, left ventricle. 
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Table 4.3. Relative contribution (standardized β-coefficient) of the homeostasis model of insulin resistance (HOMA-IR), waist circumference (WC) or 

body mass index (BMI)versus alternative risk factors toward indices of left ventricular diastolic function in a community sample (n=704). 

 

  Models with→  HOMA-IR          WC     BMI           HOMA-IR       WC                BMI 

 β-coef±SEM (p-value) β-coef±SEM (p-value)   β-coef±SEM (p-value)   β-coef±SEM (p value)  β-coef±SEM (p value)  β-coef±SEM (p value)   

____________________________________________________________________________________________________________________ 

     Log lateral wall e’     Log E/e’ 

HOMA-IR -0.103±0.031 (<0.001)               -        -             0.083±0.036 (0.020)                   -                      - 

WC    -      -0.159±0.036 (<0.0001)  -         -   0.147±0.044 (<0.001)     - 

BMI   -          -         -0.126±0.034 (<0.0005)                  -         -           0.121±0.040 (0.003) 

Age   -0.471±0.037 (<0.0001) -0.421±0.041 (<0.0001) -0.447±0.037 (<0.0001) 0.249±0.043 (<0.0001) 0.217±0.050 (<0.0001) 0.226±0.044 (<0.0001) 

SBP  -0.168±0.033 (<0.0001) -0.152±0.033 (<0.0001) -0.153±0.033 (<0.0001) 0.208±0.038 (<0.0001) 0.188±0.041 (<0.0001) 0.195±0.038 (<0.0001)         

Female -0.002±0.033 (0.96)     0.040±0.035 (0.25)       0.049±0.035 (0.17)       0.088±0.039 (0.023)     0.063±0.043 (0.14)      0.043±0.041 (0.30) 

Log septal wall e’      Log LA volume index 

HOMA-IR  -0.069±0.029 (0.016)                 -        -            0.040±0.039 (0.30)                       -        - 

WC                  -     -0.157±0.038 (<0.0001)            -                  -      0.067±0.047 (=0.16)      - 

BMI        -           -          0.110±0.035 (0.002)                      -         -              0.078±0.040 (0.07) 

Age     -0.495±0.034 (<0.0001) -0.451±0.044 (<0.0001) -0.484±0.038 (<0.0001) 0.187±0.046 (<0.0001) 0.136±0.054 (0.01)    0.162±0.047 (<0.001) 

SBP    -0.114±0.030 (<0.0005) -0.087±0.035 (0.014)     -0.091±0.033 (0.007)      0.107±0.041 (0.010)     0.092±0.043 (0.03)    0.096±0.041 (0.02) 

Female  -0.003±0.039 (0.91)    0.031±0.037 (0.40)      0.020±0.036 (0.57)         -0.083±0.042 (0.05)  -0.089±0.046 (0.06)   -0.116±0.045 (0.01)   

____________________________________________________________________________________________________________________
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β-coef, standardized β-coefficient (slope). See table 4.1 for other abbreviations. Also included in the models are regular tobacco use, and regular 

alcohol consumption, treatment for hypertension, diabetes mellitus and pulse rate. 
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Table 4.4. Multivariate adjusted associations between risk factors and left ventricular (LV) diastolic dysfunction (DD) in a community sample 

(n=704). 

  Models with→  HOMA-IR             Waist circumference (WC)             Body mass index (BMI)   

LV DD versus   Odds ratio (95% CI) p-value       Odds ratio (95% CI) p-value      Odds ratio (95% CI) p-value            

__________________________________________________________________________________________________________ 

HOMA-IR/WC/BMI          1.428 (1.078 to 1.890)     0.013        1.013 (0.995 to 1.031)      0.16       1.039 (0.999 to 1.080)         0.06    

Age            1.038 (1.017 to 1.059)   <0.0005      1.035 (1.015 to 1.056)   <0.001       1.037 (1.017 to 1.058)       <0.0005 

Systolic BP           1.021 (1.010 to 1.033)   <0.0005      1.020 (1.008 to 1.031)   <0.001       1.019 (1.008 to 1.031)         0.001 

Female gender          1.663 (0.863 to 3.202)     0.13         1.319 (0.679 to 2.563)     0.41       1.193 (0.590 to 2.412)         0.62       

___________________________________________________________________________________________________________ 

See table 4.1 for abbreviations. Additional adjustors include regular tobacco use, regular alcohol consumption, treatment for hypertension, 

diabetes mellitus, and pulse rate. 
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Table 4.5. Impact of hypertension on multivariate adjusted relationships between the homeostasis model of insulin resistance (HOMA-IR), waist 

circumference or body mass index and indexes of left ventricular diastolic function in a community sample (n=704). 

 

            Normotensives (n=348)                   Hypertensives (n=356) 

    β-coef±SEM     Partial r (95% CI)    p value              β-coeff±SEM      Partial r (95% CI)   p value   

______________________________________________________________________________________________________ 

HOMA-IR versus 

Log lateral wall e’  -0.018±0.008    -0.12 (-0.23 to -0.02)     0.024         -0.017±0.008     -0.11 (-0.21 to -0.002)      0.046 

Log septal wall e’  -0.010±0.008    -0.07 (-0.17 to 0.03)      0.19           -0.013±0.008     -0.08 (-0.18 to 0.02)         0.13 

Log E/e’     0.003±0.011     0.02 (-0.09 to 0.12)       0.75            0.031±0.010†    0.15 (0.05 to 0.25)          0.004 

LA volume index   0.009±0.010     0.05 (-0.06 to 0.15)       0.39            0.006±0.010      0.03 (-0.07 to 0.14)        0.57 

Waist circumference versus 

Log lateral wall e’  -0.0018±0.0004 -0.23 (-0.34 to -0.12)  <0.0001        -0.0011±0.0005  -0.13 (-0.24 to -0.02)     0.020 

Log septal wall e’  -0.0021±0.0006 -0.22 (-0.32 to -0.10)  <0.0005        -0.0013±0.0005  -0.15 (-0.26 to -0.04)     0.008 

Log E/e’     0.0023±0.0006  0.22 (0.11 to 0.32)     <0.0005         0.0009±0.0007  0.08 (-0.03 to 0.19)       0.16 

LA volume index   0.0014±0.0006  0.14 (0.03 to 0.25)       0.015           0.0004±0.0006   0.004 (-0.11 to 0.12)     0.95 

Body mass index versus 

Log lateral wall e’  -0.0032±0.0009 -0.19 (-0.29 to -0.09)  <0.0005        -0.0017±0.0011  -0.08 (-0.18 to 0.02)       0.13 

Log septal wall e’  -0.0033±0.0010 -0.17 (-0.27 to -0.07)    0.001          -0.0017±0.0011  -0.08 (-0.18 to 0.02)       0.12 

Log E/e’     0.0035±0.0012    0.16 (0.05 to 0.26)     0.004          0.0023±0.0014   0.09 (-0.02 to 0.19)       0.11 

LA volume index   0.0010±0.0012    0.05 (-0.06 to 0.15)    0.39            0.0024±0.0013   0.10 (-0.01 to 0.21)        0.06 

______________________________________________________________________________________________________ 

See table 4.1 for abbreviations. *Adjustments are for age, sex, systolic blood pressure, regular tobacco use, regular alcohol consumption, diabetes 

mellitus, and pulse rate. †p<0.05 versus β-coefficient in normotensives. 
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Figure 4.1. Multivariate adjusted indices of left ventricular diastolic function in normotensives 

and across tertiles of the homeostasis model of insulin resistance (HOMA-IR) (upper panel), 

waist circumference (WC) (middle panel) or body mass index (BMI) (lower panel) in 

hypertensives of a community sample. Adjustments are for age, sex, systolic blood pressure, 

pulse rate, regular smoking, regular alcohol consumption and diabetes mellitus. Abbreviations 

are given in Table 4.1. Tertiles of HOMA-IR, WC and BMI are defined in Table 4.6. *p<0.02, 

**p<0.001, ***p<0.0001 versus normotensives. †p<0.05 versus hypertensives HOMA-IR tertile 1 

or versus hypertensives waist circumference tertile 1. 
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wall e’) in the second tertile of WC (Figure 4.1). Although more hypertensives had DD across all 

tertiles of HOMA-IR, WC or BMI (Figure 4.2), these effects were largely attributed to age 

differences. Indeed, beyond age and other confounders hypertension was only independently 

associated with an increased odds of DD in those with the higher tertiles of HOMA-IR, WC or 

BMI (Figure 4.3). Importantly, a stepwise increase in the odds of DD occurred across tertiles of 

HOMA-IR, but inconsistent effects were noted for WC and BMI (Figure 4.3). 

 

4.4 Discussion 

 

 The main findings of the present study are as follows: In a community sample with a high 

prevalence of obesity, indices of excess adiposity and IR were independently associated with 

indices of LV diastolic function (e’ and E/e’). However, whilst HOMA-IR was independently 

associated with lateral wall e’ in both hypertensives and normotensives, HOMA-IR was 

independently associated with E/e’ in hypertensives, but not in normotensives. Consequently, 

HOMA-IR determined whether hypertensives developed LV DD as compared to normotensives. 

In contrast, adiposity indices were associated with indices of diastolic function less well in 

hypertensives as compared to normotensives and adiposity indices were consequently not 

independently associated with DD. 

Although several large studies have demonstrated that indices of excess adiposity are 

strongly and independently associated with indices of LV DD (Rucso et al 2011; Çil et al 2012; 

Aljaroudi et al 2012), these studies have been confounded by the use of predominantly elderly 

populations (where age is the principle determinant of DD), in select patients referred for 

echocardiography, or in samples with a high proportion of participants receiving 

antihypertensive therapy (Rucso et al 2011; Çil et al 2012; Aljaroudi et al 2012). In contrast, in 

an alternative study conducted in a much smaller cohort of the present community, but across 

the adult age range and in a sample with a high prevalence of obesity and hypertension, where 

antihypertensive therapy was employed in only half the hypertensives (Millen et al 2014), BP 

was noted to contribute far more to DD than adiposity indices. In keeping with this prior study  
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Figure 4.2. Prevalence of left ventricular diastolic dysfunction (DD) in hypertensives as 

compared to normotensives across tertiles of the homeostasis model of insulin resistance 

(HOMA-IR), WC or BMI in the whole group and across similar age ranges. Tertiles of HOMA-IR, 

WC and BMI are defined in Table 4.6. 
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Figure 4.3. Impact of insulin resistance (homeostasis model-HOMA-IR), waist circumference 

(WC) or body mass index (BMI) on the odds of independent associations between hypertension 

and left ventricular diastolic dysfunction. Adjustments in the left panels are for age, sex, pulse 

rate, regular smoking, regular alcohol consumption and diabetes mellitus. Abbreviations are 

given in Table 4.1. Tertiles of HOMA-IR, WC and BMI are defined in Table 4.6. 
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Table 4.6. Ranges of tertiles of the homeostasis model of insulin resistance (HOMA-IR), waist 

circumference (WC) and body mass index (BMI) in normotensives and hypertensives. 

 

    HOMA-IR  WC     BMI   

Normotensives Tertile 1 <0.92   <79   <23.51 

Normotensives Tertile 2    0.92 to 2.87        79 to 95      23.51 to 29.86   

Normotensives Tertile 3 ≥2.87   ≥95   ≥29.86 

Hypertensives Tertile 1 <1.36   <94   <28.26  

Hypertensives Tertile 2     1.36 to 6.18        94 to 108  28.26 to 35.55  

Hypertensives Tertile 3 ≥6.18           ≥108   ≥35.55  

_____________________________________________________________________ 
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(Millen et al 2014) in the present study conducted in a much larger study sample of the same 

community we show that whilst BP and HOMA-IR translated into DD, adiposity indices failed to 

do so. The ability of HOMA-IR to associate with DD whilst adiposity indices did not, we attribute 

to an impact of HOMA-IR, but not adiposity indices on E/e’ in the hypertensive, but not in the 

normotensive BP range. These data therefore suggest that IR is an important contributor to DD, 

but mainly in those with hypertension. 

An important caveat of the present study is that the results do not suggest that IR 

mediates LV DD through hypertension. Indeed, relations between adiposity indices or HOMA-IR 

and LV diastolic functional parameters were independent of systolic BP. Rather, the present 

study suggests that the impact of hypertension on relations between HOMA-IR and DD should 

be viewed as an additive effect with systolic BP effects alone being more important, but with IR 

influencing whether hypertension translates into DD. 

 The criteria for the diagnosis of LV DD have been debated over several decades. As 

recently highlighted (Nagueh et al 2016), in those with a normal ejection fraction, tissue Doppler 

indices of DD (e’ and E/e’), LAV index and the extent of tricuspid regurgitation, an index if 

pulmonary artery pressures, are recommended for the diagnosis of DD. Although we 

determined 3 of the 4 recommended measures of DD (lateral and septal wall e’, E/e’ and LAV 

index), at the time of initiating the present study, we did not determine the extent of tricuspid 

regurgitation. To diagnose DD we nevertheless employed 2 of 3 criteria, whilst current 

guidelines recommend 2 of 4 (50%) criteria. Although there are no large studies that have 

demonstrated a relationship between adiposity indices and the extent of tricuspid regurgitation, 

it is therefore possible that we underestimated the prevalence of obesity-associated DD in the 

present study. However, the present study is the first to assess relations between adiposity 

indices and DD determined according to contemporary guidelines (Nagueh et al 2016) which do 

not include E/A if ejection fraction is within a normal range. In this regard, because of pseudo-

normalization of E/A, E/A is only recommended for use for the diagnosis of DD in those with a 

reduced ejection fraction. In this regard, the present and previous studies (Rucso et al 2011; Çil 

et al 2012; Aljaroudi et al 2012) were conducted in participants with a largely normal ejection 
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fraction. Hence, relations between HOMA-IR or indices of excess adiposity and DD, as 

described in the present study, are more likely to reflect relations between an excess adiposity 

and actual DD than those previously described (Rucso et al 2011; Çil et al 2012; Aljaroudi et al 

2012). 

An explanation for the impact of HOMA-IR on E/e’ (an index of LV filling pressures) and 

hence DD in hypertensives, but not normotensives in the present study, is unclear. It is possible 

that because hypertension is associated with concentric LV remodeling, and as recently 

demonstrated, a more concentrically remodeled LV determines the impact of IR on E/e’ 

(Peterson et al 2016), that IR only contributes to LV filling pressures when the LV is more 

concentrically remodeled. Importantly, however, the presence of hypertension in the present 

study did not influence the association between HOMA-IR and lateral wall e’, an index of LV 

relaxation, whilst previous work does show an impact of relative wall thickness on relations 

between HOMA-IR and lateral wall e’ (Peterson et al 2016). Hence, the impact of hypertension 

on relations between HOMA-IR and E/e’ may not be accounted for just by an effect of the extent 

of concentric LV remodeling, but by an alternative as yet unidentified factor.  

There are several potential implications of the findings of the present study. First, in 

contrast to adiposity indices, which had less of an ability to determine the impact of 

hypertension on DD, the assessment of IR may better characterize hypertensives at risk of 

developing DD and hence heart failure with a preserved ejection fraction. In this regard, 

longitudinal studies are required to assess this question. Indeed, a recent study reported that 

insulin resistance at baseline or during follow-up predicted worsening of E/e’ after 4.7 years of 

follow-up (Cauwenberghs et al 2018). Second, targeting IR as opposed to an excess adiposity 

per se with behavioral modification in hypertensives may have marked benefits to preventing 

the development of DD and hence heart failure with a preserved ejection fraction. In this regard, 

intervention studies are required to assess these hypotheses. 

The limitations of the present study are as follows: First, this is a cross-sectional study 

and hence we cannot draw conclusions regarding causality. Whether the development of IR 

influences that of LV DD in those with hypertension rather than normotension therefore requires 
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further study. Second, we are not statistically powered to perform sex-specific analysis and 

hence it is possible that as more women than men volunteered for the study, the results may 

relate mainly to women. 

 

4.5. Conclusions 

 

In a relatively large community-based sample with a high prevalence of obesity and 

hypertension, we show that independent of confounders, the extent of IR influences whether 

hypertension translates into diastolic dysfunction. These data suggest that from a clinical 

perspective, hypertensives with IR may be particularly prone to the development of LV DD and 

thus possibly the progression to heart failure with a preserved ejection fraction. Consequently, 

targeting IR in hypertension may have marked benefits for preventing the development of heart 

failure. 
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5.1 Introduction 

 

 As highlighted in the introduction to the present thesis, the prevalence of HFpEF is 

increasing. Whilst morbidity and mortality for HFrEF is decreasing in many countries, because 

no therapeutic approaches have been demonstrated to improve outcomes in HFpEF, morbidty 

and mortality in this condition remains high (Borlaug & Paulus 2011; Tamaki et al 2013). Despite 

several mechanisms demonstrated to contribute to HFpEF, therapeutic agents designed to 

target these cellular changes have failed to show clinical benefits. It is therefore important to 

better understand the transition in patients with risk factors for HFpEF to heart failure itself. In 

this regard, dysfunction in the diastolic period of the cardiac cycle (diastolic dysfunction or DD) 

characterizes HFpEF and hence in the present thesis I evaluated several outstanding questions 

related to LV DD. The findings of these studies published in several international journals have 

been described and discussed in extensive detail in chapters 2 to 4. However, in the present 

chapter I will place these findings in the context of the wider implications. A perspective will be 

provided for the implications of my findings for the possible screening of patients at risk, and 

interventions that may be instituted to prevent the transition to HFpEF. In the present thesis I 

focused on hypertension and LV DD as hypertension is the principle risk factor associated with 

LV DD and HFpEF.  

 

5.2 Sympathetic activation in DD and HFpEF 

 

 As with HFrEF, HFpEF is associated with neurohumoral activation (Chang et al 2013; 

Grimm & Brown  2010; Woo & Xiao  2012; Akhter et al 1997), Although the use of β-adrenergic 

blockers in HFpEF has never been demonstrated to produce beneficial effects on heart failure 

per se, whether sympathetic activation in HFpEF has beneficial effects through an enhanced 

myocardial lusitropy has never been described. This is of importance as HFpEF is most often a 

consequence of hypertension and frequently associated with coronary artery disease 

(Mohammed et al 2015; Desai et al 2013; Kamimura et al 2012) or atrial fibrillation (Hernandez 
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et al 2009; Reiken et al 2003). These conditions are well-recognised as benefitting from β-

adrenergic receptor blockade. However, if sympathetic activation improves diastolic function in 

DD, the benefits of β-adrenergic receptor blockers in these conditions may be offset by 

hastening the progression of DD and hence HFpEF. As a consequence of this issue, as part of 

the present thesis I evaluated whether established animal models of hypertension are 

associated with clinically relevant measures of DD and whether through lusitropic effects, acute 

administration of the β-adrenergic receptor agonist, isoproterenol improves hypertensive DD. I 

selected animal models to study as maximal effects of β-adrenergic receptor agonists cannot be 

evaluated in humans due to the arrhythmic and myocardial ischaemic effects of β-adrenergic 

receptor stimulation. Moreover, the impact of β-adrenergic receptor agonists in humans with 

hypertensive DD would be confounded by the effects of antihypertensive therapy. What were 

the findings of this study and how does this extend our knowledge of LV DD? 

 I demonstrated that the LV of both Spontaneously Hypertensive Rats (SHR) and Dahl 

salt-sensitive (DSS) rats receiving additional NaCl, is characterized by a reduced LV relaxation 

(decreased e’), and increased filling pressures (increased E/e’). These diastolic abnormalities 

were noted despite preserved indexes of LV chamber (including ejection fraction) and 

myocardial (deformation or motion) systolic function. Importantly, through increases in 

ventricular ejection with consequent reductions in filling volumes, but not through lusitropic 

effects (e’), β-adrenergic receptor stimulation decreased filling pressures (E/e’) in DSS rats. In 

contrast however, although adrenergic stimulation in SHR induced lusitropic effects (e’), and 

through increases in rotational velocity increased EF and reduced filling volumes, these 

changes failed to translate into decreases in filling pressures (E/e’). These findings have several 

implications. 

Importantly, the non-invasive (echocardiographic) assessments of LV diastolic function 

performed in the present study (myocardial tissue Doppler combined with trans-mitral blood flow 

velocity) are presently incorporated in guidelines for the assessment of DD in humans (Nagueh 

et al 2016). It is now well recognized that hypertensive heart disease is often associated with LV 

diastolic dysfunction, including decreases in e’ and increases in E/e’, with little change in 
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systolic function (Tadic et al  2018). Moreover, these abnormalities may be all that is noted in 

the LV of patients with overt heart failure (Lee et al  2009; Zile et al  2004; Lewis et al  2017). 

These changes are also consistent with left shifts in LV pressure-dimension (chamber 

compliance) and stress-strain (myocardial compliance) relations, the gold-standard 

assessments of DD, previously reported to occur in SHR by our group (Norton et al 1997; 

Tsotetsi et al 2001). Similar alterations in echocardiographic assessments of DD have also been 

reported in SHR by other groups (Shah et al  2014). Although several interstitial changes in-part 

explain reductions in diastolic function in SHR, alterations in cardiomyocyte calcium release and 

sequestration are well-described in the heart of SHR (Shah et al  2014). Consequently, 

sympathetic activation during physical activity or when the transition to HFpEF occurs, could 

benefit myocardial relaxation and thus in hypertensive heart disease, maintain normal LV filling 

pressures whilst filling volumes increase. However, in the present study I demonstrated that 

despite abnormalities in myocardial relaxation in hypertensive rat models, β-adrenoreceptor 

activation of an LV with DD does not improve myocardial relaxation in some forms of DD (DSS 

rats), and despite promoting lusitropic effects in SHR, fails to reduce LV filling pressures. Thus, 

in the management of hypertensives or alternative patient groups (coronary artery disease or 

atrial fibrillation) with LV DD, the use of agents that block β-adrenoreceptors are unlikely to 

oppose any beneficial actions of sympathetic-induced lusitropic effects that may occur during 

physical activity, or at rest on LV filling pressures. Furthermore, it is unlikely that neurohumoral 

activation in HFpEF has benefits to DD and hence heart failure per se. Thus, blocking β-

adrenoreceptors is unlikely to be harmful in DD or HFpEF. 

In the present study I did not determine the exact reason why despite promoting 

lusitropic effects in SHR, β-adrenoreceptor activation failed to reduce LV early diastolic filling 

pressures in SHR, However, a previous study has demonstrated a reduced adrenergic-induced 

increase in LV suction forces in patients with DD (Ohara et al  2012). In this regard, decreases 

in β-adrenergic-induced early diastolic suction in patients with DD are attributed to reduced 

inertial acceleration between the mid-LV and LV apex (Ohara et al 2012). These suction forces 
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normally generate enhanced filling because of reductions in LV early diastolic pressures, but 

with reductions in DD are likely to contribute to increases in filling pressures. 

Importantly, lusitropic effects (an increased e’) were noted in SHR, but nor DSS rats in 

the present study. An increased heart rate contributes to the normal lusitropic response to β-

adrenoreceptor stimulation in-part through the relaxation-frequency relation (Izawa et al 1997) 

and this may be retained in those with DD (Wachter et al  2009). As heart rate increased less in 

DSS rats after β-adrenergic receptor stimulation (despite the same increases in EF) as 

compared to SHR, it is possible that the reduced lusitropic effects in DSS rats could be 

attributed to the limited β-adrenoreceptor-induced chronotropic effects in DSS rats. This has 

important potential implications that could not be evaluated in the present study but should be 

considered. In this regard, in the transition from LV DD to HFpEF, it is possible that sympathetic 

stimulation is necessary to maintain high heart rates to induce lusitropic effects. However, this is 

unlikely to be beneficial to hypertensive heart failure as in SHR with DD β-adrenoreceptor-

induced lusitropic effects failed to translate into decreased filling pressures.   

Increased filling pressures in DD contribute to exercise intolerance (Paulus 2010). 

Indeed, exercise-induced pulmonary hypertension and an elevation of pulmonary capillary 

wedge pressures occurs in patients with exertional dyspnea and DD (Borlaug et al  2010). 

Importantly exercise activates the sympathetic nervous system and in a normal LV enhances 

myocardial relaxation, thus reducing filling pressures and accommodating greater filling volumes 

(thus allowing for a greater Frank-Starling effect). Although I did not assess the impact of 

adrenergic stimulation after enhancing filling volumes, such as occurs with exercise-induced 

increases in preload, the present study suggests that in hypertensive heart disease, adrenergic 

activation either fails to improve myocardial relaxation (DSS rats), or if it increases myocardial 

relaxation, this fails to translate into reduced filling pressures, despite reductions in filling 

volumes (SHR). The consequence could be that the LV does not accommodate a higher filling 

volume during exercise, thus reducing the Frank-Starling mechanism and contributing to 

exercise intolerance. The limited beneficial effect of β-adrenergic receptor activation on DD in 

hypertensive hearts suggests that the use of β-adrenoreceptor blocking agents in hypertension 
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will have no deleterious actions on DD during physical activity. Moreover, the limited beneficial 

effect of β-adrenergic receptor activation on DD in hypertensive hearts suggests that any 

sympathetic activation in the hypertensive heart with HFpEF will have no beneficial actions on 

DD even at rest. Thus, if β-adrenoreceptor blocking agents are required in DD or HFpEF, such 

as in patients with refractory hypertension or coronary artery disease or atrial fibrillation that 

these agents should not worsen the heart failure.  

 

5.3 Left ventricular hypertrophy and remodelling and LV DD or HFpEF 

 

A frequently employed guide to a high risk of heart failure is the presence of LV 

hypertrophy in hypertension. In this regard, there is extensive evidence to support this view 

(Woodiwiss and Norton 2015). In addition, the echocardiographic identification of concentric LV 

remodelling is an important guide to whether heart failure will occur as a consequence of LV 

DD. Importantly, LV hypertrophy is well-recognised as progressing to both DD and heart failure 

and concentric LV hypertrophy progresses to HFpEF (Drazner 2011). Thus, the focus of risk 

prediction for the transition to LV dysfunction and subsequently heart failure in hypertension has 

been on structural changes in the heart. This can be determined using simple 

electrocardiographic criteria or with less costly echocardiograms which are unable to perform 

tissue Doppler imaging. Nevertheless, the importance of LV hypertrophy as a cause pf DD was 

emphasised at the time of less contemporary approaches to assessing DD. In this regard, LV 

DD was noted to occur in up to 84% of hypertensive individuals with LV hypertrophy (Wachtell 

et al 2000). Conversely, it was estimated that only 11% to 20% of hypertensive patients have 

LV DD without exhibiting LV hypertrophy (Dini et al 2013; Phillips et al 1989). Although when 

identifying DD using more contemporary measures of LV diastolic function, DD is worse in 

patients with LV hypertrophy as compared to those without LV hypertrophy (Kattel et al 2016), 

no data have been provided indicating the sensitivity for DD detection using LVH or centric LV 

remodeling. Indeed, over the years evidence has accumulated to question the importance of 
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structural changes in the LV as a necessary prelude to the development of DD and hence 

HFpEF. 

Importantly, animal models of DD without LVH are well described (Norton et al 1996) 

and in animal models of hypertensive LVH, antihypertensive agents that reduce pressures 

without modifying LV mass are equally as effective at preventing LV DD as agents that regress 

LV hypertrophy (Norton et al 1997). Moreover, many patients with HFpEF do not have LV 

hypertrophy (Lam et al 2007) despite the fact that hypertension is the dominant risk factor for 

this form of heart failure. Moreover, LV DD without LV hypertrophy is an early manifestation of 

hypertensive heart disease (Messerli et al 2017). Furthermore, a dissociation has been noted 

between ethnicity and LV mass versus DD in a recent large echocardiographic study (Shantsila 

et al 2018), and the limited contribution of concentric LV hypertrophy to DD in hypertensives 

recently described (Nazário Leão et al 2017). In addition, it is mainly those with LV hypertrophy 

who, in addition to a structural change in the LV, have biomarker evidence of increased loading 

conditions or myocardial damage produced presumably by increased loads, that progress to 

heart failure (Seliger et al 2015). Further, assigning those with LV hypertrophy to concentric 

versus eccentric subtypes only moderately differentiates participants at increased risk of heart 

failure with a preserved versus reduced ejection fraction (Ho et al 2013). Also in the ASCOT, the 

marked differences in treatment groups in improvements in LV diastolic function with 

antihypertensive therapy were unaffected by adjustments for LV mass index (Tapp et al 2010). 

Of importance is that several cellular changes induced by hypertension that are unrelated to the 

hypertrophic process determine LV diastolic function. Consequently, the value of measures of 

LV hypertrophy or the remodelling process as effective indices that herald the presence of LV 

DD is unclear. However, until the work performed in the present thesis, the exact contribution of 

LV hypertrophy and concentric LV remodelling to DD had not previously been evaluated. What 

has the present thesis demonstrated and how is this information useful for risk predicting for 

HFpEF in hypertension? 

In a large community-based study with a high prevalence of untreated and uncontrolled 

hypertension I show that although both LV mass index (LVMI) and relative wall thickness (RWT) 



 
  111 

 

are independently associated with several characteristic changes in LV diastolic function, they 

account for little of the relationship between blood pressure (BP) and LV diastolic function. 

Indeed, in product of coefficient mediation analysis, the contribution of either LVMI or RWT to 

relationships between BP and lateral wall e’, E/e’, E/A and e’/a’ was minor at best and 

adjustments for LVMI or RWT failed to significantly modify relationships between BP and either 

indices of LV diastolic function or the presence of DD. 

 The present study suggests that BP effects on LV DD as assessed using more 

contemporary echocardiographic approaches cannot be accounted for by structural changes in 

the LV. Hence, to identify those at risk of HFpEF caused by hypertension, neither LVMI nor 

RWT will provide useful information. Although several preclinical studies have dissociated 

structural changes in the LV from BP effects in hypertension and demonstrated cellular 

alterations unrelated to the hypertrophic process as being causally related to DD (Norton et al 

1997), is there clinical evidence to show similar effects? In this regard, circulating 

concentrations of substances that index myocardial fibrosis are well correlated with tissue 

Doppler indices of DD in hypertensive patients irrespective of LVM, and these indices of 

myocardial fibrosis may precede LV hypertrophy in the evolution of hypertensive heart disease 

(Muller-Brunotte et al 2007). Nevertheless, whether as recently suggested, the combination of 

LV hypertrophy and DD is a worse cardiac phenotype in hypertensive heart disease than either 

considered separately (Messerli et al 2017) requires further study. In short however, the results 

of the present study indicate that when identifying those at risk of DD, measures of LVM and 

RWT do not provide a complete clinical picture of the risk conferred by BP or alternative risk 

factors. Only contemporary measures of DD will adequately index the extent of DD produced by 

several risk factors including hypertension.  

 

5.4 Obesity or its metabolic effects and DD or HFpEF 

 

As indicated in several sections throughout the present thesis there is presently little 

evidence for proven treatment benefits for HFpEF (Borlaug & Redfield 2011; Borlaug & Paulus 
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2011; Pitt et al 2014). In this regard, it is possible that HFpEF may not be a single clinical entity 

and that the pathophysiological mechanisms responsible for DD may differ depending on the 

risk factors involved. If this is indeed the case, risk factor effects on the myocardium may vary 

and hence therapeutic approaches may differ in efficacy depending on the risk factor involved. 

As an example, although it is well recognized that the major risk factor for HFpEF is 

hypertension, irrespective of the degree of BP control, not all hypertensives progress to HFpEF. 

The question therefore arises as to which hypertensives are most likely to develop LV DD and 

hence possibly progress to HFpEF? In this regard, a common co-morbidity with hypertension is 

obesity, but the role of obesity or the associated metabolic disturbances alone, or in 

combination with hypertension, is uncertain. Although some prior studies conducted in select 

populations report on an equal or greater impact of obesity as compared to hypertension on left 

ventricular (LV) diastolic function (Rusco et al 2011; Çil et al 2012; Aljaroudi et al 2012), in 

studies conducted across the full adult age range in a community sample with a high proportion 

of obesity and hypertension, but a low proportion of participants who were receiving 

antihypertensive therapy, BP was noted to be the main determinant of DD (Millen et al 2014). 

Nevertheless, more recent evidence suggests that a more concentrically remodeled LV 

determines whether obesity-related insulin resistance (IR) is associated with LV diastolic 

function (Peterson et al 2016). As hypertension is a strong determinant of concentric LV 

remodeling, the possibility exists that even if obesity or associated IR have only a modest 

impact on LV diastolic function, that obesity or its metabolic consequences may determine the 

extent to which DD occurs in hypertension. As part of the present thesis I therefore evaluated 

whether adiposity indices or IR influence the extent to which DD occurs in hypertension in a 

community sample with a high prevalence of hypertension and obesity. In this regard I 

demonstrated that although indices of excess adiposity and IR were both independently 

associated with indices of LV diastolic function (e’ and E/e’), IR, but not adiposity indices 

determined whether hypertension translated into LV DD. Indeed, whilst HOMA-IR was 

independently associated with lateral wall e’ in both hypertensives and normotensives, HOMA-

IR was independently associated with E/e’ in hypertensives, but not in normotensives. 
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Consequently, HOMA-IR determined whether hypertensives developed LV DD as compared to 

normotensives. In contrast, adiposity indices were associated with indices of diastolic function 

less well in hypertensives as compared to normotensives and adiposity indices were 

consequently not independently associated with DD.  

As highlighted in chapter 4, there are several potential implications of the findings of that 

study (Bamaiyi et al 2019). First, these data suggest that from a clinical perspective, 

hypertensives with IR may be particularly prone to the development of LV DD and thus possibly 

the progression to HFpEF. Importantly, in contrast to adiposity indices, which had less of an 

ability to determine the impact of hypertension on DD, the assessment of IR may better 

characterize hypertensives at risk of developing DD and hence HFpEF. However, longitudinal 

studies are required to assess this question. Second, the present data suggest that targeting IR 

as opposed to an excess adiposity per se with behavioral modification in hypertensives may 

have marked benefits to preventing the development of DD and hence HFpEF. In this regard, 

intervention studies are also required to assess this hypothesis. Third, the present study 

suggests that a combination of the mechanisms responsible for DD in hypertension and obesity 

may be particularly important in producing more severe forms of DD and hence HFpEF. Thus, 

developing animal models where LV DD occurs more readily because of an additive effect of 

hypertensive and obesity-associated changes in myocardial function may caste light on a 

particularly important pathophysiological mechanism for drug development. 

 

5.5 Limitations 

 

 Although the limitations of the individual studies described in the present thesis have 

been fully discussed in the data chapters, in the following I will highlight some additional key 

points. As highlighted in the introductory chapter, there are several reasons why patients with 

LV DD may require β-adrenergic receptor blockers, but as also underscored whether this 

produces adverse effects on LV DD was unknown. Although in chapter 2 I demonstrated that β-

adrenergic receptor stimulation has no obvious acute beneficial effect to LV DD, the possibility 
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that long-term blockade of β2-adrenergic receptors may have deleterious effects was not 

evaluated. Indeed, as discussed in chapter 1, β2-adrenergic receptors when activated, have 

beneficial effects. Although β-adrenergic receptor blockers are generally designed to target β1-

adrenergic receptors, they all have the potential for blocking β2-adrenergic receptors. Thus, 

further studies are required to evaluate whether β-adrenergic receptor blockers worsen LV DD 

when employed chronically. Second, mediation analysis provides indirect evidence for the effect 

of LVM on LV DD. However, to provide direct evidence to determine the extent to which LVH 

causes DD would require the use of agents that regress LVH without modifying loading 

conditions. To the best of my knowledge this approach does not exist. Third, there is little 

evidence to show that hypertension and obesity target the same cellular systems to cause LV 

DD and hence whether a single approach can be developed to target the impact of both on LV 

DD is unknown. This question can only be addressed once animal models of LV DD caused by 

a combination of hypertension and obesity have been developed. 

 

5.6 Conclusions 

 

 In conclusion, in the present thesis I provide further insights into several aspects of LV 

DD in hypertension. In this regard, I show that β-adrenergic receptor activation in animal models 

of hypertension with LV DD has no beneficial effects on indexes of LV filling pressures despite 

producing lusitropic effects in some circumstances, Second, I show that neither LVM nor the 

degree of concentric LV remodeling can explain the impact of BP on LV DD. Third, I show that 

although not accounting for the impact of hypertension on DD, insulin resistance increases the 

chances that hypertension is associated with LV DD. These data therefore suggest that β-

adrenergic receptor blockers are unlikely to worsen LV DD when required for use in 

hypertensive heart disease or HFpEF. Moreover, these data indicate that the assessment of 

LVMI or LV remodeling is an insufficient measure of the impact of BP on cardiac diastolic 

function. In this regard, the clinical assessment of diastolic function is therefore an essential 

index complementing LV structural assessments in risk assessment for predicting future heart 
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failure. In addition, these data suggest that the assessment of IR may be a useful index of those 

hypertensives at risk of HFpEF and that targeting IR may be an important approach in 

hypertensives with LV DD. 



 
  116 

 

 

 

 

 

 

 

 

 

APPENDICES 

 

Appendix A 

 

Ethical clearance certificates 



 
  117 

 

 



 
  118 

 



 
  119 

 

 

 

 

 

 

 

 

                 



 
  120 

 

 



 
  121 

 

 



 
  122 

 

 



 
  123 

 

 

 

 

 

 

 



 
  124 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix B 

 

“Turn-it-in” Plagiarism report 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
  125 

 

 

 

 

 

 



 
  126 

 

 

 

 



 
  127 

 

 



 
  128 

 

 

 



 
  129 

 

 



 
  130 

 

 



 
  131 

 

 

 



 
  132 

 

 



 
  133 

 

 

References 

 

Abhayaratna, W. P., Marwick, T. H., Smith, W. T. & Becker, N. G. (2006). Characteristics of left 

ventricular diastolic dysfunction in the community: an echocardiographic survey. Heart, 92, 1259-

1264. 

Abozguia, K., Elliott, P., Mckenna, W., Phan, T. T., Nallur-Shivu, G., Ahmed, I., Maher, A. R., Kaur, K., 

Taylor, J., Henning, A., Ashrafian, H., Watkins, H. & Frenneaux, M. (2010). Metabolic modulator 

perhexiline corrects energy deficiency and improves exercise capacity in symptomatic 

hypertrophic cardiomyopathy. Circulation, 122, 1562-1569. 

Abraham, W. T., Zile, M. R., Weaver, F. A., Butter, C., Ducharme, A., Halbach, M., Klug, D., Lovett, E. G., 

Muller-Ehmsen, J., Schafer, J. E., Senni, M., Swarup, V., Wachter, R. & Little, W. C. (2015). 

Baroreflex Activation Therapy for the Treatment of Heart Failure With a Reduced Ejection 

Fraction. JACC Heart Fail, 3, 487-496. 

Adeboye, B., Bermano, G. & Rolland, C. (2012). Obesity and its health impact in Africa: a systematic 

review. Cardiovasc J Afr, 23, 512-521. 

Adeniran, I., Maciver, D. H., Hancox, J. C. & Zhang, H. (2015). Abnormal calcium homeostasis in heart 

failure with preserved ejection fraction is related to both reduced contractile function and 

incomplete relaxation: an electromechanically detailed biophysical modeling study. Front Physiol, 

6, 78. 

Agbor, V. N., Essouma, M., Ntusi, N. A. B., Nyaga, U. F., Bigna, J. J. & Noubiap, J. J. (2018). Heart 

failure in sub-Saharan Africa: A contemporaneous systematic review and meta-analysis. Int J 

Cardiol, 257, 207-215. 

Akhter, S. A., Milano, C. A., Shotwell, K. F., Cho, M. C., Rockman, H. A., Lefkowitz, R. J. & Koch, W. J. 

(1997). Transgenic mice with cardiac overexpression of alpha1B-adrenergic receptors. In vivo 

alpha1-adrenergic receptor-mediated regulation of beta-adrenergic signaling. J Biol Chem, 272, 

21253-21259. 

Akinyemi, R. O., Owolabi, M. O., Ihara, M., Damasceno, A., Ogunniyi, A., Dotchin, C., Paddick, S. M., 

Ogeng'o, J., Walker, R. & Kalaria, R. N. (2018). Stroke, cerebrovascular diseases and vascular 

cognitive impairment in Africa. Brain Res Bull, 145, 97-108. 

Aljaroudi, W., Halley, C., Houghtaling, P., Agarwal, S., Menon, V., Rodriguez, L., Grimm, R. A., Thomas, 

J. D. & Jaber, W. A. (2012). Impact of body mass index on diastolic function in patients with 

normal left ventricular ejection fraction. Nutr Diabetes, 2, e39. 

Almuntaser I., Mahmud A., Brown A., Murphy R., King G., Crean P., & Feely J. (2009).   Blood   

pressure   control   determines   improvement   in   diastolic dysfunction in early hypertension, 

Am J Hypertens, 22, 1227-1231. 

Andronic, A. A., Mihaila, S. & Cinteza, M. (2016). Heart Failure with Mid-Range Ejection Fraction - a New 

Category of Heart Failure or Still a Gray Zone. Maedica (Buchar), 11, 320-324. 

Appiah, L. T., Sarfo, F. S., Agyemang, C., Tweneboah, H. O., Appiah, N., Bedu-Addo, G. & Opare-Sem, 

O. (2017). Current trends in admissions and outcomes of cardiac diseases in Ghana. Clin 

Cardiol, 40, 783-788. 



 
  134 

 

 

Aurigemma, G. P., Gottdiener, J. S., Shemanski, L., Gardin, J. & Kitzman, D. (2001). Predictive value of 

systolic and diastolic function for incident congestive heart failure in the elderly: the 

cardiovascular health study. J Am Coll Cardiol, 37, 1042-1048. 

Bahrami, H., Bluemke, D. A., Kronmal, R., Bertoni, A. G., Lloyd-Jones, D. M., Shahar, E., Szklo, M. & 

Lima, J. A. (2008). Novel metabolic risk factors for incident heart failure and their relationship with 

obesity: the MESA (Multi-Ethnic Study of Atherosclerosis) study. J Am Coll Cardiol, 51, 1775-

1783. 

Bamaiyi, A.J., Woodiwiss, A.J., Peterson, V., Gomes, M., Libhaber, C.D., Sareli, P. & Norton, G.R. 

(2019). Insulin resistance influences the impact of hypertension on left ventricular diastolic 

dysfunction in a community sample. Clin Cardiol, 42, 305-311. 

Bamaiyi, A. J., Norton, G. R., Peterson, V., Libhaber, C. D., Sareli, P. & Woodiwiss, A. J. (2019). Limited 

contribution of left ventricular mass and remodelling to the impact of blood pressure on diastolic 

function in a community sample. J Hypertens  (in-press); DOI:10. 1097/HJH. 0000000000002051. 

(Publish Ahead of Print). 

Bamaiyi, A. J., Norton, G. R., Peterson, V., Norman, G., Mojiminiyi, F. B. & Woodiwiss, A. J. (2018). 

Limited Impact of beta-Adrenergic Receptor Activation on Left Ventricular Diastolic Function in 

Rat Models of Hypertensive Heart Disease. J Cardiovasc Pharmacol, 72, 242-251. 

Bar, N., Schwartz, L. A., Biner, S., Aviram, G., Ingbir, M., Nachmany, I., Margolis, G., Sadeh, B., Barashi, 

R., Keren, G. & Topilsky, Y. (2018). Clinical Outcome of Isolated Tricuspid Regurgitation in 

Patients with Preserved Left Ventricular Ejection Fraction and Pulmonary Hypertension. J Am 

Soc Echocardiogr, 31, 34-41. 

Beadle, R. M., Williams, L. K., Kuehl, M., Bowater, S., Abozguia, K., Leyva, F., Yousef, Z., Wagenmakers, 

A. J., Thies, F., Horowitz, J. & Frenneaux, M. P. (2015). Improvement in cardiac energetics by 

perhexiline in heart failure due to dilated cardiomyopathy. JACC Heart Fail, 3, 202-211. 

Beaney, T., Schutte, A. E., Tomaszewski, M., Ariti, C., Burrell, L. M., Castillo, R. R., Charchar, F. J., 

Damasceno, A., Kruger, R., Lackland, D. T., Nilsson, P. M., Prabhakaran, D., Ramirez, A. J., 

Schlaich, M. P., Wang, J., Weber, M. A. & Poulter, N. R. (2018). May Measurement Month 2017: 

an analysis of blood pressure screening results worldwide. Lancet Glob Health, 6, e736-e743. 

Bella, J. N., Palmieri, V., Roman, M. J., Liu, J. E., Welty, T. K., Lee, E. T., Fabsitz, R. R., Howard, B. V. & 

Devereux, R. B. (2002). Mitral ratio of peak early to late diastolic filling velocity as a predictor of 

mortality in middle-aged and elderly adults: the Strong Heart Study. Circulation, 105, 1928-1933. 

Bhatia, R. S., Tu, J. V., Lee, D. S., Austin, P. C., Fang, J., Haouzi, A., Gong, Y. & Liu, P. P. (2006). 

Outcome of heart failure with preserved ejection fraction in a population-based study. N Engl J 

Med, 355, 260-269. 

Bintabara, D. & Mpondo, B. C. T. (2018). Preparedness of lower-level health facilities and the associated 

factors for the outpatient primary care of hypertension: Evidence from Tanzanian national survey. 

PLoS One, 13, e0192942. 

Bloomfield, G. S., Barasa, F. A., Doll, J. A. & Velazquez, E. J. (2013). Heart failure in sub-Saharan Africa. 

Curr Cardiol Rev, 9, 157-173. 

https://www.ncbi.nlm.nih.gov/pubmed/30403389
https://www.ncbi.nlm.nih.gov/pubmed/30403389


 
  135 

 

 

Booysen, H. L., Norton, G. R., Opie, L. H. & Woodiwiss, A. J. (2012). Reverse chamber remodelling 

following adrenergic-induced advanced cardiac dilatation and pump dysfunction. Basic Res 

Cardiol, 107, 238. 

Borlaug, B. A. & Paulus, W. J. (2011). Heart failure with preserved ejection fraction: pathophysiology, 

diagnosis, and treatment. Eur Heart J, 32, 670-679. 

Borlaug, B. A. & Redfield, M. M. (2011). Diastolic and systolic heart failure are distinct phenotypes within 

the heart failure spectrum. Circulation, 123, 2006 -2014. 

Borlaug, B. A., Melenovsky, V., Russell, S. D., Kessler, K., Pacak, K., Becker, L. C. & Kass, D. A. (2006). 

Impaired chronotropic and vasodilator reserves limit exercise capacity in patients with heart 

failure and a preserved ejection fraction. Circulation, 114, 2138-2147. 

Borlaug
a
 B. A., Nishimura, R. A., Sorajja, P., Lam, C. S. & Redfield, M. M. (2010). Exercise 

hemodynamics enhance diagnosis of early heart failure with preserved ejection fraction. Circ 

Heart Fail, 3, 588-595. 

Borlaug
b 

B.A., Olson T.P., Lam C.S., Flood K.S., Lerman A., Johnson B.D., Redfield M.M. (2010). 

Global cardiovascular reserve dysfunction in heart failure with preserved ejection fraction, J Am 

Coll Cardiol, 56, 845-854. 

Brubaker, P. H., Joo, K. C., Stewart, K. P., Fray, B., Moore, B. & Kitzman, D. W. (2006). Chronotropic 

incompetence and its contribution to exercise intolerance in older heart failure patients. J 

Cardiopulm Rehabil, 26, 86-89. 

Buonacera, A., Stancanelli, B. & Malatino, L. (2018). Management of hypertension in the elderly: Looking 

for a trade-off between cardiovascular prevention and serious adverse events. Monaldi Arch 

Chest Dis, 88, 960. 

Burke, M. A., Katz, D. H., Beussink, L., Selvaraj, S., Gupta, D. K., Fox, J., Chakrabarti, S., Sauer, A. J., 

Rich, J. D., Freed, B. H. & Shah, S. J. (2014). Prognostic importance of pathophysiologic markers 

in patients with heart failure and preserved ejection fraction. Circ Heart Fail, 7, 288-299. 

Bursi, F., Weston, S. A., Redfield, M. M., Jacobsen, S. J., Pakhomov, S., Nkomo, V. T., Meverden, R. A. 

& Roger, V. L. (2006). Systolic and diastolic heart failure in the community. Jama, 296, 2209-

2216. 

Cauwenberghs, N., Knez, J., Thijs, L., Haddad, F., Vanassche, T., Yang, W-Y., Wei, F-F., Staessen, J. & 

Kuznetsova, T. (2018). Relation of insulin resistance to longitudinal changes in left ventriculr 

studture and fucntion in general population. J Am Heart Assoc, 7, e008315. 

Chahal, N. S., Lim, T. K., Jain, P., Chambers, J. C., Kooner, J. S. & Senior, R. (2010). New insights into 

the relationship of left ventricular geometry and left ventricular mass with cardiac function: A 

population study of hypertensive subjects. Eur Heart J, 31, 588-594. 

Chang, C. W., Lee, L., Yu, D., Dao, K., Bossuyt, J. & Bers, D. M. (2013). Acute beta-adrenergic activation 

triggers nuclear import of histone deacetylase 5 and delays G(q)-induced transcriptional 

activation. J Biol Chem, 288, 192-204. 

Chen, Y. T., Vaccarino, V., Williams, C. S., Butler, J., Berkman, L. F. & Krumholz, H. M. (1999). Risk 

factors for heart failure in the elderly: a prospective community-based study. Am J Med, 106, 605-

612. 



 
  136 

 

 

Chirinos, J. A., Kips, J. G., Jacobs, D. R., Jr., Brumback, L., Duprez, D. A., Kronmal, R., Bluemke, D. A., 

Townsend, R. R., Vermeersch, S. & Segers, P. (2012). Arterial wave reflections and incident 

cardiovascular events and heart failure: MESA (Multiethnic Study of Atherosclerosis). J Am Coll 

Cardiol, 60, 2170-2177. 

Chung, C. M., Chu, C. M., Chang, S. T., Cheng, H. W., Yang, T. Y., Wan, P. C., Pan, K. L., Lin, Y. S. & 

Hsu, J. T. (2010). Quantification of aortic stiffness to predict the degree of left ventricular diastolic 

function. Am J Med Sci, 340, 468-473. 

Cil, H., Bulur, S., Turker, Y., Kaya, A., Alemdar, R., Karabacak, A., Aslantas, Y., Ekinozu, I., Albayrak, S. 

& Ozhan, H. (2012). Impact of body mass index on left ventricular diastolic dysfunction. 

Echocardiography, 29, 647-651. 

Yancy, C.W., Lopatin, M., Stevenson, L.W., De Marco, T., Fonarow, G.C. & ADHERE Scientific Advisory 

Committee and Investigators (2006).Clinical presentation, management, and in-hospital 

outcomes of patients admitted with acute decompensated heart failure with preserved systolic 

function: a report from the Acute Decompensated Heart Failure National Registry (ADHERE) 

Database. J Am Coll Cardiol, 47, 76-84. 

Coort, S. L., Bonen, A., Van Der Vusse, G. J., Glatz, J. F. & Luiken, J. J. (2007). Cardiac substrate uptake 

and metabolism in obesity and type-2 diabetes: role of sarcolemmal substrate transporters. Mol 

Cell Biochem, 299, 5-18. 

Cuspidi, C., Rescaldani, M., Tadic, M., Sala, C. & Grassi, G. (2014). Effects of bariatric surgery on 

cardiac structure and function: a systematic review and meta-analysis. Am J Hypertens, 27, 146-

156. 

Dahlof, B., Lindholm, L. H., Hansson, L., Schersten, B., Ekbom, T. & Wester, P. O. (1991). Morbidity and 

mortality in the Swedish Trial in Old Patients with Hypertension (STOP-Hypertension). Lancet, 

338, 1281-1285. 

Desai A.S., Mitchell G.F., Fang J.C., Creager M.A. (2009). Central aortic stiffness is increased in patients 

with heart failure and preserved ejection fraction, J Card Fail, 15, 658-664. 

Desai, C. S., Colangelo, L. A., Liu, K., Jacobs, D. R., Jr., Cook, N. L., Lloyd-Jones, D. M. & Ogunyankin, 

K. O. (2013). Prevalence, prospective risk markers, and prognosis associated with the presence 

of left ventricular diastolic dysfunction in young adults: the coronary artery risk development in 

young adults study. Am J Epidemiol, 177, 20-32. 

Deswal, A., Richardson, P., Bozkurt, B. & Mann, D. L. (2011). Results of the Randomized Aldosterone 

Antagonism in Heart Failure with Preserved Ejection Fraction trial (RAAM-PEF). J Card Fail, 17, 

634-642. 

Devereux, R. B., Alonso, D. R., Lutas, E. M., Gottlieb, G. J., Campo, E., Sachs, I. & Reichek, N. (1986). 

Echocardiographic assessment of left ventricular hypertrophy: comparison to necropsy findings. 

Am J Cardiol, 57, 450-8. 

Devic, E., Xiang, Y., Gould, D. & Kobilka, B. (2001). Beta-adrenergic receptor subtype-specific signaling 

in cardiac myocytes from beta(1) and beta(2) adrenoceptor knockout mice. Mol Pharmacol, 60, 

577-583. 

Dini, F. L., Galderisi, M., Nistri, S., Buralli, S., Ballo, P., Mele, D., Badano, L. P., Faggiano, P., De 

Gregorio, C., Rosa, G. M., Ciavarella, M., De Marco, E., Borruso, E., Marti, G., Mondillo, S. & 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Yancy%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=16386668
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lopatin%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16386668
https://www.ncbi.nlm.nih.gov/pubmed/?term=Stevenson%20LW%5BAuthor%5D&cauthor=true&cauthor_uid=16386668
https://www.ncbi.nlm.nih.gov/pubmed/?term=De%20Marco%20T%5BAuthor%5D&cauthor=true&cauthor_uid=16386668
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fonarow%20GC%5BAuthor%5D&cauthor=true&cauthor_uid=16386668
https://www.ncbi.nlm.nih.gov/pubmed/?term=ADHERE%20Scientific%20Advisory%20Committee%20and%20Investigators%5BCorporate%20Author%5D
https://www.ncbi.nlm.nih.gov/pubmed/?term=ADHERE%20Scientific%20Advisory%20Committee%20and%20Investigators%5BCorporate%20Author%5D


 
  137 

 

 

Marino, P. N. (2013). Abnormal left ventricular longitudinal function assessed by 

echocardiographic and tissue Doppler imaging is a powerful predictor of diastolic dysfunction in 

hypertensive patients: the SPHERE study. Int J Cardiol, 168, 3351-3358. 

Do Prado, D. M. L. & Rocco, E. A. (2017). The Benefits of Exercise Training on Aerobic Capacity in 

Patients with Heart Failure and Preserved Ejection Fraction. Adv Exp Med Biol, 1000, 51-64. 

Drazner, M. H. (2011). The progression of hypertensive heart disease. Circulation, 123, 327-334. 

Dreslinski, G. R., Frohlich, E. D., Dunn, F. G., Messerli, F. H., Suarez, D. H. & Reisin, E. (1981). 

Echocardiographic diastolic ventricular abnormality in hypertensive heart disease: atrial emptying 

index. Am J Cardiol, 47, 1087-1090. 

Ebong, I. A., Goff, D. C., Jr., Rodriguez, C. J., Chen, H. & Bertoni, A. G. (2014). Mechanisms of heart 

failure in obesity. Obes Res Clin Pract, 8, e540-8. 

Edelmann, F., Wachter, R., Schmidt, A. G., Kraigher-Krainer, E., Colantonio, C., Kamke, W., Duvinage, 

A., Stahrenberg, R., Durstewitz, K., Loffler, M., Dungen, H. D., Tschope, C., Herrmann-Lingen, 

C., Halle, M., Hasenfuss, G., Gelbrich, G. & Pieske, B. (2013). Effect of spironolactone on 

diastolic function and exercise capacity in patients with heart failure with preserved ejection 

fraction: the Aldo-DHF randomized controlled trial. Jama, 309, 781-791. 

Federmann, M. & Hess, O. M. (1994). Differentiation between systolic and diastolic dysfunction. Eur 

Heart J, 15 Suppl D, 2-6. 

Florea, S. M. & Blatter, L. A. (2012). Regulation of cardiac alternans by beta-adrenergic signaling 

pathways. Am J Physiol Heart Circ Physiol, 303, H1047-56. 

Fonarow, G. C., Stough, W. G., Abraham, W. T., Albert, N. M., Gheorghiade, M., Greenberg, B. H., 

O'connor, C. M., Sun, J. L., Yancy, C. W. & Young, J. B. (2007). Characteristics, treatments, and 

outcomes of patients with preserved systolic function hospitalized for heart failure: a report from 

the OPTIMIZE-HF Registry. J Am Coll Cardiol, 50, 768-777. 

Fox, E. R., Sarpong, D. F., Cook, J. C., Samdarshi, T. E., Nagarajarao, H. S., Liebson, P. R., Sims, M., 

Howard, G., Garrison, R. & Taylor, H. A. (2011). The Relation of Diabetes, Impaired Fasting 

Blood Glucose, and Insulin Resistance to Left Ventricular Structure and Function in African 

Americans. The Jackson Heart Study, 34, 507-509. 

Fragasso, G., Perseghin, G., De Cobelli, F., Esposito, A., Palloshi, A., Lattuada, G., Scifo, P., Calori, G., 

Del Maschio, A. & Margonato, A. (2006). Effects of metabolic modulation by trimetazidine on left 

ventricular function and phosphocreatine/adenosine triphosphate ratio in patients with heart 

failure. Eur Heart J, 27, 942-948. 

Francone, M. (2014). Role of cardiac magnetic resonance in the evaluation of dilated cardiomyopathy: 

diagnostic contribution and prognostic significance. ISRN Radiol, 2014, 365404. 

Franssen, C., Chen, S., Unger, A., Korkmaz, H. I., De Keulenaer, G. W., Tschope, C., Leite-Moreira, A. 

F., Musters, R., Niessen, H. W., Linke, W. A., Paulus, W. J. & Hamdani, N. (2016). Myocardial 

Microvascular Inflammatory Endothelial Activation in Heart Failure With Preserved Ejection 

Fraction. JACC Heart Fail, 4, 312-24. 

González, A., Ravassa, S., López, B., Moreno María, U., Beaumont, J., San José, G., Querejeta, R., 

Bayés-Genís, A. & Díez, J. (2018). Myocardial Remodeling in Hypertension. Hypertension, 72, 

549-558. 



 
  138 

 

 

Grimm, M. & Brown, J. H. (2010). Beta-adrenergic receptor signaling in the heart: role of CaMKII. J Mol 

Cell Cardiol, 48, 322-330. 

Hamdani, N., Franssen, C., Lourenco, A., Falcao-Pires, I., Fontoura, D., Leite, S., Plettig, L., Lopez, B., 

Ottenheijm, C. A., Becher, P. M., Gonzalez, A., Tschope, C., Diez, J., Linke, W. A., Leite-Moreira, 

A. F. & Paulus, W. J. (2013). Myocardial titin hypophosphorylation importantly contributes to heart 

failure with preserved ejection fraction in a rat metabolic risk model. Circ Heart Fail, 6, 1239-

1249. 

Harjola, V. P., Mullens, W., Banaszewski, M., Bauersachs, J., Brunner-La Rocca, H. P., Chioncel, O., 

Collins, S. P., Doehner, W., Filippatos, G. S., Flammer, A. J., Fuhrmann, V., Lainscak, M., 

Lassus, J., Legrand, M., Masip, J., Mueller, C., Papp, Z., Parissis, J., Platz, E., Rudiger, A., 

Ruschitzka, F., Schafer, A., Seferovic, P. M., Skouri, H., Yilmaz, M. B. & Mebazaa, A. (2017). 

Organ dysfunction, injury and failure in acute heart failure: from pathophysiology to diagnosis and 

management. A review on behalf of the Acute Heart Failure Committee of the Heart Failure 

Association (HFA) of the European Society of Cardiology (ESC). Eur J Heart Fail, 19, 821-836. 

He, J., Ogden, L. G., Bazzano, L. A., Vupputuri, S., Loria, C. & Whelton, P. K. (2001). Risk factors for 

congestive heart failure in US men and women: NHANES I epidemiologic follow-up study. Arch 

Intern Med, 161, 996-1002. 

Hernandez, A. F., Hammill, B. G., O'connor, C. M., Schulman, K. A., Curtis, L. H. & Fonarow, G. C. 

(2009). Clinical effectiveness of beta-blockers in heart failure: findings from the OPTIMIZE-HF 

(Organized Program to Initiate Lifesaving Treatment in Hospitalized Patients with Heart Failure) 

Registry. J Am Coll Cardiol, 53, 184-192. 

Ho, J. E., Lyass, A., Lee, D. S., Vasan, R. S., Kannel, W. B., Larson, M. G. & Levy, D. (2013). Predictors 

of new-onset heart failure: differences in preserved versus reduced ejection fraction. Circ Heart 

Fail, 6, 279-286. 

Hsu, P. C., Lin, T. H., Lee, C. S., Lee, H. C., Chu, C. Y., Su, H. M., Voon, W. C., Lai, W. T. & Sheu, S. H. 

(2010). Mismatch between arterial stiffness increase and left ventricular diastolic dysfunction. 

heart vessels, 25, 485-492. 

Hundley, W.G., Kitzman, D.W., Morgan, T.M., Hamilton, C.A., Darty, S.N., Stewart, K.P., Herrington, 

D.M., Link, K.M. & Little, W.C. (2001). Cardiac cycle-dependent changes in aortic area and 

distensibility are reduced in older patients with isolated diastolic heart failure and correlate with 

exercise intolerance. J Am Coll Cardiol, 38, 796-802. 

Hwang, Y. C., Jee, J. H., Kang, M., Rhee, E. J., Sung, J. & Lee, M. K. (2012). Metabolic syndrome and 

insulin resistance are associated with abnormal left ventricular diastolic function and structure 

independent of blood pressure and fasting plasma glucose level. Int J Cardiol, 159, 107-111. 

Ingelsson, E., Sundstrom, J., Arnlov, J., Zethelius, B. & Lind, L. (2005). Insulin resistance and risk of 

congestive heart failure. Jama, 294, 334-341. 

Izawa, H., Yokota, M., Takeichi, Y., Inagaki, M., Nagata, K., Iwase, M. & Sobue, T. (1997). Adrenergic 

Control of the Force-Frequency and Relaxation-Frequency Relations in Patients With 

Hypertrophic Cardiomyopathy. Circulation, 96, 2959–2968 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Hundley%20WG%5BAuthor%5D&cauthor=true&cauthor_uid=11527636
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kitzman%20DW%5BAuthor%5D&cauthor=true&cauthor_uid=11527636
https://www.ncbi.nlm.nih.gov/pubmed/?term=Morgan%20TM%5BAuthor%5D&cauthor=true&cauthor_uid=11527636
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hamilton%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=11527636
https://www.ncbi.nlm.nih.gov/pubmed/?term=Darty%20SN%5BAuthor%5D&cauthor=true&cauthor_uid=11527636
https://www.ncbi.nlm.nih.gov/pubmed/?term=Stewart%20KP%5BAuthor%5D&cauthor=true&cauthor_uid=11527636
https://www.ncbi.nlm.nih.gov/pubmed/?term=Herrington%20DM%5BAuthor%5D&cauthor=true&cauthor_uid=11527636
https://www.ncbi.nlm.nih.gov/pubmed/?term=Herrington%20DM%5BAuthor%5D&cauthor=true&cauthor_uid=11527636
https://www.ncbi.nlm.nih.gov/pubmed/?term=Link%20KM%5BAuthor%5D&cauthor=true&cauthor_uid=11527636
https://www.ncbi.nlm.nih.gov/pubmed/?term=Little%20WC%5BAuthor%5D&cauthor=true&cauthor_uid=11527636
https://www.ncbi.nlm.nih.gov/pubmed/11527636


 
  139 

 

 

Jensen, B. C., O'connell, T. D. & Simpson, P. C. (2014). Alpha-1-adrenergic receptors in heart failure: the 

adaptive arm of the cardiac response to chronic catecholamine stimulation. J Cardiovasc 

Pharmacol, 63, 291-301. 

Johansson, S., Wallander, M. A., Ruigomez, A. & Garcia Rodriguez, L. A. (2001). Incidence of newly 

diagnosed heart failure in UK general practice. Eur J Heart Fail, 3, 225-31. 

Jonk, A. M., Houben, A. J., De Jongh, R. T., Serne, E. H., Schaper, N. C. & Stehouwer, C. D. (2007). 

Microvascular dysfunction in obesity: a potential mechanism in the pathogenesis of obesity-

associated insulin resistance and hypertension. Physiology (Bethesda), 22, 252-260. 

Kamimura, D., Ohtani, T., Sakata, Y., Mano, T., Takeda, Y., Tamaki, S., Omori, Y., Tsukamoto, Y., 

Furutani, K., Komiyama, Y., Yoshika, M., Takahashi, H., Matsuda, T., Baba, A., Umemura, S., 

Miwa, T., Komuro, I. & Yamamoto, K. (2012). Ca2+ entry mode of Na+/Ca2+ exchanger as a new 

therapeutic target for heart failure with preserved ejection fraction. Eur Heart J, 33, 1408-1416. 

Kane, G. C., Karon, B. L., Mahoney, D. W., Redfield, M. M., Roger, V. L., Burnett, J. C., Jr., Jacobsen, S. 

J. & Rodeheffer, R. J. (2011). Progression of left ventricular diastolic dysfunction and risk of heart 

failure. Jama, 306, 856-863. 

Kapelko, V. I., Veksler, V. I., Popovich, M. I. & Ventura-Clapier, R. (1991). Energy-linked functional 

alterations in experimental cardiomyopathies. Am J Physiol, 261, 39-44. 

Kasner, M., Westermann, D., Lopez, B., Gaub, R., Escher, F., Kuhl, U., Schultheiss, H. P. & Tschope, C. 

(2011). Diastolic tissue Doppler indexes correlate with the degree of collagen expression and 

cross-linking in heart failure and normal ejection fraction. J Am Coll Cardiol, 57, 977-985. 

Kattel, S., Memon, S., Saito, K., Narula, J. & Saito, Y. (2016). An effect of left ventricular hypertrophy on 

mild-to-moderate left ventricular diastolic dysfunction. Hellenic Journal of Cardiology, 57, 92-98. 

Kenchaiah, S., Evans, J. C., Levy, D., Wilson, P. W., Benjamin, E. J., Larson, M. G., Kannel, W. B. & 

Vasan, R. S. (2002). Obesity and the risk of heart failure. N Engl J Med, 347, 305-313. 

Kenchaiah, S., Sesso, H. D. & Gaziano, J. M. (2009). Body mass index and vigorous physical activity and 

the risk of heart failure among men. Circulation, 119, 44-52. 

Klabunde, R. E. (2012). Cardiovascular Physiology Concepts. Published by Lippincott Williams & Wilkins, 

1-256. 

Kostis, J. B., Davis, B. R., Cutler, J., Grimm, R. H., Jr., Berge, K. G., Cohen, J. D., Lacy, C. R., Perry, H. 

M., Jr., Blaufox, M. D., Wassertheil-Smoller, S., Black, H. R., Schron, E., Berkson, D. M., Curb, J. 

D., Smith, W. M., Mcdonald, R. & Applegate, W. B. (1997). Prevention of heart failure by 

antihypertensive drug treatment in older persons with isolated systolic hypertension. SHEP 

Cooperative Research Group. Jama, 278, 212-216. 

Krum, H. & Gilbert, R. E. (2003). Demographics and concomitant disorders in heart failure. Lancet, 362, 

147-158. 

Lahaye, Sle, D., Gratas-Delamarche, A., Malarde, L., Vincent, S., Zguira, M. S., Morel, S. L., Delamarche, 

P., Zouhal, H., Carre, F. & Bekono, F. R. (2010). Intense exercise training induces adaptation in 

expression and responsiveness of cardiac beta-adrenoceptors in diabetic rats. Cardiovasc 

Diabetol, 9, 72. 

Lam C.S.P., Lyass A., Kraiger-Krainer E., Massaro J.M., Lee D.S., Ho J.E., Levy D., Redfield M.M., 

Pieske B.M., Benjamin E.J., and Vasan R.S. (2011). Cardiac dysfunction and non-cardiac 



 
  140 

 

 

dysfunction as precursors of heart failure with reduced and preserved ejection fraction in the 

community, Circulation, 124, 24-30. 

Lam, C. S., Roger, V. L., Rodeheffer, R. J., Bursi, F., Borlaug, B. A., Ommen, S. R., Kass, D. A. & 

Redfield, M. M. (2007). Cardiac structure and ventricular-vascular function in persons with heart 

failure and preserved ejection fraction from Olmsted County, Minnesota. Circulation, 115, 1982-

1990. 

Lamb, H. J., Beyerbacht, H. P., Van Der Laarse, A., Stoel, B. C., Doornbos, J., Van Der Wall, E. E. & De 

Roos, A. (1999). Diastolic dysfunction in hypertensive heart disease is associated with altered 

myocardial metabolism. Circulation, 99, 2261-7. 

Lee, D. E. & Cooper, R. S. (2009). Recommendations for global hypertension monitoring and prevention. 

Curr Hypertens Rep, 11, 444-449. 

Lee, D. S., Gona, P., Vasan, R. S., Larson, M. G., Benjamin, E. J., Wang, T. J., Tu, J. V. & Levy, D. 

(2009). Relation of disease pathogenesis and risk factors to heart failure with preserved or 

reduced ejection fraction: insights from the framingham heart study of the national heart, lung, 

and blood institute. Circulation, 119, 3070-3077. 

Leite-Moreira, A. F., Correia-Pinto, J. & Henriques-Coelho, T. (2001). [Interaction between load and beta-

adrenergic stimulation in the modulation of diastolic function]. Rev Port Cardiol, 20, 57-62. 

Leone, M., Albanese, J. & Martin, C. (2002). Positive inotropic stimulation. Curr Opin Crit Care, 8, 395-

403. 

Levy, D., Larson, M. G., Vasan, R. S., Kannel, W. B. & Ho, K. L. (1996). The progression from 

hypertension to congestive heart failure. JAMA, 275, 1557-1562. 

Lewis, G. A., Schelbert, E. B., Williams, S. G., Cunnington, C., Ahmed, F., Mcdonagh, T. A. & Miller, C. A. 

(2017). Biological Phenotypes of Heart Failure With Preserved Ejection Fraction. J Am Coll 

Cardiol, 70, 2186-2200. 

Li, J., Becher, P. M., Blankenberg, S. & Westermann, D. (2013). Current treatment of heart failure with 

preserved ejection fraction: should we add life to the remaining years or add years to the 

remaining life? Cardiol Res Pract, 2013, 130724. 

Libhaber, C. D., Woodiwiss, A. J., Booysen, H. L., Maseko, M. J., Majane, O. H., Sareli, P. & Norton, G. 

R. (2014). Differential relationships of systolic and diastolic blood pressure with components of 

left ventricular diastolic dysfunction. J Hypertens, 32, 912-920. 

Libhaber, C.D., Norton, G.R., Majane, O.H.I., Libhaber, E., Essop, M.R., Brooksbank, R., Maseko, M., 

Woodiwiss, A.J. (2009). Contribution of central and general adiposity to abnormal left ventricular 

diastolic function in a community sample with a high prevalence of obesity. Am J Cardiol, 

104,1527-1533 

Little, W. C., Zile, M. R., Kitzman, D. W., Hundley, W. G., O'brien, T. X. & Degroof, R. C. (2005). The 

effect of alagebrium chloride (ALT-711), a novel glucose cross-link breaker, in the treatment of 

elderly patients with diastolic heart failure. J Card Fail, 11, 191-195. 

Lopez, B., Querejeta, R., Gonzalez, A., Larman, M. & Diez, J. (2012). Collagen cross- linking but not 

collagen amount associates with elevated filling pressures in hypertensive patients with stage C 

heart failure: potential role of lysyl oxidase, Hypertension, 60, 677-683. 



 
  141 

 

 

M.M. (2010). Global cardiovascular reserve dysfunction in heart failure with preserved 

ejection fraction, J Am Coll Cardiol, 56, 845-854. 

Mancia, G., Giannattasio, C. & Grassi, G. (1993). [Hypertension, left ventricular hypertrophy and heart 

failure]. Ann Ital Med Int.8 Suppl:5S-8S. 

Mascherbauer, J., Kammerlander, A. A., Zotter-Tufaro, C., Aschauer, S., Duca, F., Dalos, D., Winkler, S., 

Schneider, M., Bergler-Klein, J. & Bonderman, D. (2017). Presence of isolated tricuspid 

regurgitation should prompt the suspicion of heart failure with preserved ejection fraction. PLoS 

One, 12, e0171542. 

Maseko M.J., Woodiwiss A.J., Majane O.H., Libhaber C.D., Brooksbank R., and Norton G.R. (2013). 

Isolated increases in in-office pressure account for a significant proportion of nurse-derived 

blood pressure-target organ relations, J Hypertens, 31, 1379-1386. 

Masoudi, F. A., Havranek, E. P., Smith, G., Fish, R. H., Steiner, J. F., Ordin, D. L. & Krumholz, H. M. 

(2003). Gender, age, and heart failure with preserved left ventricular Systolic Function. J Am Coll 

Cardiol, 41, 217-223. 

Massie, B. M., Carson, P. E., Mcmurray, J. J., Komajda, M., Mckelvie, R., Zile, M. R., Anderson, S., 

Donovan, M., Iverson, E., Staiger, C. & Ptaszynska, A. (2008). Irbesartan in patients with heart 

failure and preserved ejection fraction. N Engl J Med, 359, 2456-2467. 

Masugata, H., Senda, S., Yoshikawa, K., Yoshihara, Y., Daikuhara, H., Ayada, Y., Matsushita, H., 

Nakamura, H., Taoka, T., Kohno, M. (2005). Relationships between echocardiographic findings, 

pulse wave velocity, and carotid atherosclerosis in type 2 diabetic patients, Hypertens Res, 28, 

965-971. 

Matyas, C., Nemeth, B. T., Olah, A., Torok, M., Ruppert, M., Kellermayer, D., Barta, B. A., Szabo, G., 

Kokeny, G., Horvath, E. M., Bodi, B., Papp, Z., Merkely, B. & Radovits, T. (2017). Prevention of 

the development of heart failure with preserved ejection fraction by the phosphodiesterase-5A 

inhibitor vardenafil in rats with type 2 diabetes. Eur J Heart Fail, 19, 326-336. 

Mcnally, E. M. & Mestroni, L. (2017). Dilated Cardiomyopathy: Genetic Determinants and Mechanisms. 

Circ Res, 121, 731-748. 

Messerli, F. H., Rimoldi, S. F. & Bangalore, S. (2017). The Transition From Hypertension to Heart Failure: 

Contemporary Update. JACC Heart Fail, 5, 543-551. 

Mickerson, J.N. (1959). Heart failure in patients with high blood pressure. Br Heart J,  21, 218-224. 

Millen, A. M., Libhaber, C. D., Majane, O. H., Libhaber, E., Maseko, M. J., Woodiwiss, A. J. & Norton, G. 

R. (2014). Relative impact of blood pressure as compared to an excess adiposity on left 

ventricular diastolic dysfunction in a community sample with a high prevalence of obesity. J 

Hypertens, 32, 2457-2464. 

Mohammed, S. F., Borlaug, B. A., Roger, V. L., Mirzoyev, S. A., Rodeheffer, R. J., Chirinos, J. A. & 

Redfield, M. M. (2012). Comorbidity and ventricular and vascular structure and function in heart 

failure with preserved ejection fraction: a community-based study. Circ Heart Fail, 5, 710-719. 

Mohammed, S. F., Hussain, S., Mirzoyev, S. A., Edwards, W. D., Maleszewski, J. J. & Redfield, M. M. 

(2015). Coronary microvascular rarefaction and myocardial fibrosis in heart failure with preserved 

ejection fraction. Circulation, 131, 550-559. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Mancia%20G%5BAuthor%5D&cauthor=true&cauthor_uid=8117522
https://www.ncbi.nlm.nih.gov/pubmed/?term=Giannattasio%20C%5BAuthor%5D&cauthor=true&cauthor_uid=8117522
https://www.ncbi.nlm.nih.gov/pubmed/?term=Grassi%20G%5BAuthor%5D&cauthor=true&cauthor_uid=8117522
https://www.ncbi.nlm.nih.gov/pubmed/8117522
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mickerson%20JN%5BAuthor%5D&cauthor=true&cauthor_uid=13651507
https://www.ncbi.nlm.nih.gov/pubmed/13651507


 
  142 

 

 

Mottram, P.M., Haluska, B.A., Leano, R., Carlier, S., Case, C., & Marwick, T.H. (2005). Relation of arterial 

stiffness to diastolic dysfunction in hypertensive heart disease. Heart,91,1551–1556. 

MRC, (1992). Medical Research Council trial of treatment of hypertension in older adults. BMJ, 304, 405-

412. 

Muller-Brunotte, R., Kahan, T., Lopez, B., Edner, M., Gonzalez, A., Diez, J. & Malmqvist, K. (2007). 

Myocardial fibrosis and diastolic dysfunction in patients with hypertension: results from the 

Swedish Irbesartan Left Ventricular Hypertrophy Investigation versus Atenolol (SILVHIA). J 

Hypertens, 25, 1958-1966. 

Nadar, S. K., & Tariq, O. (2018). What is Heart Failure with Mid-range Ejection Fraction? A New 

Subgroup of Patients with Heart Failure. Card Fail Rev, 4, 6–8. 

Nagueh, S. F., Smiseth, O. A., Appleton, C. P., Byrd, B. F., 3rd, Dokainish, H., Edvardsen, T., 

Flachskampf, F. A., Gillebert, T. C., Klein, A. L., Lancellotti, P., Marino, P., Oh, J. K., Popescu, B. 

A. & Waggoner, A. D. (2016). Recommendations for the Evaluation of Left Ventricular Diastolic 

Function by Echocardiography: An Update from the American Society of Echocardiography and 

the European Association of Cardiovascular Imaging. J Am Soc Echocardiogr, 29, 277-314. 

Nanayakkara, S. & Kaye, D. M. (2015). Management of heart failure with preserved ejection fraction: a 

review. Clin Ther, 37, 2186-2198. 

Nayor, M., Cooper, L.L., Enserro, D.M., Xanthakis, V., Larson, M.G., Benjamin, E.J., Aragam, J., Mitchell, 

G.F. & Vasan, R.S. (2018). Left ventricular diastolic dysfunction in the community: impact of 

diagnostic criteria on the burden, correlates, and prognosis. J Am Heart Assoc, 7, e008291. 

Nazario Leao, R., Marques Da Silva, P., Marques Pocinho, R., Alves, M., Virella, D. & Palma Dos Reis, 

R. (2018). Determinants of left ventricular diastolic dysfunction in hypertensive patients. Hipertens 

Riesgo Vasc, 35, 160-168. 

Nazario Leao, R., Marques Da Silva, P., Marques Pocinho, R., Alves, M., Virella, D. & Palma Dos Reis, 

R. (2018). Determinants of left ventricular diastolic dysfunction in hypertensive patients. Hipertens 

Riesgo Vasc, 35, 160-168. 

Nadar, S.K. & Tariq, O. (2018). What is Heart Failure with Mid-range Ejection Fraction? A New Subgroup 

of Patients with Heart Failure. Card Fail Rev,4, 6-8. 

Nichols, G. A., Reynolds, K., Kimes, T. M., Rosales, A. G. & Chan, W. W. (2015). Comparison of Risk of 

Re-hospitalization, All-Cause Mortality, and Medical Care Resource Utilization in Patients With 

Heart Failure and Preserved Versus Reduced Ejection Fraction. American Journal of Cardiology, 

116, 1088-1092. 

Nicklas, B. J., Cesari, M., Penninx, B. W., Kritchevsky, S. B., Ding, J., Newman, A., Kitzman, D. W., 

Kanaya, A. M., Pahor, M. & Harris, T. B. (2006). Abdominal obesity is an independent risk factor 

for chronic heart failure in older people. J Am Geriatr Soc, 54, 413-420. 

Nikolaidis, L. A., Sturzu, A., Stolarski, C., Elahi, D., Shen, Y. T. & Shannon, R. P. (2004). The 

development of myocardial insulin resistance in conscious dogs with advanced dilated 

cardiomyopathy. Cardiovasc Res, 61, 297-306. 

Norton, G. R., Candy, G. & Woodiwiss, A. J. (1996). Aminoguanidine prevents the decreased myocardial 

compliance produced by streptozotocin-induced diabetes mellitus in rats. Circulation, 93, 1905-

1912. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5971673/


 
  143 

 

 

Norton, G. R., Tsotetsi, J., Trifunovic, B., Hartford, C., Candy, G. P. & Woodiwiss, A. J. (1997). 

Myocardial stiffness is attributed to alterations in cross-linked collagen rather than total collagen 

or phenotypes in spontaneously hypertensive rats. Circulation, 96, 1991-1998. 

Norton, G. R., Veliotes, D. G., Osadchii, O., Woodiwiss, A. J. & Thomas, D. P. (2008). Susceptibility to 

systolic dysfunction in the myocardium from chronically infarcted spontaneously hypertensive 

rats. Am J Physiol Heart Circ Physiol, 294, H372-8. 

Norton, G. R., Woodiwiss, A. J., Gaasch, W. H., Mela, T., Chung, E. S., Aurigemma, G. P. & Meyer, T. E. 

(2002). Heart failure in pressure overload hypertrophy. The relative roles of ventricular 

remodeling and myocardial dysfunction. J Am Coll Cardiol, 39, 664-671. 

Ogah, O. S., Sliwa, K., Akinyemi, J. O., Falase, A. O. & Stewart, S. (2015). Hypertensive heart failure in 

Nigerian Africans: insights from the Abeokuta Heart Failure Registry. J Clin Hypertens 

(Greenwich), 17, 263-272. 

Ohara, T., Niebel, C. L., Stewart, K. C., Charonko, J. J., Pu, M., Vlachos, P. P. & Little, W. C. (2012). 

Loss of adrenergic augmentation of diastolic intra-LV pressure difference in patients with diastolic 

dysfunction: evaluation by color M-mode echocardiography. JACC Cardiovasc Imaging, 5, 861-

870. 

Ojji, D., Stewart, S., Ajayi, S., Manmak, M. & Sliwa, K. (2013). A predominance of hypertensive heart 

failure in the Abuja Heart Study cohort of urban Nigerians: a prospective clinical registry of 1515 

de novo cases. Eur J Heart Fail, 15, 835-842. 

Ouwens, D. M., Boer, C., Fodor, M., De Galan, P., Heine, R. J., Maassen, J. A. & Diamant, M. (2005). 

Cardiac dysfunction induced by high-fat diet is associated with altered myocardial insulin 

signalling in rats. Diabetologia, 48, 1229-1237. 

Owan, T. E., Hodge, D. O., Herges, R. M., Jacobsen, S. J., Roger, V. L. & Redfield, M. M. (2006). Trends 

in prevalence and outcome of heart failure with preserved ejection fraction. N Engl J Med, 355, 

251-259. 

Owolabi, M. O., Mensah, G. A., Kimmel, P. L., Adu, D., Ramsay, M., Waddy, S. P., Ovbiagele, B., 

Rabada-Diehl, C., Rasooly, R., Akarolo-Anthony, S. N. & Rotimi, C. (2014). Understanding the 

rise in cardiovascular diseases in Africa: harmonising H3Africa genomic epidemiological teams 

and tools. Cardiovasc J Afr, 25, 134-136. 

Parker, J. D., Newton, G. E., Landzberg, J. S., Floras, J. S. & Colucci, W. S. (1995). Functional 

significance of presynaptic alpha-adrenergic receptors in failing and nonfailing human left 

ventricle. Circulation, 92, 1793-1800. 

Paulus, W. J. & Tschope, C. (2013). A novel paradigm for heart failure with preserved ejection fraction: 

comorbidities drive myocardial dysfunction and remodeling through coronary microvascular 

endothelial inflammation. J Am Coll Cardiol, 62, 263-271. 

Paulus, W. J. & Van Ballegoij, J. J. (2010). Treatment of heart failure with normal ejection fraction: an 

inconvenient truth! J Am Coll Cardiol, 55, 526-537. 

Paulus, W. J. (2010). Culprit Mechanism(s) for Exercise Intolerance in Heart Failure With Normal Ejection 

Fraction. J Am Coll Cardiol, 56, 864-866. 



 
  144 

 

 

Pavlopoulos H., Grapsa J., Stefanadi E., Kamperidis V., Phillippou E., Dawson D., Nihoyannoppoulos P. 

(2008). The evolution of diastolic dysfunction in the hypertensive disease, Eur J Echocardiogr, 9, 

772-778. 

Pepe, S., Van Den Brink, O. W., Lakatta, E. G. & Xiao, R. P. (2004). Cross-talk of opioid peptide receptor 

and beta-adrenergic receptor signalling in the heart. Cardiovasc Res, 63, 414-422. 

Peterson, V., Norton, G. R., Raymond, A., Libhaber, C. D., Millen, A. M., Majane, O. H., Maseko, M. J. & 

Woodiwiss, A. J. (2016). Insulin resistance-associated decreases in left ventricular diastolic 

function are strongly modified by the extent of concentric remodeling in a community sample. Int 

J Cardiol, 220, 349-355. 

Phan, T. T., Abozguia, K., Nallur Shivu, G., Mahadevan, G., Ahmed, I., Williams, L., Dwivedi, G., Patel, 

K., Steendijk, P., Ashrafian, H., Henning, A. & Frenneaux, M. (2009). Heart failure with preserved 

ejection fraction is characterized by dynamic impairment of active relaxation and contraction of 

the left ventricle on exercise and associated with myocardial energy deficiency. J Am Coll 

Cardiol, 54, 402-409. 

Phillips, R.A., Goldman, M.E., Ardeljan, M., Arora, R., Elson, H.B., Buyan, Y. & Krahoff, L.R. (1989). 

Determinants of abnormal left ventricular filling in early hypertension. J Am Coll Cardiol, 14, 979–

985 

Pitt, B., Pfeffer, M. A., Assmann, S. F., Boineau, R., Anand, I. S., Claggett, B., Clausell, N., Desai, A. S., 

Diaz, R., Fleg, J. L., Gordeev, I., Harty, B., Heitner, J. F., Kenwood, C. T., Lewis, E. F., O'meara, 

E., Probstfield, J. L., Shaburishvili, T., Shah, S. J., Solomon, S. D., Sweitzer, N. K., Yang, S. & 

Mckinlay, S. M. (2014). Spironolactone for heart failure with preserved ejection fraction. N Engl J 

Med, 370, 1383-1392. 

            principal results. MRC Working Party. BMI, 304, 405-412. 

Programme Committees and Investigators. Improvement programme in evaluation  and 

            management,  Study  Group  on  Diagnosis  of  the  Working Group on Heart 

          Failure of the European Society of Cardiology. (2002). Management of heart failure in  

         primary care (the IMPROVEMENT of Heart Failure Programme): an international  

          survey, Lancet, 360, 1631-1639. 

Ramchandra, R., Hood, S. G. & May, C. N. (2014). Central exogenous nitric oxide decreases cardiac 

sympathetic drive and improves baroreflex control of heart rate in ovine heart failure. Am J 

Physiol Regul Integr Comp Physiol, 307, R271-280. 

Redelinghuys, M., Norton, G. R., Scott, L., Maseko, M. J., Brooksbank, R., Majane, O. H., Sareli, P. & 

Woodiwiss, A. J. (2010). Relationship between urinary salt excretion and pulse pressure and 

central aortic hemodynamics independent of steady state pressure in the general population. 

Hypertension, 56, 584-590. 

Redfield, M. M., Chen, H. H., Borlaug, B. A., Semigran, M. J., Lee, K. L., Lewis, G., Lewinter, M. M., 

Rouleau, J. L., Bull, D. A., Mann, D. L., Deswal, A., Stevenson, L. W., Givertz, M. M., Ofili, E. O., 

O'connor, C. M., Felker, G. M., Goldsmith, S. R., Bart, B. A., Mcnulty, S. E., Ibarra, J. C., Lin, G., 

Oh, J. K., Patel, M. R., Kim, R. J., Tracy, R. P., Velazquez, E. J., Anstrom, K. J., Hernandez, A. 

F., Mascette, A. M. & Braunwald, E. (2013). Effect of phosphodiesterase-5 inhibition on exercise 



 
  145 

 

 

capacity and clinical status in heart failure with preserved ejection fraction: a randomized clinical 

trial. JAMA, 309, 1268-1277. 

Redfield, M. M., Jacobsen, S. J., Burnett, J. C., Jr., Mahoney, D. W., Bailey, K. R. & Rodeheffer, R. J. 

(2003). Burden of systolic and diastolic ventricular dysfunction in the community: appreciating the 

scope of the heart failure epidemic. Jama, 289, 194-202. 

Reiken, S., Wehrens, X. H., Vest, J. A., Barbone, A., Klotz, S., Mancini, D., Burkhoff, D. & Marks, A. R. 

(2003). Beta-blockers restore calcium release channel function and improve cardiac muscle 

performance in human heart failure. Circulation, 107, 2459-2466.  

Mottram, P. M., Haluska, B. A., Leano, R., Carlier, S., Case, C. & Marwick, T. H. (2005). Relation of  

arterial  stiffness  to diastolic  dysfunction  in  hypertensive  heart disease, Heart, 91, 1551-1556. 

Rengo, G., Pagano, G., Parisi, V., Femminella, G. D., De Lucia, C., Liccardo, D., Cannavo, A., Zincarelli, 

C., Komici, K., Paolillo, S., Fusco, F., Koch, W. J., Perrone Filardi, P., Ferrara, N. & Leosco, D. 

(2014). Changes of plasma norepinephrine and serum N-terminal pro-brain natriuretic peptide 

after exercise training predict survival in patients with heart failure. Int J Cardiol, 171, 384-389. 

Roger V.L., Weston S.A., Redfield M.M., Hellermann-Homan J.P., Killian J., Yawn B.P., Jacobsen S.J. 

(2004). Trends in heart failure incidence and survival in a community-based population, JAMA, 

292, 344-350. 

Rommel, K. P., Von Roeder, M., Oberueck, C., Latuscynski, K., Besler, C., Blazek, S., Stiermaier, T., 

Fengler, K., Adams, V., Sandri, M., Linke, A., Schuler, G., Thiele, H. & Lurz, P. (2018). Load-

Independent Systolic and Diastolic Right Ventricular Function in Heart Failure With Preserved 

Ejection Fraction as Assessed by Resting and Handgrip Exercise Pressure-Volume Loops. Circ 

Heart Fail, 11, e004121. 

Russo, C., Jin, Z., Homma, S., Rundek, T., Elkind, M.S., Sacco, R.L., Sacco, R.L., Di, Tullio, M.R. 

(2010). Effect of diabetes and hypertension on left ventricular diastolic function in a high risk 

population without evidence of heart disease, Eur J Heart Fail, 12, 454-461. 

Russo, C., Jin, Z., Homma, S., Rundek, T., Elkind, M. S., Sacco, R. L. & Di Tullio, M. R. (2011). Effect of 

obesity and overweight on left ventricular diastolic function: a community-based study in an 

elderly cohort. J Am Coll Cardiol, 57, 1368-1374. 

Sacherer, M., Sedej, S., Wakula, P., Wallner, M., Vos, M. A., Kockskamper, J., Stiegler, P., Sereinigg, M., 

Von Lewinski, D., Antoons, G., Pieske, B. M. & Heinzel, F. R. (2012). JTV519 (K201) reduces 

sarcoplasmic reticulum Ca(2)(+) leak and improves diastolic function in vitro in murine and human 

non-failing myocardium. Br J Pharmacol, 167, 493-504. 

Sahn, D. J., Demaria, A., Kisslo, J. & Weyman, A. (1978). Recommendations regarding quantitation in M-

mode echocardiography: results of a survey of echocardiographic measurements. Circulation, 58, 

1072-1083. 

Sato, T., Yoshihisa, A., Kanno, Y., Suzuki, S., Yamaki, T., Sugimoto, K., Kunii, H., Nakazato, K., Suzuki, 

H., Saitoh, S. I., Ishida, T. & Takeishi, Y. (2017). Cardiopulmonary exercise testing as prognostic 

indicators: Comparisons among heart failure patients with reduced, mid-range and preserved 

ejection fraction. Eur J Prev Cardiol, 24, 1979-1987. 



 
  146 

 

 

Schillaci, G., Pasqualini, L., Verdecchia, P., Vaudo, G., Marchesi, S., Porcellati, C., De Simone, G. & 

Mannarino, E. (2002). Prognostic significance of left ventricular diastolic dysfunction in essential 

hypertension. J Am Coll Cardiol, 39, 2005-2011. 

Sedej, S., Schmidt, A., Denegri, M., Walther, S., Matovina, M., Arnstein, G., Gutschi, E. M., Windhager, I., 

Ljubojevic, S., Negri, S., Heinzel, F. R., Bisping, E., Vos, M. A., Napolitano, C., Priori, S. G., 

Kockskamper, J. & Pieske, B. (2014). Subclinical abnormalities in sarcoplasmic reticulum Ca(2+) 

release promote eccentric myocardial remodeling and pump failure death in response to pressure 

overload. J Am Coll Cardiol, 63, 1569-1579. 

Selby, D. E., Palmer, B. M., Lewinter, M. M. & Meyer, M. (2011). Tachycardia-induced diastolic 

dysfunction and resting tone in myocardium from patients with a normal ejection fraction. J Am 

Coll Cardiol, 58, 147-154. 

Seliger, S. L., De Lemos, J., Neeland, I. J., Christenson, R., Gottdiener, J., Drazner, M. H., Berry, J., 

Sorkin, J. & Defilippi, C. (2015). Older Adults, "Malignant" Left Ventricular Hypertrophy, and 

Associated Cardiac-Specific Biomarker Phenotypes to Identify the Differential Risk of New-Onset 

Reduced Versus Preserved Ejection Fraction Heart Failure: CHS (Cardiovascular Health Study). 

JACC Heart Fail, 3, 445-455. 

Shah, A. M., Claggett, B., Sweitzer, N. K., Shah, S. J., Anand, I. S., O'meara, E., Desai, A. S., Heitner, J. 

F., Li, G., Fang, J., Rouleau, J., Zile, M. R., Markov, V., Ryabov, V., Reis, G., Assmann, S. F., 

Mckinlay, S. M., Pitt, B., Pfeffer, M. A. & Solomon, S. D. (2014). Cardiac structure and function 

and prognosis in heart failure with preserved ejection fraction: findings from the 

echocardiographic study of the Treatment of Preserved Cardiac Function Heart Failure with an 

Aldosterone Antagonist (TOPCAT) Trial. Circ Heart Fail, 7, 740-751. 

Shah, S. J., Kitzman, D. W., Borlaug, B. A., Van Heerebeek, L., Zile, M. R., Kass, D. A. & Paulus, W. J. 

(2016). Phenotype-Specific Treatment of Heart Failure With Preserved Ejection Fraction: A 

Multiorgan Roadmap. Circulation, 134, 73-90. 

Shantsila, A., Shantsila, E., Gill, P. S. & Lip, G. Y. H. (2018). Predictors of diastolic dysfunction in ethnic 

groups: observations from the Hypertensive Cohort of The Ethnic-Echocardiographic Heart of 

England Screening Study (E-ECHOES). J Hum Hypertens, 32, 477-486. 

Shizukuda, Y. & Buttrick, P. M. (2002). Subtype specific roles of beta-adrenergic receptors in apoptosis of 

adult rat ventricular myocytes. J Mol Cell Cardiol, 34, 823-831. 

Shkhvatsabaia, I. K., Iurenev, A. P. & Tolstov, A. N. (1979). [Diastolic relaxation disturbance and the 

compensatory role of the left atrium in hypertension]. Kardiologiia, 19, 16-9. 

Slavich, M., Florian, A. & Bogaert, J. (2011). The emerging role of magnetic resonance imaging and 

multidetector computed tomography in the diagnosis of dilated cardiomyopathy. Insights into 

Imaging, 2, 453-469. 

Spies, C., Farzaneh-Far, R., Na, B., Kanaya, A., Schiller, N. B. & Whooley, M. A. (2009). Relation of 

obesity to heart failure hospitalization and cardiovascular events in persons with stable coronary 

heart disease (from the Heart and Soul Study). Am J Cardiol, 104, 883-889. 

Tadic, M., Cuspidi, C., Bombelli, M. & Grassi, G. (2018). Hypertensive heart disease beyond left 

ventricular hypertrophy: are we ready for echocardiographic strain evaluation in everyday clinical 

practice? J Hypertens, 36, 744-753. 



 
  147 

 

 

Talan, M. I., Ahmet, I., Xiao, R. P. & Lakatta, E. G. (2011). beta(2) AR agonists in treatment of chronic 

heart failure: long path to translation. J Mol Cell Cardiol, 51, 529-533. 

Tamaki, S., Mano, T., Sakata, Y., Ohtani, T., Takeda, Y., Kamimura, D., Omori, Y., Tsukamoto, Y., Ikeya, 

Y., Kawai, M., Kumanogoh, A., Hagihara, K., Ishii, R., Higashimori, M., Kaneko, M., Hasuwa, H., 

Miwa, T., Yamamoto, K. & Komuro, I. (2013). Interleukin-16 promotes cardiac fibrosis and 

myocardial stiffening in heart failure with preserved ejection fraction. PLoS One, 8, e68893. 

Tapp, R. J., Sharp, A., Stanton, A. V., O'brien, E., Chaturvedi, N., Poulter, N. R., Sever, P. S., Thom, S. 

A., Hughes, A. D. & Mayet, J. (2010). Differential effects of antihypertensive treatment on left 

ventricular diastolic function: an ASCOT (Anglo-Scandinavian Cardiac Outcomes Trial) substudy. 

J Am Coll Cardiol, 55, 1875-81. 

Tschope, C., Van Linthout, S. & Kherad, B. (2017). Heart Failure with Preserved Ejection Fraction and 

Future Pharmacological Strategies: a Glance in the Crystal Ball. Curr Cardiol Rep, 19, 70. 

Tsioufis C.P., Tsiachris D.L., Selima M.N., Dimitriadis K.S., Thomopoulous C.G., Tsiliqqiris D.C., 

Gennadi A.S., Syrseloudis D.C., Stefanadi E.S., Toutouzas K.P., Kallikazaros I.E., Stefanadis 

C.I. (2008). Impact of waist circumference on cardiac phenotype in hypertensives according to 

gender, Obesity, 17, 177-182. 

Tsotetsi, Oupa, J., Woodiwiss, Angela, J., Netjhardt, M., Qubu, D., Brooksbank, R. & Norton Gavin, R. 

(2001). Attenuation of Cardiac Failure, Dilatation, Damage, and Detrimental Interstitial 

Remodeling Without Regression of Hypertrophy in hypertensive rats. Hypertension, 38, 846-851. 

Twinamasiko, B., Lukenge, E., Nabawanga, S., Nansalire, W., Kobusingye, L., Ruzaaza, G. & Bajunirwe, 

F. (2018). Sedentary Lifestyle and Hypertension in a Periurban Area of Mbarara, South Western 

Uganda: A Population Based Cross Sectional Survey. 2018, 8253948. 

van Heerebeek, L., Borbely, A., Niessen, H.W., Bronzwaer, J.G., van der Velden, J., Stienen, G.J.,  

Linke, W.A.,  Laarman, G.J. &  Paulus, W.J. (2006).  Myocardial structure and function differ in 

systolic and diastolic heart failure, Circulation, 113, 1966–1973 

Van Heerebeek, L., Hamdani, N., Falcao-Pires, I., Leite-Moreira, A. F., Begieneman, M. P., Bronzwaer, J. 

G., Van Der Velden, J., Stienen, G. J., Laarman, G. J., Somsen, A., Verheugt, F. W., Niessen, H. 

W. & Paulus, W. J. (2012). Low myocardial protein kinase G activity in heart failure with 

preserved ejection fraction. Circulation, 126, 830-839. 

Wachtell, K., Smith, G., Gerdts, E., Dahlof, B., Nieminen, M. S., Papademetriou, V., Bella, J. N., Ibsen, 

H., Rokkedal, J. & Devereux, R. B. (2000). Left ventricular filling patterns in patients with systemic 

hypertension and left ventricular hypertrophy (the LIFE study). Losartan Intervention For 

Endpoint. Am J Cardiol, 85, 466-472. 

Wachter, R., Schmidt-Schweda, S., Westermann, D., Post, H., Edelmann, F., Kasner, M., Luers, C., 

Steendijk, P., Hasenfuss, G., Tschope, C. & Pieske, B. (2009). Blunted frequency-dependent 

upregulation of cardiac output is related to impaired relaxation in diastolic heart failure. Eur Heart 

J, 30, 3027-3036. 

Wan, S. H., Vogel, M. W. & Chen, H. H. (2014). Pre-clinical diastolic dysfunction. J Am Coll Cardiol, 63, 

407-416. 



 
  148 

 

 

Weidemann, F., Jamal, F., Sutherland, G. R., Claus, P., Kowalski, M., Hatle, L., De Scheerder, I., Bijnens, 

B. & Rademakers, F. E. (2002). Myocardial function defined by strain rate and strain during 

alterations in inotropic states and heart rate. Am J Physiol Heart Circ Physiol, 283, H792-799. 

Westermann, D., Kasner, M., Steendijk, P., Spillmann, F., Riad, A., Weitmann, K., Hoffmann, W., Poller, 

W., Pauschinger, M., Schultheiss, H. P. & Tschope, C. (2008). Role of left ventricular stiffness in 

heart failure with normal ejection fraction. Circulation, 117, 2051-2060. 

Wilhelmsen, L., Rosengren, A., Eriksson, H. & Lappas, G. (2001). Heart failure in the general population 

of men--morbidity, risk factors and prognosis. J Intern Med, 249, 253-261. 

Williams, A. M., Shave, R. E., Cheyne, W. S. & Eves, N. D. (2017). The influence of adrenergic 

stimulation on sex differences in left ventricular twist mechanics. J Physiol, 595, 3973-3985. 

Woo, A. Y. & Xiao, R. P. (2012). beta-Adrenergic receptor subtype signaling in heart: from bench to 

bedside. Acta Pharmacol Sin, 33, 335-341. 

Woodiwiss, A. J. & Norton, G. R. (2015). Obesity and left ventricular hypertrophy: the hypertension 

connection. Curr Hypertens Rep, 17, 539. 

Woodiwiss, A. J., Libhaber, C. D., Majane, O. H., Libhaber, E., Maseko, M. & Norton, G. R. (2008). 

Obesity promotes left ventricular concentric rather than eccentric geometric remodeling and 

hypertrophy independent of blood pressure. Am J Hypertens, 21, 1144-1151. 

Woodiwiss, A. J., Molebatsi, N., Maseko, M. J., Libhaber, E., Libhaber, C., Majane, O. H., Paiker, J., 

Dessein, P., Brooksbank, R., Sareli, P. & Norton, G. R. (2009). Nurse-recorded auscultatory 

blood pressure at a single visit predicts target organ changes as well as ambulatory blood 

pressure. J Hypertens, 27, 287-297. 

Yancy,  C.W.,  Lopatin,  M.,  Stevenson,  L.W.,  De  Marco,  T. &  Fonarow,  G.C.  (2006). 

Yancy, C. W., Jessup, M., Bozkurt, B., Butler, J., Casey, D. E., Jr., Drazner, M. H., Fonarow, G. C., 

Geraci, S. A., Horwich, T., Januzzi, J. L., Johnson, M. R., Kasper, E. K., Levy, W. C., Masoudi, F. 

A., Mcbride, P. E., Mcmurray, J. J., Mitchell, J. E., Peterson, P. N., Riegel, B., Sam, F., 

Stevenson, L. W., Tang, W. H., Tsai, E. J. & Wilkoff, B. L. (2013). 2013 ACCF/AHA guideline for 

the management of heart failure: a report of the American College of Cardiology 

Foundation/American Heart Association Task Force on practice guidelines. Circulation, 128, 

e240-327. 

Yusuf, S., Pfeffer, M. A., Swedberg, K., Granger, C. B., Held, P., Mcmurray, J. J., Michelson, E. L., 

Olofsson, B. & Ostergren, J. (2003). Effects of candesartan in patients with chronic heart failure 

and preserved left-ventricular ejection fraction: the CHARM-Preserved Trial. Lancet, 362, 777-

781. 

Zhang, D. Y. & Anderson, A. S. (2014). The sympathetic nervous system and heart failure. Cardiol Clin, 

32, 33-45, vii. 

Zile, M.R., & Brutsaert, D.L. (2002). New concepts in diastolic dysfunction and diastolic heart failure: Part 

I: diagnosis, prognosis and measurements of diastolic function, Circulation, 105, 1387-1393. 

Zile, M. R., Baicu, C. F. & Gaasch, W. H. (2004). Diastolic heart failure--abnormalities in active relaxation 

and passive stiffness of the left ventricle. N Engl J Med, 350, 1953-1959. 

  


