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PREFACE 

This dissertation forms part of the Master of Health Sciences in the Cardiovascular Physiology 

program and consists of four chapters. Chapter 1 contains the background and literature overview 

about left ventricular diastolic function, the renin-angiotensin-aldosterone system and amino-

terminal prohormone B-type natriuretic peptide. A comprehensive methodology of this study is 

provided in Chapter 2. The research article in Chapter 3 is written according to the instructions of 

the American Journal of Cardiology. Chapter 4 summarizes the main findings of this study and 

includes the final conclusions with recommendations. All references at the end of each chapter are 

indicated according to the style of the designated journal.  
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SUMMARY 

Motivation 

The association of left ventricular (LV) diastolic function markers with the renin-angiotensin-

aldosterone system (RAAS) and amino-terminal prohormone B-type natriuretic peptide (Nt-

proBNP) in older and diseased populations are known. Our study was motivated by the lack of 

evidence in young, healthy adults regarding the associations of LV diastolic function markers with 

the RAAS and Nt-proBNP to establish early manifestations of cardiovascular compromise. 

 

Aim 

To compare the cardiovascular characteristics along with the RAAS and Nt-proBNP levels, as well 

as to explore the associations of LV diastolic function with the RAAS and Nt-proBNP in young 

apparently healthy black and white South Africans. 

 

Methodology 

Cross-sectional data of the first 400 participants (age between 20–30 years) from the African 

prospective study on the early detection and identification of cardiovascular disease and 

hypertension (African-PREDICT) was used in this sub-study. Participants with missing data (n=55), 

as well as individuals with identified left or right bundle branch block (n=9) were excluded. This 

study obtained approval from the Health Research Ethics Committee of the North-West University 

(NWU-00032-17-A1) and complied with the Declaration of Helsinki (2008). Ambulatory blood 

pressure was measured along with a 12-lead electrocardiogram. A standard transthoracic 

echocardiography procedure was followed, to acquire variables of LV diastolic function including: 

E/A (peak early filling E-wave/late diastolic filling A-wave) ratio, E/é (mitral peak velocity of early 

filling/early diastolic mitral annular velocity) ratio, left atrium to aortic root ratio (LA/Ao) and LV end-

diastolic volume. Anthropometric measurements included body height and weight, while body 

mass index and body surface area were additionally calculated. Among other biomarkers, renin, 

prorenin, aldosterone and Nt-proBNP were analyzed. 

 

Results 

Age and body composition were lower in the black group (all p<0.005) compared to the white 

group. Blood pressures were comparable between the groups. The LV end diastolic volume was 

lower in the black (p<0.0001) compared to the white group. The E/A and E/e’ ratios were higher in 

the black (both p<0.05) compared to the white group, whereas heart rate and the LA/Ao ratio were 

similar in both groups. Total renin was higher in the black group (p=0.010), whereas aldosterone 

and Nt-proBNP were lower in the black group (all p<0.005) compared to the white group. In 

multiple regression analysis with covariates age, sex, body surface area (except for LV end-

diastolic volume), systolic blood pressure, heart rate, gamma-glutamyl-transferase, C-reactive 

protein, cotinine, total cholesterol-to-high density lipoprotein cholesterol ratio,  
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estimated glomerular filtration rate and activity energy expenditure the following associations were 

found. The E/A ratio associated positively with prorenin in the black group (adj. R2=0.201; β=0.15; 

p=0.049) and total renin in the white group (adj. R2=0.131; β=0.16; p=0.042), whereas the LA/Ao 

ratio associated positively with prorenin (adj. R2=0.050; β=0.18; p=0.032) in the white group only. 

No associations were evident between markers of LV diastolic function and Nt-proBNP in either 

group. 

 

General conclusion 

In conclusion, our study indicated that diastolic function markers associated adversely with 

components of the RAAS, in both groups. Our findings may indicate that higher E/A and LA/Ao 

ratios may be attributed to potential changes in the RAAS. This may suggest that both groups are 

prone to premature RAAS modifications, probably due to lifestyle risk factors, which may lead to 

future diastolic dysfunction. 

 

Keywords: Left ventricular diastolic function, renin-angiotensin-aldosterone system, amino-

terminal prohormone B-type natriuretic peptide, ethnicity 
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CHAPTER 1 
 

 Background, literature overview, 
aim, objectives and hypotheses 
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1.1 Introduction 

High blood pressure is one of the main cardiovascular disease risk factors,1,2 and a widespread 

problem in sub-Saharan African populations.3 According to The National Health and Nutritional 

Survey (NHANES), black populations (32%) have an increased predisposition to develop 

hypertension, compared to the white population (23%).3,4 Demographics, lifestyle and genetic 

factors are frequently associated with hypertension.5,6 Furthermore, overweight and obesity, 

diabetes mellitus, increased sympathetic nervous system activity,7,8 over-stimulation of the renin-

angiotensin-aldosterone system (RAAS), and abnormal sodium balance, contribute to the 

development of hypertension.9,10 Hypertension is also a significant risk factor identifying left 

ventricular (LV) diastolic dysfunction.11 The Heart of Soweto study found that LV diastolic 

dysfunction occurs in approximately 25% of South Africans.12 Other studies explored ethnic 

differences in LV structure and found that the black African population has a higher predisposition 

to develop increased relative wall thickness13 and promotes LV hypertrophy, which is also linked to 

LV diastolic dysfunction (Figure 1).14  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Illustration of left ventricular diastolic dysfunction.  

LV diastolic dysfunction is characterized by thickening of the ventricular muscle and a decrease in LV 

volume since the ventricle fills with less blood then normal. Furthermore, the ventricle is not able to relax 

normally. 
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1.1.1  Left ventricular diastolic function 

Diastole is the time period during which the myocardium loses its ability to contract but returns to 

an unstressed length and force,15 thus the normal relaxation state where the cardiac muscle is 

perfused.16 Myocardial relaxation is nearly complete at minimal LV pressure in normal hearts with a 

normal load.17 However, elevated preload will cause a delay in myocardial relaxation, thereby 

contributing to elevated LV filling pressures.17,18 Diastole can be divided into four phases, namely; 

isovolumetric relaxation, early rapid ventricular filling after the opening of the mitral valve, diastasis 

(a period of low blood flow during mid-diastole), and lastly, late rapid filling during atrial 

contraction.16,19 Isovolumetric relaxation is caused by the closing of the aortic valve while the mitral 

valve is opening.19 Impaired isovolumetric relaxation and decreased LV compliance, leads to LV 

diastolic dysfunction.16,20 Doppler echocardiography is the primary clinical method for the 

evaluation of different variables of LV diastolic function, including LV filling pressure, relaxation and 

stiffness.21-23  

The primary measurements of mitral inflow include the peak early filling (E-wave) and late diastolic 

filling (A-wave) velocities, E/A ratio, deceleration time of early filling velocity and isovolumetric 

relaxation time, and is generally used to assess LV filling.17 However, markers of LV diastolic 

function include the E/A ratio, E/e’ ratio (peak E velocity to e-prime), and mitral deceleration time.17 

The left atrial (LA)-LV pressure gradient during early diastole is reflected by the mitral E-wave 

velocity and thus affected by preload and alterations in LV relaxation.22 However, the LA-LV 

pressure gradient during late diastole is reflected by the mitral A-wave, and thus affected by LV 

compliance and contractile function of the left atrium.17 Mitral inflow patterns, including normal LV 

relaxation and filling, impaired LV relaxation, pseudonormal LV filling and restrictive filling, are 

identified by the mitral E/A ratio and mitral deceleration time.17 The E/A ratio is the most common 

marker used in clinical practice to assess LV diastolic function,24 whereas the E/é ratio is useful to 

estimate LV filling pressure.17,25  

 

1.1.2  Left ventricular diastolic dysfunction 

One of the consequences of prolonged and undetected hypertension is LV diastolic dysfunction 

which generally leads to heart failure with preserved LV ejection fraction.26,27 The presence of 

abnormal filling and relaxation patterns of the left ventricle is described as LV diastolic 

dysfunction,28,29 and is associated with cardiovascular morbidity and mortality.30-32 Sustained 

overload on the myocardial wall contributes to the development of LV hypertrophy, which may lead 

to heart failure and symptomatic hypertensive heart disease,26 as well as a broad spectrum of 

other LV functional abnormalities, such as severe left atrial dilation and/or significantly decreased 

systolic function.33  
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Myocyte hypertrophy and myocardial fibrosis is a compensatory and adaptive mechanism in 

response to LV pressure overload, caused by hypertension.34,35 LV wall stress increases, as a 

result of hypertension, and initiates an increase in the contractile units of cardiac myocytes leading 

to myocyte hypertrophy and thickening of the LV wall.34,36,37 However, excessive myocyte 

hypertrophy and myocardial fibrosis results from a persistent increase in cardiac workload, and is 

responsible for increased myocardial stiffness and impaired LV filling and relaxation in 

hypertensives.34,37 Several other factors also contribute to the development of LV diastolic 

dysfunction in hypertensive individuals. These factors include older age, black/white ethnicity, 

increased dietary sodium, overweight and obesity, type 2 diabetes mellitus and chronic kidney 

disease.11 

Diastolic dysfunction is one of the earliest detectable manifestations,32 in individuals with 

hypertension, type 2 diabetes mellitus, and the elderly.15,29,38 The most underlying and frequent 

cause of diastolic dysfunction are changes in LV myocardial structure or impaired elastic properties 

involved in diastolic filling.27,28 Diastolic dysfunction is characterized by increased chamber 

stiffness, and a reduced capacity to fill at low diastolic pressures (Figure 1).39 The basic underlying 

mechanism of diastolic dysfunction may be intrinsic to the cardiomyocytes due to abnormal 

calcium homeostasis, or it may be as a result of abnormalities in the extracellular matrix due to 

alterations in collagen.36 The increase in myocardial mass and abnormalities of the extracellular 

matrix may also contribute to increased stiffness in the ventricle.36 Consequently, there is a 

reduction in LV compliance, the dynamics of LV filling are altered and end-diastolic pressure is 

increased.15,40 There are three distinctive patterns of diastolic dysfunction depending on the 

severity (Figure 2).27,28,41 The first pattern is the delayed relaxation pattern, which represents 

alterations of the early LV active relaxation properties, whereas the pseudo-normal (second) and 

restrictive (third) patterns represent more severe diastolic dysfunction along with elevated LV filling 

pressures and LV stiffness.28,41  

 

 

 

 

 

 

Figure 2: Different patterns of diastolic dysfunction depending on the degree of severity.  

(A) Normal diastolic function, (B) Super normal filling, seen young and physical active individuals, (C) 

Impaired relaxation (Grade I diastolic dysfunction), (D) Pseudonormal filling pattern (Grade II diastolic 

function), (E) Reversible restrictive filling pattern (Grade III diastolic function). 

cm/s 

cm/s 
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A delay in myocardial relaxation may be due to age-related changes in diastolic function, which 

contributes to the development of diastolic heart failure in older individuals.17 Therefore, age should 

always be taken into consideration, especially with regards to the E/A and E/é ratios.17 With an 

increase in age, the mitral E-wave velocity and E/A ratio decreases, whereas the deceleration time 

and A velocity, late diastolic velocity (é) and the E/é ratio increases.17,42 However, a higher E/A 

ratio, along with a short IVRT and short deceleration time (especially if it persists after preload 

reduction) relates to advanced diastolic dysfunction, as it indicates restrictive filling patterns (Figure 

2).17,43,44 However, in young, healthy adults a higher E/A ratio is indicative of normal diastolic filling. 

Young, healthy adults tend to have a decrease in LV minimal diastolic pressure due to rapid LV 

relaxation, thus causing a higher E/A ratio (Figure 2 (B)).40 Furthermore, healthy adults with normal 

myocardial relaxation tend to have a proportional increase in the mitral E-wave and é velocities, 

whereas the E/é ratio will remain unchanged or even slightly reduced.45 

Individuals with LV diastolic dysfunction are sensitive to certain precipitants, such as uncontrolled 

hypertension, atrial fibrillation, renal insufficiency, and high salt-intake, since there are significant 

alterations in LV diastolic pressure and a reduction in LV volume.36,46 These factors can also 

contribute to fluid retention and promote heart failure. Individuals with diastolic dysfunction and 

diastolic heart failure exhibit exercise intolerance due to elevated LV diastolic and pulmonary 

pressures, and LV hypertrophy.36 There is a reduction in lung compliance as a result of elevated 

LV diastolic and pulmonary pressures, which increases the rate of breathing and induces 

dyspnea.36 Due to LV hypertrophy, these individuals exhibit increased relative wall thickness and 

reduces end-diastolic volume, and cannot produce a normal stroke volume because the chamber 

volume is decreased.36,47 These mechanisms lead to a limited preload and cardiac output during 

exercise, which leads to lactate accumulation, and functional and structural abnormalities of 

skeletal muscles.36 However, different factors can contribute to the progression and development 

of LV diastolic dysfunction. Among these are the RAAS and elevated natriuretic peptides, such as 

amino-terminal prohormone B-type natriuretic peptide (Nt-proBNP).27 

 

1.1.3  The Renin-Angiotensin-Aldosterone System 

The RAAS is typically viewed as an enzymatic cascade, which through the biosynthesis and 

release of prorenin and renin, finally leads to the production of angiotensin II (Ang II).48,49 Under 

normal physiological conditions, the RAAS functions through anti-natriuretic and vasopressive 

effects to ensure the homeostatic balance of blood pressure regulation, water and salt balance, 

and tissue perfusion.48-50 The biosynthesis and regulated secretion of renin, synthesized from the 

proenzyme or renin precursor known as prorenin, activates the RAAS.48,49 Unprocessed prorenin is 

released from the kidney via a constitutive pathway, whereas active renin is released via an 

exocytic process due to a stimulus-secretion coupling into the renal and systematic circulation.49 
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Figure 3: The Renin-Angiotensin-Aldosterone System. 

Adapted from http://antranik.org/the-renin-angiotensin-aldosterone-reflex/  

and https://www.britannica.com/science/renin-angiotensin-system (Date of access 15 November 2017). 

 

The secretion of active renin is stimulated by a reduction in renal perfusion pressure and afferent 

arteriolar pressure, a reduction in tubular fluid sodium chloride concentration, or elevated 

sympathetic activity in the kidney (Figure 3).48,49 Renin catalyzes cleavage of angiotensinogen, 

released from the liver, to form inactive angiotensin I (Ang I).51 Ang I is converted by angiotensin-

converting enzyme to the biologically active Ang II,51 which can mediate various primary actions of 

the RAAS in the heart, brain, kidney and blood vessels.48 The biological functions of Ang II include 

the homeostasis of the cardiovascular system, vasoconstriction, blood pressure regulation, and 

salt and water balance.48,49,52 The binding of Ang II to the Ang II type I receptors in the smooth 

muscle cells consequently leads to an increase in blood pressure by producing acute 

vasoconstriction and increased peripheral resistance,51,53 thereby stimulating the production of 

aldosterone (Figure 3).49,54 Aldosterone plays a significant role in regulating extracellular fluid 

volume, through the regulation of the sodium and potassium balance.49,51 

http://antranik.org/the-renin-angiotensin-aldosterone-reflex/
https://www.britannica.com/science/renin-angiotensin-system
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Aldosterone promotes reabsorption of sodium and water, thereby enhancing potassium 

excretion.49,55 Therefore, Ang II extracellular fluid volume and potassium levels are regarded as the 

main regulators of aldosterone.49 Acute stimulation of Ang II and aldosterone on their target organs 

causes an increase in blood pressure and extracellular fluid volume, thus restoring renal perfusion 

and blood pressure until normal and consequently inhibiting renin secretion (Figure 3).48,49,51  

Furthermore, the RAAS has a pathophysiological contribution in the development of alterations in 

myocardial structure, functional abnormalities and impaired LV diastolic filling.56-58 The RAAS can 

modulate cellular growth, proliferation and differentiation, which promotes cardiomyocyte 

hypertrophy, cardiac fibrosis and remodeling, mainly by acting through autocrine and paracrine 

signals.27,56-58 Ang II is regarded as the primary effector molecule of the RAAS system, and is an 

essential hormone that affects the function of the heart, kidney, vasculature and brain.59 Chronic 

stimulation of Ang II will, however, promote hyperplasia and hypertrophy of vascular smooth 

muscle cells,59-61 and also plays a vital role in cardiac hypertrophy and remodeling.59 Accumulation 

of the extracellular matrix is also promoted by chronic RAAS activation, thereby contributing to the 

increase in myocardial stiffness and diastolic dysfunction.62,63 Moreover, chronic RAAS activation 

along with inflammatory processes, may contribute to the development of myocardial fibrosis and 

stiffness by impairing endothelial function in the vasculature of the heart, consequently leading to 

diastolic dysfunction.27,64 Chronic RAAS activation is furthermore associated with the progression 

from diastolic dysfunction to heart failure.65 

The pathogenesis of various hypertensive disorders, including essential hypertension, may be 

caused by the dysregulation of RAAS functioning.49,53 Large variation in plasma renin levels was 

observed in essential hypertensive patients, in which approximately 15% of these individuals 

showed mild to moderately elevated renin activity along with increased sympathetic activity and a 

slight depletion in extracellular fluid volume.49,66 In addition, the same study showed that younger 

American males have a higher prevalence of high-renin essential hypertension, whereas older 

individuals with hypertension, women,49 the African population67,68 and individuals with type 2 

diabetes are more susceptible to low-renin hypertension.49  

 

1.1.4  Amino-terminal prohormone B-type natriuretic peptide 

Irregular diastolic filling pressure is the main functional abnormality in diastolic heart failure and 

may result in the release of cardiac neurohormones, which include natriuretic peptides.69 

Natriuretic peptides are considered important biomarkers in cardiovascular disease,70,71 and can 

accurately detect diastolic dysfunction and heart failure.69,72 B-type natriuretic peptide (BNP) is a 

peptide hormone, synthesized from ventricular myocytes, as an inactive prohormone, that is split 

into active BNP and the inactive split-product Nt-proBNP.73,74 Both BNP and Nt-proBNP are 

secreted from cardiac myocytes as a result of myocardial wall stretch, commonly seen in cardiac 

failure, caused by elevated cardiac pressure and volume overload.70,75-77 
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The secretion of BNP induces vasodilation and diuresis as a protective mechanism against volume 

overload and hypertension.75,78,79 Nt-proBNP, a cleavage product of BNP, is often used as a 

biomarker of cardiac volume and pressure load,69,80 and can detect all degrees of diastolic 

dysfunction in symptomatic patients.69 

The biological effects of Nt-proBNP include vasodilation, natriuresis, diuresis, inhibition of renin 

and aldosterone secretion, as well as inhibition of cardiac and vascular myocyte growth.73,78,81 The 

upregulation of Nt-proBNP acts in a counteractive manner to reduce cardiac pressure and volume 

overload caused by the activation of the RAAS.82,83 An abnormal or increased activity of circulating 

RAAS contributes to the development of volume overload, a decrease in cardiac output and 

vasoconstriction, consequently leading to elevated LV diastolic filling pressures and a condition of 

intravenous congestion.62,84 LV diastolic dysfunction causes the natriuretic peptide system to 

maximally activate to protect the body against volume overload and hypertension, by opposing the 

RAAS.75 However, while counteracting the effects of the RAAS, these natriuretic peptides also 

have an impact on the sodium balance,78,85,86 and may promote volume overload.78,80 These factors 

subsequently contribute to elevated blood pressure.78 Some studies found an association between 

elevated plasma natriuretic peptide concentrations and a decrease in LV diastolic and systolic 

function.87,88 

Hemodynamic stress load can cause severe damage to cardiac myocytes, and promote the 

secretion of natriuretic peptides.73 LV diastolic dysfunction is believed to be the pathophysiological 

process underlying elevated BNP and Nt-proBNP levels,73 especially in individuals with 

cardiovascular risk factors such as hypertension or type 2 diabetes mellitus or in the elderly.89,90 

Individuals with impaired LV relaxation, pseudo-normal or restrictive patterns, may have 

progressively higher Nt-proBNP levels, considering that the levels increase according to the 

severity of LV diastolic dysfunction. 69,89,91,92 The concentration of Nt-proBNP may increase with 

increasing age in healthy individuals and can be higher in men compared to women.93,94  

In a South African study, higher Nt-proBNP levels were reported in black individuals compared to 

their white counterparts.95 Other studies reported that black South Africans have lower plasma 

renin and aldosterone levels,96 which may be a contributing factor to hypertension.3 All these South 

African studies included older individuals in whom risk factors, such as high blood pressure, were 

already pronounced, which contributed to their risk for developing hypertension or related 

cardiovascular diseases.  

 



9 

1.1.5  The impact of the RAAS and Nt-proBNP on LV diastolic dysfunction 

Both the RAAS and natriuretic peptides relate to cardiovascular disease and may influence renal 

function, endocrine function, and cardiovascular cell growth.97 Many pathologies can be attributed 

to the over activation of the RAAS, such as hypertension, end-organ damage related to 

hypertension or type 2 diabetes mellitus, and atherosclerosis.10 Hypertension can cause an 

increase in Ang II and aldosterone levels, and contributes to increased vascular permeability, 

activation of different myocyte pathways, an increased burden of oxidative stress and cytokine 

secretion, consequently leading to tissue fibrosis, myocyte hypertrophy and diastolic 

dysfunction.34,41,98 The secretion of cytokines, due to increased oxidative stress, promotes and 

maintains inflammation and stimulates the production of collagen (type I),99-102 which progressively 

accumulates, and thereby promotes myocardial stiffness, hypertrophy and diastolic dysfunction.99-

103 Thus, the RAAS is involved in the development of LV hypertrophy and myocardial fibrosis, 

which is also linked to the development of LV diastolic dysfunction.34,90,104,105 Additionally, 

continued RAAS activation also contributes to the progression from diastolic dysfunction towards 

the development of cardiac heart failure.65 Impaired LV filling, as seen in LV diastolic dysfunction, 

activates the RAAS even further, which contributes to LV remodeling and fluid retention, and 

consequently deteriorates diastolic function.27 Furthermore, these pathological changes caused by 

the abnormal RAAS activity contributes to the development of volume overload and 

vasoconstriction, which leads to elevated LV diastolic filling pressure,27,62,84 and stimulates the 

production and secretion of Nt-proBNP.89,90  

Nt-proBNP demonstrates a similar pattern to BNP, therefore Nt-proBNP levels can also increase 

according to the severity of LV diastolic dysfunction.69,106 The Nt-proBNP levels may be 

progressively higher in individuals who showed mitral valve flow velocity patterns of impaired LV 

relaxation, pseudo-normalization or restriction.92,106,107 Elevated levels of Nt-proBNP increases the 

risk of developing congestive heart failure as well as LV diastolic dysfunction, and strongly predicts 

cardiovascular events in individuals with LV hypertrophy.69,90,104,105 Hypertensive individuals, 

especially with LV hypertrophy or LV diastolic dysfunction, have higher Nt-proBNP levels 

compared to normotensive individuals.108 The underlying pathophysiological process for elevated 

Nt-proBNP levels is LV diastolic dysfunction, as a result of increased wall stress and myocardial 

ischemia.109 However, the association of LV diastolic function markers along with the RAAS and 

Nt-proBNP in young, healthy individuals is still unclear. Our study is motivated by the lack of 

evidence regarding the associations of LV diastolic function markers with the RAAS and Nt-

proBNP to establish early manifestations of cardiovascular compromise. 
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1.2 Aim 

The aim of this study is to compare the cardiovascular characteristics along with the RAAS and Nt-

proBNP levels, as well as to explore the associations of LV diastolic function with RAAS and Nt-

proBNP in a young black and white South African cohort (aged between 20-30 years old). 

 

1.3 Objectives 

In a study population of young black and white men and women, our objectives are: 

i. To phenotype the study sample according to their LV diastolic function markers (E/A 

ratio, E/é ratio, LA/Ao ratio and end-diastolic volume), RAAS (prorenin, renin, and 

aldosterone), and Nt-proBNP levels 

ii. To determine the associations of LV diastolic function markers with RAAS and Nt-

proBNP. 

 

1.4 Hypotheses 

In a study population of young black and white men and women, our hypotheses are:  

i. (a) Black individuals have higher E/A, E/e’ and LA/Ao ratios, but a lower LV end-diastolic 

volume compared to their white counterparts. 

(b) Black individuals have lower renin and aldosterone levels, but higher prorenin levels 

compared to their white counterparts. 

(c) Black individuals have higher NT-proBNP levels compared to their white counterparts. 

 

ii. (a) The E/A ratio will associate negatively with renin, prorenin, and aldosterone. 

(b) LV end-diastolic volume will positively associate with Nt-proBNP which is a reliable marker 

of cardiac overload, whereas the E/A and LA/Ao ratios show no association with Nt-proBNP 

since these ratios reflects LV filling pressure and left atrium dilation. 
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2.1 Introduction  

Diastolic dysfunction is described as impaired left ventricular (LV) relaxation and filling,1,2 and has 

been linked to increased cardiovascular morbidity and mortality in hypertensives and the elderly.3 

Different factors can contribute to the progression and development of LV diastolic dysfunction, 

among these are the renin-angiotensin-aldosterone system (RAAS) and elevated levels of 

natriuretic peptides, such as amino-terminal prohormone B-type natriuretic peptide (Nt-proBNP).1 

The RAAS play a major role in the development of LV diastolic dysfunction,1 while Nt-proBNP is 

released to prevent volume overload and elevated blood pressure caused by abnormal RAAS 

activity.4 However, the associations of LV diastolic function markers with the RAAS and Nt-proBNP 

in a young, healthy population are still unclear. 

This chapter outlines the specific methodology with justifications for the biochemical analyses, 

cardiovascular, anthropometric and physical activity measurements used in the manuscript chapter 

to follow. This study may provide insight for better physiological and pathophysiological 

understanding of the relationships of LV diastolic function markers with RAAS and Nt-proBNP in a 

young normotensive population. This may be of public health importance as an initiative towards 

primary prevention strategies for the reduction of the cardiovascular disease burden. 

 

2.2 Study design 

This Master of Health Sciences (MHSc) study is a sub-study within the African prospective study 

on the early detection and identification of cardiovascular disease and hypertension (African-

PREDICT). The African-PREDICT study is a longitudinal study that aims to identify and understand 

the early pathophysiological changes in cardiovascular function, as well as the specific predictors 

that contribute to the development of hypertension and target organ damage in apparently healthy 

young black and white South Africans.  

The African-PREDICT study is currently screening participants to include a total of 1200 young, 

healthy individuals in the final database (aged between 20–30 years old). As the African-PREDICT 

study aims to track and evaluate the development and early stages of hypertension, individuals in 

the selected age group proved to be the ideal population as they are adults that are at the peak of 

health and at the stage prior to cardiovascular deterioration. The participants are from 

Potchefstroom and its surrounding areas in the North-West Province, South Africa. The inclusion 

criteria for participants in the larger African-PREDICT study are apparently healthy men and 

women; black and white ethnicity; a brachial systolic blood pressure (SBP) of <140 mmHg and a 

diastolic blood pressure (DBP) of <90 mmHg; HIV-uninfected; and no previous diagnosis or 

medication usage for chronic diseases. 
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For this sub-study we additionally excluded participants with identified left or right bundle branch 

block, since these individuals may have an increased risk of cardiac mortality.5 Left and right 

bundle branch block were shown to associate with coronary artery disease and heart failure.5,6 

In South Africa, several research teams including the Hypertension in Africa Research Team 

(HART) have shown that black individuals have an increased risk for the development of 

hypertension and are therefore included in this study. Men and women are equally distributed to 

determine whether sex differences exist. Normotensive or pre-hypertensive (SBP<140 and 

DBP<90mmHg) were based on the average of four blood pressure measures in one day. The 

guidelines of the American Society of Hypertension and the International Society of Hypertension 

were used to determine if a participant is hypertensive, pre-hypertensive or normotensive.7  

Individuals with a self-reported previous diagnosis of a chronic disease (diabetes, liver disease, 

cancer, tuberculosis or renal disease) that may influence cardiovascular health, were excluded as 

the aim of this study is to track apparently healthy individuals over the course of 20 years. 

Pregnant or lactating women were excluded due to the known influence of pregnancy hormones on 

the cardiovascular system.8 Women can develop hypertensive complications during pregnancy, for 

instance pre-eclampsia which causes significant maternal and fetal morbidity.8 Pregnant women 

may also have an increased risk of cardiovascular disease due to elevated blood glucose and lipid 

levels.9  

Cross-sectional data of the first 364 participants of the African-PREDICT study were used in this 

MHSc study, after excluding participants with missing data (n=27), as well as individuals with 

identified left or right bundle branch block (n=9). The purpose of this sub-study was to determine 

the independent relationship of LV diastolic function markers with the RAAS and NT-proBNP in a 

young, apparently healthy South African cohort. 

 

2.3 Methodology 

2.3.1 Organizational procedures 

The African-PREDICT study obtained approval from the Health Research Ethics Committee of the 

North-West University in 2012 (NWU-00001-12-A1) and is endorsed by the National and Provincial 

Department of Health. This sub-study also obtained approval to conduct the study from the Health 

and Research Ethics Committee of the North-West University (NWU-00032-17-A1) and the study 

complied with the Declaration of Helsinki (2008) and conformed to the Medical Research Council 

guidelines of good clinical practice.10  
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All recruited individuals underwent a screening procedure (either at their place of work or at the 

Hypertension Research Clinic at the North-West University, Potchefstroom campus) to determine 

eligibility for the main research study, based on the inclusion and exclusion criteria as mentioned 

previously. Individuals that met the inclusion criteria were invited to join the research project and 

were given detailed information regarding the subsequent procedures. Individuals who were willing 

to participate, were contacted via telephone to confirm an appointment at the Hypertension 

Research Clinic at the North-West University, Potchefstroom campus. Participants were requested 

to fast for at least 8 hours, preferably overnight prior to the day of the study and were asked to 

arrive at the Research Clinic at 08h00. According to current guidelines, blood used for lipid profiles 

should be drawn after an 8- to 12-hour fast.11 Plasma triglycerides can increase significantly 

postprandial, whereas a fasting period seemingly avoids the variability of triglycerides associated 

with meals. Fasting triglyceride levels provide a more stable estimate for risk assessment.11 

The procedures of the measurements were explained to the participants and they had the 

opportunity to ask any questions. Only after written informed consent was obtained did the 

measurements begin. All procedures were performed in temperature controlled private rooms to 

ensure the participants’ comfort and privacy. A maximum of four participants per day were 

accommodated to maintain the quality of an intense battery of measurements. After spot-urine and 

blood sampling, anthropometry, bio-impedance and a variety of cardiovascular measurements 

(Table 1), the participants received a light, balanced meal (excluding caffeine). After 

measurements were completed the participants received a gift voucher from a supermarket as a 

token of appreciation for their participation. Transport was provided to all participants after all the 

procedures were completed, at approximately 13h00. 
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Table 1: Summary of research measurements from the African-PREDICT study used in this 

MHSc sub-study 

Measure: 

Biological Sampling: 

Fasted Blood Sample (87 ml) 

Urine (24-hour sample + additional spot sample on a separate day) 

Cardiovascular Measures: 

Electrocardiography (ECG) 

Echocardiography 

24-hour Ambulatory blood pressure and ECG monitoring 

Anthropometry: 

Height and Weight 

Waist, hip and neck circumferences 

Body mass index (BMI) 

Physical activity 

7-day Accelerometry 

Questionnaires: 

General Health Questionnaire 

24-hour dietary recall and salt frequency intake (on site and within 7 days) 

 

2.3.2 24-Hour urine collection, blood sampling and biochemical analyses 

Upon arrival of each participant at the Hypertension Research Clinic, each of the participants were 

informed about all procedures and consent was obtained, after which early morning fasting blood 

samples were taken by a registered nurse, and participants provided a spot urine sample. The 

venous blood samples were collected from the brachial vein branches, using a sterile winged 

butterfly infusion set and syringe. This is an invasive procedure and carries minimal risk for the 

participants. Once the registered nurse took the samples, a research assistant, trained in the 

handling of biological samples, collected the samples from the Hypertension Research Clinic and 

placed the tubes in a closed container according to pre-specified protocol. The biological samples 

(spot-urine sample, whole blood, serum and plasma) were taken immediately to the on-site 

temperature controlled laboratory. Samples were centrifuged according to standard procedures 

and then aliquoted into cryovials for short- and long-term storage in bio-freezers at –80°C.  
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All aliquoted samples were stored in a bio-freezer room on the North-West University 

Potchefstroom campus, which is protected by a secure alarm system. During all procedures, 

protective laboratory coats as well as latex gloves were worn, and students were particularly 

trained on how to handle biological samples from the moment the samples reached the laboratory 

until all samples are securely stored in the bio-freezers. All staff and students handling biological 

samples had to undergo extensive training, done by the laboratory manager to reduce any risk to 

the students working in the laboratory. They also received vaccination against Hepatitis B. 

From these biological samples (serum, plasma, whole blood and urine) the following biomarkers 

were analyzed and used for this MHSc sub-study: total renin, prorenin, aldosterone, Nt-proBNP, 

total cholesterol, high-density lipoprotein cholesterol, glucose, C-reactive protein, gamma-glutamyl-

transferase, cotinine and estimated glomerular filtration rate. All biochemical variables were tested 

for intra- and inter-assay variability to ensure the specificity, sensitivity and reliability. Intra-assay 

variability for all biochemical variables should be <10%, however the inter-assay variability for all 

biochemical variables should be <20%. 

Renin is a circulating aspartic proteinase and a highly specific catalyst for the first step in the RAAS 

cascade. Renin cleaves to angiotensinogen (a peptide bond) to convert it to angiotensin I.12 Total 

renin was measured using the Quantikine ELISA Kit (R&D system, Minneapolis, MN USA) and 

analyzed on Synergy H4 hybrid microplate reader (Biotek, Winooski, VT, USA). Intra- and inter-

assay variability for total renin were 5.30% and 5.50%, respectively.  

Prorenin is the precursor for renin, and increased levels may contribute to elevated volume loading 

and blood pressure that may consequently promote end-organ damage.13,14 However, the prorenin 

to total renin ratio differs among individuals with various clinical conditions.15 Prorenin was 

analyzed using the Human Prorenin ELISA Kit (Biovendor-Laboratorni medicina, Karasek, Czech 

Republic). Intra- and inter-assay variability for prorenin were 4.34% and 4.71%, respectively. The 

ratio of total renin to prorenin was additionally calculated.  

Aldosterone, a steroid hormone, forms part of the RAAS and can have a direct effect on 

cardiovascular tissue.16 Increased aldosterone levels may predict and contribute to hypertension 

and cardiovascular damage.17 Aldosterone was analyzed using the RIA Aldosterone Kit (Beckman 

Coulter, Immunotech, Radiova, Czech Republic). Intra- and inter-assay variability for aldosterone 

were 2.13% and 2.42%, respectively.  

Nt-proBNP is a cleavage product of the B-type natriuretic peptide, which can be used to detect all 

degrees of diastolic dysfunction.4 Nt-proBNP was analyzed using the Electrochemiluminescence 

method on the E411 (Roche, Basel Switzerland). Intra- and inter-assay variability for Nt-proBNP 

were 2.58% and 4.60%, respectively.  
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To describe the general characteristics of our study population we included basic information 

including lipids, glucose, C-reactive protein, gamma-glutamyl-transferase and cotinine, which are 

known to promote the onset of cardiovascular disease such as atherosclerosis. 18,19 

High-density lipoprotein cholesterol (HDL cholesterol) plays an important role in maintaining 

cholesterol homeostasis. Atherosclerotic lesions may compromise this process, as there is an 

association between the development of atherosclerosis and low HDL cholesterol.19 HDL-

cholesterol is also a strong predictor for coronary heart disease in both men and women.20 Total 

cholesterol and HDL cholesterol was analyzed using the Cobas Integra 400plus (Roche, Basel, 

Switzerland). Intra- and inter-assay variability for total cholesterol were 0.51% and 1.90%, 

respectively. Intra- and inter assay variability for HDL-cholesterol were 1.10% and 1.00%, 

respectively. The ratio of total cholesterol to HDL-cholesterol is a reliable indicator to predict 

cardiovascular diseases,20 therefore we additionally calculated the total cholesterol to HDL-

cholesterol ratio.  

Individuals diagnosed with diabetes mellitus, impaired fasting glucose level or insulin resistance 

are at risk for developing cardiovascular disease.21 Glucose was analyzed using the Cobas Integra 

400plus (Roche, Basel Switzerland). Intra- and inter-assay variability for glucose were 1.80% and 

2.10%, respectively. 

C-reactive protein is a robust clinical marker for systemic inflammation, however it may also play a 

direct pathological role in the development of atherosclerosis.18 C-reactive protein is an 

independent predictor for future cardiovascular events.22 C-reactive protein was analyzed using the 

Cobas Integra 400plus (Roche, Basel, Switzerland). Intra- and inter-assay variability for C-reactive 

protein were 1.30% and 3.50%, respectively. 

Gamma-glutamyl-transferase (GGT) is regarded as a biomarker of hepatobiliary disease, oxidative 

stress23 and also increased alcohol consumption.24,25 Several studies suggested an association 

between higher serum GGT with cardiovascular disease risk factors, such as C-reactive protein, 

diabetes, hypertension, dyslipidemia and the metabolic syndrome.25-27 GGT was analyzed using 

the Cobas Integra 400plus (Roche, Basel, Switzerland). Intra- and inter-assay variability for GGT 

were 1.80% and 1.80%, respectively.  

Cotinine is a nicotine metabolite, and considered as a biomarker of both passive exposure and 

active smoking.28 Smoking is one of the major risk factors for both the development and 

progression of cardiovascular disease and vascular disease,29 and is associated with 

atherosclerosis and increased inflammatory markers.30 Cotinine was analyzed according to the 

Chemiluminescence method on the Immulite (Siemens, Erlangen, Germany). Intra- and inter assay 

variability for cotinine were 10.7% and 5.50%, respectively.  
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The process for 24-hour urine sample collection was explained and the participants received all the 

necessary equipment. Participants were instructed to collect a 24-hour urine sample on a day that 

was convenient for them which was noted by the research nurse. Participants were instructed to 

discard the first urine of the day and thereafter collect the urine throughout the day in the provided 

container, including the first urine of the following morning (day two). Participants had to record the 

start and end times as well. The protocol for 24-hour urine collection followed the Pan American 

Health Organization/World Health Organization protocol for population level sodium determination 

in 24-hour urine samples.31 Incomplete urine collections were defined as a volume <300 mL per 

24-hours and/or a 24-hour creatinine excretion of <4 mmol or >25 mmol in women, and <6 mmol or 

>30 mmol in men.32 Urine albumin, creatinine, sodium, potassium and iodine were determined 

from 24-hour urine samples. Additionally, the blood serum levels were used to determine Cystatin-

C and creatinine concentrations, which were then used to calculate the estimated creatinine 

clearance and estimated glomerular filtration rate (eGFR). Chronic Kidney Disease Epidemiology 

(CKD-EPI) Formula (eGFR – CKD-EPI creatinine + Cystatin-C) was additionally used to calculate 

the estimated glomerular filtration rate.33  

 

2.3.3 Cardiovascular measurements 

2.3.3.1 Electrocardiography 

The Electrocardiography (ECG) was performed by a trained researcher and registered a standard 

12 lead ECG (Norav Medical Ltd, PC 1200, v5.030, Israel), with the participant in supine position. 

The ECG recorded measurements at 5-minute intervals for 20 seconds for at least six cardiac 

cycles. The resting ECG was performed to identify participants with left and right bundle branch 

block (PC-ECG 1200, Norav Medical Ltd, Kiryat Bialik, Israel). Left bundle branch block was 

identified as a prolonged QRS of approximately 0.125 seconds in the presence of supraventricular 

rhythm, a QS or RS complex in lead V1, and the absence of a Q-wave in lead I, V5 or V6 and an R-

wave peak for approximately 0.06 seconds in the same lead.34-37 Right bundle branch block was 

identified with an R-wave in lead V1 and a small Q-wave in lead V6, which would cause excitation 

to spread to the left ventricle, causing a S-wave in lead V1 and a R-wave in lead V6.37  

 

2.3.3.2 Echocardiography 

Echocardiography was performed by a clinical technologist registered by the Health Professions 

Council of South Africa (HPCSA). An experienced registered clinical technician obtained and 

analyzed the data. This procedure was performed in a semi-dark room and the participant was 

provided with a blanket, if they wished to cover their chest area. 
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A standard transthoracic echocardiography procedure was followed while each participant was in a 

partial left decubitus position with the head of the examining table moderately elevated. This 

position brings the heart chamber forward to the chest wall to ensure a clearer window for 

scanning. This is a non-invasive and important method used to assess and identify cardiac 

anatomy and function.38,39 The General Electric Vivid E9 device (GE Vingmed Ultrasound A/S, 

Hearten, Norway) was used along with the 2.5 to 3.5 MHz transducer and a three-lead ECG for 

timing purposes. Standardized methods were employed to obtain high-quality recordings according 

to the current recommendations as outlined in the guidelines of the European Association of 

Echocardiography and the American Society of Echocardiography.40,41  

Variables of LV diastolic function included: E/A (peak early filling E-wave/late diastolic filling A-

wave) ratio, E/é (mitral peak velocity of early filling/early diastolic mitral annular velocity) ratio, left 

atrium to aortic root ratio (LA/Ao) and end-diastolic volume of the left ventricle.  

Primary measurements of mitral inflow included the peak early filling (E-wave) and late diastolic 

filling (A-wave) velocities.42 A 1-mm to 3-mm sample volume was placed between the tips of the 

mitral valve leaflets with parallel alignment of inflow. In addition, we performed tissue Doppler 

imaging to calculate the velocity of myocardial tissue movement in relation to mitral valve blood 

flow. Tissue Doppler imaging is a robust echocardiographic tool used for quantitative assessment 

of cardiac systolic and diastolic function, as well as the hemodynamics of LV filling.39 The e’ (e-

prime) and a’ (a-prime) were measured with continuous wave Doppler imaging, and we 

subsequently calculated the E/e’ ratio (peak E velocity to e-prime) which reflects filling pressures 

and the rate of myocardial relaxation.39,43 One of the earliest diastolic dysfunction markers is a 

decreased e’, and is present in all the stages of diastolic dysfunction.39 Continuous wave Doppler 

imaging is a non-invasive method used to calculate the left ventricular rate in pressure rise (RPR) 

from recordings of mitral regurgitation velocity curves.44 This method also provides information 

regarding the instantaneous pressure gradients between the left ventricle and left atrium, as well 

as information relating to left ventricular function.44 A pulsed-wave Doppler was performed in the 

apical 4-chamber view to obtain mitral inflow velocities for assessing LV filling.45 Pulsed wave 

Doppler imaging provide velocity profiles of mitral annulus movements that reflect the rate of 

myocardial relaxation.46  
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Figure 1: Tissue Doppler imaging of the E/A and E/e’ ratio. 

Left: Healthy individual with good diastolic function; high E and e', normal E/e'. Middle, patient with diastolic dysfunction 

without increased filling pressure; low E and e', normal E/e' ratio. Right, patient with diastolic dysfunction and increased 

filling pressure; high E, low e' and high E/e'. 

M-mode imaging is a non-invasive method used to obtain quantitative dimensional measurements 

such as cardiac chamber size, wall thickness, wall motion velocities, vessel dimensions and valve 

motion.47 We used M-mode imaging for obtaining the left atrium to aortic root (LA/Ao) ratio. The 

aortic root (Ao) diameter was measured at the end of diastole, between the anterior edges of the 

anterior and posterior aortic walls. The LA diameter was measured at the end of systole, from the 

anterior edge of the posterior aortic wall to the endocardial surface of the posterior aortic wall.48 

The left ventricular end-diastolic volume was measured using a two-dimensional 

echocardiography-guide M-mode approach and was measured from the apical four- and two 

chamber views.49 Two-dimensional echocardiography-guide M-mode imaging enlarges the LV 

areas, while avoiding foreshortening of the left ventricle which can lead to miscalculating the 

volume of the left ventricle.49 The LV end-diastolic and end-systolic volumes were calculated using 

the z-derived method as described by de Simone and colleagues.50 

 

2.3.3.3 Ambulatory blood pressure measurements  

Participants were fitted with a 24-hour ambulatory blood pressure monitoring (ABPM) 

(CardioXplore, MediTech, Hungary, British Hypertension Society (BHS) validated). The ABPM was 

fitted to each participant at approximately the same time every day (late morning). An appropriate 

sized cuff was fitted to the participant’s non-dominant arm, and instructions were given to the 

participant on how to ensure successful inflations across the 24-hour period. The ABPM apparatus 

was programmed to take 24-hour pressure recordings every 30 minutes during the day (6 am to 10 

pm) and every hour during the night (10 pm to 6 am). An ambulatory diary card was provided to 

complete by the participants during the 24-hour duration of the measurements. Only participants 

with 70% valid 24-hour blood pressure measurements, and 20-day time and 7-night time 
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measurements were included in the data analysis. For this MHSc sub-study we use 24-hour 

systolic and diastolic blood pressure profiles for each participant. Evidence suggests that home 

readings of blood pressure can more accurately predict cardiovascular events, than measurements 

taken in an unfamiliar setting.51 

 

2.3.4 Anthropometric measurements 

A trained research assistant used standard procedures to determine body height (m) by using the 

SECA 213 Portable Stadiometer (SECA, Hamburg, Germany), and body weight (kg) by using the 

SECA 813 Electronic Scales with a weighing capacity of up to 200kg (SECA, Hamburg, Germany). 

The privacy of the participants was taken into consideration by doing the measurements in a 

private, temperature-controlled room. All anthropometric measurements were performed according 

to the guidelines described in the International Society for the Advancement of Kinanthropometry.52  

BMI is used as the current classification system for obesity53 and was calculated by dividing weight 

(kg) with height (m2). Obesity is known to associate with chronic conditions such as hypertension, 

high blood cholesterol levels and decreased levels of HDL-cholesterol in both men and women 

from different ethnic groups.54,55 BSA was additionally calculated by using the Mosteller equation,56 

as BMI could overestimate obesity rates among a population including individuals performing 

intense training with a high muscle mass. 

 

2.3.5 Physical activity measurements 

After the participants were fitted with the ABPM and ECG apparatus, they were also fitted with an 

ActiHeart physical activity monitor (CamNtech Ltd., England, UK), in a temperature-controlled room 

to ensure the privacy of the participants. This is a compact, chest-worn monitoring device that 

records heart rate, inter-beat-interval and physical activity in one combined unit. It is designed for 

capturing heart rate variability data and for calculating and measuring activity energy expenditure. 

Activity energy expenditure was calculated using branched model equations and additionally 

divided by body weight and expressed as an index (kCal/kg/day). The ActiHeart device was worn 

for a maximum of 7 days.  

Lifestyle modifications are effective for reducing the risk of cardiovascular disease. Much attention 

has been drawn to physical activity and its well-known effects on cardiovascular disease risk and 

all-cause mortality.57 Regular physical activity has plenty of beneficial effects, such as prevention 

and treatment of atherosclerotic risk factors, which include hypertension, insulin resistance, 

glucose intolerance, increased triglyceride concentrations, low HDL-concentrations and obesity.58 
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2.3.6 General Health Questionnaire 

Basic information regarding the participant’s age, sex, ethnicity and current lifestyle factors; such 

as self-reported smoking, alcohol consumption, medication use and family history were collected 

by giving a standardized and validated General Health Questionnaire for the participants to 

complete. The participants completed the questionnaire on an Apple iPad (Hon Hai Precision 

Industry Co, Ltd) using a web-based program, and the questionnaire took approximately 15 

minutes to complete. 

 

2.3.7 Data management 

Taking into consideration all ethical aspects related to the privacy of personal data, we used an 

automated, password protected, user friendly, secure web-based, electronic database, called 

REDCap, to capture all data.59 When using this system all laboratory specimens, evaluation forms, 

reports, data and other records are identified only by the participant’s number to maintain subject 

confidentiality. Apart from this system, data is also backed up on password protected hard drives – 

done by the Data Manager. The data is generated onto Excel spreadsheets from REDCap, and 

imported directly into IBM® SPSS® Statistics, Version 24 (IBM Corporation, Armonk, New York) to 

ensure the accuracy of the data analysis. 

 

2.3.8. Statistical analyses 

All statistical analyses were performed with the IBM® SPSS® Statistics, Version 24 (IBM 

Corporation, Armonk, New York). All variables were tested for normality by visual inspection of Q-

Q plots and also reviewing the coefficients of skewness (–0.8; 0.8) and kurtosis (–3; 3). 

Appropriate interaction tests were performed for ethnicity and sex on the association of LV diastolic 

function markers with RAAS and Nt-proBNP. Significant interactions existed for ethnicity between 

the E/A ratio with aldosterone (p=0.035) and prorenin (p=0.025), therefore we divided the groups 

according to ethnicity. After standardizing all non-Gaussian variables by logarithmic transformation, 

we followed a Gaussian statistical approach which included independent samples T-test, Pearson 

and partial correlations, and standard multiple regression. Independent samples T-test is used to 

compare descriptive characteristics in a study population, as it accurately discriminates between 

higher and lower levels of specific variables. Therefore, we used independent samples T-test to 

determine differences between the black and white groups. The data is presented in table format 

and expressed as the arithmetic mean ± standard deviation for normally distributed variables and 

the geometric mean with 5th and 95th percentiles for non-Gaussian variables. Pearson and partial 

correlations were performed to explore the relationships of LV diastolic function markers with 

RAAS and Nt-proBNP. Multiple regression analyses were performed with LV diastolic function  
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as the dependent variable and RAAS and Nt-proBNP as the main independent variables. 

Confounding variables considered for entry in the multiple regression analysis included age, body 

surface area, blood pressure, C-reactive protein, total cholesterol, glucose, gamma-glutamyl-

transferase, cotinine, estimated glomerular filtration rate and activity energy expenditure. 

Furthermore, we performed a sensitivity analysis to assess the contribution of the 24-hour sodium 

to potassium ratio on the associations of LV diastolic function markers with the RAAS and Nt-

proBNP. 

 

2.3.9. Student contribution 

I have been involved in the initial screening phase of the African-PREDICT study, where I was 

responsible for urine dipstick analysis, glucose and cholesterol testing, blood pressure 

measurements as well as determining blood groups. These data contributed to the screening 

phase of the study, by which participants were included or excluded from the study. In addit ion, I 

contributed to laboratory work. I was involved in ensuring the blood samples were centrifuged, 

separated into individual cryovials and frozen afterwards. I am currently involved in the Exercise, 

Arterial Modulation and Nutrition in Youth South Africa (ExAMIN Youth SA) study, in which I am 

responsible for performing pulse wave analysis with the use of the validated oscillometric Mobli-o-

Graph monitor (I.E.M GmbH, Germany) with integrated ARCSolver software. I also contributed to 

laboratory work, where I separated the urine and saliva samples into individual cryovials and froze 

them afterwards. Additionally, I underwent ethical and statistical training. I was responsible for data 

collection, capturing the data into the final database, all statistical analyses and interpretation of the 

results. 
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Abstract 

Left ventricular (LV) diastolic dysfunction is linked to cardiovascular morbidity and mortality, with 

both the renin-angiotensin-aldosterone system (RAAS) and the amino-terminal prohormone B-type 

natriuretic peptide (Nt-proBNP) implicated in the pathophysiology. However, in young, healthy 

individuals the associations of LV diastolic function markers with the RAAS and Nt-proBNP has not 

been described yet. We aimed to compare LV diastolic function markers along with the RAAS and 

Nt-proBNP and to explore their associations in black and white participants. Cross-sectional data 

of 400 participants (aged between 20–30 years) were included from the African-PREDICT study 

after excluding individuals with missing data (n=64). Ambulatory blood pressure was measured 

and a standard transthoracic echocardiographic procedure followed. Among other biomarkers, we 

analyzed renin, prorenin, aldosterone, and Nt-proBNP. The E/A and E/e’ ratios were higher in the 

black compared to the white group (both p0.003). Total renin was higher in the black group 

(p=0.010), whereas aldosterone (p<0.001) and Nt-proBNP (p=0.006) were lower compared to the 

white group. In multiple regression analyses, we found positive associations of the E/A ratio with 

total renin (β=0.16; p=0.042) and the LA/Ao ratio with prorenin (β=0.18; p=0.032) in the white 

group only, whereas the E/A ratio positively associated with prorenin (β=0.15; p=0.049) in the 

black group only. No associations were evident between markers of LV diastolic function and Nt-

proBNP in either group. Our results may suggest that both groups are subjected to early changes 

in RAAS handling, which may promote cardiovascular alterations and lead to premature diastolic 

dysfunction in later life. 

 

Keywords: Left ventricular diastolic function, renin-angiotensin-aldosterone system, amino-

terminal prohormone B-type natriuretic peptide, ethnicity 

Word count: 249 
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Introduction 

Impaired left ventricular (LV) relaxation and filling, also described as left ventricular diastolic 

dysfunction,1,2 has been linked to increased cardiovascular morbidity and mortality in hypertensives 

and the elderly.3,4 Enhanced or dysregulated renin-angiotensin-aldosterone system (RAAS) 

activity, may contribute to volume overload and vasoconstriction, with subsequent increases in LV 

diastolic filling pressures.5,6 Factors such as atherosclerosis, hypertension, ischemic injury, 

diabetes, metabolic disorders and obesity,1,7,8 may alter the RAAS even further, and consequently 

promote cardiac remodeling through the development of LV hypertrophy and myocardial fibrosis.1 

The RAAS is also linked to vascular and myocardial inflammation that could lead to myocardial 

fibrosis and LV changes, therefore promoting diastolic dysfunction.9 It is probable that there are 

other non-renal mediators contributing to volume retention, except the circulating RAAS. For 

instance, prorenin, the precursor of renin, is also associated with the activation of tissue RAAS, 

such as adrenal glands, brain, heart and blood vessels.10 Tissue RAAS activation may contribute 

to increased volume loading and blood pressure that may lead to the suppression of circulating 

RAAS, and consequently promote end-organ damage.11,12 Amino-terminal prohormone B-type 

natriuretic peptide (Nt-proBNP) is secreted in response to myocardial wall stretch, caused by 

elevated cardiac pressure and volume overload.13,14 Nt-proBNP is secreted to protect the body 

from elevated cardiac pressure and volume overload caused by dysregulation of the RAAS.15,16 

The RAAS and elevated Nt-proBNP might play a major role in determining the development of LV 

diastolic dysfunction and its progression towards heart failure,1 however less is known about the 

links of LV diastolic function markers with the RAAS and Nt-proBNP in healthy young individuals.17 

Therefore, we aimed to compare the cardiovascular characteristics along with the RAAS and Nt-

proBNP levels, as well as to explore the associations of LV diastolic function with the RAAS and 

Nt-proBNP in young, apparently healthy black and white South Africans. 
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Methods 

Cross-sectional data of the first 400 participants (aged between 20–30 years old) from the African 

prospective study on the early detection and identification of cardiovascular disease and 

hypertension (African-PREDICT) was used in this sub-study. The inclusion criteria for the African-

PREDICT study was apparently healthy men and women; black and white ethnicity; a brachial 

systolic blood pressure <140 mmHg and diastolic blood pressure <90 mmHg; HIV-uninfected; and 

no previous diagnosis or medication usage for chronic disease. Pregnant or lactating women were 

also excluded from participation Additionally, for the sub-study participants with missing data 

(n=55), as well as individuals with identified left or right bundle branch block (n=9) were excluded. 

We obtained approval to conduct the study from the Health and Research Ethics Committee of the 

North-West University (NWU-00032-17-A1) and the study complied with the Declaration of Helsinki 

(2008). 

Participants were fitted with a 24-hour ambulatory blood pressure monitoring (ABPM) (Validated 

CardioXplore devices (CardioXplore, MediTech, Hungary). The ABPM was programmed to take 

24-hour blood pressure recordings every 30 minutes during the day (6 am to 10 pm) and every 

hour during the night (10 pm to 6 am). The ABPM was fitted to each participant at approximately 

the same time every day (late morning), using an appropriately sized cuff. For each participant, 24-

hour diastolic and systolic blood pressure profiles were used. A trained researcher performed and 

registered a standard 12 lead ECG (Norav Medical Ltd, PC 1200, v5.030, Israel), with the 

participant in the supine position. The ECG recorded measurements at 5 minute intervals for 20 

seconds for at least six cardiac cycles. The resting ECG was performed to identify participants with 

left and right bundle branch blocks (PC-ECG 1200, Norav Medical Ltd, Kiryat Bialik, Israel). 

A standard transthoracic echocardiography procedure was followed while each participant was in a 

partial left decubitus position with the head of the examining table moderately elevated. The 

General Electric Vivid E9 device (GE Vingmed Ultrasound A/S, Hearten, Norway) was used, along 

with the 2.5 to 3.5 MHz transducer and a three-lead ECG for timing purposes. Standardized 

methods were employed to obtain high-quality recordings according to the current 

recommendations as outlined in the guidelines of the European Association of Echocardiography 

and the American Society of Echocardiography.18,19 An experienced registered clinical technician 

obtained and analyzed the data.  

Variables of LV diastolic function include: E/A (peak early filling E-wave/late diastolic filling A-wave) 

ratio, E/é (mitral peak velocity of early filling/early diastolic mitral annular velocity) ratio, left atrium 

to aortic root ratio (LA/Ao) and end-diastolic volume of the left ventricle.20 Primary measurements 

of mitral inflow included the peak early filling (E-wave) and late diastolic filling (A-wave) velocities.20 
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A 1-mm to 3-mm sample volume was placed between the tips of the mitral valve leaflets with 

parallel alignment of inflow. We additionally performed tissue Doppler imaging to calculate the 

velocity of myocardial tissue movement in relation to mitral valve blood flow. The e’ (e-prime) and 

a’ (a-prime) were measured with continuous wave Doppler imaging, and we subsequently 

calculated the E/e’ ratio (peak E velocity to e-prime) which reflects filling pressures and the rate of 

myocardial relaxation.21,22 A pulsed-wave Doppler was performed in the apical 4-chamber view to 

obtain mitral inflow velocities for assessing LV filling.23 Pulsed wave Doppler imaging provide 

velocity profiles of mitral annulus movements that reflect the rate of myocardial relaxation.24 We 

used M-mode imaging for obtaining the left atrium to aortic root (LA/Ao) ratio. The aortic root (Ao) 

diameter was measured at the end of diastole, between the anterior edges of the anterior and 

posterior aortic walls. The LA diameter was measured at the end of systole, from the anterior edge 

of the posterior aortic wall to the endocardial surface of the posterior aortic wall.25 The left 

ventricular end-diastolic volume was measured using two-dimensional echocardiography-guide M-

mode approach and was measured from the apical four- and two chamber views.26 The LV end-

diastolic and end-systolic volumes were calculated using the z-derived method as described by de 

Simone and colleagues.27 

Anthropometric measurements included body height (m) and weight (kg) and were performed 

according to standard procedures as described by the International Society for the Advancement of 

Kinanthropometry.28 Body mass index (BMI) was calculated and body surface area (BSA) was 

additionally calculated by using the Mosteller equation.29 Participants were fitted with an ActiHeart 

physical activity monitor (CamNtech Ltd, England, UK), which measured and calculated activity 

energy expenditure. Activity energy expenditure was calculated using branched model equations 

and additionally divided by body weight and expressed as an index (kCal/kg/day). 

Fasting blood samples were collected by a registered nurse, and participants provided a spot urine 

sample as well as 24-hour urine collection. The blood and urine samples were immediately taken 

to the on-site temperature-controlled laboratory and aliquoted into cryovials for short- and long-

term storage in bio-freezers at –80°C. Total renin was measured using the Quantikine ELISA Kit 

(R&D system, Minneapolis, MN USA) and analyzed on Synergy H4 hybrid microplate reader 

(Biotek, Winooski, VT, USA). Prorenin was analyzed using the Human Prorenin ELISA Kit 

(Biovendor-Laboratorni medicina, Karasek, Czech Republic). The ratio of prorenin-to-renin was 

additionally calculated. Aldosterone was analyzed using the RIA Aldosterone Kit (Beckman 

Coulter, Immunotech, Radiova, Czech Republic). NT-proBNP was analyzed using the 

Electrochemiluminescence method on the E411 (Roche, Basel Switzerland). Total cholesterol and 

high-density lipoprotein (HDL) cholesterol were analyzed using the Cobas Integra 400Plus (Roche, 

Basel, Switzerland). The ratio of total cholesterol-to-HDL cholesterol was additionally calculated.  
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Glucose and C-reactive protein, were analyzed using the Cobas Integra 400plus (Roche, Basel 

Switzerland). Gamma-glutamyl-transferase was analyzed using the Cobas Integra 400plus (Roche, 

Basel Switzerland). Cotinine was analyzed according to the Chemiluminescence method on the 

Immulite (Siemens, Erlangen, Germany). Blood serum levels were used to determine Cystatin-C 

and creatinine concentrations, which were then used to calculate the estimated creatinine 

clearance and estimated glomerular filtration rate (eGFR). Chronic Kidney Disease Epidemiology 

(CKD-EPI) Formula (eGFR – CKD-EPI creatinine + Cystatin-C) was additionally used to calculate 

the estimated glomerular filtration rate. Intra- and inter-assay variability for all biochemical variables 

was <10.8%.  

All statistical analyses were performed with the IBM® SPSS® Statistics, Version 24 (IBM 

Corporation, Armonk, New York). All variables were tested for normality. Non-Gaussian variables 

were logarithmically transformed. Appropriate interaction tests were performed for ethnicity and 

sex on the association of LV diastolic function markers with RAAS and Nt-proBNP. Significant 

interactions existed for ethnicity between the E/A ratio with aldosterone (p=0.035) and prorenin 

(p=0.025). Therefore, we divided the groups according to ethnicity. Descriptive statistics in table 

format were obtained by performing T-tests of independent samples and presented as the 

arithmetic mean ± standard deviation (for normally distributed variables) or the geometric mean 

with 5th and 95th percentiles (for logarithmically transformed variables). Pearson and partial 

correlations were performed to explore the relationships of LV diastolic function markers with 

RAAS and Nt-proBNP. Multiple regression analyses were performed with LV diastolic function as 

the dependent variable and RAAS and Nt-proBNP as the main independent variables. 

Confounding variables considered for entry in the multiple regression analysis included age, body 

mass index, blood pressure, C-reactive protein, total cholesterol, glucose, gamma-glutamyl-

transferase, cotinine, 24-hour urinary sodium-potassium ratio, estimated glomerular filtration rate 

(eGFR) and activity energy expenditure. However, the following confounding variables used for 

entry in the multiple regression analysis included age, sex, BSA, systolic blood pressure (SBP), C-

reactive protein, total cholesterol-to-HDL cholesterol ratio, gamma-glutamyl-transferase, cotinine, 

eGFR and activity energy expenditure.  

 

Results 

The general characteristics of the study population are described in Table 1. Age, height, weight, 

body mass index and body surface area were all lower in the black group (all p<0.05) compared to 

the white group. Blood pressures were comparable between the black and white groups. The end-

diastolic volume was lower in the black group (p<0.001) compared to the white group. The E/A 

ratio and E/e’ ratio were higher in the black group (both p<0.05) compared to the white group, 

whereas heart rate and the LA/Ao ratio were similar in both groups. Total renin and eGFR 
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were higher in the black group (both p<0.05), whereas aldosterone, Nt-proBNP, total cholesterol-

to-HDL cholesterol ratio and glucose were lower in the black group (all p<0.05) compared to the 

white group. Gamma-glutamyl-transferase, cotinine and the activity energy expenditure were 

higher in the black group (all p<0.05) compared to the white group. 

The single regression analysis is shown in Supplementary Table 1. Briefly, the E/A ratio inversely 

correlated with aldosterone (r=–0.15; p=0.046) and prorenin (r=–0.21; p=0.006), whereas a 

positive correlation existed with the prorenin to total renin ratio (r=0.19; p=0.012) in the black group 

only. A positive correlation existed between the E/A ratio with Nt-proBNP (r=0.15; p=0.046) in the 

white group only. The LA/Ao ratio positively correlated with prorenin (r=0.22; p=0.004) and the 

prorenin-to-total renin ratio (r=0.20; p=0.009) in the white group only. A positive correlation existed 

between the end-diastolic volume with renin in the black (r=0.15; p=0.043) and the white (r=0.29; 

p<0.001) groups, as well as with Nt-proBNP (r=0.27; p<0.001) in the white group only. However, 

end-diastolic volume inversely correlated with aldosterone (r=–0.18; p=0.020) in the white group 

only. 

Partially adjusted correlations of LV diastolic function markers with RAAS and Nt-proBNP are 

shown in Table 2. After adjusting for age, sex, body surface area and eGFR the correlations of 

LA/Ao ratio with prorenin (r=0.21; p=0.005) and prorenin-to-total renin ratio (r=0.19; p=0.013) in the 

white group remained. No correlations were evident between markers of LV diastolic function and 

Nt-proBNP in either group. 

Table 3 presents the standard multiple regression analyses of LV diastolic function markers with 

RAAS and Nt-proBNP. We found positive associations of the E/A ratio with renin (Adj. R2=0.131; 

β=0.16; p=0.042) and the LA/Ao ratio with prorenin (Adj. R2=0.050; β=0.18; p=0.032) in the white 

group only, whereas the E/A ratio associated positively with prorenin (Adj. R2=0.201; β=0.15; 

p=0.049) in the black group only. No associations were evident between markers of LV diastolic 

function and Nt-proBNP in either group. In addition, certain covariates contributed to the 

associations observed in the black and white groups. The E/A ratio associated positively with 

cotinine (β=0.40; p<0.001) in the black group only. However, we found an inverse association of 

the E/A ratio with age (β=–0.17; p=0.027), body surface area (β=–0.30; p=0.019), total cholesterol-

to-HDL cholesterol ratio (β–0.28; p=0.004), and activity energy expenditure (β–0.16; p=0.050) in 

the white group only. 
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Table 1: Descriptive characteristics of the study population 

 Black  

(n=170) 

White  

(n=166) 
p-value 

Age (years) 24.3 ± 3.36 25.4 ± 2.85 0.002 

Height (cm) 163 ± 8.41 172 ± 8.76 <0.001 

Weight (kg) 65.8 ± 13.1 77.9 ± 20.5 <0.001 

Body mass index (kg/m2) 24.6 ± 5.34 26.0 ± 5.89 0.021 

Body surface area (m2) 1.72 ± 0.18 1.91 ± 0.27 <0.001 

Cardiovascular measurements 

Systolic blood pressure (mmHg) 116 ± 9.07 117 ± 9.62 0.20 

Diastolic blood pressure (mmHg) 69 ± 5.81 69 ± 6.00 0.84 

Pulse pressure (mmHg) 47 ± 6.73 48 ± 7.66 0.070 

Mean arterial pressure (mmHg) 88 ± 6.50 88 ± 6.67 0.53 

Heart rate (beats/min) 76 ± 11.0 74 ± 11.4 0.052 

LV end-diastolic volume (ml/m) 60.5 ± 12.3 68.2 ± 14.3 <0.001 

E/A ratio 2.30 ± 0.61 2.08 ± 0.51 0.001 

E/e’ ratio 6.70 ± 1.34 6.28 ± 1.21 0.003 

LA/Ao ratio 1.13 ± 0.14 1.12 ± 0.15 0.30 

Biochemical variables 

Total renin (pg/ml) 794 (326; 1667) 693 (308; 1339) 0.010 

Prorenin (pg/ml) 676 (23.6; 3239) 765 (34.4; 4413) 0.39 

Prorenin/renin ratio 9.52 (3.05; 16.0) 10.4 (3.39; 20.4) 0.074 

Aldosterone (pg/ml) 64.4 (19.0; 190) 102 (31.4; 536) <0.001 

Nt-proBNP (pg/ml) 28.3 (10.2; 102) 34.9 (11.3; 126) 0.006 

Total cholesterol/HDL ratio 3.01 (1.89; 5.42) 3.48 (2.18; 6.25) <0.001 

Glucose (mmol/L) 3.85 ± 0.85 4.73 ± 0.83 <0.001 

C-reactive protein (mg/L) 1.29 (0.13; 9.39) 1.02 (0.12; 11.8) 0.12 

Estimated GFR (ml/min/1.73m2) 118 ± 14.7 101 ± 13.4 <0.001 

Lifestyle factors 

Gamma-glutamyl-transferase (U/L) 25.5 (10.5; 86.6) 18.0 (7.43; 55.4) <0.001 

Cotinine (ng/ml) 4.83 (1; 319) 2.44 (1; 248) 0.004 

Activity energy expenditure (kCal/kg/day) 6.88 ± 2.79 5.95 ± 2.89 0.004 

Values are arithmetic mean ± standard deviation, geometric mean (5 th & 95th percentiles) or number (n) of participants. 

LV end-diastolic volume was corrected for body height. Activity energy expenditure was corrected for body weight. 

Abbreviations: E/A ratio, peak atrial early filling/late diastolic filling ratio; E/e’ ratio, mitral peak velocity during early 

filling/early diastolic mitral annular velocity ratio; LA/Ao ratio, left atrium diameter to aortic root ratio; Nt-proBNP, amino-

terminal prohormone B-type natriuretic peptide; Total cholesterol/HDL ratio, total cholesterol-to-high density lipoprotein 

cholesterol ratio; Estimated GFR, estimated glomerular filtration rate. 
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Table 2: Adjusted correlations of left ventricular diastolic function markers with the renin-angiotensin-aldosterone system and Nt-proBNP 

 

All models were adjusted for age, sex, body surface area (except end-diastolic volume), estimated glomerular filtration rate. LV end-diastolic volume was corrected for body height. 

Abbreviations: E/A ratio, peak early atrial filling/late diastolic filling ratio; E/e’ ratio, mitral peak velocity during early filling/early diastolic mitral annular velocity ratio; LA/Ao ratio, left atrium to 

aortic root ratio; LV EDV, LV end-diastolic volume; Nt-proBNP, amino-terminal prohormone B-type natriuretic peptide. 

 

 E/A ratio E/e’ ratio LA/Ao ratio LV EDV (ml/m) 

 Black 

(n=170) 

White 

(n=166) 

Black 

(n=170) 

White 

(n=166) 

Black 

(n=170) 

White 

(n=166) 

Black 

(n=170) 

White 

(n=166) 

Renin (pg/ml) r=0.033; p=0.67 r=0.13; p=0.084 r=–0.057; p=0.46 r=–0.15; p=0.053 r=–0.006; p=0.94 r=0.027; p=0.73 r=0.13; p=0.076 r=0.13; p=0.084 

Aldosterone (pg/ml) r=–0.13; p=0.094 r=–0.069; p=0.38 r=–0.011; p=0.88 r=0.12; p=0.12 r=0.039; p=0.62 r=–0.11; p=0.14 r=0.072; p=0.35 r=–0.12; p=0.10 

Prorenin (pg/ml) r=0.13; p=0.079 r=–0.044; p=0.57 r=–0.093; p=0.23 r=0.000; p=0.99 r=–0.098; p=0.21 r=0.21; p=0.005 r=0.062; p=0.42 r=–0.039; p=0.62 

Prorenin/renin ratio r=0.11; p=0.16 r=–0.090; p=0.25 r=–0.070; p=0.36 r=0.037; p=0.63 r=–0.086; p=0.27 r=0.19; p=0.013 r=0.009; p=0.91 r=–0.080; p=0.31 

Nt-proBNP (pg/ml) r=0.008; p=0.92 r=0.066; p=0.40 r=–0.004; p=0.96 r=0.043; p=0.58 r=0.010; p=0.17 r=0.018; p=0.82 r=0.081; p=0.30 r=0.043; p=0.58 
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Table 3: Standard multiple regression analysis of left ventricular diastolic function markers with the 

renin-angiotensin-aldosterone system and Nt-proBNP  

 Black 

(n=170) 

White 

(n=166) 

 E/A ratio 

 Adj. R2 Std. β (±95% CI) p-value Adj. R2 Std. β (±95% CI) p-value 

Renin (pg/ml) 0.182 0.060 (–0.091; 0.21) 0.42 0.131 0.16 (0.006; 0.32) 0.042 

Aldosterone (pg/ml) 0.188 –0.099 (–0.30; 0.065) 0.20 0.113 –0.084 (–0.20; 0.061) 0.28 

Prorenin (pg/ml) 0.201 0.15 (0.000; 0.32) 0.049 0.108 –0.042 (–0.18; 0.10) 0.60 

Prorenin/renin ratio 0.195 0.13 (–0.026; 0.30) 0.099 0.115 –0.093 (–0.22; 0.058) 0.24 

Nt-proBNP (pg/ml) 0.181 –0.049 (–0.23; 0.12) 0.56 0.110 0.070 (–0.10; 0.23) 0.46 

 E/e’ ratio 

Renin (pg/ml) –0.030 –0.060 (–0.22; 0.10) 0.48 0.024 –0.16 (–0.34; 0.006) 0.058 

Aldosterone (pg/ml) –0.034 –0.001 (–0.20; 0.20) 0.99 0.019 0.13 (–0.023; 0.27) 0.098 

Prorenin (pg/ml) –0.026 –0.093 (–0.26; 0.082) 0.29 0.001 –0.038 (–0.20; 0.12) 0.65 

Prorenin/renin ratio –0.030 –0.068 (–0.32; 0.14) 0.44 0.000 0.003 (–0.20; 0.21) 0.96 

Nt-proBNP (pg/ml) –0.033 0.024 (–0.17; 0.22) 0.80 0.007 0.10 (–0.090; 0.28) 0.30 

 LA/Ao ratio 

Renin (pg/ml) –0.020 0.015 (–0.014; 0.17) 0.85 0.021 0.036 (–0.015; 0.22) 0.68 

Aldosterone (pg/ml) –0.019 0.036 (–0.15; 0.23) 0.67 0.026 –0.082 (–0.23; 0.078) 0.32 

Prorenin (pg/ml) –0.012 –0.096 (–0.25; 0.075) 0.27 0.050 0.18 (0.016; 0.36) 0.032 

Prorenin/renin ratio –0.012 –0.093 (–0.26; 0.078) 0.29 0.042 0.15 (–0.008; 0.32) 0.062 

Nt-proBNP (pg/ml) –0.011 0.10 (–0.077; 0.29) 0.25 0.025 0.092 (–0.10; 0.29) 0.35 

 LV end-diastolic volume (ml/m) 

Renin (pg/ml) 0.098 0.15 (–0.006; 0.25) 0.061 0.330 0.12 (–0.014; 0.30) 0.073 

Aldosterone (pg/ml) 0.078 0.058 (–0.10; 0.22) 0.47 0.326 –0.10 (–0.23; 0.025) 0.11 

Prorenin (pg/ml) 0.077 0.044 (–0.10; 0.18) 0.60 0.317 –0.047 (–0.20; 0.99) 0.50 

Prorenin/renin ratio 0.075 –0.016 (–0.15; 0.13) 0.84 0.322 –0.086 (–0.23; 0.054) 0.21 

Nt-proBNP (pg/ml) 0.092 0.14 (–0.028; 0.28) 0.10 0.316 0.042 (–0.12; 0.21) 0.61 

All models were adjusted for age, sex, body surface area (except end-diastolic volume), systolic blood pressure, heart rate, gamma-

glutamyl-transferase, C-reactive protein, cotinine, total cholesterol to high density lipoprotein cholesterol ratio, estimated glomerular 

filtration rate and activity energy expenditure. LV end-diastolic volume was corrected for body height. Abbreviations: E/A ratio; (peak 

early atrial filling / late diastolic filling) ratio; E/e’ ratio; (mitral peak velocity during early filling/early diastolic mitral annular velocity) 

ratio; LA/Ao ratio, left atrium to aortic root ratio. 

 



54 

Supplementary Table 1: Unadjusted correlations of left ventricular diastolic function markers with the renin-angiotensin-aldosterone system and Nt-

proBNP  

LV end-diastolic volume was corrected for body height. Abbreviations: E/A ratio, peak early atrial filling/late diastolic filling ratio; E/e’ ratio, mitral peak velocity during early filling/early diastolic mitral 

annular velocity ratio; LA/Ao ratio, left atrium to aortic root ratio; LV EDV, LV end-diastolic volume; Nt-proBNP, amino-terminal prohormone B-type natriuretic peptide; Total cholesterol/HDL ratio, total 

cholesterol-to-high density lipoprotein cholesterol ratio; eGFR, estimated glomerular filtration rate; GGT, gamma-glutamyl-transferase. 

 

 E/A ratio E/e’ ratio LA/Ao ratio LV EDV (ml/m) 

 Black  

(n=170) 

White  

(n=166) 

Black  

(n=170) 

White  

(n=166) 

Black 

(n=170) 

White  

(n=166) 

Black  

(n=170) 

White  

(n=166) 

Age (years) r=–0.21; p=0.005 r=–0.14; p=0.057 r=0.077; p=0.31 r=0.080; p=0.30 r=0.060; p=0.43 r=0.12; p=0.10 r=0.14; p=0.058 r=0.039; p=0.61 

Height (cm) r=0.030; p=0.69 r=–0.14; p=0.062 r=–0.14; p=0.068 r=–0.094; p=0.23 r=–0.076; p=0.32 r=–0.16; p=0.032 r=0.25; p=0.001 r=0.35; p<0.001 

Weight (kg) r=–0.16; p=0.036 r=–0.30; p<0.001 r=0.12; p=0.12 r=0.15; p=0.052 r=0.078; p=0.31 r=–0.009; p=0.90 r=0.24; p=0.001 r=0.58; p<0.001 

Body mass index (kg/m2) r=–0.15; p=0.041 r=–0.27; p<0.001 r=0.18; p=0.017 r=0.22; p=0.004 r=0.11; p=0.12 r=0.079; p=0.31 r=0.11; p=0.13 r=0.51; p<0.001 

Body surface area (m2) r=–0.15; p=0.050 r=–0.30; p<0.001 r=0.078; p=0.31 r=0.10; p=0.17 r=0.059; p=0.44 r=–0.039; p=0.62 r=0.29; p<0.001 r=0.59; p<0.001 

SBP (mmHg) r=–0.004; p=0.96 r=–0.17; p=0.022 r=0.10; p=0.17 r=0.14; p=0.072 r=0.049; p=0.52 r=–0.011; p=0.88 r=0.24; p=0.001 r=0.46; p<0.001 

DBP (mmHg) r=–0.13; p=0.077 r=–0.26; p<0.001 r=0.064; p=0.41 r=0.095; p=0.22 r=0.071; p=0.35 r=–0.12; p=0.12 r=0.14; p=0.065 r=0.068; p=0.38 

Heart rate (beats/min) r=–0.25; p=0.001 r=–0.21; p=0.006 r=0.019; p=0.80 r=0.008; p=0.91 r=–0.009; p=0.91 r=–0.19; p=0.011 r=–0.30; p<0.001 r=–0.22; p=0.003 

Renin (pg/ml) r=0.046; p=0.55 r=0.023; p=0.77 r=–0.060; p=0.43 r=–0.12; p=0.098 r=–0.019; p=0.80 r=0.023; p=0.76 r=0.15; p=0.043 r=0.29; p<0.001 

Aldosterone (pg/ml) r=–0.15; p=0.046 r=0.000; p=0.99 r=0.025; p=0.75 r=0.091; p=0.24 r=0.059; p=0.44 r=–0.12; p=0.11 r=0.033; p=0.67 r=–0.18; p=0.020 

Prorenin (pg/ml) r=–0.21; p=0.006 r=–0.092; p=0.24 r=–0.11; p=0.12 r=0.006; p=0.93 r=–0.12; p=0.094 r=0.22; p=0.004 r=0.055; p=0.47 r=0.066; p=0.40 

Prorenin/renin ratio r=0.19; p=0.012 r=–0.10; p=0.18 r=–0.094; p=0.22 r=0.040; p=0.60 r=–0.11; p=0.14 r=0.20; p=0.009 r=–0.003; p=0.97 r=–0.037; p=0.63 

Nt-proBNP (pg/ml) r=–0.074; p=0.34 r=0.15; p=0.046 r=0.028; p=0.71 r=0.055; p=0.48 r=0.14; p=0.055 r=0.041; p=0.60 r=–0.022; p=0.77 r=–0.27; p<0.001 

Total cholesterol/HDL ratio r=–0.14 p=0.055 r=–0.29; p<0.001 r=0.093; p=0.22 r=0.015; p=0.85 r=0.048; p=0.53 r=–0.12; p=0.099 r=–0.062; p=0.42 r=0.38; p<0.001 

Glucose (mmol/L) r=–0.14; p=0.070 r=–0.15; p=0.055 r=0.12; p=0.10 r=–0.031; p=0.69 r=0.024; p=0.75 r=–0.059; p=0.45 r=0.058; p=0.45 r=0.17; p=0.023 

C-reactive protein (mg/L) r=–0.043; p=0.57 r=–0.094; p=0.22 r=0.009; p=0.90 r=0.052; p=0.50 r=0.059; p=0.44 r=–0.13; p=0.086 r=–0.078; p=0.31 r=0.065; p=0.40 

eGFR (ml/min/1.73m2) r=0.036; p=0.64 r=–0.004; p=0.96 r=–0.008; p=0.91 r=0.041; p=0.60 r=–0.012; p=0.87 r=0.14; p=0.063 r=–0.070; p=0.36 r=0.15; p=0.046 

GGT (U/L) r=–0.039; p=0.61 r=–0.11; p=0.14 r=0.081; p=0.29 r=0.036; p=0.64 r=–0.064; p=0.40 r=–0.071; p=0.36 r=0.10; p=0.16 r=0.32; p<0.001 

Cotinine(ng/ml) r=0.39; p<0.001 r=–0.097; p=0.21 r=0.029; p=0.71 r=–0.048; p=0.53 r=0.040; p=0.60 r=–0.025; p=0.74 r=0.073; p=0.34 r=0.18; p=0.020 

Self-reported smoking r=0.35; p<0.001 r=–0.060; p=0.44 r=–0.066; p=0.93 r=0.062; p=0.43 r=0.029; p=0.70 r=–0.080; p=0.30 r=0.10; p=0.18 r=0.11; p=0.12 

Self-reported alcohol use r=0.23; p=0.003 r=–0.033; p=0.67 r=0.016; p=0.83 r=–0.032; p=0.67 r=0.007; p=0.93 r=–0.061; p=0.43 r=0.020; p=0.80 r=0.13; p=0.096 
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Discussion 

This study aimed to compare the cardiovascular characteristics along with the RAAS and Nt-

proBNP levels, and explored the associations of LV diastolic function with the RAAS and Nt-

proBNP in young, apparently healthy black and white South Africans. We found positive 

associations of the E/A ratio with prorenin and renin in the black and white groups. Additionally, 

there was a positive association between the LA/Ao ratio and prorenin in the white group only.  

The positive association of the E/A ratio with prorenin and renin in the black and white groups, 

along with a positive association between the LA/Ao ratio with prorenin in the white group, may 

indicate that an increase in prorenin and renin levels may be involved in the early development of 

volume overload. An increase in prorenin and renin levels in the glomeruli is associated with renal 

tissue RAAS activation and potential vascular damage.11 Prolonged RAAS activation, due to 

increased renin levels, may promote volume overload and vasoconstriction, followed by an 

increase in diastolic filling pressure.1 Furthermore, it was suggested that the RAAS may contribute 

to myocardial and vascular inflammation, thus leading to myocardial fibrosis and the development 

of diastolic dysfunction.1 Therefore, our association of LV diastolic function markers with 

components of the RAAS may indicate potential future and early onset diastolic dysfunction in 

these groups.  

However, our study population is young and healthy, therefore our findings may suggest that an 

increase in prorenin in both groups and renin in the white group may lead to higher E/A and LA/Ao 

ratios, via the activation of the downstream components of the RAAS including angiotensin II and 

aldosterone. Angiotensin II is associated with endothelial dysfunction,30 while aldosterone is 

associated with vascular inflammation.31 Additionally, prorenin can also contribute to fibrosis and 

inflammation independent of angiotensin II, by stimulating the prorenin receptor.32 Thus, an 

increase in prorenin and renin may contribute to a higher E/A ratio due to an increase in filling 

pressures, as well as a higher LA/Ao ratio which may indicate left atrial enlargement and an 

increase in left atrial pressure, thus suggesting potential diastolic dysfunction.33,34 A higher E/A 

ratio relates to diastolic dysfunction in elderly and diseased individuals, as it indicates restrictive 

filling patterns.35,36 However, in young, healthy adults, a higher E/A ratio is indicative of normal 

diastolic filling. Young, healthy adults tend to have a decrease in LV minimal diastolic pressure due 

to rapid LV relaxation, thus causing a higher E/A ratio.37 Our findings may indicate that the young 

black and white participants have normal diastolic filling patterns, however potential changes in the 

RAAS may contribute to premature elevations of the E/A and LA/Ao ratios. The premature 

elevations in the E/A and LA/Ao ratio may suggest that both groups are prone to develop early 

cardiovascular alterations, such as hypertrophy, impaired myocardial relaxation and left atrial 

volume loading, which may lead to diastolic dysfunction in later life.  
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In addition, certain covariates contributed to the associations observed in the black and white 

groups. For instance, cotinine, a reliable metabolite of nicotine which defines smoking status,38 

may positively contribute to the link between the E/A ratio with prorenin in the black group. 

Although not excessively high, the cotinine values in the black group were higher compared to the 

white group. This may suggest that smoking, as a lifestyle risk factor, could be mediating the 

relationship observed between the E/A ratio and prorenin in the black group of this study.39 

However, age, body surface area, total cholesterol-to-HDL cholesterol ratio and activity energy 

expenditure may contribute to the link between the E/A ratio with renin in the white group. Body 

mass index is used as the current classification system for obesity,40 which is known to associate 

with chronic conditions such as hypertension, high blood cholesterol levels and decreased HDL-

cholesterol levels in both men and women from different ethnic groups.41,42 HDL-cholesterol is also 

a strong predictor for coronary heart disease and atherosclerosis in both men and women,43 thus 

the total cholesterol-to-HDL cholesterol ratio is commonly used as a reliable indicator to predict 

cardiovascular diseases.43 Regular physical activity (measured by activity energy expenditure) has 

plenty of beneficial effects, such as prevention and treatment of atherosclerotic risk factors, which 

include hypertension, low HDL-concentrations and obesity.44 This may suggest that ageing and 

lifestyle factors, such as obesity, could mediate the relationship between the E/A ratio and renin in 

the white population of this study.  

We acknowledge several strengths and limitations in this study. To the best of our knowledge this 

is the first study conducted to show the association between LV diastolic function markers with the 

RAAS and Nt-proBNP in young black and white South Africans (aged between 20-30 years) 

without overt cardiovascular disease. All the measurements were performed in a controlled 

environment and we used a sizeable study group to ensure accurate results. In our study, the data 

for tri-plane three-dimensional left atrial volume was not obtained, which could better discriminate 

left atrial dilation or overload. Furthermore, we did not evaluate the influence of angiotensin II or 

other related RAAS enzymes, such as chymase enzyme or angiotensin-converting enzyme, on LV 

diastolic function markers. Therefore, we can only speculate on a potential mechanism for our 

results. Further studies are encouraged to incorporate these additional measures to confirm our 

results. 

In conclusion, we found that diastolic function markers associated adversely with components of 

the RAAS, in both black and white groups. Our findings may indicate that a higher E/A ratio in both 

the black and white groups as well as a higher LA/Ao ratio in the white group, may be attributed to 

potential changes in the RAAS. This may suggest that both groups are prone to premature RAAS 

modifications, probably due to lifestyle risk factors, which may lead to future diastolic dysfunction. 
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 Summary of main findings and final 
conclusions 
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4.1 Introduction 

In this conclusive chapter, a summary of the main findings from the research article as well as final 

conclusions are stated. The results from the research article are also explained and compared to 

relevant literature. This is followed by recommendations for future research regarding the links of 

left ventricular (LV) diastolic function with the renin-angiotensin-aldosterone system (RAAS) and 

amino-terminal prohormone B-type natriuretic peptide (Nt-proBNP). 

 

4.2 Summary of main findings 

In this sub-study, we aimed to compare the cardiovascular characteristics (especially related to LV 

diastolic function) along with the RAAS and Nt-proBNP levels, as well as explore the associations 

of LV diastolic function with the RAAS and Nt-proBNP in young apparently healthy black and white 

South Africans. 

We hypothesized that, in a study population of young black and white men and women (aged 

between 20–30 years old): 

 

i. (a) Black individuals have higher E/A, E/e’ and LA/Ao ratios, but a lower LV end-diastolic 

volume compared to their white counterparts. 

Our study showed that the E/A and E/e’ ratios were higher in the black group, whereas the end-

diastolic volume was lower in the black group compared to their white counterparts. However, the 

LA/Ao ratio were comparable between both the black and white groups. Therefore, the first 

hypothesis is partially accepted. 

 

(b) Black individuals have lower total renin and aldosterone levels, but higher prorenin levels 

compared to their white counterparts. 

The second hypothesis is partially accepted. Black individuals had lower aldosterone and higher 

prorenin levels compared to their white counterparts. However, black individuals had higher renin 

levels compared to the white group. 

 

(c) Black individuals have higher NT-proBNP levels compared to their white counterparts. 

Black individuals had lower Nt-proBNP levels in our comparative study than their white 

counterparts, therefore we reject the third hypothesis.  
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ii. (a) LV diastolic function makers (E/A ratio) negatively associates with renin, prorenin, and 

aldosterone. 

We found positive associations of the E/A ratio in the black and white groups, respectively, along 

with a positive association between the LA/Ao ratio and prorenin in the white group only. 

Therefore, the first hypothesis is rejected. 

 

(b) LV end-diastolic volume will positively associate with Nt-proBNP, a reliable marker of 

cardiac overload, whereas the E/A and LA/Ao ratios shows no association with Nt-proBNP, 

since these ratios reflect LV filling pressure and left atrial dilation.  

We reject this part of our second hypothesis, as there were no associations evident between LV 

diastolic function markers with aldosterone in either group. Furthermore, no associations were 

evident between the LV end-diastolic volume, E/A ratio or LA/Ao ratio with Nt-proBNP in either 

group.  

 

4.3 Comparison to relevant literature 

When comparing the results of this study population with results from other study population 

groups, it is evident that certain findings are confirmed while others contradict previous 

observations. The Anglo-Scandinavian Cardiac Outcomes Trial (ASCOT) sub-study and two other 

studies that included black African Caribbeans and white Europeans, found that the African 

Caribbeans had a lower E/A ratio and a higher E/e’ ratio compared to the white Europeans.1-3 

However, the ASCOT sub-study was performed on either untreated or treated hypertensive men 

(aged 55 years) with at least 3 cardiovascular risk factors. According to Opie and Seedat,4 the 

black population have a higher prevalence of low renin levels compared to the white population. 

The difference in renin levels may be attributed to the environmental origin of the participants.5 A 

study done by Rayner et al., found that black individuals had low renin and aldosterone levels 

compared to their white counterparts. This may also suggest a salt-retaining tendency in black 

individuals.6 The South African study regarding the role of Sex, Age and Ethnicity on Insulin 

sensitivity and Cardiovascular function (SAfrEIC) sub-study found that black South African men 

exhibit higher Nt-proBNP levels compared to the white group.7 However, this sub-study involved 

hypertensive men (aged between 39-41 years). Our study population consisted of young, 

apparently healthy black and white South Africans, without overt cardiovascular disease, which 

may explain the different results we obtained, when compared to results of other studies. 
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Our study showed a positive association of the E/A ratio with prorenin in the black group, as well 

as with renin in the white group only. Additionally, the LA/Ao ratio associated positively with 

prorenin in the white group only. However, there is little or no information available about these 

specific LV diastolic function markers and RAAS, thus a comparison to relevant literature cannot 

be made. A study done by Yamamoto et al., showed that the RAAS and endothelin system 

contributes to the development of excessive hypertrophy and ventricular fibrosis in rats with 

established hypertensive heart disease, thus promoting diastolic heart failure.8 Furthermore, 

activation of the RAAS also contributes to LV structural alterations and impaired LV relaxation, 

which is linked to LV diastolic dysfunction, independently of the endothelin system.8 In addition, 

findings from a study done on individuals (aged 65 years) with diastolic heart failure suggested 

that renin-angiotensin inhibition may be beneficial.9 This study’s findings showed that renin-

angiotensin inhibition, with angiotensin converting enzyme inhibitors or angiotensin receptor 

blockers, associated with a significant reduction in all-cause mortality in older individuals with 

cardiac failure and chronic kidney disease.9 Therefore, we can only speculate that a link exists 

between the RAAS and LV diastolic function markers. 

 

4.4 Discussion of main findings 

Our results indicated adverse associations of diastolic function markers with components of the 

RAAS (prorenin and renin), in both black and white young individuals. Our findings may suggest 

that the young black and white participants have normal diastolic filling patterns,10 however 

potential changes in the RAAS may contribute to premature elevations of the E/A and LA/Ao ratios. 

The premature elevations in the E/A and LA/Ao ratio may suggest that both groups are prone to 

develop early cardiovascular alterations, such as hypertrophy, impaired myocardial relaxation and 

left atrial volume loading, which may lead to diastolic dysfunction in later life. The positive 

association of the E/A ratio with prorenin and renin in the black and white groups, respectively, 

along with a positive association between the LA/Ao ratio with prorenin in the white group, may 

indicate that an increase in prorenin and renin levels may be involved in the early development of 

volume overload. Although our study population is young and healthy, our findings may suggest 

that an increase in prorenin in both groups and renin in the white group may lead to higher E/A and 

LA/Ao ratios, via the activation of the downstream components of the RAAS including angiotensin 

II and aldosterone. However, we did not find any associations with aldosterone in either group. 

Thus, an increase in prorenin and renin may contribute to a higher E/A ratio as a result of 

increased LV filling pressures.11,12 The higher LA/Ao ratio may also be attributed to the increase in 

prorenin, which may indicate left atrial enlargement and an increase in left atrial pressure, thus 

suggesting potential diastolic dysfunction.11,12  
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In addition, certain covariates contributed to the associations observed in the black and white 

groups. For instance, cotinine, a reliable metabolite of nicotine which defines smoking status,13 

may positively contribute to the link between the E/A ratio with prorenin in the black group only. 

Although not excessively high, the cotinine values in the black group were higher compared to the 

white group. Our findings may suggest that smoking, as a lifestyle risk factor, could be mediating 

the relationship observed between the E/A ratio and prorenin in the black participants.14 However, 

age, body surface area, total cholesterol-to-high density lipoprotein (HDL) cholesterol ratio and 

activity energy expenditure may contribute to the link between the E/A ratio with renin in the white 

group only. Body mass index, total cholesterol-to-HDL cholesterol and activity energy expenditure 

are lifestyle factors that are frequently used as reliable indicators to identify obesity, which is known 

to associate with chronic conditions such as hypertension, high blood cholesterol levels and low 

HDL-cholesterol levels.15-18 Thus, our findings may suggest that ageing and lifestyle factors, such 

as obesity, could mediate the relationship between the E/A ratio and renin in the white population 

of this study.  

However, the lack of associations of LV diastolic function markers with Nt-proBNP may indicate 

that there may be other factors contributing to LV diastolic dysfunction and volume overload that 

we did not take into consideration. Although these findings may not be representative of the whole 

South African population, it contributes to the knowledge of the development of cardiovascular 

diseases in South Africa. Therefore, further studies are encouraged to investigate other potential 

and significant contributing factors.  

 

4.5 Limitations, chance and confounders 

It is essential to reflect on some of the factors that might have affected the results of this sub-study. 

With regards to methodology, there were various factors that could have influenced the outcome of 

this sub-study. All participants were recruited from Potchefstroom and the surrounding area in the 

North-West Province, which included both urban and rural individuals. Therefore, the results of the 

present sub-study cannot be representative of the general South African population, however 

these groups can reveal the general health of a specific geographical area in South Africa.  

After performing appropriate interaction tests, it was found that ethnicity interacted significantly with 

the RAAS (aldosterone and prorenin). Therefore, our study population was divided into black and 

white groups. The number of participants in each group differed, with the black group being slightly 

larger than the white group. The presence of left atrial dilation, as a result of LV diastolic 

dysfunction, could not be assessed since the data for triplane three-dimensional left atrial volume 

was not available. The possibility of chance, regarding our results, should also be taken into 

consideration, especially since we tested multiple hypothesis.  
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Aside from performing a standard multiple regression analysis, there may be a possibility that 

certain associations reported may be due to chance. We adjusted for certain covariates such as 

age, sex, body surface area (except end-diastolic volume), systolic blood pressure, heart rate, 

gamma-glutamyl-transferase, C-reactive protein, cotinine, total cholesterol to high density 

lipoprotein cholesterol ratio, estimated glomerular filtration rate and activity energy expenditure. 

Consequently, these adjustments may have caused an over- or underestimation, of the 

associations observed by markers of LV diastolic function with the RAAS and Nt-proBNP. 

However, the associations were persistent and the results remained after rigorous multiple 

adjustments. 

 

4.6 Recommendations 

 Comparatively larger study populations are needed to explore the link of LV diastolic 

function markers with the RAAS and Nt-proBNP in a young study population.  

 The data for tri-plane three-dimensional left atrial volume could possibly better discriminate 

between left atrial enlargement or volume overload. Tri-plane tissue Doppler imaging allows 

simultaneous acquisition of tissue Doppler imaging from all LV segments, and can 

additionally calculate three-dimensional volumes along with LV ejection fraction.19 This 

method is also used to evaluate several cardiac valve complications.20 

 Furthermore, the influence of angiotensin II (Ang II) and other related RAAS enzymes, such 

as chymase enzyme and angiotensin-converting enzyme (ACE), on LV diastolic function 

should be evaluated. Ang II, produced by chymase and ACE, plays an essential role in 

blood pressure regulation and salt and water regulation via the RAAS cascade. However, 

elevated levels of Ang II may lead to alterations in the structure and function of blood 

vessels,21 and may therefore contribute to the development of hypertension.21,22 

 Further studies on young apparently healthy individuals are encouraged to incorporate 

these additional measures to confirm our results. 
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4.7 Conclusion 

In conclusion, our study indicates that in young apparently healthy individuals (aged 20 to 30 

years), LV diastolic function markers (such as the E/A and LA/Ao ratios) associated with the RAAS 

(total renin and prorenin). The different results between the black and white groups may be 

attributed to the resultant effect of certain lifestyle behaviors, such as smoking, obesity and 

physical inactivity. These results are particularly relevant in South Africa as a developing country 

with a significant increase in non-communicable diseases, especially cardiovascular disease. The 

present sub-study provides relevant knowledge on potential premature adverse changes of the 

RAAS, due to certain lifestyle factors, and the resultant effects on LV diastolic function.  
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