
IS 24-HOUR AUGMENTATION INDEX A BETTER INDICATOR OF ARTERIAL 

STIFFNESS COMPARED TO CLINIC AUGMENTATION INDEX? 

 

 

 

Wantonda Papinah Mukhovha 

(1834012) 

 

 

A dissertation submitted to the Faculty of Health Sciences, University of the Witwatersrand, 

in fulfilment of the requirements for the Degree of Master of Science in Medicine. 

 

 

 

Johannesburg, 2024 



i 

Declaration 

I, Wantonda Papinah Mukhovha, declare that this dissertation is my own, unaided work. It is 

being submitted for the degree Master of Science in Medicine at the University of the 

Witwatersrand, Johannesburg. It has not been previously submitted for any degree to the 

current or any other institution. 

I certify that the assessments contained in this dissertation have the approval of the Committee 

for Research in Human Subjects (Medical) of the University of the Witwatersrand, 

Johannesburg. The ethics approval number is M220737. 

Wantonda Papinah Mukhovha 

Signed on the:  

I certify that the above statement is correct: 

________________ __________________ 

Prof. Muzi Maseko  Prof. Nqoba Tsabedze 

(Supervisor)   (Co-supervisor) 

Date:   Date:  

________________ 

Edgar Phukubje 

(Co-supervisor) 

Date: 19 July 202424 July 2024

24 July 2024

24 July 2024



 
ii 

 

Dedication 

This dissertation is dedicated to my mother Makumbelo Magugumela, my siblings, my uncle, 

and my partner Miranda Magagula. Thank you for your unending support. 

  



 
iii 

 

Abstract 

Arterial Stiffness is a major independent risk factor that is strongly associated with an increased 

risk of developing cardiovascular diseases (CVDs), making it an important marker in the 

assessment of CVD risk. Therefore, in an effort to reduce the rising incidence of cardiovascular 

diseases in South Africa, it is crucial to determine the best indicator for arterial stiffness. 

Currently two indices are used to measure arterial stiffness, pulse wave velocity (PWV) and 

augmentation index (AI). Since arterial stiffness measurement techniques were developed 

much later than blood pressure (BP) measurement techniques, important lessons can be learned 

from BP measurement. Studies have indicated that 24-hour BP measurement is a much better 

tool of measurement compared to a once off conventional BP measurement. This creates a 

possibility that 24-hour arterial stiffness assessment is a better tool for measuring arterial 

stiffness compared to a once off clinic arterial stiffness measurement. Therefore, in this study 

we compared 24-hour AI to in-clinic AI and also assessed gender differences. Previous studies 

conducted on 24-hour AI were focused on establishing normal 24-hour AI reference values. 

To date, no studies have been conducted to compare 24-hour AI to in-clinic AI. Moreover, 

gender differences in the 24-hour arterial stiffness profile have never been studied. We 

recruited 125 individuals of black African descent and took anthropometric measurements. We 

measured both conventional BP and 24-hour BP. Pulse wave analysis was performed to obtain 

both in-clinic and 24-hour AI. In the total population, 24-hour augmentation index (AI24) was 

significantly higher than in-clinic augmentation index (AIC) (p<0.0001). When participants 

were stratified according to gender, AI24 was significantly higher than AIC in both men 

(p<0.0001) and women (p<0.0001). Night-time augmentation index (AIN) in the total 

population was significantly higher than daytime augmentation index (AID) (p=0.0143). When 

participants were stratified according to gender, our results show that AIN was only 

significantly higher in women (p=0.0291) and not in men. Our results show that AIC may 

grossly be underestimating the prevalence of arterial stiffness and its adverse effects on 

cardiovascular target organs. Secondly, our results also show that there are gender differences 

in arterial stiffness fluctuations over the 24-hour period. In men, daytime arterial stiffness does 

not differ from night-time arterial stiffness. However, in women arteries become stiffer during 

the night-time compared to the daytime. These findings indicate that special attention must be 

given to night-time arterial stiffness because it may be more closely related to target organ 

damage than daytime arterial stiffness.  
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Preface 

Arterial stiffness is characterised by the arteries losing their elastic ability because of thickened 

and stiffened blood vessel walls. The development of arterial stiffness is associated with 

various risk factors such as age, hypertension, smoking, alcohol consumption, ethnicity, 

gender, dyslipidaemia, and obesity. Arterial stiffness is associated with target organ damage 

by decreasing blood flow to the organs which makes it an important marker for the assessment 

of cardiovascular disease risk. Therefore, the measurement of arterial stiffness is of paramount 

importance because it can help prevent adverse cardiovascular outcomes. Arterial stiffness is 

determined using pulse wave velocity and augmentation index.  

Pulse wave velocity is the velocity at which pressure waves propagate down the arterial tree 

during systole. It is currently regarded as the gold standard method of measuring arterial 

stiffness, however, it faces a limitation of being recorded as a once off clinical measurement. 

According to existing evidence, once off measurements have been found to be less accurate 

than 24-hour measurements which poses the question of: “how accurate are once off clinical 

measurements of arterial stiffness?”.  

The answer to the abovementioned question can currently be obtained by measuring 

augmentation index, which is another important parameter used to assess arterial stiffness, 

because the current existing methods of measuring augmentation index can assess arterial 

stiffness both as a once off measurement and over a 24-hour period. Studies on 24-hour 

augmentation index have been conducted, however, these studies were focused on establishing 

normal reference values for 24-hour augmentation index and not focused on determining the 

difference between a once off measurement of arterial stiffness and a 24-hour measurement of 

arterial stiffness. Therefore, this study aims to cover the gaps that were not covered by the 

existing literature. 
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CHAPTER 1 
(Introduction) 
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1.1 Cardiovascular Diseases 

Cardiovascular diseases (CVDs) continue to be the world’s leading cause of mortality 

worldwide (World Health Organization (WHO), 2021). They are responsible for the deaths of 

approximately 17.9 million people each year, globally and in South Africa, they are responsible 

for approximately 17.3% of all deaths that occur (Heart and Stroke Foundation South Africa, 

2017). These diseases are a group of illnesses that affect the heart and blood vessels that supply 

vital organs such as the brain, heart, kidneys, and eyes (Gaziano et al., 2006). They include 

coronary heart disease, cerebrovascular disease, congenital heart disease, rheumatic heart 

disease, peripheral arterial disease, deep vein thrombosis and pulmonary embolism (World 

Health Organization (WHO), 2021). Arterial Stiffness is one major independent risk factor that 

has been found to be strongly associated with increased risk of developing CVDs (Bonarjee, 

2018).  

1.2 Arterial Stiffness 

Arterial stiffness is characterized by the arteries losing their elastic ability as a result of 

thickened and stiffened blood vessel walls that occur as a result of increased proliferation of 

vascular smooth muscle cells (VSMCs) within the arterial walls (Zieman et al., 2005). This is 

due to an upregulation in the activity of matrix metalloproteinases (MMPs) that are responsible 

for the degradation of elastin within the blood vessel wall. Vascular smooth muscle cells 

migrate from the arteries tunica media into the arteries tunica intima where they differentiate 

into fibroblasts which in turn increases the secretion of collagen (Bonarjee, 2018; Kocemba et 

al., 1998; Zieman et al., 2005). These structural changes in the blood vessel walls observed in 

arterial stiffness will also result in the arteries losing their ability to adequately transport blood 

to organs causing target organ damage (Tan & Thakur, 2021). 

According to existing evidence, various risk factors such as age, hypertension, smoking, 

alcohol consumption, ethnicity, gender, dyslipidaemia, and obesity can be associated with the 

development of arterial stiffness (Kim et al., 2014; Lin et al., 2015; Sun, 2015). These risk 

factors are then classified under two main categories, namely non-modifiable and modifiable 

risk factors (Dahlöf, 2010). Non-modifiable risk factors are risk factors that cannot be changed 

such as age, ethnicity, gender, and genetics (Brown et al., 2020). Whereas modifiable risk 

factors are risk factors than can be changed by intervention, for example hypertension, 
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smoking, alcohol consumption, unhealthy diet, physical inactivity, and obesity (Brown et al., 

2020).  

1.2.1 The impact of non-modifiable risk factors on arterial stiffness.  

1.2.1.1 Age. 

Studies have shown that arterial stiffness increases with age in both men and women. 

According to these existing studies, aging is associated with the development of arterial 

stiffness by increasing the degradation of elastin while promoting the accumulation of stiffer 

collagen, resulting in a decreased elastin to collagen ratio (Kohn et al., 2015; Sun, 2015; Wen 

et al., 2015). One of the mechanisms in which an increase in age increases the degradation of 

elastin and the accumulation of stiffer collagen is by increasing the activity of MMPs, which 

is thought to contribute to arterial stiffness by inducing the degradation of elastin fibres while 

causing fibrosis through increased collagen deposition (Kohn et al., 2015). This ultimately 

results in endothelial inflammation which promotes the proliferation of VSMCs (Peeters et al., 

2017; Wang et al., 2015). 

1.2.1.2 Gender. 

Sex hormones such as testosterone and oestrogen also play a role in age related changes in 

arterial compliance (DuPont et al., 2019; Nethononda et al., 2015). Of these sex hormones, 

oestrogen, a hormone predominantly found in postpubescent females and premenopausal 

females, is the one that has been found to significantly decrease arterial stiffness. It also has 

more cardioprotective properties compared to testosterone, a hormone predominantly found in 

postpubescent males (DuPont et al., 2019; Karas et al., 1994). Studies that have assessed the 

arterial stiffness lowering effects of oestrogen by comparing arterial stiffness between 

prepubescent and postpubescent males and females, found that arterial stiffness was higher in 

prepubescent females compared to prepubescent males, but after puberty, males had stiffer 

arteries compared to females (DuPont et al., 2019; Nethononda et al., 2015). This reaffirms the 

arterial stiffness lowering effects of oestrogen (DuPont et al., 2019; Nethononda et al., 2015). 

Oestrogen decreases arterial stiffness by activating nitric oxide synthase found in endothelial 

cells, which will increase the production of NO (Nevzati et al., 2015; White, 2002). The NO 

produced will induce vasodilation and maintain the elasticity of the arteries, thus decreasing 

the risk of developing arterial stiffness (White, 2002). On the other hand, testosterone has been 

found to be associated with arterial stiffness, however, the mechanism in which testosterone 
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contributes to the development of arterial stiffness is not well understood (Kelly & Jones, 

2013). 

1.2.1.3 Ethnicity. 

In addition to age and gender, studies have shown that ethnicity also contributes to the 

development of arterial stiffness (Cruz et al., 2020; Schutte et al., 2020). According to these 

studies, people of black African descent have a higher risk of developing arterial stiffness 

compared to any other ethnic group (Cruz et al., 2020; Schutte et al., 2020). The reason behind 

people of black African descent being at a higher risk of developing arterial stiffness is because 

their genetic makeup consists of a lysine specific demethylase 1 (LSD1) single nucleotide 

polymorphism, which makes them sensitive to salt compared to any other ethnic group 

(Parksook et al., 2022; Sowers et al., 1988). Salt-sensitivity in people of black African descent 

results in increased sodium reabsorption and decreased sodium excretion in the kidneys, which 

results in increased plasma sodium concentrations (Grillo et al., 2019). Increased plasma 

sodium concentrations lead to the stiffening of arteries by increasing the production of reactive 

oxygen species (ROS) such as superoxide and inhibiting angiotensin-2 (Ang-II). Ang-II is 

crucial for the activation and expression of superoxide dismutase (SOD), an enzyme that breaks 

down superoxide. As a result, the reduction in Ang-II and the rise in ROS levels cause oxidative 

stress in endothelial cells which results in endothelial dysfunction (Younus, 2018). Endothelial 

dysfunction will stimulate the proliferation of VSMCs which results in vascular hypertrophy 

(Edwards & Farquhar, 2015; Zieman et al., 2005). In addition to the role salt-sensitivity plays 

in the development of arterial stiffness independent of BP, it has also been found that salt-

sensitivity is the most common cause of hypertension in a population of black African descent 

(Grillo et al., 2019). Since salt-sensitivity is associated with increased urinary sodium 

reabsorption, the increased urinary sodium absorption will lead to an increase in plasma sodium 

concentrations (Balafa & Kalaitzidis, 2021; Elijovich et al., 2016). The increased plasma 

sodium concentrations will result in the activation of osmoreceptors located in the 

hypothalamus (Cuzzo et al., 2024). These activated osmoreceptors will result in the secretion 

of antidiuretic hormone (ADH), which will promote fluid retention in the kidneys causing an 

increase in BP (Cuzzo et al., 2024).   
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1.2.2 The impact of modifiable risk factors on arterial stiffness. 

1.2.2.1 Hypertension. 

Hypertension is one of the modifiable risk factors that have been found to be strongly 

associated with the development of arterial stiffness (Kim et al., 2014; Lin et al., 2015; Sun, 

2015). One of the mechanisms in which hypertension contributes to the development of arterial 

stiffness is by causing damage to the endothelial cells (Brandes, 2014). The mechanisms in 

which hypertension causes endothelial damage are well understood. One of the mechanisms in 

which hypertension causes damage to endothelial cells is through the over-activation of renin-

angiotensin-aldosterone system (RAAS) as a result of decreased blood flow to the kidneys 

linked with hypertension (Fountain & Lappin, 2020). The overactivated RAAS will result in 

the over-production of Angiotensin-II (Ang-II) which binds to the angiotensin-II type 1 

receptors (AT1R) located on endothelial cells (Kawai et al., 2017). Once Ang-II is bound to 

AT1R, it will stimulate the activity of nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase, within the endothelial cells, which will increase the production of reactive oxygen 

species such as superoxide, hydrogen peroxide and hydroxyl radicals (Schulz et al., 2011). The 

abovementioned ROS causes damage to endothelial cells by decreasing the activity of nitric 

oxide (Schulz et al., 2011). The damaged endothelial cells will become more permeable, which 

allows low-density lipoprotein cholesterol (LDL-Chol) to enter the subendothelial space. Once 

in the subendothelial space, they will be oxidized resulting in vascular inflammation which in 

turn allows the circulating monocytes to enter the subendothelial space (Woollard & 

Geissmann, 2010). Once these monocytes enter the subendothelial space, they differentiate into 

macrophages that will act as scavengers, and engulf the oxidized LDL-Chol to form foam cells 

(El Hadri et al., 2021). After the foam cells have been formed, macrophages in the 

subendothelial space will secrete pro-inflammatory cytokines, such as tumour necrosis factor-

alpha (TNF-α), which will promote the apoptosis of the foam cells resulting in the formation 

of an atheromatous plaque which also contributes to the stiffening of arteries (El Hadri et al., 

2021). The pro-inflammatory cytokines secreted by macrophages will also contribute to the 

stiffening of arteries by increasing the proliferation of the VSMCs, and by promoting the 

migration of VSMCs from the tunica media into the tunica intima where they will differentiate 

into fibroblasts which will increase the production of collagen which contributes to stiffening 

the arteries (Zieman et al., 2005). The mechanism in which hypertension contributes to the 

formation of atherosclerosis is shown below in figure 1.1. 
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Figure 1.1: A visual illustration showing the role hypertension play in the development of 

atherosclerosis. HT, hypertension; oxidised LDL-chol, oxidised low-density lipoprotein 

cholesterol (Peterson; 2020). 

1.2.2.2 Obesity.  

Obesity/overweight is another modifiable risk factor that is associated with increased arterial 

stiffness (Aroor et al., 2018; Para et al., 2021). The mechanisms that link obesity with increased 

arterial stiffness are well understood. Obesity causes arterial stiffness by increasing the 

expression and secretion of adipokines, namely tumour necrosis factor-alpha (TNF-α), 

interleukin-6 (IL-6), and leptin (Nakamura et al., 2014; Para et al., 2021). These adipokines  

will lead to insulin resistance (IR) through the activation of inhibitory molecules such as the 

suppressor of cytokine signalling (SOCS) and the c-Jun N-terminal kinases (JNK) which 

suppresses insulin signalling (Kwon & Pessin, 2013). One of the proposed mechanisms in 

which IR can result in arterial stiffness is by causing endothelial dysfunction (Muniyappa & 

Sowers, 2013). The endothelial dysfunction in IR is a result of an impaired phosphatidylinositol 

3-kinase-dependent (PI3K) signalling pathway as a consequence of a suppressed insulin 

signalling pathway (Muniyappa & Sowers, 2013). The impaired PI3K pathway will cause 

endothelial dysfunction: by decreasing the expression and activation of endothelial nitric oxide 

synthase (eNOS), by decreasing the amount of eNOS substrates and co-factors, by increasing 
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the degradation of NO to form ROS, and by increasing the secretion of endothelin-1 (Potenza 

et al., 2009). The effects IR has on endothelial cells is shown in figure 1.2. 

Figure 1.2: Endothelial dysfunction under insulin resistance and hyperinsulinemia. Decreased 

endothelial nitric oxide synthase (eNOS) protein expression or function, increased reactive 

oxygen species (ROS) formation/NO degradation, and enhanced endothelin-1 (ET-1) release 

are among mechanisms by which insulin resistance and hyperinsulinemia may contribute to 

endothelial dysfunction. Endothelial dysfunction increases expression of adhesion molecules, 

favours macrophage infiltration and release of proinflammatory cytokines (green spheres), 

induces proliferation of VSMC, and increases platelet aggregation. VCAM, vascular cell 

adhesion molecule; ICAM, intercellular adhesion molecule; TNF-α, tumour necrosis factor 

alpha; IL-1β, interleukin-1 beta; IL-6, interleukin-6; NO, nitric oxide; ↑, increase (Potenza et 

al., 2009). 

1.2.2.3 Smoking.  

Smoking is currently regarded as one of the leading modifiable risk factors that plays a role in 

the development of arterial stiffness (Doonan et al., 2010; Messner & Bernhard, 2014). 

Smoking contributes to the development of arterial stiffness in various mechanisms. One of 

those mechanisms involves smoking causing an inflammatory state by increasing the 

production of pro-inflammatory cytokines such as TNF-α, IL-1, IL-6, IL-8, and decreasing the 

production of anti-inflammatory cytokines such as IL-10 (Arnson et al., 2010; Doonan et al., 
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2010). The pro-inflammatory cytokines will stimulate the VSMCs to start producing c-reactive 

protein (CRP) (S. Park & Lakatta, 2012). The locally produced CRP will promote vascular 

inflammation which ultimately results in endothelial dysfunction (S. Park & Lakatta, 2012). 

Endothelial dysfunction will stimulate the migration of VSMC from the tunica media to the 

tunica intima, where these VSMCs change their phenotype from VSMCs to fibroblasts and 

start producing collagen which causes the stiffening of arteries (Milutinović et al., 2020; 

Zieman et al., 2005).  

Another mechanism in which smoking contributes to the development of arterial stiffness is by 

causing hypertension (Doonan et al., 2010). Smoking causes hypertension by stimulating the 

secretion of adrenaline and noradrenaline, as a result of nicotine binding to nicotine 

acetylcholine receptors located on the peripheral postganglionic sympathetic nerve endings and 

the adrenal medulla (Haass & Kübler, 1997). The secreted adrenaline and noradrenaline will 

result in the constriction of blood vessels which in turn will increase BP causing hypertension 

(Nagao et al., 2021). The increased BP will exert mechanical stress on the arterial walls, which 

will ultimately lead to the damaging of the arterial walls (Doonan et al., 2010). The damaged 

arterial walls will contribute to arterial stiffness by promoting vascular hypertrophy and by 

increasing the deposition of calcium and collagen within the arterial walls (Doonan et al., 

2010). 

1.2.2.4 Alcohol consumption 

Alcohol consumption is associated with development of arterial stiffness (Del Giorno et al., 

2022). The mechanisms in which alcohol causes arterial stiffness are well known. One of the 

mechanisms in which alcohol consumption contributes to arterial stiffness is by causing 

hypertension (Beilin & Puddey, 2006; Tasnim et al., 2020). According to existing studies, the 

mechanism in which alcohol consumption causes hypertension is by decreasing the 

baroreceptor activity which results in the over-activation of the sympathetic nervous system 

(Husain et al., 2014; Tasnim et al., 2020). The over-activation of the sympathetic nervous 

system will result in hypertension by causing vasoconstriction (Husain et al., 2014). 

Furthermore, the vasoconstriction caused by the activation of the sympathetic nervous system 

will decrease blood flow to the kidneys which will result in a decreased glomerular filtration 

rate (GFR) and the activation of the renin-angiotensin-aldosterone-system (RAAS). The 

activation of RAAS will also contribute to the development of hypertension by increasing water 

retention in the kidneys and by also promoting vasoconstriction (Piano, 2017). 
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1.2.2.5 Physical activity. 

Physical activity/exercise was found to have an inversely proportional relationship with arterial 

stiffness, where an increase in physical activity/exercise reduces the risk of developing arterial 

stiffness (W. Park et al., 2017). According to existing evidence, the mechanisms in which 

physical activity/exercise reduces arterial stiffness is by improving vascular endothelial 

function (Maeda et al., 2008; W. Park et al., 2017; Saz-Lara et al., 2021). Physical 

activity/exercise improves vascular endothelial function by increasing the production of NO 

and reducing the production of endothelin-1 (W. Park et al., 2017). Another mechanism in 

which physical activity/exercise reduces arterial stiffness is by decreasing the over-activation 

of the sympathetic nervous system (SNS). The decreased activation of the SNS would result in 

a decreased heart rate which increases ventricular filling time and also result vasodilation which 

would increase blood flow. The increased blood flow will promote endothelial health by 

delivering nutrients to the endothelial cells, increasing the production of NO, reducing 

inflammation and removal of metabolic waste (Maeda et al., 2008). On the other hand, when 

the SNS is over-activated, it can contribute to the development of arterial stiffness (Maeda et 

al., 2008). The over-activation of the SNS contributes to the development of arterial stiffness 

by increasing the secretion of catecholamines such as adrenaline and noradrenaline. These 

catecholamines will contribute to the development of arterial stiffness by causing vascular 

hypertrophy as a result of catecholamines binding to the alpha-1 adrenergic receptors of VSMC 

which increases the production of collagen and fibronectin expression (Petrák et al., 2010). 

1.2.3 Assessment of arterial stiffness. 

Pulse wave velocity (PWV), the velocity at which pressure waves propagate down the arterial 

tree during systole, is one of the methods used to assess arterial stiffness (Pereira et al., 2015). 

Pulse wave velocity is currently regarded as the “gold standard method” for measuring arterial 

stiffness, where an increased PWV indicates the presence of arterial stiffness  (DeLoach & 

Townsend, 2008; Pereira et al., 2015). Although PWV is currently considered as the gold 

standard method to measure arterial stiffness, a possibility exists that PWV might not be as 

accurate as we think, because the current non-invasive methods used to assess PWV are 

currently limited to once off clinic measurements. Once off clinic measurements are generally 

known to be less accurate compared to 24-hour measurements, due to their inability to account 

for circadian fluctuations and their inability to detect the difference between night-time 

measurements and day-time measurements. For example, studies have found that clinic BP 
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measurements have a tendency to over-estimate BP, which often results in the misdiagnosis of 

hypertension (Miladinović et al., 2021; Pappaccogli et al., 2019). These findings showing that 

clinic BP measurements overestimates BP poses the question of whether clinic measurements 

of arterial stiffness also overestimates arterial stiffness? 

The answer to this question can currently be obtained by using augmentation index to measure 

arterial stiffness, since the current existing methods of measuring augmentation index can 

assess arterial stiffness both in a clinical setting and over a 24-hour period. Augmentation index 

is another important parameter used to assess arterial stiffness which is derived from ascending 

aortic pressure waveforms (Wilkinson et al., 2000). During systole, the heart generates a 

pressure wave which travels down the arterial tree to supply blood to the rest of the body, and 

this pressure wave generated during systole is referred to as the forward wave or the primary 

wave (Fantin et al., 2007). As the forward wave moves down the arterial tree, some of the 

forward wave bounces off the smaller arteries and travels back to the ascending aorta (Fantin 

et al., 2007). The wave that bounces off the smaller arteries and travels back to the ascending 

aorta is known as the reflected wave. In arterial stiffness, the amplitude and the speed of the 

reflected wave are increased which causes augmentation index to increase (Izzo, 2007).  
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Figure 1.3: Diagram illustrating how augmentation index is derived from aortic pressure 

waveforms. P1, Direct systolic/primary wave; P2, reflected systolic wave; PP, pulse pressure 

(Systolic blood pressure – diastolic blood pressure).  
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1.3 Justification. 

Arterial stiffness has been established as an important marker for the assessment of 

cardiovascular disease risk (Zieman et al., 2005). Arterial stiffness has been associated with 

target organ damage by decreasing blood flow to the organs (Tan & Thakur, 2021). Since 

arterial stiffness is associated with increased risk of cardiovascular disease, its assessment is of 

paramount importance because it can help prevent adverse cardiovascular outcomes. The 

emergence of 24-hour SphygmoCor that measures augmentation index over a 24-hour period 

allows us the opportunity to assess arterial stiffness over a 24-hour period, since existing 

evidence shows that 24-hour measurements are more accurate than once-off measurements 

(O’Brien,    3; O’Brien et al., 2013). Assessing arterial stiffness over a 24-hour period enables 

us to monitor how arterial stiffness changes throughout the day and night and enables us to 

monitor how arterial stiffness is influenced by lifestyle choices and behaviour. A study 

assessing arterial stiffness over a 24-hour period using 24-hour augmentation index has been 

conducted, however, these studies were conducted to establish normal reference values for 24-

hour augmentation index (Kuznetsova et al., 2014) To the best of our knowledge, there is no 

existing study that has assessed the difference between clinic augmentation index and 24-hour 

augmentation index.  To address this gap, studies that assess the difference between clinic 

augmentation index and 24-hour augmentation index are needed. 

1.4 Aim 

The aim of the study was to determine whether 24-hour augmentation index is a better indicator 

of arterial stiffness compared to clinic augmentation index. 

1.5 Objectives 

• To determine 24-hour augmentation index (AI24) and clinic augmentation index (AIC), 

in a population of African ancestry. 

• To compare 24-hour augmentation index and clinic augmentation index between men 

and women of African ancestry. 

• To determine the difference between night-time augmentation index (AIN) and daytime 

augmentation index, in a population of African ancestry. 

• To determine whether arterial stiffness follows the BP circadian pattern by comparing 

24-hour ambulatory BP pattern with 24-hour ambulatory augmentation index, in a 

population of African ancestry. 
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(Methods) 
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2. 1 Study group 

This study was conducted at the University of the Witwatersrand Faculty of Health Sciences, 

Johannesburg, South Africa. It was conducted in accordance with the principles outlined in the 

Helsinki declaration, and it was granted ethical approval by the Human Research Ethics 

Committee (Medical) of the University of the Witwatersrand, approval number M220737 (see 

appendix 1). One hundred and twenty-five South Africans of black African ancestry were 

recruited in and around Johannesburg (Figure 2.1). The minimum age of the participants was 

18 years, with no upper age limit. 

 

Figure 2.1: An example of an area (Johannesburg, Braamfontein) where some of the 

participants were recruited. 

2.2 Clinical and demographic data 

Participants were invited to the Human Nutrition Clinic where the details of the study were 

explained. After giving consent to participate in the study, a standardised questionnaire was 

administered (Appendix 4). The questionnaire was designed by the Human Nutrition Research 

Laboratory, in such a way that participants could answer most of the questions with a simple 

“yes” or “no”, with a few sections requirin  short answers.  he questions that required specific 

answers were date of birth, gender, previous medical history, family history of hypertension 

This Photo by Unknown Author is licensed under CC BY 

http://www.flickr.com/photos/austinevan/4179057315/
https://creativecommons.org/licenses/by/3.0/
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and cardiovascular events, the presence of non-communicable diseases, prior and current drug 

therapy, occupation, level of education, smoking status, alcohol and 4.3. For women, the use 

of contraceptives, history of pregnancies as well as menstrual history were recorded. 

2.3 Anthropometric measurements 

Anthropometric assessments were measured according to the international standards for 

anthropometric assessments (Stewart et al., 2011). Weight measurements were recorded using 

an electronic digital scale (Heavy-Duty Digital Floor Scale, Healthometer Professional, USA) 

to the nearest 0.1 kg. During all the measurements, the participants were asked to take their 

shoes off, and minimal clothing was worn which allowed access to areas of measurements. 

Participants were asked to step on the scale and stand still without supporting themselves on 

any object and weight was recorded when the scale had stopped fluctuating. Height was 

measured once, using a portable stadiometer (Seca 222 portable stadiometer, Seca Precision 

for Health, Netherlands) to the nearest 0.1 cm. When the measurement was taken the head of 

the participant was placed in the Frankfort plane with the body standing upright and a sliding 

headboard was lowered to the vertex of the head. Body mass index (BMI) was calculated as 

weight in kilograms divided by the square of height in meters (kg/m2). Classification of 

participant as being underweight, normal, overweight, or obese was done according to table 

2.1. Waist circumference was measured using a tape measure with participants wearing 

minimal clothing on the abdominal region. Waist circumference was determined at the 

narrowest width midway between the iliac crest and the lowest rib to the nearest 0.1 cm at the 

end of a gentle expiration. Waist circumference cut-off values; normal WC (≤94 cm in men: 

≤8  cm in women) vs increased WC (>94cm in men: >80 cm in women) (World Health 

Organisation (WHO), 2008). Hip circumference was determined using a tape measure at the 

largest circumference around the buttocks to the nearest 0.1 cm. Waist-to-Hip-Ratio (WHR) 

was determined by dividing the waist circumference with the hip circumference, where the 

normal WHR cut-off value for men is ≤ .9  and for women is ≤ .85 (World Health 

Organisation (WHO), 2008). Waist-to-Height-Ratio (WHtR) was determined by dividing WC 

with height, where the normal WHtR cut-off value is ≤0.50 in both men and women. 
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Table 2.1: Body mass index (BMI) threshold values. 

BMI (kg/m2) Weight Classification Relative Risk of disease 

<18.5  Underweight    

18.5 – 24.9  Normal  No risk  

25.0 – 29.9  Overweight  Increased risk  

30.0 – 34.9  Obese (Class I)  High risk  

35.0 – 39.9  Obese (Class II)  Very high risk  

≥4 .   Morbidly Obese  Extremely High risk  

Adapted from World Health Organization, 2000. Obesity: Preventing and managing the global 

epidemic. 

2.4 Conventional blood pressure measurements 

Brachial blood pressure (BP) was measured using an automated sphygmomanometer (Omron, 

Kyoto, Japan). The participants were required to rest for 5 to 10 minutes with their legs 

uncrossed, both feet touching the floor and their back rested against the chair. Participants were 

required to rest the arm at which the BP was measured on a table that was set beside the chair 

at an elevation close to the heart level. Caution was taken by using a cuff suitable to the arm 

circumference of each participant. Five consecutive measurements were taken at one-minute 

intervals.  he five measurements were avera ed to determine the participants’ systolic and 

diastolic BP in mm Hg and resting heart rate. Measurements at ≥14  mm H  systolic and 9  

mm Hg diastolic were defined as hypertensive states. Furthermore, participants who received 

anti-hypertensive treatment were also classified as hypertensives. 

2.5 Twenty-Four-Hour ambulatory blood pressure measurements 

Twenty four-hour BP monitoring was performed using oscillometric monitors (Oscar 2, 

SunTech Medical Inc., North Carolina, USA) (Figure 2.2). The non-dominant arm was selected 

for BP monitoring. The size of the cuff was the same as that which was used for conventional 

BP measurements. The monitors were programmed to measure BP at 15-minute intervals from 

06:00 to 22:00 and then 60-minute intervals from 22:00 to 06:00. Participants kept a diary card 
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for the duration of the monitoring to note the time of going to bed in the evening and getting 

up in the morning to determine the awake and sleep periods of the day. Participants were also 

asked to document any oral intake and medication. Participants continued with normal daily 

activities during the monitoring. Intra-individual means of the ambulatory measurements were 

weighted by the time-interval between successive recordings (Bawa-Allah et al., 2019). 

Ambulatory BP data were expressed as 24-hour average systolic and diastolic BP, the 

percentage decrease in BP at night (mean day-mean night/mean day x 100), the difference 

between day and night BP and the ratio of day-to-night BP. 

 

Figure 2.2: Oscar 2, SunTech Medical Inc. 

2.6 In-clinic augmentation index measurements 

Radial artery pulse wave analysis was used to determine in-clinic aortic augmentation index 

(AI). Subjects remained in a supine position and measurements were taken immediately 

following the determination of brachial BP. The right radial artery pressure waveforms were 

recorded using a Millar tonometer (SPC-301; Millar Instruments Houston, Texas, USA) and 

calibrated to brachial systolic and diastolic pressure. Waveforms were processed using 

dedicated software (SphygmoCor v7; AtCor, Sydney, Australia). The integral system software 

was used to calculate an average radial artery waveform and the corresponding central aortic 

pressure waveforms were generated using a previously validated transfer function. Pressure 

waveforms not achieving the automatic quality controls specified by the SphygmoCor software 
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were rejected. The aortic waveforms were subject to further analysis by the SphygmoCor 

software, to identify the outgoing and reflected pressure waves (augmentation), occurring 

during systole. Augmentation index was defined as the ratio of augmentation to pulse pressure 

and were e pressed as a percenta e ( I   (Δ    ) × 1  ).  ime to the foot of the reflected 

wave (Tr) was also identified. Data from the mean of two central aortic pressure waveforms 

were taken for each subject. 

Figure 2.3: Example of a pulse wave analysis recording obtained to determine central 

haemodynamic parameters. The figure shows central hemodynamic parameters, the radial 

artery pulse wave analysis obtained from applanation tonometry, and the aortic pulse 

waveforms derived from a population-based transfer function built into the software. Aortic 

augmentation index corrected for heart rate (AI @HR75) was obtained from the central 

haemodynamic parameters. Sp, systolic blood pressure (BP); Dp, diastolic BP; MP, mean 

arterial pressure, PP, pulse pressure; HR, heart rate. 
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2.7 Twenty-Four-Hour augmentation index measurements 

In addition to measuring 24-hour ambulatory BP, the Oscar 2 machine by SunTech Medical 

also measured 24-hour ambulatory augmentation index using the blood pressure values it has 

obtained. Augmentation index was measured every 30 minutes from 07h00-22h00 for daytime 

values (Figure 2.4), and every 60 minutes from 22h00-07h00 for night-time values (Figure 

2.5). The device also recorded the 24-hour average augmentation index (Figure 2.6). 

Figure 2.4: Example of daytime blood pressure measurements which included daytime 

augmentation index that has been corrected for heart rate (cAI@75), and these measurements 

were obtained using the Oscar 2 machine by SunTech Medical Inc. SYS, systolic blood 

pressure (BP); DIA, diastolic BP; HR, heart rate; MAP, mean arterial pressure; PP, pulse 

pressure; cSYS, central systolic BP; cDIA, central diastolic BP; cAI, central augmentation 

index; cPP, central pulse pressure; cMAP, central mean arterial pressure. 
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Figure 2.5: Example of night-time blood pressure measurements which included night-time 

augmentation index that has been corrected for heart rate (cAI@75), obtained using Oscar 2 

ABPM machine by SunTech Medical Inc. SYS, systolic blood pressure (BP); DIA, diastolic 

BP; HR, heart rate; MAP, mean arterial pressure; PP, pulse pressure; cSYS, central systolic 

BP; cDIA, central diastolic BP; cAIc, central augmentation index; cPP, central pulse 

pressure; cMAP, central mean arterial pressure 
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Figure 2.6: Example of 24-hour blood pressure measurements which included 24-hour 

augmentation index that has been corrected for heart rate (cAI@75), obtained using Oscar 2 

ABPM machine by SunTech Medical Inc. SYS, systolic blood pressure (BP); DIA, diastolic 

BP; HR, heart rate; MAP, mean arterial pressure; PP, pulse pressure; cSYS, central systolic 

BP; cDIA, central diastolic BP; cAIc, central augmentation index; cPP, central pulse pressure; 

cMAP, central mean arterial pressure. 

2.8 Inclusion criteria 

Participants who had all measurements taken and had both clinic and 24-hour augmentation 

index were included for analysis. 

2.9 Data Analysis 

Database management and statistical analyses were performed using SAS software, version 9.5 

(The SAS Institute Inc., Cary, North Carolina, USA). The distribution of data was tested for 

normality using the Shapiro-Wilk test and descriptive statistics (skewness and kurtosis). 

Continuous data and characteristics of participants were expressed as mean ±SD or as 
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frequencies (%). Data was analysed according to gender to determine sex-specific effects. 

Potential confounders were defined as variables shown in the literature to be predictors of BP, 

namely: smoking status, alcohol consumption, diabetes, and hypertension. Mann-Whitney U 

test was used to determine the difference in age, body mass index, waist circumference, waist-

to-hip ratio, Waist-to-height ratio, and haemodynamic parameters between men and women. 

Students unpaired t-test was used to determine the difference in clinic augmentation index, 24-

hour augmentation index, daytime augmentation index, and night-time augmentation index 

between men and women. 
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(RESULTS) 
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The general and clinical characteristics of the study population are shown in Table 3.1. The 

average age in men (n=53) was 34.9 ±15.8 years and the average age in women (n=72) was 

37.5 ±17.1 years. The difference in age between the two groups was not statistically significant 

(p=0.5302). Based on the BMI reference values, both groups were found to be overweight with 

an average BMI of 25.7 ±6.1 for men and an average BMI of 29.0 ±15 for women. The 

difference observed in BMI between the two groups was statistically significant (p=0.0450). 

Based on the existing gender specific WC reference values, women were at a high risk of 

developing adverse cardiovascular events with an average WC value of 87.7 ±17.0 cm whilst 

men were at a lower risk of developing adverse cardiovascular events with an average WC 

value of 86.7 ±19.2. Additionally, the WHtR in women was above the normal WHtR reference 

values which also indicated that women are at a high risk of developing adverse cardiovascular 

events. The prevalence of hypertension was slightly higher in women compared to men. The 

incidence of smoking and alcohol consumption was slightly higher in men compared to 

women.  

The peripheral haemodynamic parameters of study population are shown in Table 3.2. Men 

had a significantly higher SBPC (p= 0.0335) and B-SBP24 (p= 0.0027) compared to women. 

The SBPN observed in men was also significantly higher compared to that of women (p= 

0.0090). The participants in the men group also had a significantly higher SBPD (p= 0.0013) 

compared to the women group. Additionally, the B-MAP24 (p= 0.0281) in men was also found 

to be significantly higher compared to the B-MAP24 of women. Lastly, the B-PP24 (p= 0.0010) 

observed in the men group was significantly higher compared to the women group. 

The central haemodynamic parameters of the study population are shown in Table 3.3. The C-

SBP24 in men was significantly higher compared to that of women (p= 0.0081). Moreover, 

men had a significantly higher C-SBPN (p= 0.0242) and C-SBPD (p= 0.0031) compared to the 

C-SBPN and C-SBPD in women. The C-DBPN in men was significantly higher than C-DBPN 

in women (p=0.0477). Lastly, men also had a significantly higher C-PP24 (p= 0.0045) 

compared to the C-PP24 in women. 
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Table 3.1: General characteristics of study population 

 Total (n=125) Men (n=53) Women (n=72) p-value 

Age (years) 36.4 ±16.5 34.9 ±15.8  37.5 ±17.1 0.5302 

BMI (kg/m2) 27.6 ±9.1 25.7 ±6.1 29.0 ±15 0.0450* 

WC 87.3 ±18.3 86.7 ±19.2 87.7 ±17.0  

WHR 0.87 ±0.2 0.89 ±0.1 0.85 ±0.2  

WHtR 0.52 ±0.1 0.49 ±0.1 0.54 ±0.1  

Hypertension (%) 31.2 28.3 31.9  

Diabetic (%) 4.0 1.8 5.5  

Smoker (%) 8.8 9.4 8.2  

Alcohol intake (%) 35.2 39.6 33.3  

Data expressed as mean ± SD or expressed as percentages; BMI, body mass index;  ormal BMI ≥ 18.5 and <  5 k  m2; overwei ht BMI ≥ 5 

and < 30 kg/m2; Obese BMI ≥3  k  m2; WC, waist circumference; normal WC (≤94 cm in men; ≤8  cm in women); WHR, waist to hip ratio; 

normal WHR (≤0.90 in men; ≤0.85 in women); WHtR, waist-to-height ratio; normal WHtR (≤0.50 in both men and women) (*) Represents 

statistical significance, where p<0.05. Mann-Whitney U test was used to compare waist circumference between men and women. 

 

  



 
26 

 

Table 3.2: Peripheral haemodynamic parameters of study population 

 Total Men Women p-value 

SBPC (mmHg) 122.8 ±16.5 126.5 ±16.1 120.1 ±16.3 0.0335* 

DBPC (mmHg) 82.1 ±13.6 83.2 ±11.6 81.3 ±14.8 0.2204 

B-SBP24 (mmHg) 123.6 ±18.6 127.6 ±17.5 120.4 ±18.9 0.0027* 

B-DBP24 (mmHg) 74.2 ±11.7 76.1 ±12.5 72.7 ±10.8 0.1057 

SBPN (mmHg) 114.7 ±20.3 117.5 ±17.1 112.4 ±22.6 0.0090* 

DBPN (mmHg) 65.6 ±11.4 67.4 ±12.2 64.1 ±10.7 0.0965 

SBPD (mmHg) 126.6 ±19.4 131.1 ±18.3 122.9 ±19.7 0.0013* 

DBPD (mmHg) 77.2 ±13.3 79.1 ±13.0 75.7 ±13.4 0.0722 

B-MAPC (mmHg) 96.1 ±12.3 97.9 ±13.3 94.8 ±11.5 0.2425 

B-MAP24 (mmHg) 90.7 ±13.6 93.2 ±13.9 88.6 ±13.1 0.0281* 

B-PPC (mmHg) 31.1 ±10.5 30.8 ±7.5 31.2 ±12.1 0.4330 

B-PP24 (mmHg) 49.5 ±9.5 51.6 ±7.6 47.7 ±10.5 0.0010* 

B-SBPDIP (%) 8.9 10.1 7.9  

Data expressed as mean ±SD or expressed as percentages; SBPC, clinic systolic blood pressure; DBPC, clinic diastolic blood pressure; B-SBP24, 

24-hour brachial systolic blood pressure; B-DBP24, 24-hour brachial diastolic blood pressure; SBPN, night-time systolic blood pressure; DBPN, 

night-time diastolic blood pressure; SBPD, daytime systolic blood pressure, DBPD, daytime diastolic blood pressure; B-MAPC, clinic brachial 

mean arterial pressure; B-MAP24, 24-hour brachial mean arterial pressure; B-PPC, clinic brachial pulse pressure; B-PP24, 24-hour brachial pulse 

pressure; B-SBPDIP, brachial systolic blood pressure dipping; (*) Represents statistical significance, where p<0.05. Man-Whitney U test was used 

to compare haemodynamic parameters between men and women. 
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Table 3.3: Central haemodynamic parameters of study population 

 Total Men Women p-value 

C-SBPC (mmHg) 113.5 ±16.7 115.0 ±15.8 112.4 ±17.4 0.3074 

C-DBPC (mmHg) 82.4 ±10.3 84.2 ±11.8 81.1 ±8.8 0.2507 

C-SBP24 (mmHg) 113.7 ±16.7 117.3 ±16.1 110.8 ±16.8 0.0081* 

C-DBP24 (mmHg) 75.6 ±10.8 77.8 ±11.9 73.7 ±9.6 0.0558 

C-SBPN (mmHg) 107.5 ±18.9 109.7 ±16.0 105.7 ±20.9 0.0242* 

C-DBPN (mmHg) 67.1 ±11.2 69.1 ±12.2 65.4 ±10.1 0.0922 

C-SBPD (mmHg) 115.7 ±17.1 119.9 ±16.9 112.1 ±16.61 0.0031* 

C-DBPD (mmHg) 78.6 ±11.3 80.9 ±12.3 76.6 ±10.1 0.0477* 

C-MAPC (mmHg) 92.7 ±11.9 94.5 ±12.8 91.5 ±11.1 0.2842 

C-MAP24 (mmHg) 92.7 ±13.1 94.7 ±14.0 91.1 ±12.3 0.1341 

C-PPC (mmHg) 31.1 ±10.4 30.8 ±7.6 31.3 ±12.1 0.4330 

C-PP24 (mmHg) 38.1 ±8.4 39.4 ±6.3 37.0 ±9.7 0.0045* 

Data expressed as mean ±SD; C-SBPC, clinic central systolic blood pressure; C-DBPC, clinic central diastolic blood pressure; C-SBP24, 24-hour 

central systolic blood pressure; C-DBP24, 24-hour central diastolic blood pressure; C-SBPN, night-time central systolic blood pressure; C-DBPN, 

night-time central diastolic blood pressure; C-SBPD, daytime central systolic blood pressure; C-DBPD, daytime central diastolic blood pressure; 

C-MAPC, clinic central mean arterial pressure; C-MAP24, 24-hour central mean arterial pressure; C-PPC, clinic central pulse pressure; C-PP24, 

24-hour central pulse pressure; (*) Represents statistical significance, where p<0.05. Man-Whitney U test was used to compare haemodynamic 

parameters between men and women. 
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Figure 3.1 compares the difference in clinic augmentation index (AIC) between men (n=53) 

and women (n=72). Our results show that women had a significantly higher AIC compared to 

men (p<0.0001). 

Figure 3.2 compares the difference between 24-hour augmentation index (AI24) and clinic 

augmentation index in the total population. Our results show that AI24 was significantly higher 

than AIC in the total population (p<0.0001). 

Figure 3.3 compares the difference between AIC and AI24 in women. Our results show that 

the augmentation index measured over a 24-hour period was significantly higher than the 

augmentation index measured in a clinical setting AIC (p<0.0001). 

Figure 3.4 compares the difference between AIC and AI24 in men. Our results show that the 

augmentation index measured over a 24-hour period was significantly higher than the 

augmentation index measured in a clinical setting (p<0.0001). 

Figure 3.5 compares the difference in AI24 between men and women. Our results show that 

women had a significantly higher AI24 compared to men (p<0.0001). 
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Figure 3.1: The comparison of clinic augmentation index between men and women. 

The mean and SD for clinic augmentation index (AIC) in the men’s  roup was 11.3 ±12.2 and 

the mean and SD in the women’s  roup was 22.2 ±14.1 corrected for age, hypertension, 

diabetes, smoking, and alcohol consumption; (****) Represents statistical significance, where 

p<0.0001. Student unpaired t-test was used to determine statistical difference. 
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Figure 3.2: The difference between clinic augmentation index and 24-hour augmentation index 

in the total population. 

The mean and SD for the clinic augmentation index (AIC) was 17.5 ±14.3 and the mean and 

SD for the 24-hour augmentation index (AI24) was 34.3 ±12.4 corrected for age, hypertension, 

diabetes, smoking, and alcohol consumption; (****) Represents statistical significance, where 

p<0.0001. Student unpaired t-test was used to determine statistical difference. 

  



 
31 

 

AIC AI24

0

50

100

Augmentation Index Type

A
u

g
m

en
ta

ti
o

n
 I

n
d

ex
 (

%
) ✱✱✱✱

 

Figure 3.3: The difference between clinic augmentation index and 24-hour augmentation index 

in women. 

The mean and SD for the clinic augmentation index (AIC) was 22.2 ±14.1 and the mean and 

SD for the 24-hour augmentation index was 38.4 ±12.1 corrected for age, hypertension, 

diabetes, smoking, and alcohol consumption; (****) represents statistical significance, where 

p<0.0001. Student unpaired t-test was used to determine statistical difference. 
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Figure 3.4: The difference between clinic augmentation index and 24-hour augmentation index 

in men. 

The mean and SD for the clinic augmentation index (AIC) was 11.3 ±12.2 and the mean and 

SD for the 24-hour augmentation index was 29.3 ±10.8 corrected for age, hypertension, 

diabetes, smoking, and alcohol consumption; (****) Represents statistical significance, where 

p<0.0001. Student unpaired t-test was used to determine statistical difference. 
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Figure 3. 5: The comparison of 24-hour augmentation index between men and women. 

The mean and SD for the 24-hour au mentation inde  ( I 4) in the men’s  roup was  9.3 

±10.8 and in the mean and  D in the women’s  roup was 38.4 ±12.1 corrected for age, 

hypertension, diabetes, smoking, and alcohol consumption; (****) Represents statistical 

significance, where p<0.0001. Student unpaired t-test was used to determine statistical 

difference. 
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Figure 3.6 compares the difference in AID between men and women. Our results show that 

during the day, women had a significantly higher augmentation index compared to men 

(p=0.0003). 

Figure 3.7 compares the difference in AIN between men and women. Our results show that 

during the night, women had a significantly higher augmentation index compared to men 

(p<0.0001). 

Figure 3.8 compares the difference between AIN and AID in the total population. Our results 

show that the augmentation index measured during the night-time was significantly higher 

compared to the augmentation index measured during the daytime (p=0.0143). 

Figure 3.9 compares the difference between AIN and AID in men. Our results show that there 

was some slight increase in augmentation index in the night-time, however the increase was 

not statistically significant (p=0.1541).  

Figure 3.10 compares the difference between AIN and AID in women. Our results show that 

the augmentation index in women was significantly higher during the night-time compared to 

during the daytime (p=0.0291). 
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Figure 3.6: The comparison of daytime augmentation index between men and women. 

The mean and SD for daytime augmentation index ( ID) in the men’s  roup was  8.5 ±11.5 

and the mean and  D in the women’s  roup was 37.4 ±13.  corrected for a e, hypertension, 

diabetes, smoking, and alcohol consumption; (***) Represents statistical significance, where 

p<0.05. Student unpaired t-test was used to determine statistical difference. 
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Figure 3.7: The comparison of night-time augmentation index between men and women. 

The mean and SD for night-time au mentation inde  ( I ) in the men’s  roup was 31.8 ±1 .9 

and the mean and  D in the women’s  roup was 4 .5 ±1 .  corrected for a e, hypertension, 

diabetes, smoking, and alcohol consumption; (***) Represents statistical significance, where 

p<0.05. Student unpaired t-test was used to determine statistical difference. 
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Figure 3.8: The comparison between night-time augmentation index and daytime 

augmentation index in the total population. 

The mean and SD for the daytime augmentation index (AID) was 33.4 ±13.2 whilst the mean 

and SD of the night-time augmentation index (AIN) was 37.7 ±12.8 corrected for age, 

hypertension, diabetes, smoking, and alcohol consumption; (*) Represents statistical 

significance, where p<0.05. Student unpaired t-test was used to determine statistical difference. 
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Figure 3.9: The comparison between daytime augmentation index and night-time 

augmentation index in men. 

The mean and SD for daytime augmentation index (AID) was 28.5 ±11.5 and the mean and SD 

for the night-time augmentation index (AIN) was 31.8 ±10.9 corrected for age, hypertension, 

diabetes, smoking, and alcohol consumption; (ns) Represents statistical non-significance, 

where p>0.05. Student unpaired t-test was used to determine statistical difference. 
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Figure 3.10: The comparison between daytime augmentation index and night-time 

augmentation index in women. 

The mean and SD for daytime augmentation index (AID) was 37.4 ±13.2 and the mean and SD 

for the night-time augmentation index (AIN) was 42.5 ±12.3 corrected for age, hypertension, 

diabetes, smoking, and alcohol consumption; (*) Represents statistical significance, where 

p<0.05. Student unpaired t-test was used to determine statistical difference. 
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CHAPTER 4 
(Discussion) 
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4.1 The prevalence of hypertension in a population of black African Descent. 

Our results confirm the findings of previous studies which have shown that there is a high 

prevalence of hypertension in this population (Javed et al., 2022; Maseko et al., 2018). 

According to our results, 31.2% of the total population was hypertensive, with women having 

a slightly higher prevalence of hypertension compared to men (31.9% in women and 28.3% in 

men). Similarly, a study conducted by Maseko et al. (2018) in this population group also found 

that the prevalence of hypertension was higher in women compared to men (39% in women 

and 24% in men). Although the women were slightly older than the men, there was no 

significant difference in age between the two gender groups. Therefore, age could not account 

for the gender differences in the prevalence of hypertension. Age related hypertension has been 

well studied, and it was found that an increase in age increases the risk of developing 

hypertension (Dai et al., 2022; Noon et al., 2008; Pinto, 2007). Aging initiates structural and 

functional changes in the arterial wall, and these changes result in the arteries becoming less 

compliant and stiff (Sun, 2015). Subsequently, the stiff arteries will contribute to the 

development of hypertension by increasing the resistance to blood flow and by impairing the 

relaxation of arteries (Dernellis & Panaretou, 2005; Franklin, 2005; Liao et al., 1999). 

Therefore, without any significant difference in age, these mechanisms cannot account for the 

gender differences in the prevalence of hypertension. Another reason why age could not 

account for the gender differences in the prevalence of hypertension in this study population is 

that age related changes become more evident above the age of sixty-five (WHO, 2023), 

whereas the average age of our study population was the mid-thirties for both men and women.  

Since our results ruled out the possibility of age being the main reason for the observed gender 

differences in the prevalence of hypertension, we then investigated whether lifestyle factors 

such as smoking, alcohol consumption and being overweight might account for the gender 

differences in the prevalence of hypertension. Our results show that the incidence of smoking 

and alcohol consumption was almost similar between the two groups. The incidence of 

smoking was slightly higher in men compared to women (9.4% in men and 8.2% in women). 

A study conducted by Zhang et al. (2019) investigating the prevalence of smoking amongst 

Chinese adults also found the incidence of smoking to be high in men compared to women. 

Subsequently, a study conducted by Xie et al. (2021) found smoking to be strongly associated 

with the pathogenesis of hypertension. Smoking contributes to the development of 

hypertension by stimulating the sympathetic nervous system which is a result of nicotine acting 
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as an adrenergic agonist (Nagao et al., 2021; Primatesta et al., 2001). Even though we did not 

look at the relationship between smoking and hypertension in this current study, based on the 

evidence from other studies, it is possible that smoking contributed to the high incidence of 

hypertension in this population.  

In addition to smoking being associated with the development of hypertension, existing studies 

have also found alcohol consumption to be strongly associated with the development of 

hypertension (Piano, 2017; Wildman et al., 2005). According to these existing studies, alcohol 

contributes to the development of hypertension by decreasing baroreceptor activity thus 

increasing the activity of the sympathetic nervous system (Piano, 2017; Tasnim et al., 2020). 

Therefore, it is possible that alcohol consumption contributes significantly to the high 

prevalence of hypertension in this population because of the high incidence of alcohol 

consumption in both men (35.8%) and women (33.3%). Though alcohol may account for the 

high incidence of hypertension at a population level, it cannot account for the observed gender 

differences because, similar to smoking, alcohol consumption does not differ significantly 

between men and women. 

Having ruled out age, alcohol consumption, and smoking as the main contributing factors in 

the gender difference on the prevalence of hypertension in this population sample, we therefore 

speculated that overweight/obesity could be the main contributor to the observed differences. 

Our results, after using four different methods (BMI, WHR, WC and WHtR) of measuring 

excess bodyweight, show that women were more overweight/obese compared to men. These 

results confirm the findings of an earlier study conducted by Maseko et al. (2018) which 

showed that the incidence of overweight/obesity is higher in women compared to men in this 

population. The pathophysiological mechanisms that link overweight/obesity to the 

development of hypertension are well understood. One of the pathophysiological mechanisms 

in which overweight/obesity contributes to the development of hypertension involves the 

increased secretion of insulin (hyperinsulinemia) found in obese/overweight individuals. 

Hyperinsulinemia is associated with the over-activation of the sympathetic nervous system. 

The activation of the sympathetic nervous system will increase BP by constricting blood 

vessels. The constriction of the blood vessels will also reduce blood flow to the kidneys which 

will result in decreased glomerular filtration resulting in increased sodium reabsorption in the 

proximal tubules of the kidney and the activation of the renin-angiotensin-aldosterone system 
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(RAAS), leading to salt and water retention by the kidneys which further increases BP (Jiang 

et al., 2016; Kotsis et al., 2010; Shariq & McKenzie, 2020).  

4.2 The difference in blood pressure measurements between men and women. 

Despite the prevalence of hypertension being high in women, our results show that the BP of 

women was lower than that of men. This was true for conventional BP, central and peripheral 

24-hour BP, central and peripheral night-time BP, and for central and peripheral daytime BP. 

Since hypertension is defined as a significant increase in BP, then why do women have a lower 

BP compared to men despite having a higher prevalence of hypertension? A careful look at our 

results showed that the average BP for both genders was within the normotensive range. This 

implies that even though women have a higher incidence of hypertension, their lower BP may 

be due to adherence to antihypertensive treatment. Though we did not compare differences in 

the adherence to antihypertensive treatment between men and women in this study, other 

studies have shown that adherence to antihypertensive treatment is poor in men compared to 

women (Egan et al., 2010; Hajjar & Kotchen, 2003). Therefore, the high BP of uncontrolled 

hypertensive males is increasing the average BP of men to be significantly above that of 

women. Hence, despite men having a lower prevalence of hypertension, their average BP was 

significantly higher than that of women.  

Based on the average age of our participants being the mid-thirties, we speculated that sex 

hormones such as testosterone and oestradiol might have also contributed to the significant BP 

variation between the two genders in this study population. Existing studies have found 

significant evidence that testosterone and oestradiol may have an important influence in BP 

regulation (Dubey et al., 2002; Maranon & Reckelhoff, 2013; Reckelhoff, 2001). These studies 

found that testosterone, which is a sex hormone predominantly found in men, was strongly 

associated with an increase in BP but the physiological mechanism on how testosterone 

increases BP remains unclear. A study conducted by Wu et al. (2000) found that testosterone 

levels are usually high in men below the age of fifty compared to men above the age of fifty. 

Based on the previously mentioned findings by Wu et al. (2000), our results show that the men 

in our study are most likely to have high levels of testosterone since their average age was 

below the age of fifty (34.9 years). This explains why men had significantly higher BP 

measurements compared to women. On the other hand, oestradiol which is a primary form of 

oestrogen found in women was found to be strongly associated with a decrease in BP but the 

physiological mechanism on how oestradiol decreases BP also remains unclear (Dubey et al., 
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2002; Maranon & Reckelhoff, 2013). Existing studies have found that the concentration of 

oestradiol is high in premenopausal women compared to menopausal women (Dubey et al., 

2002; Maranon & Reckelhoff, 2013). According to WHO, premenopausal women are women 

below the age of forty-five who can still become pregnant whereas menopausal women are 

women above the age of forty-five who can no longer become pregnant (WHO, 2021). 

Additionally, the women in our study can be classified as premenopausal women because their 

average age is below forty-five.  Since premenopausal women have been found to have high 

levels of oestradiol compared to menopausal women and the effects of oestradiol on BP being 

known, explains why women in our study had a significantly lower BP measurements 

compared to men despite having a slightly higher prevalence of hypertension compared to men. 

4.3 The difference between clinic augmentation index and 24-hour augmentation index. 

Despite women having lower BP, our results indicate that women have a higher AIC compared 

to men, indicating that women have increased arterial stiffness. These findings are consistent 

with the findings of previous studies (Chester et al., 2013; Costa-Hong et al., 2018). However, 

in our study we further analysed the participants’ au mentation inde  over a  4-hour period to 

confirm our findings. We speculated that measuring augmentation index over a 24-hour period 

would be more precise than measuring augmentation index in a clinical setting, since 24-hour 

measurements are accepted to be more accurate than once off measurements since they account 

for circadian fluctuations and can detect the differences between daytime and night-time 

measurements. For example, measuring BP over a 24-hour period has been shown to be more 

beneficial than measuring BP in a clinical setting, because it can detect white-coat 

hypertension, night-time hypertension, and BP dipping status (O’Brien,    3; O’Brien et al., 

2013). With existing evidence showing that 24-hour measurements are more accurate and 

precise than in-clinic measurements, a possibility exists that AI24 may be more accurate than 

AIC in the assessment of arterial stiffness. Our results show that AIC does indeed 

underestimate arterial stiffness because we found AI24 to be significantly higher than AIC. To 

the best of our knowledge, this is the first study to show the superiority of AI24 over AIC in 

the assessment of arterial stiffness.   

When participants were separated according to gender, a similar trend was observed. Twenty-

four-hour augmentation index was significantly higher than AIC in both men and women. Most 

importantly, when men were compared to women, AI24 was significantly higher in women 

compared to men. This was also true for night-time and daytime augmentations. This confirms 
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the AIC results which show that women have a higher augmentation index compared to men 

despite their lower BP. Since BP is known as the strongest determinant of arterial stiffness, 

what could account for the contradictory findings in this population? One thing that stood out 

was the differences in the BMI of the two groups. Though both genders were in the overweight 

BMI category, women had a significantly higher BMI (29.0 kg/m²) compared to men (25.7 

kg/m²). The increased adiposity found in overweight/obese individuals resulted in an increased 

secretion of adipokines such as leptin (Para et al., 2021). Existing studies have found that high 

plasma levels of leptin (hyperleptinemia) contribute to the pathogenesis of arterial stiffness by 

inducing endothelial oxidative stress, increasing SNS activation, increasing the secretion of 

endothelin-1, and by diminishing the bioavailability of nitric oxide which ultimately result in 

vasoconstriction and decreased vasodilatory effects (Muñoz-Durango et al., 2016). 

Additionally, a study conducted by Tsai et al. (2016) found that hyperleptinemia found in 

overweight/obese individuals also contributes to arterial stiffening by promoting vascular 

smooth muscle cell proliferation and migration through the phosphorylation and activation of 

mitogen protein kinases. The aforementioned mechanisms on how overweight/obesity 

contributes to the pathogenesis of arterial stiffness affirm our results which show that women 

had increased arterial stiffness compared to men due to their increased adiposity. 

4.4 The difference in dipping status between men and women. 

Besides increased adiposity, our data shows that women were non-dippers with a BP dipping 

percentage of 7.9% and men were dippers with a BP dipping percentage of 10.1%.  Blood 

pressure dipping is a phenomenon whereby night-time BP drops by 10-20% from daytime BP, 

and the inability for night-time BP to drop by 10% or more is known as non-dipping. Existing 

studies have shown that non-dipping is strongly associated with an increased risk of developing 

adverse cardiovascular events (Cicek et al., 2013; Liakos et al., 2019; Verdecchia et al., 1990), 

which suggests that women in our study are  at a higher risk of developing adverse 

cardiovascular events compared to men. In addition to non-dipping being associated with 

increased risk of developing adverse cardiovascular events, it has also been associated with 

premature alterations in the arterial structure and function which mimics the effects of aging 

and this phenomenon can be referred to as premature vascular aging or arterial stiffening (Cicek 

et al., 2013). We therefore concluded that the attenuated decline in nocturnal BP of women is 

one of the contributing factors to their increased arterial stiffness.  
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To gain a deeper understanding of the impact of the attenuated decline in nocturnal BP of 

women on arterial stiffness, we looked at the 24-hour augmentation index profile of the 

population. Our results indicate that the 24-hour ambulatory augmentation index differs from 

the 24-hour ambulatory BP profile. As explained earlier, normally at night BP drops by 10%, 

which is a process known as nocturnal BP dipping. However, according to our results, AID is 

lower than AIN. Indicating that augmentation index increases during sleep. This is a direct 

opposite of what happens to BP. The physiological mechanisms that lead to a decrease in BP 

during sleep are well known. One of the physiological mechanisms that leads to a decrease in 

BP during sleep involves the decreased activity of the sympathetic nervous system as a result 

of a downward shift in the  baroreflex threshold (Sayk et al., 2007). The decreased activity of 

the sympathetic nervous system is physiologically accompanied by an increased activity of the 

parasympathetic nervous system. The increased activity of the parasympathetic nervous system 

will result in a decreased heart rate, cardiac output and total peripheral resistance which results 

in a decreased BP (Casagrande et al., 2020). The reasons for the increased AIN in the 

population become apparent when the participants are separated by gender. In men, there is no 

significant difference between AIN and AID. However, in women, AIN was significantly 

higher than AID. Since the number of women is much higher than that of men, the high night-

time augmentation index is imputed into the whole population resulting in a higher AIN in the 

total population. 

4.5 The impact obesity has on arterial stiffness. 

The higher augmentation index in women may be due to disruption in renal sodium handling 

in overweight/obese individuals. The mechanism responsible for the decreased salt excretion 

in obese/overweight individuals seems to be mediated by the high plasma leptin concentrations 

usually found in obese/overweight individuals. The chronically high plasma leptin 

concentrations found in obese/overweight individuals, suppress pressure natriuresis through 

the upregulation of the sodium/potassium ATPase pumps (Maseko et al., 2018). The 

upregulation of the sodium/potassium ATPase pumps will result in increased salt retention and 

decreased urinary salt excretion. Increased salt retention results in hypernatremia which is a 

condition characterized by high salt levels in the blood.  

The increased plasma salt concentrations will cause arterial stiffening by increasing the 

production of reactive oxygen species (ROS) such as superoxide and suppressing angiotensin-

2 (Ang-II) which is responsible for the activation and expression of the enzyme superoxide 
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dismutase (SOD) (Edwards & Farquhar, 2015). Superoxide dismutase is responsible for 

breaking down superoxide (Younus, 2018). Therefore, the suppression of Ang-II coupled with 

the increased production of ROS will cause the endothelial cells to undergo oxidative stress 

which reduces the bioavailability of NO which results in endothelial dysfunction (Edwards & 

Farquhar, 2015). In endothelial dysfunction, the endothelial cells will increase the expression 

of leukocyte adhesion molecules and increase the production of pro-inflammatory cytokines 

(Taniyama & Griendling, 2003). The increased expression of leukocyte adhesion molecules 

and pro-inflammatory cytokines will facilitate transmigration of leukocytes into the 

subendothelial space, once these leukocytes are in the subendothelial space they will produce 

enzymes that will degrade the blood vessel’s elastin which contributes to the stiffening of 

arteries (Taniyama & Griendling, 2003). The other methods in which endothelial dysfunction 

causes arterial stiffness is by stimulating the proliferation of vascular smooth muscle cells 

(VSMC) which will result in vascular hypertrophy, and by stimulating the migration of VSMC 

from the tunica media into the tunica intima where these VSMC will become fibroblasts and 

start producing collagen which also contributes to the stiffening of the blood vessels (Zieman 

et al., 2005).  
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4.6 Conclusion 

Our study confirms the high prevalence of hypertension among the population of black African 

descent, consistent with findings from previous studies. Women in this population exhibit a 

slightly higher prevalence of hypertension compared to men, which cannot be attributed to age, 

as there was no significant age difference between genders. Lifestyle factors such as smoking 

and alcohol consumption, while prevalent, do not account for the gender disparity. Instead, the 

higher incidence of overweight and obesity among women emerges as a significant contributor, 

influencing hypertension through mechanisms involving insulin secretion and activation of the 

sympathetic nervous system. Despite women having lower blood pressure than men, adherence 

to antihypertensive treatment likely explains this discrepancy. The role of sex hormones, 

specifically testosterone and oestradiol, further elucidates the blood pressure differences 

observed. 

A key finding in our study is that relying on conventional augmentation measurements in the 

assessment of arterial stiffness may underestimate the prevalence of arterial stiffness and its 

adverse effects on cardiovascular target organs. The higher AIC and AI24 observed in women, 

despite lower BP values compared to men, indicate that increased adiposity determines arterial 

stiffness above BP in this population. Current intervention strategies that focus solely on the 

treatment and control of hypertension, while ignoring the high obesity epidemic, may not be 

beneficial to this population. Even when BP is controlled to target levels, arterial stiffness 

remains high if adiposity is high. This may explain the rise of cardiovascular disease-related 

morbidity and mortality in this population despite efforts to treat hypertension. These results 

highlight the complex interplay of physiological, hormonal, and lifestyle factors in 

hypertension and arterial stiffness, underscoring the need for targeted interventions to address 

these disparities in cardiovascular health.  
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4.7 Study limitations and future perspectives. 

The cohort of our present study had more women than men. We believe that the reason behind 

our study having more women than men, despite randomly recruiting participants, may be due 

to men being reluctant to participate. The low number of men in our study may have created 

some gender bias. In our study, we did not measure the participants oestradiol and testosterone 

concentrations to assess the extent of the regulatory effects sex hormones have on blood 

pressure in a population of African descent. Future studies should measure sex hormones to 

determine the extent in which they regulate BP in a population of black African descent. Future 

studies should also measure lipid profiles, leptin, resistin, and adiponectin in order to assess 

the strength of the relationship these variables have with 24-hour augmentation index. Lastly, 

future studies should also conduct echocardiography measurements to assess the strength of 

the relationship between 24-hour augmentation index and left ventricular hypertrophy.  
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Appendix 4: Standardised Questionnaire 

 

1. 

Personal information 

Participant No.  Gender  Male  Date of Birth  Ethnicity 

1.  
    Female  Age   

2. Medical History 

2.1 History of non-communicable diseases? YES  NO  Examples, Hypertension, Chronic Kidney disease, Diabetes 

 If YES, specify 

2.2 Are you using hypertension treatment or Medicinal plants? YES  NO  

2.2.1 If YES, how long (in years)?   

2.2.2 

Describe the regimen  

 

2.3 Please, specify whether some of your relatives currently suffer (or have suffered) from high blood pressure  (hypertension) 

2.3.1 Your Father Yes  No  Unknown  

 Your grandfather (Father’s side) Yes  No  Unknown  

 Your grandmother (Father’s side) Yes  No  Unknown  

 Your mother Yes  No  Unknown  



 
71 

 

 Your grandfather (mother’s side) Yes  No  Unknown  

 Your grandmother (Mother’s side) Yes  No  Unknown  

 1 or more of your own children Yes  No  Unknown  

 1 or more of your own grandchildren Yes  No  Unknown  

 1 or more brothers or sisters of your father Yes  No  Unknown  

 1 or more brothers or sisters of your mother Yes  No  Unknown  

 1 or more of your own brothers or sisters Yes  No  Unknown  

        

2.4 Marital status Single  Married  Widowed  

2.5 Are you still attending school? Yes  No  

2.6 Which is the highest level of education which you successfully completed? 

 

2.7 

Do you currently exert any professional or occupational activity? Yes  No  

If yes: What is your present occupation? 

Please, provide a detailed description of your current job below. 

 

 

2.8 If you currently do not exert any professional activity, which was the last job you had? 

2.8.1  Years  
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2.8.2 Please, provide a detailed description of your activities at your previous work. 

 

3. Please, specify whether you suffer from diseases affecting your: 

3.1.1 Heart Yes  No  Unknown  

3.1.2 Kidneys Yes  No  Unknown  

  

4. Were you ever told by a doctor or health professional that you have an elevated blood pressure?  Yes  No  Unknown  

5. Are you currently in good health? Yes  No  Unknown  

6 Did you ever take or are you taking now drugs which eliminate salt and make you pass urine more frequently or 

in larger amounts? If yes, explain below 
Yes  No  Unknown 

 

  

7. Did you ever take pain-killers on a regular basis, for instance against headaches, tooth pain, painful periods, etc... ? If yes, explain below Yes  No  

  

8. Did you take medicines during the past 2 weeks? if yes, explain below Yes  No  

  

  

9.1 Do you currently smoke? If yes, explain the frequency, type and amount per day Yes  No  
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9.2 Did you smoke in the past? If yes, explain below     

  

10.1 Do you currently consume alcoholic beverages? If yes, explain the frequency, type and amount per day below Yes  No  

  

10.2 Did you consume alcohol beverages in the past? If yes, explain Yes  No  

  

11 Do you drink coffee or caffeine-containing beverages (cola) on a regular base? If yes, give details below Yes  No  

  

12. Do you practice any sports activities on a regular basis? If yes, explain the frequency, type and intensity below Yes  No  

  

Please note that this section is for females only 

 

13.1 Did you already have your periods?  Yes  No  

13.2 Have you ever taken “The Pill”? If yes, explain the regimen below Yes  No  

  

13.3 Have you ever used other contraceptive methods? If Yes, explain the regimen below Yes  No  
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DECLARATION 

 

Please, provide your signature to give your approval or disapproval to use this information in our study. 

Signature: _____________________     Date:      

  

14.1 Are you pregnant at present? Yes  No  Unknown  

14.2 Have you been pregnant before? Yes  No  

15. This section is for women 30 years and older 

15.1 Do you still have your periods? If No, explain below Yes  No  

  

15.2 At present are your periods suppressed by taking “the pill”?  Yes  No  

15.3 At present are your periods suppressed by any other contraceptive method? If Yes, explain the regimen below Yes  No  

  

END 



D#: ___________ 
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Appendix 5: Informed Consent Form 

 

 

 

 

 

 

 

 

 

Human Nutrition Research Laboratory 

South African Hypertension and Diet Study (SAHDS) 
Written consent form 

             

The aim and procedures of this study have been explained to me by the investigators. I have read and 

understood the information sheet provided. I have also had the opportunity to ask questions and have 

considered the answers given to me. I understand that participation in this study is voluntary, that I may 

withdraw my consent at any time; and that if I choose to do so my decision will not have any negative impact 

on me in any way. 

I hereby freely give my informed consent to participate in this study. 

Name of participant :         

Participant code :         

Signature  :         

Date   :         

 

To be filled by the investigators 

 

I confirm that I have fully explained the nature of the study and the procedures to be performed to the above-

named participant. 

Name  :        

Signature :         

Date  :         
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