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SUMMARY 

 

Motivation 

A close association exists between hypertension and arterial stiffness. Whether the increased arterial 

stiffness seen in hypertensives are due to structural or functional adaptations in the vasculature is 

uncertain. Hypertension is more common in blacks and they have an increased arterial stiffness and 

higer stroke prevalence than white populations. Arterial stiffening, or a loss of arterial distensibility,  

increases the risk for cardiovascular events, including stroke and heart failure, as it increases the 

afterload on the heart, as well as creating a higher pulsatile load on the microcirculation. The stiffness 

of the carotid artery is associated with cardiovascular events, like stroke, and all-cause mortality. 

Furthermore, carotid stiffness is independently associated with stroke, probably because stiffening of 

the carotid artery may lead to a higher pressure load on the brain. Inflammation, endothelial 

activation, dyslipidemia, hyperglycemia and health behaviours may also influence hypertension and 

arterial stiffness. Limited information is availiable on these associations in black South Africans. The 

high prevalence of hypertension and cardiovascular disease in blacks creates the need for effective 

prevention and intervention programs in South Africa. 

Aim 

We aimed to compare the characteristics of the carotid artery between 5-year sustained hypertensive 

and normotensive black participants. Furthermore, we aimed to determine whether blood pressure, 

conventional cardio-metabolic risk factors, markers of inflammation, endothelial activation and 

measures of health behaviours are related to these carotid characteristics. 

Methodology 

This sub-study forms part of the South African leg of the multi-national Prospective Urban and Rural 

Epidemiology (PURE) study. The participants of the PURE-SA study were from the North West 

Province of South Africa, and baseline data collection took place in 2005 (N=2010), while follow-up 

data was collected five years later, in 2010 (N=1288). HIV-free participants who were either 

hypertensive or normotensive (N=592) for the 5-year period, and who had complete datasets, were 

included in this sub-study. The study population thus consists of a group of 5-year sustained 

normotensive (n=241) and hypertensive (n=351) black participants.  

Anthropometric measurements included height, weight, waist circumference and the calculation of  

body mass index (BMI). We included several cardiovascular measurements, namely brachial systolic- 

and diastolic blood pressure, heart rate, central systolic blood pressure, central pulse pressure and the 

carotid dorsalis-pedis pulse wave velocity. Carotid characteristics included distensibility, intima 

media thickness, cross sectional wall area, maximum and minimum lumen diameter. Biochemical 



vii 

 

variables that were determined included HIV status, low-density lipoprotein-cholesterol, high-density 

lipoprotein-cholesterol, triglycerides, fasting glucose, glycated haemoglobin (HbA1c), creatinine 

clearance, interleukin-6, C-reactive protein, intracellular adhesion-molecule-1 and vascular adhesion 

molecule-1. Health behaviours were quantified by measuring γ-glutamyltransferase and by self-

reported alcohol, tobacco and anti-hypertensive, anti-inflammatory and lipid-lowering medication use. 

 We compared the normotensive and hypertensive groups by using independent t-tests and chi-square 

tests. The carotid characteristics were plotted according to quartiles of central systolic blood pressure 

by making use of standard analyses of variance (ANOVA) and the analyses of co-variance 

(ANCOVA). Pearson correlations done in the normotensive and hypertensive Africans helped to 

determine covariates for the multiple regression models. We used forward stepwise multiple 

regression analyses with the carotid characteristics as dependent variables to determine independent 

associations between variables.  

Results and Conclusion 

The cardiovascular measures, including pulse wave velocity, were significantly higher in the 

hypertensive group (all p≤0.024). The lipid profile, markers of inflammation, endothelial activation 

and glycaemia, as well as health behaviours, did not differ between the hypertensives and 

normotensives after adjustments for age, sex, waist circumference, γ-glutamyltransferase, tobacco use 

and anti-hypertensive medication use. After similar adjustments, all carotid characteristics, except 

IMT, were significantly different between the groups (all p≤0.008). However, upon additional 

adjustment for cSBP, significance was lost. 

The stiffness and functional adaptation seen in this study are not explained by the classic cardio-

metabolic risk factors, markers of endothelial activation or health behaviours of the participants.  The 

differences that exist in terms of arterial stiffness between the normotensive and hypertensive groups 

may be explained by the increased distending pressure in the hypertensive group. Despite their 

hypertensive status, it seems that there are no structural adaptations in these hypertensive Africans.  

Keywords: ethnicity, black, large artery, stiffness, carotid distensibility, hypertension, central 

pressure 
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OPSOMMING 

 

Motivering 

Hipertensie en arteriële styfheid assosieer met mekaar. Onsekerheid bestaan oor die oorsaak van 

verhoogde arteriële styfheid in hipertensiewes, aangesien dit toegeskryf kan word aan funksionele of 

strukturele veranderinge, of beide, in die arteriële wand. Hipertensie kom meer in swart populasies 

voor en hulle het ook ń verhoogde arteriële styfheid en ń hoër beroerte-vookoms as wit populasies. 

Arteriële verstywing verhoog die risiko vir beroertes en hartversaking, aangesien stywer arteries lei na 

ń hoër nabelading op die hart, sowel as hoër polserende druk op die mikrosirkulasie. Die styfheid van 

die karotis arterie assosieer onafhanklik met kardiovaskulêre insidente, asook met alle-oorsaak 

mortaliteit. Karotis styfheid assosieer onafhanklik met beroerte, moontlik omdat verstywing van 

hierdie arterie ń hoër druk op die brein plaas. Inflammasie, endoteel aktivering, dislipidemie, 

hiperglisemie en leefstyl faktore kan ook ń moontlike invloed hê op die voorkoms van hipertensie en 

arteriële styfheid. Slegs beperkte informasie is beskikbaar ten opsigte van hierdie faktore in swart 

Suid-Afrikaners. As gevolg van die hoë voorkoms van hipertensie en kardiovaskulêre siektes in swart 

populasies, is effektiewe voorkomings- en behandelingsprogramme nodig in Suid-Afrika.  

Doel  

Die doel van hierdie studie is om die eienskappe van die karotis arterie tussen hipertensiewe en 

normotensiewe swart Suid-Afrikaners te vergelyk. Hierdie Afrikane het òf ń normotensiewe, òf ń  

hipertensiewe bloeddruk-lesing in beide 2005 en 2010 gehad. Tweedens is die doel om te bepaal of 

bloeddruk, klassieke kardiovaskulêre risikofaktore, merkers van inflammasie en endoteel aktivering, 

of leefstyl faktore met die karotis eienskappe assosieer.  

Metodologie 

Hierdie sub-studie vorm deel van die Suid-Afrikaanse been van die multi-nasionale Prospective 

Urban and Rural Epidemiology (PURE) study. Dit het deelnemers uit die Noordwes provinsie van 

Suid-Afrika ingesluit, waarvan die eerste data-opname in 2005 (N=2010) was, met ń opvolg in 2010 

(N=1288). Slegs die HIV-vrye deelnemers wat òf normotensief òf hipertensief was vanaf 2005- 2010 

is in die studie-populasie van hierdie sub-studie ingesluit. Dus, die studie-populasie bestaan uit ń 

groep swart deelnemers wat vir ten minste 5 jaar of normotensief (N=241) of hipertensief (N=351) 

was. 

Antropometriese metings sluit in lengte, gewig, middel omtrek en die berekening van liggaamsmassa-

indeks. Kardiovaskulêre metings, insluitend bragiale sistoliese- en diastoliese bloeddruk, hart tempo, 

sentraal sistoliese bloeddruk, sentrale polsdruk en die carotis dorsalis-pedis polsgolfsnelheid is bepaal.  

Die karotis eienskappe, insluitend die rekbaarheid, intima-media dikte, deursnee-wand area, 
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maksimum- en minimum lumen deursnee is bepaal. Die biochemiese veranderlikes wat bepaal is sluit 

in HIV-status, lae- en hoë-digtheid lipoproteїen cholesterol (LDL-C en HDL-C), trigliseriede, 

vastende glukose, gliseerde hemoglobien (HbA1c), kreatinien opruiming, interleukin-6, C-reaktiewe 

proteїen, intrasellulêre-adhesie molekuul-1 en vaskulêre-adhesie molekuul-1. Gesondheidsgedrag is 

gekwantifiseer deur die meting van γ-glutamieltransferase (GGT), en deur die self-gerapporteerde 

gebruik van alkohol, tabak en anti-hipertensiewe, anti-inflammatoriese en lipied-verlaagende 

medikasie. 

Onafhanklike t-toetse en chi-kwadraat toetse is gebruik om die verskil tussen die normotensiewe en 

hipertensiewe groepe te bepaal. Die tendens p-waarde tussen die kwartiele van die sentrale sistoliese 

bloeddruk en die karotis eienskappe is bepaal met gestandaardiseerde analise van variansie (ANOVA) 

en analise van ko-variansie (ANCOVA) toetse. Pearson korrelasies in die normotensiewe en 

hipertensiewe Afrikane het gehelp om ko-variate vir die meervoudige regressie model te bepaal. 

Onafhanklike assosiasies tussen veranderlikes is uitgewys met behulp van meervoudige regressie 

analises. Die karotis eienskappe is die afhanklike veranderlikes in die meervoudige regressie analises.  

Resultate en Gevolgtrekking 

Die kardiovaskulêre metings, insluitend die polsgolfsnelheid, was hoër in die hipertensiewe groep 

(alle p≤0.024). Die lipied profiel, merkers van inflammasie, endoteel aktivering en glisemie, sowel as 

die leefstyl faktore van die normotensiewe en die hipertensiewe groepe het nie verskil nadat 

aanpassings gemaak is nie. Die faktore waarvoor aangepas is sluit in: ouderdom, geslag, middel-

omtrek, γ-glutamieltransferase, tabak- en anti-hipertensiewe medikasie gebruik. Na soortgelyke 

aanpassings het al die eienskappe van die karotis arterie, behalwe die intima-media dikte, betekenisvol 

verskil (p<0.008). Hierdie verskille het egter verdwyn na addisionele aanpassing vir sentrale sistoliese 

bloeddruk.  

Die styfheid en funksionele adaptasie wat in die hipertensiewe groep gesien word, kan nie deur die 

klassieke kardio-metaboliese risiko faktore, merkers van inflammasie en endoteel aktivering, of die 

leefstyl faktore van hierdie deelnemers verduidelik word nie. Die verskil kan dalk verduidelik word 

deur die verhoogde wand druk in die hipertensiewe groep. Ten spyte van hul 5-jaar lange 

hipertensiewe status, kon geen strukturele veranderinge by hierdie hipertensiewe Afrikane gevind 

word nie.  

Sleutelwoorde: etnisiteit, swart, elastiese arteries, styfheid, karotis uitrekbaarheid, hipertensie, 

sentrale druk 
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PREFACE 

The article format that was used to complete this dissertation is an approved format and recommended 

by the North-West University. The dissertation is written in English, but includes an Afrikaans 

summary as required by the university. It consists of a manuscript which is ready to be submitted to a 

peer-reviewed journal, as well as an in depth literature review and an interpretation of the results. The 

chosen journal for the manuscript of this project is the Journal of Hypertension. 

The layout of the dissertation is as follows:  

 Chapter 1: An introductory chapter which consists of the motivation, background, aim, 

objectives and hypotheses of this study. 

 Chapter 2: An in depth literature study of the relevant topics. 

 Chapter 3: The research article, consisting of author instructions for the Journal of 

Hypertension, an abstract, and introduction, the research materials and methods, results, 

discussion, conclusion and acknowledgements.  

 Chapter 4: The concluding remarks, a critical discussion of the findings and 

recommendations for future studies. 

A reference list is provided at the end of each chapter, according to the style required by the Journal 

of Hypertension.   
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1.1 BACKGROUND 

“The emerging epidemic of non-communicable diseases in South Africa” [1] 

Hypertension affects people around the world [2] and globally 17 million deaths a year can be 

attributed to cardiovascular disease [2]. Of these, more than half (9.4 million) are caused by the 

complications of hypertension [2]. An increase in blood pressure shortens a person‟s life expectancy, 

as some of the most serious complications of hypertension include myocardial infarction (MI), stroke 

and kidney disease [3].   

The similarities between the human immunodeficiency virus (HIV) epidemic and hypertension were 

highlighted in a recent article by Lloyd-Sherlock, where both are largely asymptomatic, easily 

diagnosed, need life-long management and treatment and can have serious and fatal outcomes [4]. 

Comparing hypertension to the HIV epidemic [4] captures the magnitude of the health threat that 

hypertension poses to the world population, and more specifically, to South Africa. 

The disease burden from infectious diseases like HIV and tuberculosis remain high in South Africa. 

However, with the HIV epidemic in the process of stabilisation [5], more emphasis needs to be placed 

on the prevalence of non-communicable diseases like cardiovascular disease (CVD) and diabetes, 

which are on the increase [1].  

It is known that hypertension is more prevalent in black than in white populations [6-8], and several 

studies also indicate that blacks have increased arterial stiffness compared to whites [9-12]. Both 

urban and rural populations suffer from the burden of non-communicable diseases [13]. Socio-

economic status comes into play, especially in South Africa, with the poor urban communities 

suffering the largest incidence of non-communicable diseases [13]. 

Sustained hypertension may accelerate structural alterations in the arterial wall [14]. Although 

structural proteins determine the intrinsic stiffness of the arterial wall, the stiffness measured also 

depends on the instantaneous pressure exerted on the wall by the flowing blood [15]. An increase in 

arterial stiffness leads to increased systolic and pulse pressure, creating an increased pulsatile load on 

the microcirculation and afterload on the heart [16]. These changes in the circulation may lead to 

CVD, resulting in potentially fatal events like stroke and heart failure [16, 17]. Local stiffness of the 

carotid artery independently associates with cardiovascular events, such as stroke, and all-cause 

mortality [16]. 

Several factors associate with hypertension, including arterial stiffness (arteriosclerosis) [15], 

atherosclerosis [18], obesity [19, 20], a low socioeconomic status [6], urbanisation [8], excessive 

alcohol use [19], inflammation [21], endothelial activation [22], dyslipidaemia [23] and diabetes 

mellitus [24]. However, no one factor or mechanism has been identified as the main causative factor 

thus far, and discrepancies also exist among different ethnic populations in terms of these factors [6].  
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The high prevalence of hypertension and CVD in blacks creates the need for effective prevention and 

intervention programs in South Africa. This study will focus on several relevant aspects that may be 

important when investigating hypertension and arterial stiffness in black South Africans.   

1.2 AIM 

We aimed to compare the characteristics of the carotid artery, cardiometabolic risk factors, as well as 

markers of inflammation and endothelial activation between 5-year sustained hypertensive and 

normotensive black participants. Furthermore, we aimed to determine whether blood pressure, 

conventional cardio-metabolic risk factors, markers of inflammation, endothelial activation and 

measures of health behaviours are related to these carotid characteristics. 

1.3 OBJECTIVES 

The following objectives were identified for this study:  

1. To determine the differences in the carotid artery characteristics (distensibility, intima media 

thickness, cross sectional wall area and lumen diameter) between hypertensive and 

normotensive Africans.  

2. To determine the differences in metabolic variables, the markers of inflammation, endothelial 

activation and health behaviours between hypertensive and normotensive Africans. 

3. To determine whether central blood pressure is associated with measures of carotid structure 

and function in the hypertensive and/or normotensive Africans.. 

4. To determine whether measures of carotid structure and function are related to metabolic 

variables, the markers of inflammation and endothelial activation and health behaviours in the 

hypertensive and/or normotensive Africans.  

1.4 HYPOTHESES 

Based on the aim and objectives, the following hypotheses have been formulated:  

1. Hypertensive Africans have an increased carotid intima-media thickness, cross-sectional wall 

area and a larger lumen diameter, but lower carotid distensibility, than normotensive Africans. 

2. The hypertensives have an adverse lipid profile, higher glucose levels, a higher alcohol intake 

(γ-glutamyltransferase), and higher levels of inflammatory (CRP, IL-6) and endothelial 

activation (ICAM-1, VCAM-1) markers than normotensives. 

3. Central blood pressure is positively associated with carotid structure and function in both 

groups. 

4. The measures of carotid structure and function are positively associated with markers of 

inflammation (CRP) and endothelial activation (ICAM) in the hypertensive group. 
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Introduction 

In 1931 Paul Dudley White suggested that the increase in blood pressure is a compensatroy 

mechanism to ensure optimal perfusion to target tissues [1]. Since then, many studies have shown that 

lowering blood pressure lowers the cardiovascular morbidity and mortality risk for hypertension of all 

degrees of severity and even in high-risk normotensive individuals [2]. 

 

Figure 1 illustrates that hypertension, one of the most common cardiovascular (CV) risk factors [3], is 

associated with endothelial activation [4], inflammation [5-7], dyslipidemia [8], renal function [9, 10] 

hyperglycemia [11] atherosclerosis [12-14] and arterial stiffness [15, 16]. In recent years, the 

involvement of arterial stiffness in the development of cardiovascular disease (CVD) received great 

interest [17], as the stiffening of the vasculature leads to an increased systolic blood pressure (SBP), 

afterload on the heart and pulsatile load on the microcirculation, as well as decreased coronary 

perfusion [18]. Therefore, arterial stiffness may cause stroke, coronary heart disease (CHD) and heart 

failure [18]. 

Research comparing hypertensive to normotensive Africans in terms of arterial structure and function 

and the associations thereof with blood pressure, metabolic profile (lipids and glucose),  inflammation 

and endothelial activation is limited. Therefore, a better understanding regarding these factors in 

 

 

Figure 1. Hypertension and commonly associated factors 
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hypertensive versus normotensive Africans is needed. In light of the emerging epidemic of non-

communicable diseases in South Africa [19], it is clear that hypertension and its associated factors 

need to be addressed in order to implement effective prevention and intervention strategies, as well as 

the needed health policies [19]. It has been proposed that the main contributing factors in terms of 

hypertension in Africans are modifiable [20], increasing the emphasis on the need for prevention and 

intervention.   

The 2010 data of the PURE sub-study allows us to explore these differences and associations in 

hypertensive versus normotensive Africans. The participants to be included in this study have been 

either hypertensive or normotensive for two consecutive blood pressure measurements over a five-

year interval (2005 and 2010), which creates the opportunity to investigate the mentioned markers 

after a long-term disease period. Therefore, this study will attempt to contribute to the on-going 

efforts of understanding hypertension in Africans. 
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1. Blood pressure  

1.1 Normal blood pressure 

Blood pressure is the force that blood exerts against a unit area of the vessel wall, and it is measured 

in millimetres mercury (mmHg) [9]. The body has the ability to regulate blood pressure, and this is a 

complex, dynamic process that aims to match tissue perfusion with metabolic demands [21].  

The South African Hypertension Guidelines as well as the 2013 Guidelines of the European Society 

of Hypertension (ESH) and the European Society of Cardiology (ESC) state that normal blood 

pressure is a systolic value of 120-129 mmHg, and/or a diastolic value of 80-84 mmHg [22, 23], while 

optimal blood pressure is a systolic value of <120 mmHg and a diastolic value of <80 mm Hg [23]. 

1.2 Hypertension 

Arterial hypertension is a cardiovascular syndrome associated with structural and functional changes 

in the cardiovascular system that damage the vasculature, kidneys, heart and brain, leading to 

premature morbidity and death [21]. 

The South African Hypertension Guidelines of 2011 as well as the 2013 ESH and ESC Guidelines 

define hypertension as a systolic blood pressure of ≥140 mmHg, and/or a diastolic blood pressure 

(DBP) of  ≥90 mmHg  [22, 23].  

Approximately 90 percent of all people with hypertension are said to have essential hypertension, 

meaning that the cause of the hypertension is unknown [9]. Well-documented evidence exist for the 

association between blood pressure and cardiovascular events like stroke, myocardial infarction, 

organ damage and mortality in both normotensive and hypertensive individuals, and this association is 

influenced by age [24]. 

 1.2.1 Dyslipidemia and hypertension 

„Dyslipidemic hypertension‟ refers to the common occurrence of hypertension together with 

hypercholesterolemia as risk factors for cardiovascular disease [8]. Dyslipidaemia is a broad term 

referring to abnormal levels of lipids (hydrophobic fat molecules such as cholesterol and fatty acids) 

and lipoproteins (molecules consisting of lipids and apolipoproteins) in the blood [25]. Lipid levels 

are attributable to genetic factors and/or environmental factors, like diet [25]. 

The assessment of an individual‟s serum lipid levels may help to predict the occurrence of future 

cardiovascular events. According to the ESH/ESC guidelines, the following values are indicators of 

dyslipidaemia: total cholesterol (TC) >4.9 mmol/L, low-density lipoprotein (LDL-C) >3.0 mmol/L, 

high-density lipoprotein-cholesterol (HDL-C) <1 mmol/L for men and <1.2 mmol/L for women, and 

triglyceride (TG) >1.7 mmol/L [23]. 
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High TC, TG and LDL-C levels are associated with the risk for cardiovascular events, while HDL-C 

is considered the „good cholesterol‟, and associated with a cardio-protective role [26]. The role of 

HDL-C in reverse cholesterol transport is thought to be associated with its protective effect [27]. 

However, HDL-C may also possess some additional protective properties, including antioxidant, 

antithrombotic and anti-inflammatory effects [27].  

Wang et al., found that lipids associate with arterial stiffness; LDL-C associated with aortic stiffness 

and HDL-C associated inversely with aortic and peripheral stiffness in their study [28]. The oxidation 

of LDL-C is regarded as one of the first steps in the development of atherosclerosis [29], however, 

this process may also play a role in arterial stiffening [30]. Oxidized LDL-C could contribute to 

arterial stiffening by increasing collagen production in the vascular smooth muscle cells [31] and by 

limiting the bioavailability of nitric oxide (NO) [32].  

In an African population from Nigeria, hypertensive participants had higher TC, TG and LDL-C 

levels compared to their normotensive counterparts [33]. However, studies from various parts of the 

world indicate that people of African descent have a favourable lipid profile [34]. A genetic factor (a 

haplotype of the Y-chromosome) seems to be responsible for a favourable lipid profile in an African 

population of men residing in the UK [35]. Black South Africans also exhibit a favourable lipid 

profile, with low TC and high HDL-C levels [36, 37], and are not prone to CHD [38]. 

1.2.2 Hyperglycemia and hypertension 

Hypertension is present in two-thirds of diabetic cases, supporting the notion that high blood pressure 

develops along with hyperglycaemia [11]. Hypertension and dyslipidaemia are commonly co-morbid 

in patients with insulin resistance, thus suggesting that insulin resistance may be a mechanism that 

underlies their co-morbidity [39]. Insulin resistance may be caused by a combination of genetic and 

lifestyle factors, and is characterised by a deficient uptake of glucose by the tissues at a given 

concentration of insulin in the plasma [40]. Therefore, plasma glucose is increased due to the lack of 

insulin-signalling [39]. The pancreatic β-cell increases the production of insulin in response to the 

hyperglycaemia in the plasma, resulting in hyperinsulinaemia [39].  

A fasting plasma glucose concentration of 5.6- 6.9 mmol/L is considered to be a risk factor other than 

blood pressure (BP) that influences prognosis and contributes to CV risk, while diabetes mellitus is 

diagnosed by a fasting plasma glucose concentration of ≥7.0 mmol/L on two separate measurements 

[23]. Chronic hyperglycaemia in the blood can be detected by glycosylated haemoglobin, or 

haemoglobin A1c (HbA1c) [41]. This biomarker detects the severity of the hyperglycaemia, enabling 

it to evaluate the diabetes-risk, or the risk for other vascular complications [41]. HbA1c differs from 

fasting plasma glucose in that it is a marker of long-term glucose levels in an individual [42]. 

Tropeano et al., found that glycemia is a determinant of carotid intima-media thickness (cIMT) in 

hypertensive hyperglycemic patients [43]. It also seems that patients with abnormal insulin sensitivity 
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have an increased risk of developing arterial stiffness, even if they are not hypertensive or diabetic 

[44]. 

In insulin resistance the metabolism of glucose and lipids are altered, leading to the production of 

excess aldehydes like glyoxal and methylglyoxal [40]. These aldehydes react non-enzymatically with 

the amino- and sulfhydryl-groups of amino acids, to form advanced glycation end products (AGEs) 

[40]. AGEs act on a receptor of AGE (RAGE) [45]. RAGE is a type 1 transmembrane protein, and is 

part of the immunoglobin superfamily of cell surface receptors [46]. This receptor is expressed in 

various tissue types, including the vascular tissue [45]. AGEs are thought to act directly, as well as on 

receptors to alter the functions of many proteins, including antioxidant and metabolic enzymes, 

calcium channels, lipoproteins and structural proteins [40]. These alterations are associated with 

inflammation, endothelial dysfunction and oxidative stress, and are characteristic of hypertension 

[40].  

Plasma AGEs may also play a role in large artery remodelling, independent of blood pressure [47]. 

Studies have shown that the binding of RAGE to its ligands may result in the greneration of oxidative 

stress and inflammatory responses, thus possibly contributing to the progression of atherosclerosis 

[48, 49]. 

The prevalence of diabetes is scarce in rural-dwelling Africans, but rising in Africans from an urban 

setting, attributed to the increased prevalence of obesity and impaired glucose tolerance in these 

Africans [50]. Koegelenberg et al., showed that in black South Africans, blood pressure, fasting 

glucose and HbA1c increased over a period of five years, but no association could be found between 

the blood pressure and glycemic status of these participants [51]. 

1.2.3 Renal function and hypertension 

Several different studies have suggested that “blood pressure goes with the kidney”, since a 

normotensive recipient of a kidney genetically programmed for hypertension will develop 

hypertension [10]. Impaired renal function in a hypertensive individual is a strong predictor of future 

CV events and death [52]. High blood pressure can damage the kidneys, producing renal destruction 

and eventually kidney failure [9]. 

The kidney is the major organ involved in salt homeostasis, and is important in the long-term 

regulation of blood pressure [10]. The long-term control of arterial BP is dependent on the body fluid 

volume, which is determined by the balance between fluid intake and output [9].  

The glomerular filtration rate (GFR) is indicative of the level of renal function [53]. A decreased GFR 

indicates impaired renal functioning and will lead to the accumulation of creatinine in the serum [23]. 

Creatinine is a by-product of muscle metabolism and is cleared from the body almost exclusively by 

glomerular filtration; therefore, the creatinine clearance rate (CrCl) can also be used to assess the GFR 
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[9]. The rate of creatinine clearance by the kidneys can be calculated by using equations like the 

Cockcroft-Gault formula [54]. Therefore, the rate by which creatinine is cleared from the body is 

indicative of kidney function, although it should not be used as the only measurement of kidney 

function [53]. The reason for this is that there is a wide range of „normal‟ serum creatinine levels, 

since the concentration of serum creatinine is affected by the production, secretion, and excretion of 

creatinine through mechanisms other than renal excretion [53]. Therefore, the GFR can decline to half 

its normal value before the serum creatinine will increase above the normal level. The cut-off values 

which indicate mild renal damage are as follows: serum creatinine >132.6 µmol/l in men, and >123.8 

µmol/l in women [55], or a CrCl of <60 mL/min/1.73 m
2 
 [56].  

Stimuli like angiotensin II or salt cause a modest blood pressure elevation [57]. This first phase, or 

pre-hypertension, activates the T-cells of the immune system, bringing about an inflammatory 

response [57]. This encompasses the infiltration of T-cells and macrophages into the kidneys and 

vasculature, where they release cytokines and inflammatory mediators [57]. These inflammatory 

substances cause vascular and renal dysfunction, sodium retenion, vasoconstriction, and vascular 

remodelling along with angiotensin II, catecholamines and sodium. Finally, the second phase, 

sustained hypertension develops [57]. 

1.2.4 Health behaviours and hypertension 

Certain lifestyle changes are associated with a decrease in blood pressure: dietary salt restriction, 

weight reduction, regular consumption of fruits and vegetables, regular exercise, moderation of 

alcohol consumption and smoking cessation [23]. 

Excessive alcohol intake is associated with both increased blood pressure and risk of stroke [23, 58]. 

Hypertensive men should not consume more than 20-30g of ethanol per day, and hypertensive women 

not more than 10-20g per day [23]. However, light to moderate alcohol consumption has been linked 

to a reduction in the risk for atherosclerosis, and this protective effect may also extend to hypertensive 

individuals [58].  

Evidence indicates that serum hepatic enzymes like aspartate aminotransferase (AST) and gamma-

glutamyl transferase (GGT) are elevated in adults who consume alcohol excessively [59].  

Schutte et al., showed that the five-year change from normal blood pressure to hypertension in a 

group of Africans were independently explained by baseline GGT, a marker of alcohol intake [20]. 

Furthermore, alcohol intake predicted bSBP and cross-sectional wall area (CSWA) at follow-up [20]. 

Zatu et al., found that self-reported alcohol-use significantly predicted the change in blood pressure 

over five years, and that this was not true for the biochemical alcohol markers GGT and percentage 

carbohydrate deficient transferrin (%CDT) [60].  
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Smoking is a risk factor for CVD [23] and one of the  leading causes of pro-atherosclerotic alterations 

in the structure and function of the cardiovascular system [61]. Long-term chronic smoking as well as 

acute smoking is associated with vascular dysfunction [62, 63]. The acute effects of smoking include 

a rise in blood pressure and heart rate [64]. Hypertension and smoking are risk factors for arterial 

stiffening, and when combined they exert an additive effect, increasing arterial stiffness even more 

[65].  

 Mechanisms by which smoking may exert its effects on the cardiovascular system include the 

production of superoxide anions, resulting in oxidative damage to the endothelium, decreased 

synthesis and bioavailability of NO and increased synthesis and bioavailability of endothelin-1 (ET-1) 

[61]. 

2. Arterial structure and function 

The structure of the arterial wall consists out of three concentric zones: the tunicas intima, media and 

adventitia [66]. The intima and media is separated by the internal elastic lamina, while the media and 

adventitia is separated by the outer elastic lamina [66]. The vascular endothelium is the predominant 

constituent of the intima, while the media consists of vascular smooth muscle cells, elastin and 

collagen [66]. The adventitia is a zone of collagen and some elastin tissues, which merges with the 

surrounding connective tissue made up of fibroblasts, nerves and small blood vessels [66]. Central 

and peripheral arteries differ in their composition, with the central arteries being more compliant and 

largely consisting of elastin, while the peripheral muscular arteries are stiffer and contain more 

collagen [66]. The thickness of the arterial intima-media layer (IMT) can be defined as the distance 

between the intima-lumen interface and the media-adventitia interface [67]. 

The vascular system is structured to perform two main functions: firstly, a dampening function which 

softens the pressure pulse created when the heart ejects blood, thereby ensuring continuous blood flow 

and constant organ perfusion [68]. This dampening function is  mainly the responsibility of the large 

arteries [66]. Secondly, the vascular system provides a way for blood to flow throughout the body, 

while carrying oxygen and nutrients to the different tissues [68]. SBP in the aorta is composed of two 

parts: the outgoing pressure wave, generated by the contraction of the left ventricle, and the returning 

pressure wave from reflection sites in the periphery [2]. The reflected wave should return to the heart 

during diastole, to enhance diastolic filling and coronary perfusion [2]. If the wave returns to the heart 

during systole, it amplifies the afterload on the heart and increases the central aortic pressure [2]. The 

magnitude and time of wave-reflection depends on several factors, including: the stiffness of the 

aorta, the heart rate and the distance of the reflection sites from the heart [2]. 

The cells present in the arterial wall have the ability to respond to environmental stimuli, including 

mechanical stretch, vasoactive forces, and inflammatory and thrombotic mediators [69, 70]. The large 
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elastic arteries can accommodate changes in blood volume under normal physiologic conditions, but 

with large pressure increases the structure and function of the vessel wall are modified by vascular 

remodelling [69]. Vascular remodelling encompasses the activation of several intracellular pathways 

that modulate the migration, proliferation and death of vascular cells, as well as the synthesis and 

degradation of the extracellular matrix (ECM) [70]. 

2.1 Atherosclerosis and arteriosclerosis 

Progressive, sub clinical arterial wall alterations precede cardiovascular events [71]. Atherosclerosis is 

a disease of the intima which is characterised by the accumulation of lipids and inflammatory cells, 

the migration of vascular smooth muscle cells, foam cell development, and the deposition of 

connective tissue and calcium [72]. Atherosclerotic plaque formation usually occurs in areas of 

turbulent flow and low shear stress [73]. 

Atherosclerotic CVD begins as asymptomatic lesions on the arterial walls [74]. The lesions manifest 

as fatty streaks in the endothelium of the artery [74]. An important event in the development of 

atherosclerosis is the expression of adhesion molecules, intracellular adhesion molecule-1 (ICAM-1) 

and vascular adhesion molecule-1 (VCAM-1) on the endothelial surface [75]. This expression of the 

adhesion molecules, or endothelial activation, mediates the recruitment and attachment of leukocyes 

to the arterial wall [76]. Endothelial activation is discussed in detail subsequently in this literature 

review. An abnormal lipid metabolism and a chronic inflammatory state seems to be the underlying 

pathophysiology related to the development of atherosclerosis [13]. Furthermore, insulin resistance is 

associated with atherosclerosis [39]. Increasing levels of glycated hemoglobin, or HbA1c, which is a 

marker of chronic hyperglycemia in the blood [41], is associated with coronary atherosclerosis [77]. 

The thickening of the intima-media of the carotid artery is also regarded as an initial step in the 

development of atherosclerosis [78]. Continuous exposure to cardiovascular risk factors like 

hypertension, smoking and dyslipidaemia can cause the athersoclerotic lesions to develop into 

atherosclerotic plaques [74]. These plaques protrude into the arterial lumen, thus narrowing the lumen 

diameter of the artery and decreasing blood flow to target tissues, resulting in tissue ischemia [74]. 

Upon complete occlusion of the artery, tissue infarction is certain [74].   

Carotid intima-media thickness (cIMT) has been found to be a predictor, as well as an indicator of the 

extent of coronary artery disease in black South Africans [79]. Atherosclerosis and coronary artery 

disease do not seem to be highly prevalent in black South Africans, or at least to a lesser extent than 

arteriosclerosis, hypertension and stroke [38, 80]. However, the westernisation of behaviour taking 

place in rural and urban areas of South Africa might lead to a greater incidence of coronary artery 

disease in Africans [20]. Nevertheless, congestive heart failure and stroke are still more common than 

coronary artery disease in black South Africans [81]. 
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Arterial disease is often thought to refer to coronary atherosclerosis, but the term encompasses more 

widespread alterations of the arteries which results in arterial stiffening [82]. Arterial stiffness is also 

referred to as “arteriosclerosis” [82]. Arterial stiffness refers to the rigidity of the arterial wall [83], 

and the decreased ability of the artery to dilate, constrict and recoil in response to changes in blood 

pressure [72]. Arterial stiffness is recognised as an independent risk factor for mortality and morbidity 

relating to the cardiovascular system in hypertensive individuals [84]. As the large arteries stiffen, 

their dampening ability is lessend, leading to an increase in pulse pressure and a decrease in shear 

stress [66]. 

The arterial wall stiffens with age [85]. The most well-reported alterations that accompanies aging in 

the arterial wall includes an increase in lumen diameter together with wall thickening, and a decrease 

in the elastic properties of the large elastic arteries [85]. The main structural change associated with 

aging is the degeneration of the arterial media [85].  This increased arterial stiffness has been 

attributed to the continuous cycles of distension and elastic recoil of the arterial wall over the life-

span, resulting in the fragmentation of elastin and the deposition of collagen [86]. Vascular ageing 

may be accelerated by cardiovascular risk factors like hypertension, or a genetic background that 

predisposes to it [87].  

Hypertension is a haemodynamic disorder, and therefore exposes the arterial tree to increased 

pulsatile stress [2]. Circumferential stress is the intraluminal force of a large volume of blood that 

exerts a distending pressure on the vessel wall, while shear stress is the force exerted due to the 

friction of the blood on the vessel wall [69]. Shear stress displaces the endothelium and the inner 

layers of the arterial wall in the direction of the flow [88], and it also increases endothelial nitric oxide 

synthase expression and decreases ET-1 expression [69]. Therefore, shear stress is generally thought 

to be anti-atherosclerotic [89].  

The elastic properties of the arterial wall are pressure-dependent [24], meaning arterial stiffness is 

increased at higher pressures without any structural change [90]. At low arterial pressures, the wall 

stress is supported by the compliant elastin fibres, while at high arterial pressures the strain shifts to 

the stiffer collagen fibres [66]. Therefore, systolic, diastolic and pulse pressures are associated with 

the structural characteristics of the elastic arteries [24]. Sustained hypertension may accelerate 

changes in the structure of the arterial wall [91]. Indeed, several studies have shown that central 

arterial stiffness is increased in hypertensive individuals when compared to normotensive individuals 

[92, 93]. Once structural change has taken place, blood pressure reduction may not have a large 

impact on arterial stiffness [91].  

During the hypertensive state, the blood vessel wall is constantly subjected to high strain [70]. The 

arteries resist stretch the more they are subjected to it, theoretically because of the transferral of strain 

from the elastin to the stiffer collagen fibres [94]. Therefore, the resistance to stretch under low 
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pressure is mainly due to elastin, under physiologic conditions due to both elastin and collagen, and at 

high pressures mainly due to collagen [94]. 

The smaller arteries and arterioles undergo vascular smooth muscle cell (VSMC) hyperplasia, while 

the larger arteries undergo VSMC hypertrophy and ECM reorganisation in order to resist the high 

strain [70]. Vascular hypertrophy is visible as an increase in the arterial cross-sectional wall area 

(CSWA) [95]. In other words, arterial CSWA is a measure of the arterial volume or mass [96]. While 

vascular remodelling helps the blood vessel to resist the high strain and pressure, it also increases the 

stiffness of the vessel, leading to a decreased ability of the vessel to dampen the pulsatile nature of 

blood ejection from the heart [70]. Arterial remodelling may represent a compensatory mechanism by 

which the blood vessel can resist strain during blood pressure increases, but it also sets the stage for a 

progressive change in the vessel wall shape and composition, ultimately leading to several clinical 

complications like arterial fibrosis and stiffening, which is characteristic of hypertension [69, 70].  

Arterial remodelling is driven by a variety of processes [97]. These include the fracture and 

degradation of elastin fibres, collagen deposition, the switching of the VSMC phenotype from the 

normal contractile phenotype to a migratory-proliferative phenotype, a secretory phenotype or an 

osteogenic phenotype [97, 98]. Furthermore, both VSMC phenotype switching and the degradation of 

the extracellular matrix (EMC) result in accelerated vascular calcification [97]. 

 

Figure 1. Pathophysiological mechanisms of arterial remodelling, Van Varik et al.[97].  

A: The normal arterial wall. B: The arterial wall undergoing remodelling. Elastin fibre degradation, collagen deposition, 

VSMC phenotype switching and calcium deposition leads to the adaptation and thickening of the arterial wall.  

 

Arterial stiffness and endothelial function stimulate the development of an atherosclerotic plaque, 

which may contribute to arterial stiffening, thus creating a link between atherosclerosis and 

arteriosclerosis [97]. 



 
 

18 

 

When comparing a South African population of blacks and whites, it seems that arterial stiffness is 

associated with ageing in whites, but in blacks it associates more with blood pressure [99]. In 

addition, the muscular arteries of blacks were found to be stiffened even at a young age [99]. 

2.2 Measures of arterial function 

2.2.1 Pulse pressure 

Pulse pressure (PP) is calculated as the difference between the systolic and diastolic blood pressure 

[100]. PP depends on the cardiac output, the stiffness of the large arteries and pulse wave reflection 

[83]. A rise in PP is the major cause of the age-related increase in hypertension, and it has been 

attributed to arterial stiffening [72]. It is one of the simplest measures of arterial stiffness, but PP 

alone cannot be used to measure arterial stiffness acurately [83].  

2.2.2 Pulse wave velocity 

Pulse wave velocity (PWV) is a marker of arterial stiffness [72]. It is considered the gold standard 

measure of arterial stiffness [101]. PWV is the velocity by which the forward pressure pulse, created 

by the heart contracting and ejecting blood, travels along the arterial tree [72]. The velocity of the 

forward-travelling wave is influenced by the stiffness of the arterial walls; the stiffer the walls, the 

higher the velocity [83]. PWV is measured by determining the time that the pressure pulse takes to 

travel between two points in the body [72], and the gold standard for measuring PWV dictates that 

these two points are the carotid and femoral arteries [17]. However, other measurements of PWV also 

exist, including the carotid-dorsalis-pedis PWV, or the ankle-brachial PWV, both of which are more 

representative of the PWV in the peripheral arteries [102] 

A carotid-femoral PWV threshold value of 10 m/s is suggested to be indicative of aortic changes in 

the middle-aged hypertensive patient [103]. According to Cecelja and Chowienczyk, PWV shows no 

association with the classical atherosclerosis risk factors, including smoking, gender and lipids [104]. 

One study found that PWV was 24% higher and carotid distensibility (CD) 47% lower in hypertensive 

than in normotensive subjects, supporting the notion that blood pressure and arterial stiffness are 

important determinants of each other [93]. Furthermore, it is suggested that not only the blood 

pressure, but also the structure of the arterial wall contributes to the level of stiffness in hypertensive 

individuals [93]. This statement is supported by the fact that this study found no significant reduction 

in PWV in hypertensive participants, even though their mean arterial pressure (MAP) had been 

reduced by the administration of nitroglycerin to a pressure similar to that of their normotensive 

counterparts [93]. 

2.3 Measures of carotid structure and function 

Arterial stiffness can be measured at several arterial segments as well and by using different 

techniques [18]. Various measurement-sites are necessary, as stiffness differs along the arterial tree 
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[17, 18]. Recently, van Sloten et al., showed that the stiffness of the carotid artery is associated with 

incident CV events and mortality [18]. The Atherosclerosis Risk in Communities (ARIC) study 

indicated that stiffening of the carotid artery associates more with cerebrovascular disease (stroke) 

than CHD, possibly because stiffness in this artery leads to a higher pressure-load on the brain [105]. 

Carotid atherosclerosis commonly occurs in the bulb region of the carotid artery, an area with low 

shear stress [37], while intimal thickening in the more proximal segments of the carotid artery could 

be the result of high shear stress, as in hypertension [37]. 

2.3.1 Carotid intima-media thickness 

A widely accepted surrogate marker for the prediction of cardiovascular events involves the 

measurement of the carotid intima-media thickness (cIMT) [73]. CIMT is measured with B-mode 

ultrasound [73]. According to Bergmann, IMT should be regarded as a form of end-organ disease that 

is a precursor of atherosclerosis [106]. The measurement of IMT reflects not only early 

atherosclerosis, but also non-atherosclerotic compensatory remodelling of the arterial wall in response 

to hypertension [106] and shear stress, such as medial hypertrophy [71, 74]. Furthermore, age-related 

thickening of the intima and media of the common carotid arteries may also occur in the absence of 

atherosclerosis [73]. Carotid wall thickening, or an IMT of >0.9 mm is considered to be indicative of 

asymptomatic organ damage [23].  

A variety of different techniques can be used to measure arterial stiffness, but presently these 

measurements are mostly utilised in a research setting rather than in clinical practice [83].  

2.3.2 Central blood pressure 

Measuring central BP in hypertensive patients is receiving interest because of its predictive value for 

CV events and the different effect that antihypertensive drugs have on central BP and brachial BP 

[23]. SBP is higher at the level of the radial arteries than the central arteries, but DBP and MAP differ 

only slightly [87]. Roman and colleagues demonstrated that central aortic pressure has a stronger 

relation to carotid hypertrophy and atherosclerosis than brachical blood pressure, thus supporting the 

theory that central pressures reflect the workload on the heart more accurately [107].  

Central pulse pressure (cPP) is a reflection of the workload on the left ventricle, as well as the 

coronary and the cerebral vessels [108]. The consequence of arterial stiffening and therefore an 

increased cPP is explained by the effect on ventricular afterload [72]. Elevated central SBP can 

predispose to left ventricular hypertrophy [109], which is an independent predictor of cardiovascular 

death [110]. On the other hand, a decrease in DBP reduces coronary perfusion, leading to ischemia of 

the heart [111]. 
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2.3.3 Young’s elastic modulus 

Young‟s elastic modulus represents the stiffness of the arterial wall at operating pressure [18]. It is 

calculated by a formula which includes the carotid diastolic lumen diameter, IMT and distensibility 

[112]. Bussy et al. found that Young‟s elastic modulus of the carotid artery was higher in young 

hypertensive individuals when compared to normotensive individuals, but it did not differ between 

middle-aged and older hypertensive and normotensive individuals [113]. These results point to an 

increased intrinsic stiffness of the arterial wall material in younger patients with essential 

hypertension [113]. Furthermore, these results indicate that adaptive mechanisms are at work in 

middle-aged and older hypertensives, as the intrinsic wall properties were unchanged compared with 

their counterparts [113]. 

2.3.4 Carotid distensibility 

Carotid distensibility is a risk factor for CDV [114-116] , and recently, Van Sloten et al., showed that 

carotid stiffness indices are independently associated with CV events and mortality independent of 

CV risk factors [18]. 

Distensibility refers to the ability of the artery to expand and recoil in response to the pulsating flow 

of blood in the large arteries [117]. The CD gives information about the elastic properties of the 

arterial wall as a hollow structure [118], however, CD is only an estimation of the mean strain on the 

artery since the soft tissue around the artery also responds to a change in volume [119]. CD is 

calculated with  a formula which includes the minimum and maximum lumen diameters, the 

difference between them and the central pulse pressure [120].  

3. Inflammation  

3.1 Inflammation and hypertension 

The immune system plays the role of protecting the body from pathogens and toxins [121]. It has been 

suggested that an imbalance in the immune system leads to inflammation and contributes to 

hypertension [121, 122]. Hypertension may also play a role in inducing a pro-inflammatory state in 

the blood vessels, by damaging the arterial wall through high circumferential and shear stress [69].  

The term „low-grade inflammation‟ (LGI) has been used in recent years to describe a mechanism 

leading to disease in healthy individuals [123]. It is characterised by increased levels of pro-

inflammatory cytokines and immune activation markers, as well as a raised white blood cell count 

[123]. These mediators may impair the ability of the endothelium to release NO, a vasodilating factor, 

resulting in endothelial dysfunction and at a later stage, hypertension [124]. Currently, C-reactive 

protein (CRP) is the gold standard for the measurement of LGI [123]. 

CRP is an acute phase protein produced by the liver in response to interleukin-6 (IL-6) and 

interleukin-1β (IL-1β) [124]. CRP is a non-specific marker of inflammation, in other words, a marker 
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of low-grade systemic inflammation in the body [125]. CRP appears to be a good marker of metabolic 

inflammation, associating with body mass index (BMI) and lipids [123]. In healthy subjects the CRP 

concentration is usually less than 1 µg/mL [75], and an elevated CRP concentration is associated with 

an increased risk for cardiovascular disease [124], diabetes [126] and certain types of cancer [127]. 

Hypertension is also associated with higher CRP-levels [6]. Lakoski et al,. found that hypertensive 

African-Americans had a 10-15% higher CRP-level than their normotensive counterparts [5]. This 

supports the idea that sub clinical inflammation, as indicated by higher CRP-levels, may be one of the 

mechanisms contributing to the higher risk for adverse events like MI in hypertensive patients [5].  

IL-6, a pleiotropic cytokine, is synthesised by a wide range of cells, including immune, endothelial, 

smooth muscle and ischemic heart cells [128]. Its physiologic activity includes the mediation of a pro-

inflammatory reactions, as well as a state of cytoprotection [128]. Chamarthi and colleagues found 

that the baseline IL-6 were higher in hypertensive than in normotensive participants [6]. Furthermore, 

it was shown that the concentration of IL-6 increased significantly after infusion of exogenous 

angiotensin (Ang II), supporting the theory that IL-6 is involved in the pathogenesis of Ang II-

mediated hypertension [6]. IL-6 increases the production of interleukin-17 (IL-17) [129], which is 

thought to stimulate chemokine release and chemotaxis of other inflammatory cells to the vasculature, 

contributing to vascular pathology in the setting of hypertension [129].  

3.2 Inflammation, arterial structure and function 

Inflammatory diseases are associated with atherosclerosis [130], in fact, atherosclerosis itself is an 

inflammatory disease [13, 131]. Inflammatory cells like leukocytes are present in the atherosclerotic 

arterial wall [131]. Macrophages can amplify low-density lipoprotein cholesterol (LDL-C) 

modification and decrease the stability of advanced atherosclerotic plaques through the secretion of 

various cytokines [13]. Evidence suggests that the modification of LDL-C by the oxidation process is 

the stimulus for the inflammatory process that underlies atherosclerosis [13]. CRP is significantly 

associated with both carotid and femoral IMT [132]. Furthermore, CRP is associated with carotid 

plaques in a dyslipidemic population [133]. 

Accumulating evidence indicate that acute and chronic inflammation is associated with stiffness of the 

large arteries [134]. An increase in circulating inflammatory mediators may increase leukocyte 

infiltration into the arteries, and alter the VSMC phenotype [134]. The released matrix 

metalloproteinases (MMP) from these cell types can degrade elastin, pointing to one possible 

mechanism by which inflammation can lead to arterial stiffness [134, 135]. Furthermore, it is possible 

that the state of hydration and the proteoglycan composition is different in inflamed arteries compared 

to normal arteries, thus altering the biomechanical properties of large arteries [134].  
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Although CRP is a marker of inflammation, it is possible that it may also be a role-player in the 

process of arterial stiffening [136]. Long-term inflammation might play a role in the stiffening of the 

aorta [101]. This statement is supported by the findings of McEniery et al., which shows that after 

twenty years, baseline- and follow-up CRP-levels were strongly related to aortic PWV [101]. 

Inflammation in the arterial wall of large arteries may exert its effects through decreasing the 

elasticity and increasing the stiffness of the artery [124]. The proposed role that inflammation plays in 

the stiffening process is by altering the composition of the arterial wall [137]. Inflammation increases 

the expression of vascular adhesion molecules [75], chemokines, growth factors, heat shock proteins, 

endothelin-1 and angiotensin-II [124]. These factors initiate a cascade of other processes, like 

eventual vascular fibrosis in the case of angiotensin-II-initiated pathways [136], possibly leading to 

arterial stiffness.  

4. Endothelial activation 

Endothelial function plays a critical role in the maintenance of vascular homeostasis [138]. The 

endothelium is constantly subjected to mechanical and biochemical stresses, for which it has a range 

of defence mechanisms [139]. However, various factors associated with cardiovascular disease can 

overwhelm these defence mechanisms and cause structural damage, thus impairing the function of the 

endothelium [139]. Endothelial dysfunction is characterised by alterations from its normal 

vasorelaxant, anti-coagulant, anti-platelet phenotype to one that is vasoconstrictive, procoagulant and 

platelet-activating [138].  

The endothelium expresses several cell adhesion molecules, including intracellular-adhesion 

molecule-1 (ICAM-1), vascular adhesion molecule-1 (VCAM-1), E-selectin and P-selectin [139]. 

Endothelial activation is defined as the expression of cell surface adhesion molecules, such as ICAM-

1 and VCAM-1, on the endothelium [76]. ICAM-1 and VCAM-1 have molecular structures similar to 

that of immunoglobulins [138]. These molecules function as endothelial ligands for integrins that are 

expressed on leukocytes and platelets; therefore they facilitate the binding of leukocytes and platelets 

to the endothelial surface [138]. However, ICAM-1 and VCAM-1 are not endothelial specific; they 

are also expressed on several different cell types, including VSMC and monocytes [138]. Endothelial 

activation may be induced by proinflammatory cytokines (for example IL-6), hypercholesterolemia or 

smoking [76, 138]. Endothelial activation may also be induced by oxidised LDL [138]. 

A study that exposed human umbilical vein endothelial cell (HUVECs) to cyclic stress caused the 

migration of zyxin (a zinc finger protein), which acts to coordinate the expression of pro-

inflammatory genes such as IL-8, VCAM and ICAM [89]. Continuous circumferential stress also 

increases the expression of the IL-6 gene through the NFκB pathway in HUVECs [140]. The up-

regulation of these genes indicate that mechanical stress, such as in hypertension [70], may induce an 

inflammatory response in endothelial cells resulting in the activation of adhesion molecules (ICAM, 



 
 

23 

 

VCAM) and cytokines leading to the increased permeability of the vascular endothelium [69]. 

Endothelial activation may also facilitate the recruitment and adhesion of leukocytes to the arterial 

wall [76]. 

4.1 Endothelial activation and hypertension 

Endothelial activation may be an important mediator of hypertensive vascular injury [141]. In 

individuals with essential hypertension, IL-6, CRP and tumour neucrosis factor-alpha (TNF-α) are 

increased and related to oxidative stress and endothelial activation [142]. NO donors decrease the 

expression of ICAM, VCAM and E-selectin in response to several pro-inflammatory cytokines [76].  

At a concentration of 5 µg/mL, CRP has a pro-inflammatory effect, inducing high levels of adhesion 

cell expression (ICAM and VCAM) by human endothelial cells [75]. When the levels of endothelial 

activation markers increase they facilitate the migration and adhesion of inflammatory cells to the 

endothelium [138]. 

Shear stress is essential for endothelial function and pathophysiology [143]. The current perspective 

states that areas with laminar flow, high shear stress and low bidirectional oscillatory flow are 

atheroprotective, while areas with disturbed flow, reverse flow and low shear stress are more prone to 

the development of atherosclerosis [143].  

Preston et al. demonstrated that the markers of endothelial activation are different between 

hypertensive and normotensive subjects; ICAM-1, VCAM-1 and a marker of vascular injury, the von 

Willebrand factor (vWF), were significantly higher in hypertensives than in normotensives [4]. This 

supports the finding that hypertension is associated with endothelial activation [4]. However, the 

authors did not find a difference in the markers of endothelial activation between patients with mild 

hypertension and with severe uncontrolled hypertension [4]. It seems that the expression of ICAM-1 

and VCAM-1 are elevated even with mild increases in blood pressure, possibly indicating a low 

threshold for maximal endothelial activation, or that the injured vasculature in severe hypertension is 

unable to produce any more adhesion molecules [4]. The vascular injury associated with severe 

hypertension may depend more on other factors, like structural alterations of the vessel wall, than the 

activation of the endothelium [4]. 

Furthermore, other factors may be more important in activating the endothelium than hypertension 

per se [4]. Conditions commonly associated with hypertension like diabetes [11], hyperlipidaemia [8], 

smoking [64], and athersoclerosis  are also associated with higher levels of endothelial activation 

markers, and the effect of hypertension may be less important when these concomitant conditions are 

also taken into account [4]. Therefore, the level of endothelial activation markers may depend more 

on the metabolic factors in the hypertensive environment than the level of blood pressure [141]. 
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Endothelial microparticles (EMP) are small vesicles that are released by damaged or activated 

endothelial cells, and these particles are more likely to be directly influenced by hypertension [138]. 

Interestingly, Miller et al., found that in a population from England, people of African origin have 

lower levels of ICAM, VCAM and P-selectin than people of European descent [144].   
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Abstract 

Objectives: Increased arterial stiffness in hypertensives may be due to structural or functional 

adaptations of the vasculature. More information regarding large artery alterations in hypertensive 

Africans is needed. We therefore compared the carotid characteristics between 5-year sustained 

hypertensive and normotensive blacks. We also investigated the association of the carotid 

characteristics with cardiometabolic risk factors, markers of inflammation, endothelial activation and 

health behaviours.  

Methods: We included HIV-free Africans who were either hypertensive (N=351) or normotensive 

(N=241) during baseline (2005) and follow-up (2010) data collection. Carotid characteristics, 

including the intima-media thickness (IMT), distensibility, Young‟s elastic modulus, cross-sectional 

wall area and lumen diameter were assessed with B-mode ultrasound. Brachial and central systolic 

blood pressure (cSBP) were measured, and blood samples were used to determine metabolic, 

inflammatory and endothelial activation markers, and health behaviours.  

Results: Cardiovascular measures (all p≤0.024) and carotid characteristics, except IMT, were 

significantly different between the normotensive and hypertensive groups (all p≤0.008) after 

adjustments. However, upon additional adjustment for cSBP, all significance was lost. Metabolic, 

inflammatory and endothelial activation markers, as well as health behaviour, were not different 

between the two groups. Carotid distensibility associated with glycosated hemoglobin (p=0.018) and 

IMT with low-density lipoprotein (p=0.005) in the hypertensive group. 

Conclusions: Increased distending pressure resulting from higher BP in the hypertensives may 

explain the differences in the carotid characteristics, such as lower distensibility between the 

hypertensive and normotensive groups. Therefore, it seems that functional, but no structural 

adaptations have taken place despite being hypertensive for at least 5 years. 

Key Words: ethnicity, black, large artery, stiffness, distensibility, hypertension, central pressure 
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Introduction 

Hypertension is an important contributor to the global epidemic of cardiovascular disease (CVD) [1], 

and the burden of CVD is more evident among black populations [2-5]. Arterial stiffness has been 

increasingly implicated in the development of CVD, resulting in stroke, coronary heart disease and 

heart failure [6, 7]. Various studies have shown that compared to whites, blacks have increased 

arterial stiffness [8-10]. We previously showed that in black Africans, arterial stiffness associates 

more with blood pressure than with age [11].  

Increased arterial stiffness in hypertensives have been attributed to arterial wall remodelling, or 

structural and functional alterations in the arterial wall in response to injury, disease or ageing [12]. 

Atherosclerosis, which involves thickening of the intima [13], and arteriosclerosis, or stiffening of the 

large arteries [14], is associated with general cardiovascular [12], metabolic [15] and inflammatory 

disease [16]. Arterial remodelling may be a compensatory mechanism by which the artery resists 

strain during blood pressure increases, but it also predisposes the vessel to a progressive change in the 

wall shape and composition, ultimately leading to several clinical complications like arterial fibrosis 

and stiffening, which is characteristic of hypertension [17, 18].  

Recently, Van Sloten et al., reported that the stiffness of the carotid artery independently associates 

with incident cardiovascular (CV) events and all-cause mortality [7]. The ARIC (Atherosclerosis Risk 

in Communities) study reported an independent association between carotid stiffness and stroke, 

possibly because stiffening of the carotid artery might lead to a high pressure load on the brain [19].  

It is unclear whether the increased arterial stiffness seen in hypertensives are due to the increased 

distending pressure characteristic of hypertension, or to intrinsic structural adaptations in the arterial 

wall [20]. Information on the carotid characteristics, functional adaptation and structural wall 

alterations in hypertensive Africans are limited. Therefore, we compared the characteristics of the 

carotid artery between five-year sustained hypertensive and normotensive black participants. We also 

determined whether conventional cardio-metabolic risk factors, markers of inflammation, endothelial 

activation  or measures of health behaviours are related to these carotid characteristics.  
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Methods 

Study population 

This sub-study forms part of the South African leg of the multi-national Prospective Urban and Rural 

Epidemiology (PURE) study [21]. The participants of the PURE-SA study were from the North West 

Province of South Africa, and baseline data collection took place in 2005 (N=2010), while follow-up 

data was collected five years later, in 2010 (N=1288). The study population for this sub-study is 

described in Figure 1. Only the HIV-free black participants with two consecutive (2005, 2010) blood 

pressure measurements in either the hypertensive or normotensive range (N=592) were included in 

this sub-study. Thus, the study population consists of a group of 5-year sustained normotensive 

(n=241) and hypertensive (n=351) black Africans.  

 

  

 

 

 

 

 

Normotensive participants 

2005 

(N= 520) 

Excluded hypertensive 
participants 

2010 

(N= 191) 

Excluded missing BP data 

2010  

(N= 18) 

Excluded medication use (statins, 
anti-inflammatory, anti-hypertensive) 

2010 

(N= 70) 

Remained normotensive 

2005-2010 

(N= 241) 

Hypertensive participants 

2005 

(N= 541) 

Excluded normotensive participants 

2010 

(N= 170) 

Excluded missing  BP data 

2010 

(N= 20) 

Sustained hypertension 

2005-2010 

(N= 351) 

Figure 1. Study population. All participants were HIV-free. BP, blood pressure. 
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Ethical considerations 

The Health Research Ethics Committee of the North-West University approved the protocol of the 

PURE-SA study, as well as this sub-study (Ethics number: NWU-00016-10-A1), and it complies with 

the Declaration of Helsinki (2013). Participants completed structured demographic, lifestyle, physical 

activity and socio-economic questionnaires. Trained African field workers (from the communities) 

assisted in the collection of the data. Before measurements commenced, all procedures were explained 

to the participants in their home language. The participants then gave written informed consent. 

Locality refers to urban or rural locality. 

 

Anthropometric measurements 

Height (Invicta Stadiometer IP 1465, Leicester, UK), weight (Precision Health Scale, A & D 

Company, Tokyo, Japan) and waist circumference (WC) (Holtain unstretchable metal tape) were 

measured using standardised methods and calibrated instruments [22]. Body mass index (BMI) was 

calculated with the formula: weight (kg)/height (m
2
).  

Cardiovascular measurements 

The validated OMRON HEM-757 (Omron Healthcare, Kyoto, Japan) device was used to measure 

blood pressure. Each participant was fitted with the correct cuff size. After a resting period of ten 

minutes, the brachial systolic (bSBP) and diastolic blood pressure (bDBP) were measured on the right 

upper arm, followed by a five-minute resting period and a second blood pressure measurement. The 

blood pressure of the second measurement was used for analysis. The participant was seated in a 

relaxed upright position with legs uncrossed during the measurements. The 2013 ESH and ESC 

Guidelines define hypertension as a SBP of ≥140 mmHg, and/or a DBP of ≥90 mmHg, and the 

participants were classified as hypertensive or normotensive accordingly [23].  

The central systolic blood pressure (cSBP) was measured with the OMRON 9000AI device (Omron 

Healthcare, Kyoto, Japan), and we used the second systolic peak as measure of cSBP (reflected 

wave). The central pulse pressure (cPP) was calculated by subtracting the bDBP from the cSBP.  
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The pulse wave velocity (PWV) was measured non-invasively on the left side of each participant in a 

supine position. The Complior SP device (Artech-Medical, Pantin, France) used superficial pulses to 

measure the PWV. The measurement was taken from the carotid-dorsalis pedis (cdPWV) section of 

the arterial tree. 

The carotid characteristics were measured non-invasively with the SonoSite Micromaxx ultrasound 

system (SonoSite, Inc., Bothel, WA, USA) using a 6-13 MHz linear array transducer. A minimum of 

two optimal angles were used from images of the right and left common carotid arteries. These 

images were then measured by a single reader according to protocols, digitised and imported into the 

automated software of the Artery Measurements System (Gothenburg, Sweden). The carotid intima-

media thickness (cIMT) was analysed on a good quality image of a maximum 10 mm segment. The 

borders of the inner diameter of the blood vessel and the near and far wall of the intima-media were 

identified by an automated function of the program, but user intervention was possible. 

Approximately one hundred discrete measurements were used to obtain the mean cIMT and the 

carotid diameter.  

A single reader also used B-mode ultrasonography to analyse video-clips of the carotid artery in order 

to determine the systolic/maximum and diastolic/minimum lumen diameters (LD).  

The carotid distensibility (CD) coefficient was calculated according to the following formula: ((2 x 

Delta LD x dLD) + (Delta LD)
2
)/ (cPP x dLD

2
). LD, lumen diameter; Delta LD, systolic LD- diastolic 

LD; dLD, diastolic LD; cPP, central pulse pressure [24].  

Young‟s elastic modulus was calculated according to the following formula: dLD/(cIMT × 

distensibility). cIMT, average carotid intima media thickness across heart cycle; deltaLD, delta lumen 

diameter; dLD, diastolic lumen diameter [25]. 

Cross-sectional wall area (CSWA) was calculated according to the following formula:  [3.14 x 

(LD/2+cIMTf) x (LD/2+cIMTf)] - [3.14 x (LD/2) x (LD/2)]. LD- lumen diameter, cIMTf- carotid 

intima media thickness of the far wall. 
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Blood, serum and plasma samples 

Participants were asked to fast for at least eight hours and blood samples were taken with a sterile 

winged infusion set and syringes from the ante-brachial vein. The preparation of the serum and 

plasma was done according to standardised methods, snap frozen on dry ice and stored in the 

laboratory at -80°C. In the cases of blood collection in a rural area, serum and plasma was snap frozen 

and stored at -20°C for not more than five days. The serum was then transported to the laboratory and 

stored at -80°C for further analysis. 

 

Biochemical analysis 

An enzymatic colorimetric method (Cobas Integra 400 Roche® Clinical System, Roche Diagnostics, 

Indianapolis, IN) was used to assess the quantitative aspect of total cholesterol (TC), high density 

lipoprotein-cholesterol (HDL-C), triglycerides (TG) and gamma-glutamyltransferase (GGT) and 

creatinine levels in serum samples. 

The Friedewald formula was used to calculate the quantitative aspect of low-density lipoprotein 

cholesterol (LDL-C): LDL-C= TC - HDL-C - VLDL-C (where VLDL-C= 0.456 x TG, VLDL-C: very 

low density lipoprotein-cholesterol) [26]. The estimated creatinine clearance (CrCl) was calculated 

with the Cockcroft-Gault formula: CrCl in ml/min= [(140-age) x (weight in kg) x (0.85 if female)]/ 

(72 x creatinine in mmol/l) [27]. 

A particle enhanced turbidimetric assay (Cobas Integra 400 Roche® Clinical System, Roche 

Diagnostics, Indianapolis, IN) was used to analyse high sensitivity C-reactive protein (hsCRP) levels 

in serum. Fasting glucose (fGluc) levels were determined in fluoride plasma with an enzymatic 

reference method with hexokinase (Cobas Integra 400 Roche® Clinical System, Roche Diagnostics, 

Indianapolis, IN). The glycosylated haemoglobin (HbA1c) were determined from EDTA whole blood 

with ion-exchange high-performance liquid chromatography (D-10 Haemoglobin testing system, Bio-

Rad #220-0101). 

Serum interleukin-6 (IL-6) was determined with an electro-chemiluminescence immunoassay (Cobas 

e411 Analyzer, Roche, Basel, Switzerland). 
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Serum intercellular adhesion molecule 1 (sICAM-1) and serum vascular cell adhesion molecule 1 

(sVCAM-1) were assessed by sandwich ELISAs (human sICAM-1 and human sVCAM-1 assay, IBL, 

Hamburg, Germany).  

 

Statistical analysis 

Statistical analyses were performed with Statistica® 12 (StatSoft, Inc., Tulsa, OK, USA). Descriptive 

statistics, including the mean and standard deviation, were performed on data with a normal 

distribution. If the data was not normally distributed, it was logarithmically transformed and presented 

as the geometric mean and the 5th and 95th percentiles. Differences between normotensives and 

hypertensives were determined by independent t-tests (with the distinguishing factor being either 

normotensive or hypertensive for 5 years) or with Chi-square tests for categorical variables. We 

compared the groups with ANCOVA while adjusting for age, sex, WC, GGT, tobacco and anti-

hypertensive medication use. Finally, we plotted quartiles of cSBP against carotid features, and 

compared carotid features using ANOVA and ANCOVA while adjusting for cSBP. We used single 

and partial linear regression analyses to determine associations between carotid measures and cardio-

metabolic risk factors, health behaviours, inflammation and endothelial activation. Multiple regression 

analyses were done to determine independent associations between the carotid characteristics and 

cardio-metabolic risk factors, with the dependent variables including CD and IMT, while CSWA and 

max LD are shown in supplementary table 4. The following co-variates were included in the 

regression model: locality, sex, age, WC, cSBP, HR, LDL-cholesterol, HbA1c , CrCl, CRP, ICAM-1, 

GGT, tobacco use and for the hypertensive group only, anti-hypertensive medication use.  

Results 

The characteristics of normotensive and hypertensive Africans are shown in Table 1. The 

hypertensive Africans were older, had higher BMI and WC, and a larger percentage were from an 

urban area than the normotensives. All the cardiovascular measurements, as well as carotid 
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characteristics, glycemic and inflammatory markers, ICAM, TG, GGT and self-reported alcohol use 

were significantly higher in the hypertensive group.  

TABLE 1. Characteristics of normotensive and hypertensive Africans  

 Normotensive Hypertensive p 

N 241 351  

Men, N (%) 90 (37.3) 129 (36.8) 0.88 

Urban, N (%) 78 (32.4) 178 (50.7) <0.001 

Age, years 52.8 ± 8.93 59.0 ± 10.0 <0.001 

Anthropometry    

Waist circumference, cm 78.7 ± 11.9 84.7 ± 13.5 <0.001 

Body mass index, kg/m
2
 24.7 ± 6.87 26.6 ± 7.85 0.003 

Cardiovascular measures    

Brachial SBP, mm Hg 119 ± 11.9 157 ± 22.4 <0.001 

Brachial DBP, mm Hg 78.9 ± 7.23 100 ± 12.5 <0.001 

Heart rate, bpm 61.8 ± 14.7 67.8 ± 17.9 <0.001 

Central SBP, mm Hg 116 ± 12.8 150 ± 22.2 <0.001 

Central PP, mm Hg 37.4 ± 11.8 50.9 ± 20.4 <0.001 

Carotid dorsalis-pedis PWV, m/s 8.25 ± 1.35 10.0 ± 1.89 <0.001 

Carotid characteristics    

Distensibility x 10
-3

, 1/kPa 4.72 ± 2.00 3.02 ± 1.83 <0.001 

Young‟s elastic modulus x 10
3
, kPa 2.17 ± 1.07 3.72 ± 2.20 <0.001 

Intima media thickness, mm 0.68 ± 0.13 0.77 ± 0.17 <0.001 

Cross-sectional wall area, mm
2
  14.2 ± 4.41 17.4 ± 5.30 <0.001 

Lumen diameter maximum, mm 6.18 ± 0.77 6.60 ± 0.85 <0.001 

Lumen diameter minimum, mm 5.74 ± 0.72 6.22 ± 0.83 <0.001 

Lipids    

HDL-cholesterol, mmol/l 1.45 ± 0.65 1.51 ± 0.60 0.30 

LDL-cholesterol, mmol/l 2.86 ± 1.17 2.96 ± 1.14 0.29 

Triglycerides, mmol/l 1.09 [0.57, 2.11] 1.20 [0.59, 2.89] 0.039 

Glycemia    

Glucose, mmol/l 4.86 [3.91, 6.06] 5.27 [3.96, 7.90] <0.001 

HbA1c (%) 5.94 [5.30, 6.80] 6.08 [5.20, 7.80] 0.038 

Inflammatory markers    

Interleukin-6, pg/ml 3.39 [0.75, 23.5] 4.43 [0.75, 20.0] <0.001 

C-reactive protein, mg/l 2.96 [0.21, 32.6] 3.84 [0.38, 28.4] 0.022 

Adhesion molecules    

Intracellular adhesion molecule-1, pg/ml 286 ± 92.7 321 ± 111 <0.001 

Vascular adhesion molecule-1, pg/ml 732 [442, 1388] 762 [443, 1735] 0.23 

Renal function    

              Creatinine clearance, ml/min 91.4 [53.7, 163] 91.6 [47.7, 164] 0.94 

Health behaviours     

γ-glutamyltransferase, U/l 33.7 [11.9, 167] 52.7 [13.6, 347] <0.001 

Self-reported alcohol intake, N, total (%) 60/220 [27.3] 159/336 [47.3] <0.001 

Self-reported tobacco use, N, total (%) 117/229 [51.1] 159/341 [46.6] 0.56 

Anti-hypertension medication, N, total (%) - 124/351 [35.3]  

Lipid-lowering medication, N, total (%) - 5/351 [1.4]  

Anti-inflammatory medication, N, total (%) - 21/351 [5.9]  

Data are arithmetic mean ± SD or geometric mean (5
th

 and 95
th

 percentile intervals) for logarithmically transformed. 

N, number of participants; SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; PWV, 

pulse wave velocity; HDL, high density lipoprotein; LDL, low density lipoprotein; HbA1c, glycated haemoglobin. 

 

Table 2 reports the characteristics after adjustments for age, sex, WC, GGT, tobacco and anti-

hypertensive medication use. All carotid characteristics, except IMT, remained significantly different. 
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However, the inflammatory and glycemic markers, lipids and adhesion molecules did not differ 

significantly (similar results were obtained when adjusting only for age, sex and WC). 

TABLE 2. Adjusted characteristics of normotensive and hypertensive Africans  

 Normotensive  Hypertensive  

 

p 

N 241 351  

Cardiovascular measures    

Brachial SBP, mm Hg 120 ± 1.34 155 ± 1.14 <0.001 

Brachial DBP, mm Hg 79.2 ± 0.74 99.8± 0.64 <0.001 

Heart rate, bpm 62.7 ± 1.22 66.8 ± 1.05 0.017 

Central SBP, mm Hg 117 ± 1.40 148 ± 1.18 <0.001 

Central PP, mm Hg 38.4 ± 1.24 49.4 ± 1.05 <0.001 

Carotid dorsalis-pedis PWV, m/s 8.87 ± 0.14 9.37 ± 0.12 0.024 

Carotid characteristics    

Carotid distensibility x 10
-3

, 1/kPa 4.34 ± 0.20 3.38 ± 0.18 0.003 

Young‟s Elastic Modulus x 10
3
, kPa 2.49 ± 0.20 3.35 ± 0.18 0.008 

Intima-media thickness, mm 0.72 ± 0.01 0.73 ± 0.01 0.42 

Cross-sectional wall area, mm
2
 14.8 ± 0.33 16.7 ± 0.28 <0.001 

Lumen diameter maximum, mm 6.24 ± 0.07 6.51 ± 0.06 <0.001 

Lumen diameter minimum, mm 5.80 ± 0.07 6.12 ± 0.05 <0.001 

Lipids    

HDL-cholesterol, mmol/l 1.46 ± 0.04 1.50 ± 0.03 0.47 

LDL-cholesterol, mmol/l 2.93 ± 0.08 2.90 ± 0.07 0.81 

Triglycerides, mmol/l 1.16 [1.08, 1.24] 1.11 [1.05, 1.19] 0.50 

Glycemia    

Glucose, mmol/l 5.01 [4.86, 5.16] 5.10 [4.97, 5.23] 0.43 

HbA1c, % 6.05 [5.93, 6.15] 5.99 [5.89, 6.08] 0.44 

Inflammatory markers    

Interleukin-6, pg/ml 3.62 [3.19, 4.11] 4.05 [3.64, 4.51] 0.22 

C-reactive protein, mg/l 3.41 [2.84, 4.08] 3.18 [2.72, 3.72] 0.62 

Adhesion molecules    

Intracellular adhesion molecule-1,pg/ml 293 ± 7.17 311 ± 6.11 0.07 

Vascular adhesion molecule-1, pg/ml 748 [706, 792] 747 [711, 785] 0.98 

Creatinine clearance, ml/min 90.8 [87.8, 94.0] 92.3 [89.6, 95.0] 0.54 

Data are arithmetic mean ± SEM or geometric mean (5
th

 and 95
th

 percentile intervals) for logarithmically 

transformed. N, number of participants; SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse 

pressure; HDL, high density lipoprotein; LDL, low density lipoprotein; HbA1c, glycated haemoglobin. Data 

adjusted for age, sex, WC, GGT, tobacco use and anti-hypertensive medication use. 

 

The carotid characteristics plotted against quartiles of cSBP are shown in Figure 2. All the carotid 

characteristics changed significantly with increasing cSBP before and after adjustments were made. 
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FIGURE 2 . Quartiles of central systolic blood pressure plotted against measures of the carotid

artery in the total group (N= 592); (A) unadjusted; (B) adjusted for age, sex, waist circumference,

GGT, tobacco use and antihypertensive medication use. cIMT, carotid intima-media thickness;

CSWA, cross-sectional wall area; Max LD, maximum lumen diameter.

(A) Unadjusted (B) Adjusted
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We finally adjusted for cSBP when comparing the carotid characteristics between the normotensive 

and the hypertensive groups (Table 3), resulting in no significant differences between the groups.  

TABLE 3. Carotid characteristics of normotensive and hypertensive Africans, additionally adjusted for 

cSBP 

 Normotensive 

(n=241) 

Hypertensive 

(n=351) 

p 

Carotid characteristics    

Distensibility x 10
-3

, 1/kPa 3.77 ± 0.17 3.95 ± 0.15 0.50 

Young‟s elastic modulus x 10
3
, kPa 3.04 ± 0.16 2.80 ± 0.14 0.34 

Intima-media thickness, mm 0.71 ± 0.01 0.73 ± 0.01 0.21 

Cross-sectional wall area, mm
2 

15.2 ± 0.36 16.2 ± 0.31 0.09 

Lumen diameter maximum, mm 6.30 ± 0.07 6.41 ± 0.07 0.35 

Lumen diameter minimum, mm 5.85 ± 0.08 6.02 ± 0.06 0.13 

Data are arithmetic mean ± SEM. Data adjusted for age, sex, WC, GGT, tobacco use, anti-hypertensive 

medication use and central systolic blood pressure. 

 

Pearson correlations in normotensive and hypertensive Africans are shown in Supplementary Table 1 

and 2, respectively. Table 4 reports the forward stepwise multiple regression analyses performed in 

both the normotensive and hypertensive groups with the CD and cIMT as dependent variables. CD 

associated with age in the hypertensive group (p=0.009) and with cSBP in both groups (p<0.001). CD 

associated negatively with HbA1c in the hypertensive group only (p=0.018). IMT strongly associated 

with age in both groups (p<0.001), while LDL-C (p=0.005) and cSBP (p=0.016) were positively 

associated with IMT in the hypertensive group only.  

Supplementary Table 3 reports the forward stepwise multiple regression analyses performed in the 

normotensive and hypertensive groups with CSWA and Max LD as the dependent variables. CSWA 

associated with male sex and age in both groups (p<0.001), while LDL-C (p=0.026) and cSBP 

(p<0.001) associated with CSWA in the hypertensive group only. Max LD associated with male sex 

and cSBP in both the normotensive and hypertensive groups. Max LD also associated negatively with 

LDL-C in the normotensives and hypertensives (p=0.027; p=0.045), respectively. 
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TABLE 4. Forward stepwise multiple regression analyses with CD and cIMT as dependent variables 

 Normotensive (N=241) Hypertensive (N=351) 

 β (95% CI) p β (95% CI) p 

Distensibility (1/kPa) 

Adjusted R
2 

0.27 0.37 

Locality (urban) -0.16 (-0.31, -0.01) 0.031   

Age, years -0.14 (-0.29, 0.003) 0.058 -0.20 (-0.35, -0.05) 0.009 

Waist circumference, cm   0.22 (0.06, 0.39) 0.007 

Central SBP, mm Hg -0.44 (-0.59, -0.29) <0.001 -0.56 (-0.68, -0.45) <0.001 

Heart rate, bpm -0.10 (-0.25, 0.04) 0.16 -0.12 (-0.23, -0.01) 0.030 

LDL-Cholesterol, mmol/l   0.08 (-0.03, 0.19) 0.18 

HbA1c (%)   -0.14 (-0.26, -0.02) 0.018 

CrCl, ml/min   -0.10 (-0.28, 0.07) 0.24 

ICAM-1, pg/ml 0.11 (-0.04, 0.25) 0.16   

Tobacco use (no/yes) -0.14 (-0.28, 0.003) 0.058   

cIMT, mm 

Adjusted R
2 

0.25 0.35 

Locality (urban)   -0.10 (-0.20, -0.01) 0.030 

Sex (male) 0.26 (0.13, 0.39) <0.001 0.25 (0.15, 0.36) <0.001 

Age, years 0.33 (0.21, 0.46) <0.001 0.44 (0.34, 0.54) <0.001 

Waist circumference, cm 0.14 (0.01, 0.28) 0.033 0.08 (-0.02, 0.19) 0.13 

Central SBP, mm Hg   0.12 (0.02, 0.22) 0.016 

Heart rate, bpm -0.08 (-0.20, 0.05) 0.21   

LDL-Cholesterol, mmol/l 0.07 (-0.05, 0.19) 0.29 0.15 (0.05, 0.25) 0.005 

HbA1c (%)   0.07 (-0.03, 0.18) 0.17 

C-reactive protein, pg/ml 0.16 (0.03, 0.30) 0.017 0.06 (-0.04, 0.16) 0.27 

ICAM-1, pg/ml 0.12 (-0.01, 0.24) 0.079   

γ-glutamyl transferase, U/l   -0.08 (-0.18, 0.02) 0.12 

Tobacco use (no/yes)   -0.08 (-0.18, 0.02) 0.11 

Anti-HT meds (no/yes)   -0.10 (-0.19, -0.003) 0.044 

Data expressed as beta-values and 95% confidence intervals, p-values obtained with forward stepwise multiple regression 

analyses. cIMT, carotid-intima media thickness; CSWA, cross-sectional wall area; Max LD, maximum lumen diameter; 

SBP, systolic blood pressure; LDL, low-density lipoprotein cholesterol; HbA1c, glycated haemoglobin; CrCl, creatinine 

clearance; ICAM-1, intracellular adhesion molecule-1; Anti-HT meds, anti-hypertensive medication. Included in each 

model: locality, age, sex, WC, HR, cSBP, LDL-C, HbA1c, CRP, ICAM, CrCl, GGT, tobacco and anti-hypertensive 

medication use.  
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Discussion 

The most prominent finding of this study is that decreased carotid distensibility and increased carotid 

cross-sectional wall area of 5-year sustained hypertensive Africans are purely dependent on cSBP.  

Indeed, we observed significant differences for all carotid measurements between the hypertensives 

and the normotensives prior to adjustment for cSBP. Our findings are consistent with evidence that 

indicate the importance of blood pressure as a determinant of arterial stiffness [20]. Increased stiffness 

has been found to be due to the increased distending pressure that accompanies hypertension, 

suggesting a functional adaptation, and not necessarily structural alterations of the arterial wall [28, 

29].  

IMT was similar between the two groups after adjustments, thus suggesting that no structural 

alterations in terms of arterial remodelling have taken place in the hypertensive Africans. IMT is an 

important marker of the atherosclerotic burden of the carotid artery [30], but it may also indicate non-

atherosclerotic compensatory remodelling of the arterial wall in response to hypertension [31]. 

However, neither of these seems to be the case in our population. On the other hand, IMT was 

associated with cSBP in the total and hypertensive groups; showing a similar trend to the findings of 

Wang et al. [32].   

These results indicate that vascular injury has not yet taken place in this African population. If 

structural adaptations were present, the reduction of blood pressure may not have an impact on arterial 

stiffness [33]. However, it seems that only functional adaptations have taken place in these Africans, 

thus suggesting that a reduction in blood pressure may reduce the arterial stiffness of the 

hypertensives. 

Arterial stiffening increases systolic blood pressure (SBP) and decreases diastolic blood pressure 

(DBP), resulting in inadequate coronary perfusion, an increased afterload on the heart, as well as an 

increased pulsatile load on the microcirculation [7]. Since blood pressure is modifiable [2], prevention 

and intervention strategies may lower the burden of hypertension and stroke in Africans significantly. 
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However, the treatment and control of hypertension in low income countries, like South Africa, is 

inadequate [34]. 

When evaluating different contributors to carotid measures, we confirmed the well-known association 

between central arterial stiffness and age [35]. Age and blood pressure are associated with molecular 

changes in the arterial wall, like thinning, splitting and disorientation of the arrangement of the elastic 

fibres and lamellae [36], which may explain the increase in arterial stiffness associated with ageing 

and hypertension. 

Neither the glucose nor the HbA1c differed between our groups, but we found that CD was associated 

with HbA1c in the hypertensive group only. Although we did not observe structural differences in 

carotid IMT after adjustment for cSBP, the positive link of CD with HbA1c in the hypertensives 

suggest a role for glucose metabolism in arterial alteration- although not yet detectible with 

ultrasound. Henry et al., found that carotid stiffness is associated with type 2 diabetes mellitus, but 

that arterial stiffening takes place even before the onset of diabetes, when only an impaired glucose 

tolerance is seen [37]. In insulin resistance or impaired glucose tolerance, the metabolism of glucose 

and lipids are altered, leading to the production of excess aldehydes like glyoxal and methylglycoxal, 

eventually resulting in the formation of advanced glycation end products [38]. Advanced glycation 

end products are thought to act directly and on receptors to alter the functions of many proteins, 

including antioxidant and metabolic enzymes, calcium channels, lipoproteins and structural proteins 

[38], indicating a possible mechanism by which abnormal glucose tolerance may contribute to arterial 

stiffening.  

Our findings indicate that inflammation and endothelial activation (as indicated by the adhesion 

molecules) do not play a major role in the mediation of central arterial stiffness in this population. 

These results are unexpected in light of previous findings, which indicate that acute and chronic 

inflammation are associated with stiffness of the large arteries [39], and that endothelial activation 

may be an important mediator of hypertensive vascular injury [40]. 
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 No differences were found in the lipid levels between the hypertensive and normotensive groups. 

These results may be explained by the fact that Africans are not prone to coronary heart disease [41], 

and generally exhibit a favourable lipid profile [42] of low TC levels and high levels of protective 

HDL-C [42, 43]. However, our findings do show the commonly found association between IMT and 

LDL-C [44, 45] in the hypertensive group only.  It may thus be possible that a period longer than five 

years is needed in order for structural alterations to take place, and that LDL-C might be a key factor 

in the process.  

The findings of this study should be interpreted in context of its limitations and strengths. Our study 

population consisted of individuals from specific urban and rural areas in the North West Province of 

South Africa, and may not be representative of the whole population. We were not able to use 

echotracking techniques to determine local arterial stiffness; however, the procedures of ultrasound 

assessment are standardised [46] and were performed by a single reader in a large study population. 

Due to the cross-sectional study design, causality cannot be inferred. Although the results were 

consistent after several adjustments, we cannot exclude residual confounding. 

In conclusion, we suggest that the increased distending pressure and higher circumferential stress 

resulting from higher blood pressure may explain the stiffness and functional adaptation in the 

hypertensive group. Despite their hypertensive status, there are no detectable structural adaptations or 

arterial remodelling in these Africans. The classic cardio-metabolic risk factors, markers of 

endothelial activation and health behaviour do not seem to play a visible role in the mediation of 

carotid stiffness in this population. 
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SUPPLEMENTARY TABLE 1. Pearson correlations in normotensive Africans 

Normotensives (N= 241) CD IMT CSWA Max LD 

Age, years 

  

  

-0.19 

p=0.018 

0.37 

p<0.001 

0.32 

p<0.001 

0.08 

p=0.27 

Sex, (male) 1 

  

  

-0.10 

p=0.18 

0.25 

p<0.001 

0.27 

p<0.001 

0.38 

p<0.001 

Waist circumference, cm 

  

  

0.08 

p=0.30 

0.11 

p=0.080 

0.13 

p=0.046 

0.02 

p=0.73 

Body mass index 

  

  

0.12 

p=0.11 

-0.01 

p=0.84 

-0.005 

p=0.93 

-0.08 

p=0.27 

Cardiovascular measures     

Brachial SBP, mm Hg 

  

  

-0.17 

p=0.033 

0.11 

p=0.091 

0.14 

p=0.03 

0.22 

p=0.004 

Brachial DBP, mm Hg 

  

  

0.07 

p=0.38 

-0.05 

p=0.41 

-0.007 

p=0.91 

0.17 

p=0.031 

Heart rate, bpm 

  

  

0.01 

p=0.8 

-0.07 

p=0.29 

-0.008 

p=0.90 

-0.12 

p=0.14 

Central SBP, mm Hg 

  

  

-0.46 

p<0.001 

0.11 

p=0.10 

0.14 

p=0.040 

0.22 

p=0.007 

Central PP, mm Hg 

  

  

-0.567 

p<0.001 

0.16 

p=0.016 

0.17 

p=0.014 

0.27 

p=0.001 

Cardiometabolic risk factors     

Total cholesterol, mmol/l 

  

  

0.007 

p=0.92 

0.15 

p=0.028 

0.11 

p=.082 

-0.07 

p=0.37 

HDL-cholesterol, mmol/l 

  

  

0.07 

p=0.39 

0.03 

p=0.65 

0.06 

p=0.31 

0.14 

p=0.075 

LDL-cholesterol, mmol/l 

  

  

0.11 

p=0.18 

0.11 

p=0.090 

0.07 

p=0.29 

-0.17 

p=0.028 

Triglycerides, mmol/l 

  

  

-0.07 

p=0.38 

0.08 

p=0.21 

0.06 

p=0.33 

0.04 

p=0.57 

Glucose, mmol/l 

  

  

0.07 

p=0.34 

0.15 

p=0.021 

0.18 

p=0.006 

-0.08 

p=0.26 

HbA1c (%) 

  

  

0.09 

p=0.27 

0.02 

p=0.68 

0.03 

p=0.58 

-0.10 

p=0.21 

Interleukin-6, pg/ml 

  

  

0.02 

p=0.69 
0.11 

p=0.10 

0.13 

p=0.057 

0.09 

p=0.23 
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C-reactive protein, mg/l 

  

  

-0.08 

p=0.28 

0.17 

p=0.009 

0.17 

p=0.010 

0.08 

p=0.27 

Creatinine clearance, ml/min 

  

-0.80 -0.11 -0.04 0.09 

p<0.001 p=0.09 p=0.51 p=0.25 

Health behaviour     

γ-glutamyltransferase, U/l 

  

-0.07 0.16 0.21 0.30 

p=0.36 p=0.013 p=0.002 p<0.001 

  Self-reported alcohol intake, N, total (%) 

  

0.04 0.08 0.16 0.35 

p=0.55 p=0.23 p=0.018 p<0.001 

  Self-reported tobacco use, N, total (%) 

  

0.008 

p=0.91 

0.008 

p=0.90 

-0.004 

p=0.95 

0.08 

p=0.29 

Endothelial Activation     

Intracellular-adhesion molecule-1, pg/ml 

  

-0.04 

p=0.62 

0.19 

p=0.003 

0.15 

p=0.020 

0.20 

p=0.010 

Vascular adhesion molecule-1, pg/ml 

  

-0.12 

p=0.13 

0.06 

p=0.35 

0.009 

p=0.88 

0.02 

p=0.76 

Data expressed as r-values, p-values obtained with Pearson correlations. Bold text indicates significant p-

values. CD, carotid distensibility; IMT, intima-media thickness; CSWA, cross-sectional wall area; Max LD, 

maximum lumen diameter; SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; 

HDL, high-density lipoprotein; LDL, low-density lipoprotein. 
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SUPPLEMENTARY TABLE 2. Pearson correlations in hypertensive Africans 

Hypertensives (N=351) CD IMT CSWA Max LD 

Age, years 

 

-0.26 

p<0.001 

0.51 

p<0.001 

0.46 

p<0.001 

0.05 

p=0.43 

Sex, (male)  

  

  

-0.04 

p=0.45 

0.13 

p=0.014 

0.17 

p=0.002 

0.02 

p<0.001 

Waist circumference, cm 

  

  

0.12 

p=0.067 

0.15 

p=0.004 

0.14 

p=0.010 

0.09 

p=0.14 

Body mass index 

  

  

0.10 

p=0.11 

0.05 

p=0.28 

0.03 

p=0.48 

0.01 

p=0.77 

Cardiovascular measures     

Brachial SBP, mm Hg 

  

  

-0.32 

p<0.001 

0.26 

p<0.001 

0.29 

p<0.001 

0.11 

p=0.065 

Brachial DBP, mm Hg 

  

  

0.05 

p=0.39 

-0.03 

p=0.49 

-0.01 

p=0.85 

0.04 

p=0.51 

Heart rate, bpm 

  

  

-0.03 

p=0.59 

-0.12 

p=0.030 

-0.10 

p=0.076 

-0.04 

p=0.54 

Central SBP, mm Hg 

  

  

-0.56 

p<0.001 

0.24 

p<0.001 

0.27 

p<0.001 

0.12 

p=0.067 

Central PP, mm Hg 

  

  

-0.64 

p<0.001 

0.30 

p<0.001 

0.32 

p<0.001 

0.12 

p=0.054 

Cardiometabolic risk factors     

Total cholesterol, mmol/l 

  

  

0.02 

p=0.73 

0.11 

p=0.038 

0.07 

p=0.19 

-0.18 

p=0.004 

HDL-cholesterol, mmol/l 

  

  

0.04 

p=0.51 

-0.14 

p=0.008 

-0.14 

p=0.008 

-0.08 

p=0.20 

LDL-cholesterol, mmol/l 

  

  

0.22 

p=0.001 

0.18 

p=0.001 

0.13 

p=0.017 

-0.18 

p=0.005 

Triglycerides, mmol/l 

  

  

0.02 

p=0.69 

0.06 

p=.027 

0.06 

p=0.22 

0.09 

p=0.12 

Glucose, mmol/l 

  

  

-0.03 

p=0.60 

0.06 

p=0.22 

0.08 

p=0.14 

0.02 

p=0.75 

HbA1c (%) 

  

  

-0.03 

p=0.57 

0.14 

p=0.009 

0.12 

p=0.033 

0.01 

p=0.81 

Interleukin-6, pg/ml 

  

  

-0.05 

p=0.37 

0.04 

p=0.43 

0.06 

p=0.27 

0.14 

p=0.023 
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C-reactive protein, mg/l 

  

  

-0.02 

p=0.75 

0.09 

p=0.095 

0.11 

p=0.043 

0.08 

p=0.19 

Creatinine clearance, ml/min 

  

  

-0.73 

p<0.001 

-0.20 

p<0.001 

-0.17 

p=0.002 

0.05 

p=0.36 

Health behaviour     

γ-glutamyltransferase, U/l 

 

 

0.02 

p=0.75 

-0.17 

p=0.002 

-0.14 

p=0.012 

0.09 

p=0.15 

Self-reported alcohol intake, N, total (%) 

 

 

-0.07 

p=0.26 

-0.10 

p=0.075 

-0.03 

p=0.64 

0.18 

p=0.004 

Self-reported tobacco use, N, total (%) 

 

 

-0.04 

p=0.50 

-0.04 

p=0.38 

0.02 

p=0.71 

0.09 

p=0.14 

Endothelial Activation     

Intracellular-adhesion molecule-1, pg/ml 

  

  

0.07 

p=0.26 

-0.06 

p=0.23 

-0.05 

p=0.35 

0.10 

p=0.11 

Vascular adhesion molecule-1, pg/ml 

  

  

0.07 

p=0.27 

0.11 

p=0.046 

0.07 

p=0.18 

0.05 

p=0.41 

Data expressed as r-values, p-values obtained with Pearson correlations. Bold text indicates significant p-

values. CD, carotid distensibility; IMT, intima-media thickness; CSWA, cross-sectional wall area; Max LD, 

maximum lumen diameter; SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; 

HDL, high-density lipoprotein; LDL, low-density lipoprotein. 
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SUPPLEMENTARY TABLE 3. Forward stepwise multiple regression analyses with CSWA and Max LD as dependent 

variables 

 Normotensive (N=241) Hypertensive (N=351) 

 β (95% CI) p β (95% CI) p 

CSWA, mm
2
 

Adjusted R
2 

0.23 0.32 

Locality (urban)   -0.11 (-0.21, -0.01) 0.022 

Sex (male) 0.29 (0.15, 0.42) <0.001 0.26 (0.15, 0.37) <0.001 

Age, years 0.29 (0.17, 0.42) <0.001 0.43 (0.30, 0.57) <0.001 

Waist circumference, cm 0.18 (0.05, 0.31) 0.008 0.02 (-0.12, 0.17) 0.77 

Central SBP, mm Hg   0.18 (0.08, 0.28) <0.001 

LDL-Cholesterol, mmol/l   0.12 (0.01, 0.23) 0.026 

HbA1c (%)   0.08 (-0.02, 0.19) 0.13 

Creatinine clearance, ml/min   0.11 (-0.05, 0.26) 0.18 

C-reactive protein, pg/ml 0.16 (0.02, 0.29) 0.025 0.09 (-0.01, 0.20) 0.090 

γ-glutamyl ransferase, U/l 0.11 (-0.02, 0.24) 0.10 -0.08 (-0.18, 0.02) 0.11 

Anti-hypertension medication (yes)   -0.12 (-0.22, -0.02) 0.013 

Max LD, mm 

Adjusted R
2 

0.27 0.10 

Locality (urban)   -0.08 (-0.21, 0.05) 0.21 

Sex (male) 0.26 (0.10, 0.42) 0.001 0.22 (0.08, 0.36) 0.002 

Age, years 0.13 (-0.03, 0.29) 0.12   

Waist circumference, cm   0.14 (-0.005, 0.28) 0.061 

Central SBP, mm Hg 0.20 (0.05, 0.35) 0.010 0.14 (0.007, 0.27) 0.039 

Heart rate, bpm -0.09 (-0.24, 0.06) 0.22   

LDL-Cholesterol, mmol/l -0.16 (-0.30, -0.02) 0.027 -0.14 (-0.2, -0.003) 0.045 

Creatinine clearance, ml/min 0.21 (0.05, 0.37) 0.011   

C-reactive protein, pg/ml   0.09 (-0.05, 0.23) 0.23 

ICAM-1, pg/ml 0.16 (0.01, 0.30) 0.037 0.08 (-0.05, 0.21) 0.25 

γ-glutamyl ransferase, U/l 0.17 (0.03, 0.32) 0.023   

Data expressed as beta-values and 95% confidence intervals, p-values obtained with forward stepwise multiple regression 

analyses. CSWA, cross-sectional wall area; Max LD, maximum lumen diameter; SBP, systolic blood pressure; LDL, 

low-density lipoprotein cholesterol; HbA1c, glycated haemoglobin; ICAM-1,intracellular adhesion molecule-1. Included 

in each model: Locality, age, sex, WC, HR, cSBP, LDL-C, HbA1c, CRP, ICAM, CrCl, GGT, tobacco and anti-

hypertensive medication use.  
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Introduction 

In this chapter, the main findings are summarised, compared to the relevant literature, discussed and 

concluded in order to point out the differences in the carotid characteristics between normotensive and 

hypertensive Africans, and to elucidate the associations between the carotid characteristics, classic 

cardiometabolic risk factors, endothelial activation and health behaviours. Future recommendations 

are also given.  

Summary of main findings 

The main objective was to investigate the differences in the carotid characteristics, as well as the 

association thereof with cardiometabolic risk factors, inflammation, endothelial activation and health 

behaviours, in 241 normotensive and 351 hypertensive black South Africans.  

Hypothesis 1: Hypertensive Africans have an increased carotid intima-media thickness, cross-

sectional wall area and a larger lumen diameter, but lower carotid distensibility, than normotensive 

Africans 

Hypothesis 3: Central blood pressure is positively associated with carotid structure and function. 

Our most prominent finding is that the carotid characteristics (except IMT) were increased in the 

hypertensive group, but after adjustment for central systolic blood pressure (cSBP) all differences 

were eliminated. Thus, our findings suggest that arterial stiffness will not be present in the 

hypertensives if their blood pressure is reduced. Based on these findings, we partially accept our first 

hypotheses, as only arterial function (carotid distensibility), and not the structure (cIMT) differed 

between the normotensive and hypertensive group. Furthermore, carotid distensibility (CD) and 

intima-media thickness (cIMT) associated with cSBP, thus enabling us to accept the third hypotheses, 

since the increased carotid stiffness of the hypertensive group is strongly related to cSBP.  

Hypothesis 2: The hypertensives have an adverse lipid profile, higher glucose levels, a higher alcohol 

intake (γ-glutamyltransferase), and higher levels of inflammatory (CRP, IL-6) and endothelial 

activation (ICAM-1, VCAM-1) markers than normotensives. 

 

Hypothesis 4: The measures of carotid structure and function are positively associated with markers 

of inflammation (CRP) and endothelial activation (ICAM). 

 

After adjustments, the lipid profile, glycemic and inflammatory state, degree of endothelial activation 

and health behaviours were similar between the normotensive and hypertensives. Therefore, we reject 

our second hypothesis. 

Even though no differences were found between the normotensive and hypertensive groups, we found 

that CD is associated with glycated haemoglobin (HbA1c) and IMT with low-density lipoprotein-

cholesterol (LDL-C) in the hypertensive group only. Therefore, we partially accept our forth 
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hypotheses, since the metabolic measures (LDL-C and HbA1c) showed an association with carotid 

distensibility and cIMT.  

 

Comparison to relevant literature 

Literature regarding the carotid characteristics in hypertensive black South Africans is limited, which 

gives this study a unique edge. The findings of this study is similar to those of Laurent et al.,[1] and 

Bussy et al.,[2] who both found that increased arterial stiffness in the hypertensive group can be 

attributed to the increased distending pressure associated with hypertension, and not structural 

alterations of the arterial wall. 

In contrast to our findings, Stewart et al., found that reducing the blood pressure of hypertensive 

patients to normotensive levels did not reduce their arterial stiffness, suggesting structural alterations 

in the arterial wall [3]. Our results indicate very clearly that cSBP is mostly responsible for the 

increased carotid stiffness in the hypertensive group, however, structural alterations is a possibility if 

these participants remain hypertensive for longer periods. 

We did not find associations between CD and C-reactive protein (CRP), or cIMT and CRP in the 

hypertensive group. This finding is in contrast to that of Schroff et al., who showed that there is a 

relationship between inflammation, indicated by CRP and vascular stiffness, indicated by the β-

stiffness index of the carotid artery [4].  

Discussion of main findings 

In 1929 Donnison commented on the low prevalence of high blood pressure among black people in a 

hospital in Kenya [5]. However, today, 85 years after the publication of Donnison‟s article, 

hypertension is more prevalent in black than in white populations [6-8]. Furthermore, it has been 

shown that blacks have increased arterial stiffness when compared to their white counterparts [9, 10], 

and that they are more prone to strokes, heart failure and kidney failure than whites [8]. 

Arterial stiffness is higher in hypertensives than in normotensives [11]. Our findings indicate that the 

carotid stiffness is increased in hypertensive versus normotensive Africans, which might increase the 

risk for cardiovascular events and stroke [12, 13] in the hypertensive group. We also suggest, as was 

found in The Framingham Heart Study, that the increased arterial stiffness of the hypertensives may 

further exacerbate hypertension, resulting in a vicious cycle of hypertension and increasing arterial 

stiffness [14]. 

 The fact that no structural changes were indicated is somewhat surprising, since these participants 

have been hypertensive for at least five years. On the other hand, this also suggests that the increased 

carotid stiffness in this hypertensive African population is probably treatable. Unfortunately, 
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medication that specifically targets blood pressure reduction in the central arteries is not available yet 

[13]. Although standard anti-hypertensive medication is readily available, the challenge remains 

awareness and control. Blood pressure is modifiable [15], and the cornerstone of blood pressure 

management is a healthy lifestyle [16]. Blood pressure reduction must take place in this population, 

whether it is by means of drastic lifestyle changes, conventional anti-hypertensive medication or both.  

Classic cardiovascular risk factors do not seem to play a major role in the mediation of carotid 

stiffness in our population. These results are unexpected, as dyslipidaemia, diabetes mellitus, a high 

body mass index and smoking have been implicated in the accelerated development of arterial 

stiffness [17]. However, our multiple regression results indicate that carotid distensibility is associated 

with glycated haemoglobin, and that IMT is associated with LDL-C in the hypertensive group. It may 

thus be possible that a period longer than five years is needed in order for structural alterations to take 

place in the hypertensive group, and that glycated haemoglobin and LDL-C will be key factors in the 

process.  

Conclusion 

Although differences exist in terms of carotid structure and function between normotensive and 

hypertensive Africans, it may be accounted for by the increased distending pressure in the 

hypertensive group. Despite their hypertensive status, there were no indication of structural 

adaptations in these Africans. The classic cardio-metabolic risk factors, markers of inflammation, 

endothelial activation and health behaviour did not differ between the normotensive and hypertensive 

groups, and also seemed to play only a minor role in the mediation of carotid stiffness in this 

population at this stage of disease development.  

Chance and confounding 

It is important to reflect on the factors that could have confounded the results of this study.  

The sensitivity and resolution of B-mode ultrasound may have been too low to pick up the finer 

details of the carotid artery, as would have been possible with echotracking techniques.  

The possibility of white-coat hypertension cannot be excluded. The participants may not have been 

comfortable with having their blood pressure taken, or with the person that took the measurement. 

This could have led to a higher blood pressure than normal. We did not do follow-up blood pressure 

measurements between 2005 and 2010. Our participants were selected from targeted populations, and 

are thus not generalizable to the general population.   

One out of approximately every 20 statistical findings is due to chance. Statistical results were 

interpreted from a physiological perspective and statistical significance may not necessarily always 

indicate physiological significance.  
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Recommendations 

Recommendations to future research:  

 A population with a larger age-range should be included in future studies, to assess the 

intrinsic stiffness of a younger and also an older group of Africans.  

 A study population including black and white groups would enable the researcher to 

investigate differences between the two ethnic groups.  

 More variables, including oxidized-LDL, endothelial micro particles (EMC) and advanced 

glycation end products (AGE) should be analysed to better establish relationships between 

hypertension, carotid stiffness, inflammation, endothelial activation and the metabolic profile.  

 The gold-standard PWV measurement (carotid-femoral PWV) should be measured since only 

the carotid-dorsalis pedis PWV measurements were available for this study. 

 The carotid characteristics should be measured using echotracking techniques, which have 

advantages over B-mode ultrasound.  

 Follow-up studies should continue to measure carotid characteristics, which will enable the 

researchers to plan longitudinal studies, and to infer causality between variables. 

 Future studies should aim to elucidate whether anti-hypertensive medication (as well as which 

type of anti-hypertensive medication) will lower the carotid stiffness in hypertensive 

Africans.  

 

Final remarks 

Although our study indicated that the carotid stiffness of the hypertensive group may be reduced by 

means of blood pressure reduction, this may is not be easily achieved in South Africa.  

Sub-Saharan Africa is currently undergoing an epidemiological transition characterised by 

urbanisation and a shift from traditional to more Western lifestyles [18, 19]. This transition is evident 

in South Africa, where highly urbanised lifestyles in industrialised cities meet more traditional 

lifestyles in rural areas [20]. The resulting increase in cardiovascular disease is difficult to control 

properly, since the low- and middle income countries in this region do not have the resources that is 

needed to contain both communicable diseases (such as HIV-AIDS), and non-communicable diseases, 

such as cardiovascular disease [22]. 

 Overall, undetected and untreated hypertension in South African blacks is leading to an epidemic of 

advanced forms of cardiovascular disease [18]. Therefore, the development of community-based 

education, prevention, screening and intervention programs catered to the average black South 

African is urgently needed [18]. The best approach seems to be population-based and linked to 

prevention and lifestyle changes [16]. 
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