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Abstract 
 

Background: Resistant hypertension (RH) is defined as blood pressure (BP) that remains 

elevated (>140/90mmHg) despite being treated with an antihypertensive regimen of 3 or 

more medications from different classes, including a long-acting calcium channel blocker, an 

angiotensin converting enzyme inhibitor or angiotension receptor blocker and a diuretic. 

The prevalence of RH in South Africa is currently unknown, however, clinical reports suggest 

that it is not rare. Patients with RH are significantly predisposed to cardiovascular (CV) 

diseases compared to patients with controlled BP. Consequences of RH include left 

ventricular hypertrophy, heart failure, ischaemic heart disease, chronic kidney disease 

leading to end-stage renal disease, stroke, vascular dementia, CV death and peripheral 

arterial disease. A proportion of patients with RH who never achieve BP control despite 

maximal medical treatment, represent a potentially novel and distinctive phenotype which 

is different from RH patients whose BP canbe controlled. Recognising and categorising such 

patients becomes the initial and crucial step in stratifying phenotypes and defining 

mechanisms of treatment resistance. 

Objectives: The aim of this study was to identify patients with resistant uncontrolled 

hypertension (RUH) and compare phenotypes in these patients to resistant controlled 

hypertensives (RCH).  

Methods: We enrolled 50 patients from the Groote Schuur Hospital Hypertension Clinic: a 

teriary referral hospital for RH. Patients on 4 or more antihypertensive medication including 

a diuretic, with BP <140/90mmHg were considered RCH, and those with BP ≥ 140/90 

considered RUH. Assessments included clinical examination, electrocardiography, 

echocardiography, applanation tonometry, serum biomarkers and cardiovascular magnetic 



10 
 

resonance (CMR - which included biventricular volumes and function, myocardial strain, 

tissue characteristics and late gadolinium enhancement - LGE). 

Results: Thirty were diagnosed with RUH and twenty with RCH. Patients with RUH were 

more likely to have a longer duration since diagnosis of hypertension (10.5±10.7 vs. 3.6±3.4, 

p=0.02) and more likely to be on treatment that included an ACE-inhibitor (90% vs. 58%, 

p=0.01). As expected, patients with RUH had significantly higher systolic BP (155.6±21.6 vs. 

137.8±16.5 mmHg, p<0.001), diastolic BP (88.4±14.5 vs. 77.5±13.6 mmHg, p= 0.03), mean 

arterial BP (115.4±17.2 vs 101±15.3 mmHg,  p= 0.004) and pulse pressure (67.3±14.2 vs. 

60.1±12.4  mmHg,  p=0.001). Further, RUH patients had significantly lower large artery 

elasticity (12.5±4 vs 14.7±3.8ml/mmHgx100, p=0.08) and lower small artery elasticity 

(4.1±2.1 vs. 6.9±3.6ml/mmHgx100, p<0.001). RUH patients also had a higher systemic 

vascular resistance (1754±418.4 vs. 1363±371.5dyneXsecXcm-5,  p=0.002). On CMR, RUH 

patients had lower right ventricular (RV) end-systolic and end-diastolic volumes (p=0.02), as 

well as higher indexed left ventricular mass (LVMI) (61.6±17.6 vs 52.9±13.9 g/m2, p= 0.06). 

There were no differences in native T1, extracellular volume quantification and LGE volume 

fraction between RUH and RCH patients.  

Conclusions: Patients with RUH have a greater involvement and more severe CV phenotype, 

that is likely to result in increased CV morbidity and mortality, including greater target end 

organ damage as a result of vascular adaptations and concentric remodeling. 
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Chapter 1: Background and study rationale 
 
 

Introduction to hypertension 
South Africa is currently experiencing a health transition that is delineated by an increase  in 

noncommunicable diseases (NCDs), with cardiovascular disease (CVD), cancer, type 2 

diabetes and hypertension being the major entities (1). The burden of NCDs in South Africa 

will increase substantially over the next decades if special precautions are not taken to 

oppose the trend (1,2). 

 

The World Health Organization (WHO) describes hypertension (also referred to as high 

blood pressure – BP) as a medical condition that affects the vascular system (3). 

Hypertension is characterised by consistently elevated BP. The vessels are responsible for 

transporting blood from the heart and delivering it to organs in the rest of the body. BP is 

the net result of the cardiac output/stroke volume and the peripheral vascular resistance 

(PVR). The higher the BP, the harder the heart has to work to overcome the initial forces 

that oppose blood flow, and according to Laplace’s law the heart adapts by hypertrophy to 

reduce wall stress, if BP is chronically elevated (4). 

 

On a global scale, CVD and cardiovascular (CV) mortality are primarily attributed to 

hypertension, affecting over 1 billion adults globally, and resulting in 10.4 million related 

deaths annually (3-5). Africa is significantly affected and burdened by hypertension, with a 

prevalence of 30%, which contrasts with extremely low rates of awareness, treatment 

access and success, community education and effective management (5-6).   Untreated, 
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chronic high BP maylead to stroke, myocardial infarction, cardiac failure, dementia, end-

stage renal disease and blindness (6-10). 

 

In sub-Saharan Africa (SSA), CVD is said to be among the top 3 causes of death and in South 

Africa, 210 people die daily from CVD (11), and is of the leading causes of death in 2010, 

with a three-fold increase since 1990 (12). During this period, hypertension has caused over 

500, 000 deaths and a loss of 10 million life-adjusted years (12). Hypertension was also 

among the top 10 leading risk factors for disability, contributing more than 11 million years 

of life lost to disability by hypertension (12). Hypertension contributes to CVD (with half of 

CVD attributable to hypertension in SSA), including stroke and heart failure. Elevated BP has 

yielded over 40% of deaths in diabetic patients and about 13% of deaths generally (12). 

 

Hypertension is one of the major, yet adjustable risk factors for CVD (13) and has also been 

identified as the leading risk factor for mortality (14-15).  In black South Africans, the clinical 

presentation of hypertension is severe and difficult to treat compared to  white South 

Africans and citizens from developed countries (16). In addition, the young population of 

black South Africans is likely to present with severe and uncontrolled hypertension (13,16-

17). 

 

Classification and staging of hypertension 
There are many definitions and risk criteria that exist to characterise and stratify 

hypertension, with the common definition being a BP that is ≥ 140/90 mmHg. However, CV 

risk is said to increase progressively from BP levels as low as 115/75 mmHg and upward, 

with a two-fold increase in the likelihood of both coronary heart disease and stroke for 
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every 20/10mmHg increment of BP (18). Figure 1.1 shows the several types of hypertension 

and how they are classified. These are known as resistant uncontrolled hypertension (RUH), 

resistant controlled hypertension (RCH) and controlled hypertension, respectively, with 

refractory and resistant hypertension (RH) used interchangeably. (Figure 1.1) 

 

Figure 1.1: Hypertension classification based on blood pressure control and number of antihypertensive 
medications. (Dudonbostel T, Siddiqui M, Oparil S. Refracotry Hypertension: A novel phenotype of 
antihypertensive treatment failure. Hypertension. 2016;67 1085-1092.) 
 

Resistant Hypertension 
RUH is marked by elevated BP that remains high (≥>140/90 mm Hg) despite the concurrent 

use of effective doses of 3 or more antihypertensive agents from different treatment 

regimens, including a long-acting calcium channel blocker (CCB), an angiotensin converting 

enzyme (ACE) inhibitor or angiotensin receptor blocker (ARB), and a diuretic (19). Patients 

whose BP is controlled via the use of 4 or more different classes of medications are 

considered resistant to treatment and classified as RCH (19). The American Heart 

Association (AHA) amended the definition of RH in 2008 to include RCH patients (20). RH 

shouldinclude patients who fail to control BP in tandem with poor adherence and an 

inadequate treatment regimen, including those with true treatment resistance. A more 
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accurate and often used term to cover both true resistance and poor adherence is referred 

to as apparent treatment resistant hypertension (ATRH) (20).  

 

According to a study by Acelajado et al (21), a small percentage of patients with RH who 

never achieve BP control despite maximal medical treatment, represent a potentially novel 

and distinctive phenotype which is different from the larger proportion of patients  whose 

BP can be controlled. These patients are said to have RUH. The classificationof RH exists to 

identify patients who are at an increased risk for CV mortality and morbidity. Often patients 

with RH present with secondary causes of hypertension and may suffer from adverse effects 

such as target end-organ damage (22). 

 

Pathophysiology and aetiology of hypertension 
RH is thought to be of renal aetiology, hallmarked by excessive fluid retention as a result of 

obesity, chronic kidney disease (CKD), age, hyperaldosteronism, black race and a high 

dietary salt intake (21,23). This pathophysiological proposal is supported by the role that 

diuretic therapy intensification plays in effectively achieving BP control in patients with RH 

(24-25). In a study by Rayner et al, 20% of the Khoi San had a polymorphism of the epithelial 

sodium channels (ENaC) in renal tubules. This genetic mutation allows the Khoi to retain 

sodium and water while simultaneously losing potassium (26-27). This adaptive mutation 

would have been beneficial to the Khoi residing in the Kalahari Desert. However, due to 

changes brought about by migration and industrialisation with increased salt and reduced 

potassium intake, this adaptation has become a double-edged sword, posing more harm 

than good (28). Genetic variants of the ENaC are responsible for about 6% of hypertension 



20 
 

in black South Africans via the R563Q variant and 5% in black Africans of Caribbean/North 

African origin residing in London, United Kingdom (UK) via the T594M variant (28-29).   

 

Hyperaldosteronism has been closely associated with the development of hypertension, 

resistant or otherwise (21). Aldosterone is produced by the zona glomerulosa cells in the 

kidneys, and modulates the mineralocorticoid pathway by binding to the mineralocorticoid 

receptors in the epithelial cells of the distal convoluted tubule (DCT) and collecting duct of 

the nephrons (30-32). Aldosterone promotes water and sodium reabsorption and potassium 

secretion by regulating the sodium-potassium exchange pump (30,32). Primary 

aldosteronism marked by aldosterone excess, low plasma renin activity and treatment 

resistance in hypertension best illustrates the role of aldosterone in RH (32). 

Hyperaldosteronism is common , accounting for 20% of the RH population (19). Supporting 

evidence of the role of excess aldosterone levels in RH is further illustrated by the efficacy of 

aldosterone antagonists in lowering BP (33). 

 

Other secondary causes of RH include comorbidities like obstructive sleep apnoea (OSA), 

chronic kidney disease (CKD), phaeochromocytoma, and renal artery stenosis (RAS); lifestyle 

factors such as obesity, high dietary salt intake, and heavy alcohol consumption; drug 

related causes including oral contraception and use of non-narcotic analgesics and lastly, 

pseudoresistance which includes poor adherence to medical therapy, white-coat 

hypertension and inaccurate BP measurement (19,34). 

 

 
Prevalence of resistant hypertension 
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The prevalence of RH across the SSA is not well documented, however, a few studies have 

conducted analyses across several parts of Africa to determine the rate of risk. Noubiap et al 

(35) conducted the first ever meta-analysis to measure the global prevalence of RH and 

reported SSA to have the lowest rate of RH of 10.1% in the WHO regions, compared to the 

Western Pacific with the highest rate of 19.2% (35). The prevalence of RH extends anywhere 

from 8.4% to 17.4% across American and European countries (1,36-38). 

 

Several observational studies outside Africa have defined patients with RH, and report the 

prevalence of RH at approximately 10-15% of treated hypertensive patients (37). For 

example, in a cross-sectional analysis of >470,000 individuals, 60,327 had RH, representing 

12.8% of all hypertensive individuals and 15.3% of those taking antihypertensive 

medications (37). 

 

Risk factors and associated comorbidities in resistant hypertension 
Several studies have reported on patient characteristics associated with RH. In an analysis of 

the Framingham study, old age was the strongest risk factor associated with failure to 

adequately control BP (39). Second to old age, left ventricular hypertrophy (LVH) and 

obesity were the strongest predictors of lack of systolic BP control (39). When compared 

with individuals who presented with controlled BP (<140/90 mm Hg) with 1 or 2 

medications, individuals with RH were older, obese, and more likely African American and 

female, and had a greater prevalence of comorbidities, including diabetes, ischaemic heart 

disease (IHD), cerebrovascular disease, and CKD (Table 1.1) (19). Finally, the strongest 

predictor of treatment resistance was having CKD as defined by a serum creatinine of 1.5 

mg/dL or greater (19,39-40). 
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Table 1.1: Patient characteristics associated with resistant hypertension 

Older age 

High baseline blood pressure 

Obesity 

Excessive dietary salt ingestion 

Chronic kidney disease 

Diabetes 

Left ventricular hypertrophy 

Black race 

Hyperaldosteronism 

 

Prognosis of resitant hypertension 
Calhoun et al stated that the prognosis of RH compared to controlled hypertension had not 

been fully elucidated (41). Recent studies have clearly shown the likelihood of CV injury, 

renal impairment and all-cause mortality as a result of suffering from RH. A study by 

Daugherty et al was the first to determine the prognosis of RH by conducting a longitudinal 

assessment of a large cohort of subjects with rigorously defined RH (42). Their study 

analysed longitudinal data collected over a period of 5 years, and demonstrated that 

compared to controlled hypertensives on 3 medications, patients diagnosed with RH had a 

poorer prognosis, likely due to target end-organ damage such as the development of CKD 

(42).  Interestingly, both groups of patients (controlled and RH) had similar durations of 

hypertension (all patients with incidental hypertension during the analysis period were 

included) however, the prognosis of RH remained worse compared to controlled 
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hypertension, suggesting that the duration of hypertension alone, might not be sufficient to 

explain the poor CV prognosis in RH.  

 

Excess aldosterone levels found in patients with RH has been proposed as  one of the main 

contributing factors to CV mortality (22). Individuals diagnosed with primary 

hyperaldosteronism have been demonstrated to experience higher rates of CV events and 

target end organ damage (TOD) (33). In a separate study involving over 400, 000 patients, 

compared with the controlled hypertension group, patients with RH had a 32% increased 

risk of developing end-stage CKD, a 24% increased risk of an IHD event, a 46% increased risk 

of heart failure, a 14% increased risk of stroke, and a 6% increased risk of CV death (43). 

 

Treatment for resistant hypertension 
Treatment of RH relies heavily on intensified diuretic therapy (use of a long-acting thiazide 

diuretic), combination therapy (combining 2 agents of different classes) and the use of a 

mineralocorticoid receptor antagonist (MRA) such as spironolactone. This treatment 

regimen has been shown to have a significant effect on lowering BP in resistant 

hypertension(19). (Table 1.2) 

Diuretics e.g hydrochlorothiazide 

Combination therapy 

Mineralocorticoid receptor antagonist e.g spironolactone 

ACE Inhibitor/ Angiotensin receptor blocker 
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Rationale for this study 
 

A small percentage of patients with RH who never achieve BP control despite maximal 

medical treatment represent a potentially novel and distinctive phenotype which is different 

from the large proportion of patients with RH whose BP can be controlled. The impact that 

RH has on the hypertension epidemic worldwide is striking. The burden of hypertension in 

SSA is likely to increase, it is for this reason, that identifying and categorising such patients is 

important in understanding the mechanisms of treatment resistance in this phenotype. Our 

study hopes to define the phenotype and imaging characteristics of resistant uncontrolled  

and resistant controlled hypertension in patients using CMR. Our findings may contribute to 

improved understanding of the pathophysiology of this disease in the African population 

and may point to a need for development of more effective treatment suited individual 

genotypes within this population. 

 

Study aims 
The aim of this study was to identify patients with resistant uncontrolled hypertension 

(RUH) and compare phenotypes in these patients to resistant controlled hypertensives 

(RCH), using a combination of electrocardiography (ECG), echocardiography, applanation 

tonometry and cardiovascular magnetic resonance (CMR).  
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Chapter 2: Literature Review (Cardiovascular adaptation to hypertension) 
 

Introduction 
Among patients with resistanthypertension (RH), a proportion present with blood pressure 

(BP) that remains elevated despite long-term use of maximal medical therapy. The 

prevalence of RH in South Africa is currently unknown, however, clinical reports suggest that 

it is not rare. Patients with RH are more likely to develop complications such as CKD, LVH, 

retinopathy, heart failure, coronary artery disease, stroke, vascular dementia, peripheral 

arterial diseaseand obstructive sleep apnoea (44-47). This literature review explores the 

current available evidence on ventricular remodeling in RH as well as the use of CMR in the 

diagnosis and evaluation of hypertension. 

 

Functional and structural adaptations associated with hypertension in the 
cardiovascular system 
Severe uncontrolled hypertension affectsvital organs such as the heart, brain, kidneys, eyes 

and vessels through vascular complications, as a result of persistent elevated BP and loss of 

tissue compliance (48-49). Pertaining to the CVsystem, the presence of LVH, myocardial 

fibrosis, diastolic and systolic ventricular dysfunction, heart failure, atrial myopathy and 

atrial fibrillation are manifestations that define the phenotype of hypertensive heart disease 

(HHD) (48-49). Regarding the vascular system, the major findings include impaired 

endothelial function, remodeling of the small and large arteries with impaired vasodilation, 

impaired distensibility and pulse wave velocity, and atherosclerotic vascular disease marked 

by the development of stenoses and aneurysms. CMR is the gold standard for imaging of the 

ventricles and vasculature due to its unique ability to visualise and assess structural and 

functional changes in hypertensive patients, leading to an accurate diagnosis (48).  
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Left ventricular hypertrophy in hypertension 

One of the pathological biomarkers in HHD is the thickening of the left ventricular (LV) wall 

as a physiological response to minimise wallstress in the presence of elevated BP. Following 

a stable compensation by the LV, decompensation occurs, (“transition to heart failure”), 

leading to dilatation of the LV, with a normal ejection fraction (EF) or a reduced EF. 

Hypertension is one of the leading risk factors for heart failure, with more than a 50% 

chance of developing heart failure with preserved EF (HFpEF) (discussed later under 

“diastolic dysfunction”) versus heart failure with reduced ejection fraction (HFrEF) (49-50). 

 

An increase in LV mass is the sine qua non of LVH, and this increase in mass is confirmedby 

measurements of post-mortem weight, electrocardiographic (ECG) criteria, and by cardiac 

ultrasound or CMR. Early echocardiographic studies by Devereux and Reicheck defined LVH 

as LV mass that exceeds 250g (51). This increase in LV mass is not only unique to 

hypertension; some disease states such asaortic stenosis, hypertrophic cardiomyopathy 

(HCM), infiltrative myocardial diseases (amyloid, sarcoidosis, and Fabry’s disease), as well as 

athlete’s heart and pregnancy, may mimic LVH associated with hypertension. However, 

CMR is exceptional in evaluating a differential diagnosis by assessing the pattern of LVH, 

presence of enhancement and pattern of fibrosis (52). Recently, gender-based values in the 

detection of LVH have been calibrated for age and body surface area and published, using 

CMR as the preferred and recommended technique (53). 

 

Anatomical and physiological adaptations that occur in patients with hypertensive LVH 

include cardiomyocyte hypertrophy, accumulation of the extracellular matrix (ECM) 
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constituents (54-55), with accelerated  deposition of collagen and fibronectin, and impaired 

vasculature of the intramyocardial coronary vasculature, including medial hypertrophy and 

perivascular fibrosis (56). The aetiology underlying “progression to hypertrophy” includes 

more than acompensatory response to the altered shear stress from elevated BP, it also 

encompasses the influence of neurohormones (57), growth factors, and cytokines (49). 

 

A direct link exists betweenadverse CV outcomes and LV mass (58). There is ample evidence 

that reversing the cycle of LVH, leads to diminished risk of mortality. Simply put, regression 

of LV mass as a result of antihypertensive treatment confers a low risk of stroke, acute 

myocardial infraction, heart failure, and all-cause mortality (59). The typical paradigm and 

development of LVH can be implicated in the progression of HHD and its direct relationship 

to heart failure has been under the spotlight in recent years. Many pathological changes are 

present in patients with hypertensive LVH including cardiomyocyte hypertrophy and 

increased amounts of interstitial and perivascular fibrosis (54). 

 

LVH has three anatomical models initially reported by Ganau et al, namely concentric 

hypertrophy, eccentric hypertrophy and concentric remodeling (60). Concentric LVH is 

defined by an increase in LV mass, increased global LV wall thickening in response to 

pressure overload and a normal LV cavity size. Concentric LVH is prevalent in middle-aged 

and elderly patients and is closely linked toincreased cardiac output. Concentric remodeling 

is a result of long-standing hypertension and is usually marked by normal LV mass, normal LV 

cavity size and increased LV wall thickness. Eccentric hypertrophy is characterised by normal 

global LV wall thickness and an increase in LV mass by chamber dilatation. Conversely, it is 
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frequently seen in the younger population and is associated with decreased cardiac output 

(61). 

 

The rationale fordeveloping a specific LV pattern in response to hypertension across the 

patient population is unclear, but features such as pressure overload, volume overload, 

ethnicity, gender, age, obesity, and plasma renin levels are all reported to have influence 

(49). Further, there is a lack of understanding and knowledge surrounding the different LVH 

patterns and how they affect the prognosis of hypertension.  

 

CMR for left ventricular hypertrophy 

CMR has the ability to not only quantify LV mass, volumes and ejection fraction, but it can 

also assess the pattern of hypertrophy (also referred to as the LV geometry), which may or 

may not have prognostic importance. CMR is the reference method for imaging LV function, 

due to its high accuracy and reproducibility (62). The relative wall mass can be calculated by 

dividing the LV mass by the LV end-diastolic volume (LVEDV), and effectively indexes 

ventricular wall thickness to cavity size. Both patterns of LVH are established risk factors for 

CVD, however concentric hypertrophy has repeatedly been shown to be the culprit which 

confers a markedly increased risk (63). 

 

Despite the different patterns of LVH and their association to CVD, regression of LVH has 

been shown to lower this risk (64). CMR been used as a tool for analysing ventricular mass 

reduction following LVH in several intervention studies in hypertension. The LIFE sub-study, 

which evaluated the relationship between high BP and ventricular remodeling (65); and the 

TELMAR study which assessed the outcome of using telmisartan compared to metoprolol to 
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treat LVH in patients with uncontrolled hypertension (66); the LVH-4E, where LVH 

regression was monitored by studying the effects of eplerenone compared to enalapril or a 

combination of both in hypertensive patients (67); the ALIVE study, in which benazepril with 

either amlodipine or a diuretic was tested (68); and the ALLAY trial, that proved the 

unmatched effectiveness of aliskiren in LVH regression, and its similar potency to losartan in 

reducing LV mass (69); all confirmed the CV benefits of reducing LVH. 

 

The pathological and anatomical patterns of LVH are a hallmark of many disease processes 

in overlapping cardiomyopathies, therefore determining the aetiology of LVH is often a 

common and challenging clinical problem. Some cardiomyopathies and conditions can 

imitate LVH, these include cardiac sarcoidosis, Fabry’s disease, infiltrative diseases, aortic 

stenosis, athlete’s heart or exercise-induced ventricular hypertrophy, pregnancy and 

hypertrophic cardiomyopathy (HCM). CMR has a distinctive ability to noninvasively 

characterise myocardial tissue and can provide detailed information on ventricular structure 

and function, pattern of late gadolinium enhancement (LGE), and valvular function. With 

regards to infiltrative diseases, a unique and specified pattern of LGE has been described for 

amyloidosis (70,71). with 80% sensitivity, specificity of 94% and positive predictive value of 

92% that has simplified the differential diagnosis. Similarly, haemochromatosis, iron 

overload cardiomyopathy and Fabry’s disease have fairly pathognomonic features on 

parametric mapping with CMR (71). 

 

Recently, multiparametric CMR was used to differentiate HCM from hypertensive LVH and 

unique hypertrophic phenotypes were noticeable (72). The hypertensive patients presented 

with increased LV wall stress, reduced EF, reduced anteroseptal systolic strain, and 
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increased cardiac chamber volumes, while patients with HCM had supranormal EF, reduced 

LV wall stress, decreased longitudinal systolic strain and fibrosis. Logistic regression analysis 

identified increased LV wall stress as the main biomarker of hypertension while HCM was 

best characterisedby reduced total global longitudinal strain. 

 

Exercise-induced ventricular hypertrophy also known as athlete’s heart, can be identified 

from other types of pathological hypertrophy with CMR-derived diastolic wall-to-volume 

ratio (73,74). A cut-off value of less than 0.15 mm×m2/ml, is said to have a 99% specificity 

for sport related LVH. However, this finding requires further validation and confirmation in 

larger cohorts. 

 

CMR is an attractive imaging technique because it provides highly reliable, precise and 

reproducible measurements of LV function and mass, and it allows thorough myocardial 

fibrosis analysis. It is the most reliable technique of identifying hypertension related LVH 

from other CV causes, and can also be used to screen for secondary causes of systemic 

hypertension. 

 

Right ventricular dysfunction in hypertension 

Changes in the LV in response to workload and pressure overload have been well 

documented, whereas the right ventricle (RV) remains relatively understudied. Previous 

studies have demonstrated the link between arterial hypertension and RV remodeling (74). 

Newer studies have investigated the RV mechanics in hypertensive patients and have 

illustrated a significant deterioration of RV longitudinal deformation and the association 
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between RV longitudinal strain and functional capacity. These studies have revealed that RV 

longitudinal strain is a strong predictor of RV dysfunction (75). 

 

Three possible mechanisms underlying RV hypertrophy have been established: (1) 

overstimulation of the autonomic nervous system and the renin-angiotensin-aldosterone 

system often leads to decreased arteriolar compliance which results in increased RV wall 

thickness (76); (2) ventricular interdependence via the interventricular septum; and (3) 

reactive oxygen species (ROS) and impaired endothelial function can lead to changes in the 

pulmonary circulation that ultimately lead to RV hypertrophy (77). 

 

Several studies have documented ventricular interdependence in HHD, using 

echocardiography and CMR. Because the heart functions as a single unit, structural and 

functional changes that occur in the LV, also affect the RV (78). Ventricular interdependence 

involves force that is transmitted from one ventricle to the adjacent one, through the 

myocardium and interventricular septum. This mechanism occurs independently from 

hormonal, circulatory or neural control. About 20%-40% of the per beat RV systolic function 

and volume is dependent on LV contraction (79). Ventricular interdependence occurs mainly 

due to the ventricles close anatomic association: sharing common muscle fibers and a septal 

wall. In a study by Todiere and colleagues, 25 patients with uncomplicated, mild to 

moderate essential hypertension were compared to 24 healthy age- and sex-matched 

controls using CMR. The authors reported that RV mass index (RVMI), ventricular wall 

thickness and remodeling index were greater in hypertensive participants and associated 

with reduced peak filling rate. They also showed that systemic hypertension leads to RV 

remodeling and impaired diastolic function (80,81). 
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In a study by Ilievaet al, spontaneously hypertensive rats (SHR) were used to investigate the 

development of cardiac hypertrophy in response to systemic hypertension in both ventricles 

and demonstrated the involvement of the RV. They reported structural adaptations that 

occur in the LV and to a lesser degree in the RV, and these included cardiomyocytic 

hypertrophy, hypertrophy and hyperplasia of cardiomyocytic nuclei, focal myocytolysis and 

increased collagen deposition in the interstitial space. They also reported a unique finding, 

which was the presence of mast cells in the interstitium of the RV (81). Although mast cells 

play a role in mediating ECM degradation and synthesis (82), they are also implicated in 

fibrotic remodeling of the heart due to hypertension and myocarditis (83). 

 

CMR for right ventricular dysfunction 

RV function can be assessed using either echocardiography or CMR, however due to the 

anatomy of the RV in relation to the LV, imaging the RV may prove a challenge 

onechocardiography. Thus CMR automatically becomes the preferred method, due to its 

ability to acquire parallel and contiguous tomographic images, in any othogonal plane, with 

high temporal resolution, and for providing accurate volumetric quantification of size and 

function. CMR has better contrast between blood and myocardium as well as epicardium 

and surrounding fat (80,84).CMR accurately assesses volumetric, mass, and quantitative 

functional analysis of the LV and RV. CMR also allows regional assessment of the entire 

circumference of the LV and RV in each slice (septum, anterior, lateral, and inferior walls of 

the LV) and free wall of the RV. The RV free wall is best visualised on standard transaxial 

cine images, as it lies approximately parallel to the anterior chest wall, and both long axis 

contraction and fine detail of regional function can be assessed. Horizontal long axis and RV 
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vertical long axis views can be used to assess RV function. The motion of the interventricular 

septum, which is best visualised in a short axis stack cine image, can be helpful in diagnosing 

RV volume and pressure overload (52). However, CMR is expensive compared to other 

imaging tools such as echocardiography, and is not available in many parts of the world. This 

could explain, in part, why RV involvement in cardiac diseases lacks data and further 

elucidation. 

 

Myocardial fibrosis in hypertension 

The ECM of the heart, is a dynamic environment that is composed of fibrillar collagen, which 

is important for maintaining the optimum structure and plasticity of cardiomyocytes, 

fibroblasts, and vascular cells in the heart. In the diseased state of the heart, the ECM is 

subjected to changes in the structure of the cells as well as subcellular changes that 

continuously influence normal cardiac physiology (85). Impaired structure and function of 

cardiomyocytes has always been a focal point of CV injury, however, it is now known that 

changes in the cardiac ECM and cardiac remodeling are associated with the development 

and progression of CVD leading to heart failure (85). The modifications in the ECM activate 

the pathways of cardiac fibrosis. Acute scar tissue formation occurs at the site of cardiac 

injury due to myocardial infarction to provide myocardial healing and prevent rupture or 

tethering of the myocardium (86). On the extreme end of the continuum, persistent and 

widespread or localised reactive myocardial fibrosis is a result of either pressure or volume 

overload due to long-standing hypertension, metabolic disorders, valvular heart diseases, 

ischaemic insults on the heart (in areas remote from the infarction), or diffuse myocardial 

diseases, such as cardiomyopathies (87). Such scarring distorts the myocardium’s normal 

physiology by directly altering its contractile abilities. 
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Increased collagen production is a hallmark of myocardial fibrosis. Collagen production 

occurs at an accelerated rate compared to collagen degradation (which may either decrease 

or remain unchanged) (88,89), and accelerated diffuse collagen depositionin the interstitial 

and perivascular spaces (90). The dysregulation of specific pro- and antifibrotic factors, 

including cytokines and chemokines, growth factors, proteases, hormones, and ROS, are 

responsible for the alteration of the collagen matrix (91). This dysregulation of collagen 

turnover takes place mainly in phenotypically transformed fibroblasts, termed 

myofibroblasts (85,92). Myocardial fibrosis disrupts the myocardial structure and make-up, 

contributes to myocardial disarray, and determines mechanical (93,94), electrical (95-97), 

and vasomotordysfunction (98), thus promoting the progression of cardiac diseases to heart 

failure (99). 

 

Myocardial fibrosis is associated with decreased ventricular compliance, LV systolic 

dysfunction and development of diastolic dysfunction (54). The degree of this fibrosis as 

measured by LGE-enhanced CMR has been proven to have a direct correlation to the 

presence of diastolic dysfunction in patients with hypertension (51,54). 

 

CMR for myocardial fibrosis 

Basic scientific research using animal models, as well as clinical studies have shown that 

hypertensive LVH is defined by accumulationof type I and III collagen fibersin the 

interventricular septum and in the LV free wall (100). This increase in collagen content 

appears to be a typical characteristic of LVH, regardless of its cause and severity of LV 

remodeling (101). Myocardial fibrosis can be localised to one area, also referred to 
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asreparative or replacement fibrosis(102), or it can be widespread, also known as interstitial 

fibrosis, the most frequently occurring pattern in HHD (103). Fibrosis leads to myocardial 

stiffness and subsequent changes in ventricular function, electrophysiology and myocardial 

perfusion that may potentially affect prognosis (103). 

 

LGE-CMR has the ability to detectreparative myocardial fibrosis, as shown in several CVDs 

including hypertension (101,104-107). The pattern of fibrosis in HHD is often wide-spread 

and is therefore undetected via LGE-CMR: this becomes a major limitation of LGE-CMR.LGE-

CMR is unable to detect diffuse myocardialfibrosis because LGE depends on relative 

differences in signal intensities and uses the myocardium with the lowest signal intensity as 

a reference fornormal or healthy myocardium, irrespective of the extent of fibrosis 

established within. To detect the diffuse fibrotic pattern, the T1 mapping sequences should 

be employed. T1 mapsare superior over LGE-CMR as they are based on pixel-wise 

measurement of the longitudinal relaxation time. Each tissue exhibits a characteristic T1 

relaxation time at aselected magnetic field strength that depends on tissue composition 

which can be shown as a colour-coded map. Thus, deviation from normal ranges could be 

used to detect and quantify pathological processessuch as hypertensive diffuse myocardial 

fibrosis (48). 

 

The Modified Look-Locker Inversion recovery (MOLLI) is a pulse sequence that allows for the 

quantification and mapping of T1 values in the myocardium. MOLLI is different from the 

traditional Look and Locker sequence in two ways: (1) it can acquire specific data at any 

point in time of the cardiac cycle; and (2) it is able to combine images from three 

consecutive inversion-recovery Look-Locker experiments into one data set, producing 
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single-breath hold single-slice T1 maps of the myocardium (108-110). A newer sequence 

known as the Shortened Modified Look-Locker Inversion recovery (ShMOLLI) (111) has also 

been established and tested (112). It is a shortened version of the MOLLI and it can produce 

well-defined myocardial T1 maps by using sequential inversion recovery measurements 

within a single shortened breath-hold. Both methods have been proven as promising 

sequences for the detection of interstitial myocardial fibrosis in patients with HHD. 

 

Diastolic dysfunction in hypertension 

Diastole is the phase of the cardiac cycle encompassed by ventricular relaxation, and 

comprises 3 sub-phases of filling (rapid filling, diastasis, and atrial contraction). Diastolic 

dysfunction refers to abnormal relaxation patterns of the ventricles; these patterns include 

slow or delayed relaxation, stiffness of the LV during diastole, and altered filling patterns of 

the ventricles (113,114). In the presence of LVH, change in LV geometry and myocardial 

fibrosis, the LV begins to experience abnormalities of the diastolic pattern in tandem with 

the above-mentioned adaptations. These impairments in diastolic function of the LV are 

referred to as LV diastolic dysfunction(LVDD) which is characterised by the inability of the LV 

to fill with sufficient blood at low pressures, thus delaying chamber filling, which results in 

incomplete LV filling in the absence of increased left atrial (LA) pressure. Thus, LV filling 

becomes more dependent on LA contraction and higher atrial pressures (115). 

 

General or global abnormal relaxation may be a consequence of any mechanistic action that 

results in a cytosolic calcium deficit and the actin–myosin cross-bridge detachment 

(116), whereas increased LV chamber stiffness (reduced LV compliance or distensibility) 

results from alterations of the myocardial composition, including interstitial fibrosis, 
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alterations in the phosphorylation of titin, and accelerated microtubule growth in the 

cardiomyocytes (114,117). 

 

LVDD is characterised by changes in LV diastolic filling, which may include impaired 

myocardial relaxation and reduced compliance of the myocardium (113,114). It is prevalent 

in the older community and is a strong hallmark of CV insults and incident heart failure 

(114). The following risk factors: diabetes mellitus, hypertension, obesity and coronary 

artery disease, are implicated in the development of LVDD (118). Hypertension remains the 

strongest predictor for the development of LVDD in the population and an important cause 

of heart failure (118,119). Importantly, LVDD is considered to play a critical role in the 

progression of hypertension to heart failure, specifically in individuals with HFpEF (119). 

 

Ambulatory BP measurements (ABPM), are highly favoured due to their more illustrative 

methods of haemodynamic pressure and shear stress imposed by hypertension, and their 

stronger association with LVDD than casual BP measurements (120). The use of ABPM is 

useful in identifying individuals with masked hypertension, who suffer the same risk of 

developing LVDD, to those with long-standing hypertension (121). 

 

CMR in the assessment of diastolic dysfunction 

Diastolic function can be assessed noninvasively using echocardiography, mainly viaflow 

Doppler and tissue Doppler imaging. Using CMR to assess diastolic function requires 

employing high temporal resolution sequences (122). Therefore, it becomes crucial to adopt 

several imaging techniques, such as retrospective gating, which allows quantification of the 

change in ventricular volume at various time points in the cardiac cycle, and provides 
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parameters such as atrial filling ratios, peak diastolic filling rate and time to peak filling rate 

(122). Further, analysis of 3D myocardial strains with tissue tagging gated to diastole, and 

mitral inflow velocity curves obtained with phase contrast sequences are useful for the 

study of diastolic function with CMR (122). A new CMR-derived index:diastolic volume 

recovery, calculated as the segment of diastole required for recovery of 80% stroke volume, 

has been recently shown to provide the best performance in detecting LVDD compared to 

echocardiography (122). 

 

Vascular adaptations in hypertension 

Blood vessels, vascular systems and their networks, as well as the endothelial cells, are 

dynamic constituents of the CV system, with adaptation propertiesin response to a change 

in their internal environment, through haemodynamic, hormonal, cytokine and metabolic 

stimuli. These modifications or adaptations include alterationsin vessel density, vessel wall 

thickness, smooth muscle tone and vessel diameter. Initially, an increase in BP, due to an 

increase in cardiac output, leads to vasoconstriction, which prospectively results in 

reduction of vessel diameters via wall remodeling. Secondly, rarefaction of microvessels and 

capillaries results in increased reduction of the total peripheral vascular cross-section area. 

Due to structural autoregulation,an increase in BP and peripheral resistance perpetuates the 

elevated BP above the level generated by the initial increase of cardiac output. Recent 

evidence suggests that vascular adaptation in capillaries and venules appears to be 

pathognomonic in hypertension (122,123). 

 

Microvascular networks which include terminal arterioles, metarterioles, capillaries and 

venules are versatile microvessels, highly capable of repeatedly adapting to internal 
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impulses. Haemodynamic stimuli including haemodynamic load (wall shear stress) and BP 

(circumferential wall stress) as well as metabolic factors (e.g., oxygen partial pressure or 

related metabolic signals) are primary examples of such impulses (124). 

 

Vascular modifications occur at different time points and involve vascular tonicity, the 

architectural make-up of the vessel wall, and the vessel density. Vascular tone controls 

some of the earliest responses and may prompt changes of vessel diameter within seconds. 

An overstimulated vascular tone due to persistent changes in the internal environment 

(125), leads to vascular remodelling (126). Vascular remodeling can be classified according 

to observed changes in vessel diameter and wall thickness and/or wall mass. Diameter 

increase, and decrease is referred to as “outward” and “inward” remodeling (127). 

 

If cardiac output remains permanently elevated by whatever mechanism, an increase in 

vascular tone is observed (126,127), and pruning, evident from vascular rarefaction, is also 

observed (128,129). This results in a lack of sufficient blood supply and an increase in 

peripheral flow resistance which further increases BP via a positive feedback loop. This 

phenomenon has been called structural autoregulation (130,131). Based on the above, it is 

evident that structural autoregulation is not only a vicious cycle that perpetuates 

haemodynamic impairments, but its alterations in vascular adaptation to pressure, or 

endothelial function, result in hypertension (131). The increased peripheral resistance and 

its constituents, i.e., tone of vascular smooth muscle cells, inward remodeling, and 

rarefaction, are more likely to lead to deficits in oxygen and nutrient supply (130,131). 

 

CMR in the assessment of aortic and peripheral vascular disease 
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Systemic hypertension has been identified as one of the leading risk factors for aortic and 

peripheral vascular disease (132). Conversely, the association between CV risk factors 

including hypertension (103,133,134) and atheromatous plaques in the aorta, as well as 

their potential to be used as prognostic biomarkers (135), has been documented. CMR has 

the ability to not only  provide an extensive assessment of the aortic anatomy and 

physiology, but it can also assess aortic structure and function in diseased states by 

including not only the assessment and follow-up of aortic wall syndromes, but also valuation 

and measurementof the atherosclerotic plaque volume, composition, biological activity, and 

quantificationof aortic functional parameters such as compliance, distensibility and pulse 

wave velocity (136). 

 

Using CMR as a tool for plaque imaging may be an important step in identifying the extent 

of risk, which may affect the approach to treatment, and may be useful in plaque-regression 

studies. It has been shown that patients with a history of detrimental CV events are at a 

higher risk for developing malignant plague formation (136). Similarly, the presence of aortic 

atheroma in a particular patient indicates a greater likelihood for a CV event than could be 

expected from the Framingham score alone, which was not designed to detect 

atherosclerotic plaques (137). Black blood CMR imaging has a high accuracy and 

reproducibility rate for assessment and volumetric quantification of atheroma plaques in 

the carotid arteries (138 )and aorta (139,140-142). 

 

CMR flow imaging and cine sequences provide the advantage of performing a functional 

assessment of the aorta. Haemodynamic load affects arterial remodeling and often leads to 

arterial stiffness, both early manifestations of adverse anatomical and physiological 
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modifications within the vascularwall (138). Additionally, atherosclerosis, as well as 

endothelial function, depends on arterial wall shear stress. Flow-sensitive 4D-MRI, which 

allows the depiction of a 3D model of the aorta and quantification of mult-idirectional blood 

flow in vivo as well as the acquisition of time-resolved blood flow velocities in three 

directions, provides information regarding the regional differences in absolute wall shear 

stress and oscillatory shear index. Such a sequence has the potential to explain the 

pathophysiology of atherosclerotic lesions and how their locations correlate to 

cardiovascular mortality (143). 

 

Conclusion 

Advances in CMR techniques over the years have provided novel insights into the 

morphological and pathophysiological adaptations associated with HHD, proving yet again, 

that CMR is ideal for cardiovascular adaptations to hypertension. CMR  is likely to extend 

our understanding of CV phenotypes in RH patients. 
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Chapter 3: Methods 
 

Study Aim and Design 
This study was a cross sectional case-control analysis of patients with resistant uncontrolled 

hypertension (RUH) and how their phenotype compares to patients with resistant controlled 

hypertension (RCH). 

 

Study Population 
This study included adult patients with RUH and patients with RCH. 

Inclusion Criteria  

• Patients with RH were included in the study attending the Hypertension Clinic at 

Groote Schuur Hospital.  

• Informed consent and willingness to undergo  CMR. 

 

Exclusion Criteria  

• Patients with an estimated glomerular filtration rate (eGFR) of <30ml/min based on 

the Modification of Diet in Renal Disease (MDRD) calculation. 

• Patients with white-coat hypertension or poor treatment adherence. 

• Inability to tolerate CMR or contraindications to MRI. 

• Pregnant or lactating patients. 

 

Recruitment and enrolment 
Patients whose BP remained above goal (140/90mmHg) despite 3 or more antihypertensive 

medication were defined as RUH. Patients whose BP was adequately controlled via the use 
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of 4 and more antihypertensive medication were defined as having RCH (<140/<90mmHg). 

An amlodipine assay was used to assess patients’ level of adherence to the antihypertensive 

medication, and latest eGFR results were obtained from patients’ National Health 

Laboratory System (NHLS) records to assess kidney function. Figure 1.2 shows patient 

recruitment and enrollment: 

 

Figure 1.2 Study size and exclusion criteria. 
 

 

Research procedures and data collection methods 
Blood Pressure Recording  

BP in the clinic was measured by two trained professionals using an automated BP machine 

(Dinamap Carescape Monitor (Woodley Equipment Company Ltd) in a seated patient with 

the arm properly supported and use of a correct cuff size. Baseline BP values were recorded 
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before and after administration of medical therapy. The mean of the last 3 readings was 

used for determing BP control. 

 

 

CMR Imaging 

CMR imaging was conducted at UCT Cape Universities Body Imaging Centre (CUBIC) and 

patient folders were obtained from the Groote Schuur Hospital Hypertension Clinic. Data 

from the patients’ CMR reports were processed into an electronic database and analysed 

using IBM SPSS, version 25 (IBM, Somers, New York, USA). CMR studies were reported 

according to a standardised protocol. The following cardiac parameters were documented:  

a. LV and RV volumes, mass and function.  

b. Myocardial tissue characterisation using dual inversion recovery T2-weighted imaging and 

T1-weighted imaging.  

c. Velocity-encoded 2-D phase contrast (flow) imaging.  

d. Strain imaging 

e. Native T1 and T2 mapping 

f. Late gadolinium enhancement (LGE) imaging for viability and focal fibrosis assessment.  

g. Postcontrast T1 mapping and ECV estimation 

 

CMR Analysis 

Circle CVI42 software (Circle Cardiovascular Imaging Inc, Calgary, Canada) was used to 

perform post processing and post scan analysis of the following CMR image parameters: 

Cine images: Left atrium (LA), right atrium (RA) size and LA area. Left ventricular end 

diastolic dimension (LVEDD) was measured using free-hand contouring. Ventricular ejection 
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fraction (LV and RV) were analysed by manually contouring the epicardial and endocardial 

borders of the LV and endocardial borders of the RV in the SA stack at end-systole and end-

diastole. RV and LV end-diastolic and end-systolic volumes were used to calculate stroke 

volume and ejection fraction. Myocardial mass was calculated by subtracting the 

endocardial volume from the epicardial volume, taking into account the myocardial specific 

gravity. 

STIR images: Myocardial oedema was assessed by T2 weighted images, where the signal 

intensity (SI) in the myocardium is compared against the signal intensity in the skeletal 

muscle (myocardial SI/skeletal SI). A ratio above 1.9 indicates myocardial oedema (144). 

Native and postcontrast T1 maps & LGE images: Myocardial fibrosis was quantified by T1 

mapping techniques and LGE imaging. In T1 maps, a signal above 1100ms±50 is regarded as 

elevated and therefore indicates presence of myocardial fibrosis, in the absence of 

abnormalities on T2 mapping and STIR imaging. T1 maps have also been shown to detect 

diffuse myocardial fibrosis often missed by LGE (48). LGE imaging was performed 10 to 20 

minutes after intravenous (IV) injection of gadolinium (0.15 mmol/kg body weight). This 

type of imaging allows the observer to detect focal fibrosis and pattern of enhancement.  

Strain imaging: The degree of deformation in a myocardial segment can be measured by 

strain analysis. The feature tracking method was applied to analyse myocardial strain. 

Endocardial and epicardial borders as well as the mitral valve annular plane were defined 

manually at end-diastole. Global longitudinal strain and strain rates was estimated from two 

long-axis steady state free precession (SSFP) cine images while circumferential and radial 

strains and strain rates were derived from the short-axis cine images. 
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2D-phase contrast velocity-encoded (flow) imaging: Phase contrast mapping was used to 

measure blood flow. Pulmonary and aortic valves were contoured to determine forward and 

backward blood, and to compare flow across the aorta to the main pulmonary artery.  

 

 

 

Clinical assessment 

The evaluation of patients referred for RH included variables such as medical history 

(duration of hypertension, co-morbidities, number and class of antihypertensive 

medication), demographics (age, gender, race) and clinical data (clinic BP, heart rate, 

weight, height and body mass index [BMI]) as well as kidney function (eGFR volumes, CKD 

stage, renin and aldosterone levels. These assessed variables were obtained from the 

patients’ clinical folders before patients were enrolled in the study. 

 

Echocardiography  

Patients underwent an echocardiogram (Philips IE 33, Probe S5) which involved placing a 

transducer over the chest to capture sound waves from the heart. These sound waves echo 

back to the probe and are modified into pictures that can be seen on a video monitor. The 

echocardiographic report included study of the LV structure and function (RVID, IVS, LVID, 

LVPW, fraction shortening, ejection fraction, LV mass cubed), aortic valve (aorta, left atrium, 

peak gradient, mean gradient, peak velocity, left ventricular outflow tract diameter, aortic 

valve area), mitral valve (peak E velocity, peak A velocity, E.A ratio, MV DCT, E/E ratio), 

tricuspid valve (TAPSE) and pulmonary valve (peak velocity, peak gradient), diastolic 

dysfunction and with anatomic and functional study to complement CMR. 
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Electrocardiography 

All patients underwent 12-lead electrocardiography on the GE ECG machine (GE Medical 

Systems Information Technologies, Inc. 8200W, Tower Avenue, Milwaukee, WI, USA). The 

modified Cornell voltage criteria were usedfor the assessment of LVH and the following 

parameters were measured: QRS (ms), QT/QTcBaz (ms), PR (ms), P (ms), RR/PP (ms) and 

P/QRS/T (degrees). 

 

Applanation Tonometry 

All patients underwent applanation tonometry on the Hypertension Diagnsostics Inc 

machine, (Eagan, Minnesota, USA) for measurement of arterial elasticity,  which is a non-

invasive measure of BP and arterial waveform at the wrist. The following parameters were 

measured: average heart rate (bpm), average systolic BP (mmHg), average diastolic BP 

(mmHg), mean arterial BP (mmHg), pulse pressure (mmHg), large artery elasticity 

(ml/mmHgx100), small artery elasticity (ml/mmHgx100), systemic vascular resistance 

(dyneXsecXcm-5) and total impedence (dyneXsecXcm-5). 

 

Bloods 

All biochemical assays were sent to the National Health and Laboratory Services, which is an 

internationally accredited laboratory. Details of the methodology of these tests can be 

found in their laboratory manual (https://www.nhls.ac.za/diagnostic-services/type-of-

tests/). These biochemical assays taken in the Hypertension Clinic were used for comparison 

with imaging parameters to assess their role in determining the phenotype of hypertensive 

heart disease. Serum biomarkers of interest included renin, aldosterone and creatinine. 
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Site 

This study used UCT CUBIC , Department of Medicine, University of Cape Town and Groote 

Schuur Hospital as its main sites for primary investigation. 

 

Data collection, safety, monitoring and analysis 
Safekeeping 

Data was collected by the researcher, Ms Pheletso Letuka, and recorded in an elecronic 

database. As this is a low risk study, the collected data poses no threat to the participants’ 

standard care. The patient’s personal details and identity will not be used in subsequent 

publications. All information complied with the Data Protection Act, 1998. To maintain 

patient confidentiality, all data recorded and analysed was stored on a secure computer 

with strict access control gained only by the relevant researchers. Access to patient records 

was monitored by the study supervisors. 

 

Data Analysis 

Binary data was presented as value (percentage) and continuous values were expressed as 

mean ± standard deviation. Categorical data were analysed using the Chi-square test. 

Baseline variables for patients with RUH and RCH were analysed using the two-sample t-test 

where appropriate. Statistical significance level was set at 0.05. All analysis was performed 

using IBM SPSS, version 25 (IBM, Somers, New York, USA). 

 

Ethical considerations 
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This study was approved by the University of Cape Town Faculty of Health Sciences Human  

Research Ethics Committee (HREC 494/2017). Patients from the Hypertension Clinic meeting 

the inclusion criteria were told about our study and what it aimed to do. Interested patients  

were provided with a patient information leaflet that explained the process of the study in 

greater detail, and a written consent form that they had to fill and sign. The original consent 

form was kept in each participant’s file, while they kept their own copy. (Supporting 

documents can be found from page 91, Appendix 2-5.) 
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Chapter 4: Results 
 

 

Baseline Characteristics 

Of the 50 participants recruited in the study, 56% (n=28) were females and 44% (n=22) were 

males. 22% (n=11) were Black, 6% (n=3) were White, 4% (n=2 ) were Indian and 68% (n=34 ) 

were Mixed ancestry. From the study population, 30 patients were diagnosed with RUH, of 

these, 53% were female and 47% were male. (Tables 1.3 & 1.4). 20 patients were diagnosed 

with RCH, of these 60% were female and 40% were male. The mean age of the total study 

population was 40±12.9, however the RCH patients were younger (37±12.8) compared to 

the RUH group (43±14.7). The age difference between all groups was not statistically 

significant (p=0.17) (Table 1.4). 

 

Table 1.3: Demographic data (N= 50) 

Mean Age (years) 40±12.9 

Male 22 (44%) 

Female 28 (56%) 

Black 11 (22%) 

White 3 (6%) 

Coloured 34 (68%) 

Indian 2 (4%) 

BMI (kg/m2) 33±8.2 

Resistant Uncontrolled 30 (60%) 

Resistant Controlled 20 (40%) 

All continuous data are presented as mean ± SD unless otherwise indicated. 
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Table 1.4: Demographic data separated by type of RH 

 RUH 
N=30 

RCH 
N=20 

P Value 

Median Age (years) 42.6±12.9 37±12.8 0.17 

Male  14 (47%) 8 (40%) 0.64 

Female 16 (53%) 12 (60%) 

Height (m) 1.66 1.65 0.69 

BSA (m²) 2 2.06 0.59 

BMI (kg/m2) 32±7.8 34±8.1 0.37 

All continuous data are presented as mean ± SD unless otherwise indicated. 

 

Associated co-morbidities, clinical features and medical history  

We assessed the different comorbidities associated with RUH, clinical features and medical 

history from patient files (Table 1.5&1.6).  These included obesity, LVH, retinopathy, 

treatment regimen and duartion of hypertension. 

There were no significant differences between the RUH and the RCH group (p=0.8). In fact, 

both groups had similar obesity rates (73% vs. 70%). LVH was more common in the RUH 

(39%) versus the RCH group (20%) (Table 1.5).  

 

Retinopathy was more common in patients with RUH, p=0.08 (Table 1.6). Patients with RUH 

were more likely to have a longer duration of hypertension, present with LVH and 

retinopathy, and were likely to be on medical therapy that included an ACE inhibitor or an 

angiotensin receptor , p=0.01 or doxazosin, p= 0.09 (Table 1.6). 
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Table 1.5: Co-morbidities associated with RH and cardiovascular risk factors 

 RUH 
N=30 

RCH 
N=20 

P Value 

Overweight, n (%) 2 (7%) 5 (25%) 0.07 

Obesity, n (%) 22 (73%) 14 (70%) 0.80 

Black race, n (%) 6 (20%) 5 (25%) 0.61 

Smoking, n (%) 11 (39%) 5 (28%) 0.32 

All continuous data are presented as mean ± SD unless otherwise indicated. 

 

Table 1.6: Clinical features and medical history 

 RUH 
N=30 

RCH 
N=20 

P Value 

Duration of hypertension(years) 10.5±10.7 3.6±3.4 0.02 

Retinopathy 14 (61%) 4 (31%) 0.08 

Albuminuria 10 (35%) 2 (14%) 0.15 

Known history of LVH 9 (30%) 4 (20%) 0.69 

Prior MI 3 (17%) 0 0.28 

Heart Failure 1 (8%) 1 (17%) 0.54 

ACE/ARB 26 (90%) 11 (58%) 0.01 

CCB 22 (76%) 17 (90%) 0.21 

Beta-Blocker 9 (31%) 3 (18%) 0.26 

MRA 9(28%) 2 (11%) 0.14 

Doxazosin 9 (31%) 2 (11%) 0.09 

Diuretic therapy 29 (97%) 17 (90%) 0.31 

All continuous data are presented as mean ± SD unless otherwise indicated. 
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Serum biomarkers  

Blood samples collected in the Hypertension Clinic were sent for processing at the National 

Health Laboratory Services and the following serum biomarkers were analysed: renin, 

aldosterone, creatinine and eGFR according to MDRD formula. There were no significant 

differences in the analysed biomarkers between both patient groups (Table 1.7). 

 

Table 1.7: Laboratory results and serum biomarkers 

 RUH 
N=30 

RCH 
N=20 

P Value 

Renin (miu/L) 151±223 86±120 0.37 

Aldosterone (pmol/L) 378.7±256.8 407.5±249 0.74 

Creatinine (umol/L) 96.8±103 109.2±139.7 0.72 

eGFR (mL/min/1.73 m²) 57.3±9.7 57±12.1 0.9 

All continuous data are presented as mean ± SD unless otherwise indicated. 

 

Applanation tonometry 

Applanation tonometry was performed on all participants enrolled inthe study. Results are 

shown in Table 1.8. Significant differences were noted between the 2 groups in systolic, 

diastolic and mean arterial BP, small artery elasticity and systemic vascular resistance. 

Patients with RUH had significantly higher systolic (p= 0.005), diastolic (p= 0.02) BP, mean 

arterial BP (p= 0.007) and a trend for increased pulse pressure (p= 0.09) and lower large 

artery elasticity (p=0.08).  Furthermore, they hadsignificantly lower small artery elasticity 

compared to patients with RCH (p= 0.002) and a higher systemic vascular resistance (p= 

0.003) compared to the RCH group.  
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Table 1.8: Applanation tonometry findings 

 RUH 
N=30 

RCH 
N=20 

P Value 

Average HR (bpm) 72.1±16.6 67.6±9.3 0.32 

Average systolic BP (mmHg) 155.6±21.6 137.8±16.5 0.005 

Average diastolic BP (mmHg) 88.4±14.5 77.5±13.6 0.02 

Mean arterial BP (mmHg) 115.4±17.2 101±15.3 0.007 

 Pulse pressure (mmHg) 67.3±14.2 60.1±12.4 0.095 

Large arterial elasticity (ml/mmHgx100) 12.5±4 14.7±3.8 0.08 

Small arterial elasticity (ml/mmHgx100) 4.1±2.1 6.9±3.6 0.002 

Systemic vascular resistance 

(dyneXsecXcm-5) 

1754±418.4 1363±371.5 0.003 

Total Impedence (dyneXsecXcm-5) 164.3±57.9 139.1±42.4 0.13 

All continuous data are presented as mean ± SD unless otherwise indicated. 

 

Cardiovascular magnetic resonance 

On CMR, the only significant difference noted between the two groups is  the right 

ventricular end-systolic volume (RVESV). The RUH group had significantly lower RVESV 

compared to the RCH group (p=0.04). Conversely, the RUH group had a higher indexed left 

ventricular mass (LVMI) (p=0.06) and lower right ventricular end-diastolic volume (RVEDV) 

(p=0.09), none of which were significantly different. (Table 1.9). There were no differences 

in native T1, ECV and quantitative LGE values. Surprisingly, there were also no differences in 

strain and strain rates between the RUH and RCH groups.   
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Table 1.9: CMR findings 

 RUH 
N=30 

RCH 
N=20 

P Value 

LVEDV (ml) 152.6±28 150.3±33 0.79 

LVESV (ml) 50.3±19.5 49.7±18.6 0.91 

LVSV (ml) 105±26 100.5±20.6 0.5 

LVEF (%) 67.4±9.1 67.4±7.2 0.99 

LV Mass (g) 122.2±37.3 107.2±34.7 0.16 

LVMI (g/m²) 61.6±17.6 52.9±13.9 0.06 

LA Area (cm²) 20.2±5.1 18.6±4.1 0.25 

LA Volume (ml) 65.9±24.4 62.7±19.5 0.63 

LA Dimension (cm) 35.5±9.5 37.2±6.4 0.51 

RVEDV (ml) 133.4±36.6 152.3±41 0.09 

RVESV (ml) 60.5±20.8 75±28.4 0.04 

RVSV (ml) 72.6±24.2 76.4±19.6 0.57 

RVEF (%) 54.7±10.9 52.4±9.2 0.43 

RA Volume (ml) 63.1±26.2 68.3±31.3 0.53 

Native T1 Molli (ms) 1243±44 1236±57 0.64 

Native T1 Shmolli (ms) 1155±57 1145±59.7 0.60 

Postcontrast T1 Molli (ms) 651±47 677±94 0.2 

Postcontrast T1 Shmolli (ms) 607±60 613±64 0.77 

ECV(%) 0.28±0.04 0.29±0.03 0.71 

Global Peak Radial Strain (%) 33.7±12.3 30.7±9.2 0.36 

Global Peak Circ Strain (%) -21.3±3.5 -20.7±2.7 0.51 

Global Peak Long Strain (%) -22.1±3.6 -20.6±2.8 0.11 

Systolic Radial SR 2.3±1.1 2.0±0.5 0.2 

Systolic Circ SR -1.26±0.3 -1.23±0.17 0.72 

Systolic Long SR -1.27±0.3 -1.17±0.2 0.18 

Diastolic Radial SR -2.58±1.17 -2.38±0.9 0.51 

Diastolic Circ SR 1.29±0.35 1.36±0.34 0.47 

Diastolic Long SR 1.34±0.37 1.49±1.0 0.47 
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All continuous data are presented as mean ± SD unless otherwise indicated. 

 

Echocardiographic and electrocardiographic findings  

Patients with RUH were twice as likely to present with LVH on echo (Table 2.1). On ECG, no 

significant differences were noted between the RUH group and the RCH group (Table 2.2). 

Even though LVH on ECG was twice  more in the RUH group, this did not meet statistical 

significance.  

Table 2.1: Echocardiographic data 

 RUH 
N=30 

RCH 
N=20 

P Value 

RVIDd(cm) 1.74±0.45 2.0±0.57 0.17 

RVIDs (cm) 1.0 1.45±0.64 0.67 

IVSd (cm) 1.32±0.2 1.19±0.16 0.08 

IVSs (cm) 1.7±0.29 1.58±0.21 0.26 

LVIDd (cm) 4.75±0.34 4.94±0.49 0.21 

LVIDs (cm) 2.9±0.48 3.0±0.39 0.51 

LVPWd (cm) 1.18±0.19 1.07±0.15 0.13 

LVPWs (cm) 1.56±0.29 1.6±0.17 0.68 

FS (%) 36.8±5.4 38±3.9 0.53 

LVEF (%) 66.2±6.85 68.3±4.6 0.37 

E/A ratio 1.25±0.59 1.27±0.46 0.92 

MV DCT 201±43.7 192.2±15.8 0.53 

LVMI (g/m2) 214±59 204±66 0.66 

Dilated LV, n (%) 0 1 (8%) 0.21 

LVH, n (%) 16 (84%) 5 (42%) 0.01 

All continuousdata are presented as mean ± SD unless otherwise indicated. 
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Table 2.2: ECG findings 

 RUH 
N=30 

RCH 
N=20 

P Value 

Heart Rate (bpm) 71.4±16.9 68.1±9.4 0.44 

Normal Rhythm 22 (73%) 13 (68%)  

Bradycardia 2 (%) 0  0.32 

Tachycardia 1 (%) 3 (%) 

Arrhythmias 1 (3%) 3 (16%) 

Atrial Fibrillation 5 3 

Other 0 0 

QRS Duration (ms) 96±11.9 95.5±15.9 0.89 

QTc (ms) 434.4±26.8 416.2±93 0.32 

PR (ms) 156.7±24.4 163.7±27.5 0.36 

Repolarization 

abnormalities (%) 

2(7%) 0 0.46 

LVH (%) 11 (37%) 3 (16%) 0.11 

All continuous data are presented as mean ± SD unless otherwise indicated. 
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Chapter 5: Discussion 
 

 

This study used a multimodal approach to define the phenotype and imaging characteristics 

of patients with RUH and RCH. According to the best of our knowledge, this is the first study 

to define the phenotype of such patients with using a multiparametric approach, including 

CMR. Further, this is the first such study from SSA.  

 

We included 30 patients with RUH and 20 patients with RCH. Patients with RUH were older, 

with a longer duration of hypertension, and more likely to to be on therapy that included an 

ACE inhibitor or ARB. RUH patients also have more LVH, increased LVMI and reduced RVESV. 

Further, RUH patients had greater vascular abnormalities including higher systolic BP, higher 

diastolic BP, higher mean arterial pressureand higher systemic vascular resistance. In 

keeping with these results, RUH patients had lower large and small artery elasticity. On 

CMR, no differences were noted in global strain, diastolic and systolic strain rates between 

the two groups. There were also no differences noted in native T1, ECV (measures of diffuse 

myocardial fibrosis) and LGE volume fraction (a measure of focal  myocardial fibrosis) 

between RUH and RCH, with all these measures increased in both groups. In summary, our 

observations confirm our hypothesis that RUH represents a unique phenotype of 

hypertension with greater cardiovascular involvement and a more severe phenotype, which 

may explain the excess CV morbidity and mortality associated with RUH. 
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LV adaptations: concentric LVH or concentric remodeling 

Concentric LVH is defined by an increase in LV mass, increased global LV wall thickening in 

response to pressure overload and a normal LV cavity size. Concentric LVH tends to be 

prevalent in middle-aged and elderly patients, and is closely linked to increased cardiac 

output (49,145). In our study, on echo, both patient groups had elevated LVMI however 

there were no significant differences between the two groups. We were unable to separate 

the LV phenotype with regards to LVMI. On CMR, patients with RUH had  increased LVMI 

compared to patients with RCH, however, LVMI for both groups still fell within normal 

ranges indexed for males and females. We found normal LV cavity sizes for both groups, 

with an average of 4.9cm in LVEDD (normal <5.6cm). 

Structural adaptations in the LV are not only limited to the presence of hypertrophy, but 

also include geometric changes (146). Concentric remodeling is a result of long-standing 

hypertension and is usually marked by normal LV mass, normal LV cavity size and increased 

LV wall thickness. These patterns suggest concentric remodeling as opposed to overt 

concentric hypertrophy. Cuspidi et al, reported that concentric hypertrophy is not the most 

commonly observed geometric pattern in hypertension; in their study, it was as seldomly 

seen as eccentric hypertrophy (147-149). However, patients with concentric remodeling 

have a similar prognosis to those with concentric hypertrophy (150). Based on our results, 

we surmise that concentric LV remodeling was more common in patients with RUH, 

whereas patients with RCH presented with a normal LV phenotype.  

 

LV diastolic dysfunction 

Diastolic function can be assessed noninvasively using the preferred technique of 

echocardiography or CMR. Myocardial strain measures the degree of change from resting 
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length to maximum length. Strain rate measures the rate at which these deformations occur 

(151). In our study, there was no evidence of left ventricular diastolic dysfunction in both 

groups (on echocardiography as shown by the E/A ratios in Table 2.1, both of which are 

considered normal. These observations were  replicated on CMR, as both groups of patients 

had normal strain results without any significant intergroup differences. Our results are 

similar to a study of LV phenotypes in HHD which found similar strain and strain rates 

without any intracellular or extracellular myocardial changes in different forms of HHD 

(152). In previous studies, diastolic dysfunction has been reported in patients with 

hypertension in SSA, this differs from our results because we did not report diastolic 

dysfunction on CMR and echo. This might be due to differences in imaging modality (echo vs 

CMR) or differences in LV geometry (eccentric hypertrophy vs concentric hypertrophy vs 

concentric remodeling.) Interestingly, in this  study, such as ours, aortic stiffness was severly 

increased in patients with concentric remodeling compared to patients with concentric and 

eccentric LVH. 

 

 

LV systolic function and LV geometry 

We used CMR to assess ventricular function by measuring LV volumes and function. RUH 

and RCH patients had similar LVEDV, LVESV, LVSV and LVEF. These observations were like 

many other studies of hypertension where LV volumes and function remained normal. It has 

been postulated that chamber dilatation in HHD occurs in response to volume overload 

(153). Impairment in LV systolic function appears to be 60 positively correlated to LV 

chamber dilatation in patients with eccentric remodeling (154). Demographic factors such as 

race and ethnicity can also modulate the manner in which the LV responds to an elevation in 
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BP. For instance, blacks compared with whites appear to be predisposed to a concentric 

hypertrophic response (155-157), although it is uncertain whether this represents an effect 

independent of BP (158). In isolated systolic hypertension, women are more likely to 

develop concentric LVH, and men were more likely to develop eccentric LVH (159). 

Advancing age has also been associated with a concentric as opposed to eccentric 

hypertrophic response in hypertension on echocardiography and CMR (160,161). 

Other medical conditions common in HHD, such as diabetes, obesity, and CAD, can also 

affect the pattern of hypertrophic response. CAD has been shown to be associated with an 

increased LV diastolic dimension and a higher prevalence of eccentric LVH (162). Diabetes 

mellitus has been associated with a concentric hypertrophic response, as measured by 

increased relative wall thickness (160,163), whereas obesity, characterised as a volume-

overload state, has been associated predominantly with eccentric hypertrophy (164,165). 

RV  function 

The involvement of the RV in systemic hypertension  is understudied. Furthermore, there is 

a lack of such data using CMR. We used CMR to study RV volumes and function and noted 

that patients with RUH had reduced  RVESV. Galea et al (166) reported that RV involvement 

in other cardiac conditions has CMR features that often resemble LV patterns, likely 

reflecting ventricular interdependence. Because the heart functions as a single unit, 

structural and functional changes that occur in the LV, also ultimately affect the RV (78). 

Ventricular interdependence involves forces that are transmitted from one ventricle to the 

adjacent one, through the myocardium and interventricular septum. This mechanism occurs 

independently from hormonal, circulatory or neural control. About 20%-40% of the per beat 

RV systolic function and volume is dependent on LV contraction (79). Ventricular 
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interdependence occurs mainly due to the ventricles’ close anatomic association: sharing 

common muscle fibres and a septal wall.  

 

In a study by Todiere and colleagues, 25 patients with uncomplicated, mild to moderate 

essential hypertension were compared to 24 healthy, age- and gender-matched controls 

using CMR, RV mass index (RVMI), ventricular wall thickness and remodeling index were 

greater in hypertensive participants and associated with reduced peak filling rate (80). The 

same group also demonstrated that systemic hypertension leads to RV remodeling and 

impaired diastolic function (80,81), explaining, in part, why the pulmonary circulation and 

the RV are not immune to the effects of systemic hypertension. 

 

Myocardial fibrosis 

Myocardial fibrosis is the common final pathway of many cardiac pathologies and can either 

appear as focal (due to cell death via apoptosis, autophagy or necrosis), or it can be diffuse 

(following accelerated collagen deposition within the extracellular space, as in hypertension) 

(167). Our study used different CMR techniques to detect myocardial fibrosis in RUH and 

RCH patients. ECV is a powerful indicator of myocardial tissue remodeling and is 

advantageous as it allows detection of early fibrotic-related changes, otherwise missed by 

conventional LGE (48). Increased ECV is mostly indicative of excessive collagen deposition 

within the extracellular space of the myocardium, thus making ECV a robust measurement 

of myocardial fibrosis (167). 

Our native T1, post-contrast and ECV values were all normal. We also did not find any 

differences between the RUH and RCH patients. Normal pre and post-contrast T1 maps and 

normal ECV values successfully highlight the lack of myocardial fibrosis in patients with 
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resistant uncontrolled and resistant controlled hypertension (152), highlighting yet again, 

the concentric remodeling phenotype in the resistant uncontrolled group, and the normal 

LV phenotype in the resistant controlled group. This finding could perhaps explain, in part, 

why both groups of patients lack myocardial disarray as is often seen in hypertensive heart 

disease. 

 

Vascular adaptations 

On applanation tonometry, patients with RUH had significantly higher systolic and diastolic 

BP and mean arterial BP. They also showed lower vascular elasticity in the large and small 

vessels and had higher systemic vascular resistance. Reduced arterial elasticity has been 

linked to hypertension (168). Patients with RUH had significantly increased systemic 

vascular resistance compared to RCH, consistent witholder publications (169). 

 

BP is a product of cardiac output (heart rate x stroke volume) x systemic vascular resistance 

(SVR) (170). Often hypertensive patients tend to have increased cardiac output, increased 

systemic vascular resistance or both (170). In fact, increased arterial stiffness and increased 

systemic vascular resistance seem to play a crucial role in the vicious cycle between 

endothelial dysfunction and perpetuated high BP (170). 

 

Most studies have also shown the CV consequences associated with reduced arterial 

elasticity. Hypertension leads to oxidative stress (171,172), which in turn, leads to decreased 

expression of endogenous nitric oxide synthase (eNOS) and decreased eNOS uncoupling 

(172). Both states ultimately lead to suppressed nitric oxide (NO) activity, which is 

implicated in endothelial dysfunction (173,174). Arterial stiffness is a marker of endothelial 
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dysfunction, which includes regulatory changes leading to abnormal vasomotion and the 

expression of a prothrombotic and proinflammatory phenotype of the vascular endothelium 

(175). Impaired elasticity encompasses alterations in vascular biology and function, 

particularly vasomotor function, and is a predictor of adverse CV outcomes (176). 

Alterations in the small artery lead to vascular abnormalities affecting the kidneys and 

resulting in microalbuminuria, retinopathy and cerebral microcirculatory disease (176). 

Structural alterations in conduit arteries lead to large artery dysfunction, which has been 

shown to increase the risk of CV morbidity and mortality (176). This is consistent with our 

findings. As shown in the applanation tonometry results, patients with resistant 

uncontrolled hypertension have reduced vascular elasticity abd increased systemic 

resistance. These are the group of patients who are more likely to present with adverse CV 

outcomes in the future. 

Pharmacological therapy 

Patients with RUH were more likely to be on an ACE inhibitor or ARB and an alpha blocker. 

The benefits of combination therapy have been demonstrated in multiple studies, 

particularly by combining an ACE inhibitor or ARB, a long acting CCB and a thiazide diuretic. 

The aim is to use therapeutic agents with different pharmacological actions to lower BP 

(177). In our study, RUH patients had higher systemic vascular resistance, and stood to 

benefit from multidrug combinations of antihypertensives. ACE inhibitors function by 

blocking the formation of angiotensin II (a vasoconstrictor) by inhibiting ACE (an enzyme 

that converts angiotensin I into angiotensin II). ACE inhibitors have also been shown, besides 

their vasodilative properties, to promote natriuresis and diuresis (178). ARBs function 

differently: blocking angiotensin II from binding to the angiotensin II Type 1 (AT1) receptor, 

therefore triggering vasodilation and natriuresis (178). Alpha blockers function by blocking 
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the sympathetic activity on blood vessels, by binding to the alpha-adrenoceptors in the 

vascular smooth muscle. They compete with norepinephrine (a neurotransmitter that 

promotes contraction on vascular smooth muscles (179). Ceral et al investigated the efficacy 

of doxazosin in patients with RH and found high tolerance and efficacy of alpha blockade in 

drug-resistant hypertension (180). 

 

Conclusion 

HHD exhibits a host of different structural adaptations within various hypertensive 

phenotypes, which are well documented on CMR and echocardiography, as well as other 

supportive diagnostic tools such as ECG and applanation tonometry. RUH is an extreme 

phenotype that is largely characterised by concentric remodeling, increased LVMI compared 

to patients with resistant controlled hypertension, reduced arterial elasticity and increased 

systemic vascular resistance as well as altered RV function. We surmise that RUH patients 

may have a poorer prognosis due to their concentric remodeling phenotype, which is a risk 

factor for cardiovascular mortality and morbidity.  
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Chapter 6: Limitations and future recommendations 
 

 

This study had several limitations. First, the sample size of patients with RUH and RCH was 

relatively small. Secondly, the major limitation of this data was the lack of age-, sex- and 

ethnicity-matched controls as shown in tables 1.3 and 1.4. While we have control data for 

the different measures used in this study from several prior studies, these controls could not 

be used as their data was not available for all the measures and was not acquired 

contemporaneously, as in this study. Nonetheless, despite these limitations, this study still 

provides important insights into cardiovascular remodeling and phenotypes of 

cardiovascular disease in hypertension. 

 

Several unanswered questions remain:  

1. The long-term outcomes of the 2 phenotypes studies are not known in our population. 

2. The imaging biomarkers that determine outcomes warrant further investigation. 

3. The heart-brain axis in patients with RUH has not been adequately studied. 

4. The role of the microbiome in mediating phenotypes of hypertension, treatment 

response and clinical outcomes has not been studied. 

 

These and other questions will form the basis of the doctoral work for the masters student 

in this project, and will be conducted in alarger prospective study.  
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Appendix 2: Consent Form and Patient Information Leaflet 

PARTICIPANT INFORMATION SHEET 
 

Cardiovascular magnetic resonance characterisation of the phenotype 
of refractory hypertension 
 

You are invited to take part in a research study.  Before you decide, it is important for you to 
understand why the research is being done and what it will involve.  Please take time to read the 

following information carefully and discuss it with friends, relatives and your doctor, if you wish.  

This leaflet will tell you the purpose of the study, what will happen to you when you take part and 
gives you detailed information about the conduct of the study. 

 

Ask us if there is anything that is not clear or if you would like more information. Thank you for 

reading this.  
 

What is the purpose of the study? 

Patients with refractory hypertension (RHTN) have uncontrolled high blood pressure despite effective 
maximal treatment and have increased cardiovascular risk compared to patients with easily controlled 

hypertension. These cardiovascular risk factors include: left ventricular hypertrophy (LVH), chronic 

kidney disease (CKD) and obstructive sleep apnoea We would like to identify patients with RHTN 

and compare phenotypes in these patients to controlled hypertensives and the normal population using 
cardiovascular MRI (CMR). 

 

If you take part in this study, you will be seen at a visit, where you will be examined and have a 
resting electrocardiogram (ECG). If you have not had a recent ultrasound scan of the heart, you will 

be offered one. We will then examine the structure and function of your heart with an MRI scan. 

Lastly, we will also perform an applanation tonometry test to assess arterial elasticity. You will not be 
asked to take any additional long-term pill or alter your regular medication in any way.  

 

Why have I been invited? 

You have been invited because you have either been previously diagnosed with RHTN or controlled 
hypertension, or because you have not been diagnosed with RHTN or controlled HTN and have 

normal BP values. 

 
Do I have to take part? 

It is up to you to decide whether or not to take part. If you decide to take part, you are free to 

withdraw consent at any time without giving a reason. Your decision will not affect the standard of 
care you receive. If you decide that you no longer wish to continue with the study, we would still 

retain any data already obtained from you up to the point of your withdrawal.  

 

What would happen to me if I take part? 

If you decide to be a participant, you would attend a visit that will last about 2.5 hours. At this visit, 

we will ask some general questions about your health and regular medication. Next, we will do a brief 

examination that includes measurement of your pulse, blood pressure, weight and height. An ECG 
trace of your heart’s electrical impulse will be done. After that, we may perform an ultrasound scan of 

your heart. We will then measure your arterial elasticity using a non-invasive tonometry machine, and 

lastly we will scan your heart non-invasively using cardiac MRI. If your ultrasound or MRI scan 

suggests abnormalities, we will advise your doctors to refer you to a cardiologist for review. 
 

Below, all the above-mentioned tests are discussed in a little bit more detail: 

 

a. Clinical assessment 
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The assessment will start by asking you a set of questions about your health and previous medical 
conditions, using a structured questionnaire. The physical exam will include measurement of your 

pulse, blood pressure, weight and height, as well as an examination of the cardiovascular system. 

 

 

b. The heart MRI scan (approximately 60 minutes) 

The MRI scan of your heart will be the most important part of this study. MRI scans are painless but 

involve the use of a strong magnetic field, so if you have any of the following, you would not be 
suitable for a scan, and would not be able to take part in this study: 

 

· a permanent pacemaker · shrapnel injuries 

· metal clips in blood vessels of the brain · other metal or electronic implants   

         affected by the magnetic field 

· neurostimulators 

· cochlear implant 

 

· an injury to the eye involving fragments 

             of metal 

· insulin pump 

 

 
The MRI scanner is shaped like a polo mint, the hole inside measuring about 70 centimeters wide, 

with a table that slides in and out. You will be asked to change into a hospital gown and to lie still on 

your back on the table, while your heart is scanned. You will also be asked to breathe in and out and 

hold your breath for several seconds for some of the scans. Pictures of the heart are created using a 
magnetic field, radio waves and computers. When images are being taken, the MRI scanner makes a 

loud noise, and you will be provided with earphones to protect your ears. It is important that you lie 

still for the duration of the scan.  
 

 

 
 

To evaluate fully the blood circulation and your heart muscle for inflammation and scarring and tissue 

characteristics we shall inject some contrast dye, called gadolinium, through a drip in your arm.  

 

c. The ECG (5 minutes) 

We will take an electrocardiogram (ECG) of your heart. An ECG is a tool that uses surface electrodes 

on certain points on your chest and arms to monitor the electrical properties of your heart.  
 

d. The ultrasound of the heart (60 minutes) 

An echocardiogram or ultrasound of your heart is a safe and painless procedure to study heart 
structure and function. You will be asked to lie on a couch on your left side, and a probe will be 

placed on your chest. Lubricating jelly is used so the probe makes good contact with the skin. 
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Ultrasound waves then create images of your heart on the scanner monitor. It normally takes 15-20 
minutes to acquire these images.  

 

e. The applanation tonometry (30 min) 
This is a safe, non-invasive test that measures arterial elasticity by assessing central blood pressure as 

a more accurate method of determining cardiovascular disease risk. You will be asked to lie down 

comfortably as a blood pressure cuff is placed on your non-dominant arm. While your blood pressure 

is being recorded, a wrist stabilizer will be placed on your dominant hand with the arterial sensor on 
your wrist where your pulse is the strongest, this will allow the sensor to capture your BP waveform 

for analysis. It takes approximately an hour to perform three sets of measures on this test. 

  
What about travel expenses? 

We will reimburse travel expenses to and from the hospital. Lunch will be provided or reimbursed.  

 
What will I have to do, if I agree to take part in this study? 

 Attend a visit at Groote Schuur Hospital for the assessment, blood tests and for the scans. 

 Consent to taking part in this study by signing a form. 

We will ask that you do not have anything to eat the 4-6 hours before the visit.  
Undergo the procedures as described above. 

 

Are there any other possible risks from taking part? 
The scanning is done using an MRI scanner which is also used routinely in clinical practice to acquire 

images of various body parts. MRI scans are safe, non-invasive and do not involve any ionising 

radiation (X-rays). Some people find the space limitation in the scanner uncomfortable, but you will 
be given a chance to see the scanner to make sure that you are comfortable in it before the study starts. 

If you suffer from claustrophobia, it may not be a good idea to participate. The scan is noisy and we 

will provide headphones to protect your ears. The whole time that you are in the scanner you will be 

given a buzzer which you will be able to use at any time if you wish to stop the study. As the scanner 
consists of a powerful magnet, it may attract certain metallic objects. You must not have a scan if you 

have had metallic objects or medical devices (e.g. pacemaker) inserted into your body during an 

operation. While MRI is safe in pregnancy, because this is a research study, as a precaution we advise 
you to tell us if there is any chance you might be pregnant. The doctor or radiographer will go through 

a list of possible risks with you before you go into the scanner.  

 

In the unlikely event of us seeing any structural abnormalities on your MRI scan, a member of our 
research team will discuss the implications with you and, with your permission, your doctor may be 

notified. However, it is important to note that we do not carry out scans for diagnostic purposes, and 

therefore these scans are not a substitute for a clinical appointment. Rather, our scans are intended for 
research purposes only. Some people find having a drip in their arm uncomfortable and there can be 

bruising at the site of needle entry. Our staff is trained in drip insertion and we will make sure you are 

as comfortable as possible. 
 

Gadolinium, the dye used for the MRI scans, has been in clinical use for over 20 years. As the dye is 

being injected, some people report a sensation of warmth at the injection site. It is unusual to feel 

pain, and in this case, we would stop the injection immediately. Rarely, some people feel slightly 
nauseous or have a metallic taste following the injection, but vomiting is exceedingly rare. 

Occasionally, people have developed a rash; however, severe allergic reactions are very rarely. Again, 

this dye is injected through a drip in the arm. There is no pain associated with the injection at the site. 
There is a small risk of an allergic reaction to the dye. 

 

Tonometry, ECG and ultrasound are safe, non-invasive tests, with no known serious risks/harm. 
Rarely, individuals having either test may develop an allergic reaction to placement of electrodes that 

results in a mild rash. This rash disappears in a few days without any treatment.  
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It is important to note that in a large-volume MRI center like Groote Schuur Hospital, where our 
experienced staff has been doing MRI scans for many years, the risk of harm from the MRI and other 

tests is exceedingly small.  

 

What are the possible benefits? 
There is no direct benefit for you as an individual taking part in this study. We hope that by studying 

people with your condition using cardiac MRI, we may be able to improve understanding of this 

condition and help to inform screening/treatment of future patients. 
 

What happens when the research study stops? 

The end of the study will not affect the care you receive from your doctors. The end of the study will 
mark the official end of your participation in this project. Copies of any publications connected to this 

study will be available on request from Dr Ntusi and Miss Letuka. 

 

Will my taking part in the study be kept confidential? 
Yes. We will follow ethical and legal practice and all information about you will be handled in 

confidence. If you take part in the study, some of the data collected from the study would be looked at 

by authorised persons from the University of Cape Town, to check that the study is being carried out 
correctly. All investigators have a duty of confidentiality to you as a research participant, and nothing 

that could reveal your identity would be disclosed outside the research site. The data collected from 

the study will be recorded anonymously and you would not be identifiable from this. 

 

The information recorded will be analysed, combined and published anonymously in scientific 

journals. The Research Committee of the University of Cape Town may review the results as a 

regulatory body. A clinical protocol of the research was submitted and approved by an ethics 
committee which is registered by the National Health Research Ethics Council and the University of 

Cape Town Research Ethics Committee. The research structure ethical principles are in accordance 

with the World Medical Association Declaration of Helsinki 2013 and Guidelines on Clinical Trials 
and Ethics in Health Research published by Department of Health. 

 

 

What if relevant new information becomes available? 
Sometimes, we (the study investigators) get new information about the procedures being studied. If 

this happens, one of us will tell you and discuss whether you should continue in the study. If there is 

sufficient evidence to suggest you may be harmed from participating in this study, the study could be 
stopped. 

 

Unexpected findings on your scan 

In the unlikely event of us seeing any structural abnormalities on your MRI scan, a designated clinical 

specialist will discuss the implications with you and may arrange for further investigations as 

necessary. However, it is important to note that we do not carry out scans for diagnostic purposes, and 

therefore these scans are not a substitute for a clinical appointment. Rather, our scans are intended for 
research purposes only. So if we find anything unusual, it would be appropriate for us to contact your 

GP/specialist so that they can arrange on-going clinical care for you. But we would only do this after 

we and the specialist had discussed your options and gained your permission. 
 

What will happen if I don’t want to carry on with the study?  

You are free to withdraw from the study at any time. Anonymised data will be kept till the point you 
choose to end your participation in the study. Data collected till the point of your withdrawal will be 

included in the analysis. 

 

What will happen to the results of the research study? 
We anticipate that the results will be published in a scientific journal for the benefit of the wider 

medical community. However, individual patients will not be identified in any publication and your 

personal and clinical details will remain strictly confidential. Any scientific publications arising from 
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the study will be available on request to all participants. You would have no legal right to a share of 
any profits that may arise from the research. 

 

Will your test results be shared with you? 

We will show you the images we acquire from the ultrasound and MRI scans when we finish 
performing the scans. The results of the other tests will only be available on publication of the results. 

If however, results of any of any of the tests are grossly abnormal, we will contact you to discuss 

these with you before suggesting a course of action and contacting your doctor/specialist.  
 

Who is organising and funding the research? 

The study is organised and conducted by researchers from the University of Cape Town and Groote 
Schuur Hospital. The studies are funded, in part, by a grant from the National Research Foundation of 

South Africa.  

 

Who has reviewed the study? 

The University of Cape Town Human Research Ethics Committee has reviewed and approved the 

study.  

 
Insurance and financial arrangements  

Study doctors are covered by insurance. UCT has a no fault insurance policy for trial related injuries 

which states: 
 

“UCT undertakes that in the event of you suffering any significant deterioration in health or well-

being, or from any unexpected sensitivity or toxicity that is caused by your participation in the study it 

will provide immediate medical care. UCT has appropriate insurance cover to provide prompt 
payment of compensation for any trial-related injury according to the guidelines outlined by the 

Association of the British Pharmaceutical Industry, ABPI 1991. Broadly-speaking, the ABPI 

guidelines recommend that the insured company (UCT), without legal commitment, should 
compensate you without you having to prove that UCT is at fault. An injury is considered trial-related 

if, and to the extent that, it is caused by study activities. You must notify the study doctor immediately 

of any side effects and/or injuries during the trial, whether they are research-related or other related 

complications. 
 

UCT reserves the right not to provide compensation if, and to the extent that, your injury came about 

because you chose not to follow the instructions that you were given while you were taking part in the 
study. Your right in law to claim compensation for injury where you prove negligence is not affected. 

Copies of these guidelines are available on request” 

 
 

Further information and contact details  

Should you wish to know more about any aspects of this study, please contact Prof Ntusi at 021 406 

6200 or alternatively contact Miss Pheletso Letuka at 021 406 6840. You can also contact either one 
of us via email: Prof Ntusi- ntobeko.ntusi@uct.ac.za , Miss Pheletso Letuka- 

LTKPHE001@myuct.ac.za 

 
Should you have any concerns regarding your rights or welfare as a research participant, please 

contact the Faculty of Health Sciences Research Ethics Committee at 021 406 6626 or visit their 

office at Groote Schuur Hospital, Old main building, E53, room 46, Observatory 7925. 
  

mailto:ntobeko.ntusi@uct.ac.za
mailto:LTKPHE001@myuct.ac.za
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CONSENT FORM 

 

Study Full Title CMR TO STUDY THE PHENOTYPE OF PATIENTS WITH REFRACTORY 

HYPERTENSION 

Patient ID  

Principal 

investigator 

Prof Ntobeko Ntusi 

Co-supervisor Prof Brian Rayner 

Researcher Miss Pheletso Letuka 

 

 
  I agree  I disagree 

I confirm that I have read and understand the information sheet for the above 

study. I have had the opportunity to consider the information, ask questions and 
have had these answered satisfactorily. 

 

   

     

I understand that my participation is voluntary and that I am free to withdraw at 

any time without giving any reason, without my medical care or legal rights being 
affected. 

 

   

     

I understand that relevant sections of my medical notes and data collected during 
the study may be looked at by authorized individuals from the University of Cape 

Town, where it is relevant to my taking part in this research. 

    

     

I understand that my doctor will, with my permission, be informed of the results of 

medical tests performed as part of the research, which are important for my health 

care. 

    

     

I also understand that I may be invited to return for a second MRI scan, which is 

optional. 

    

     

I agree to being contacted in the future to ask if I am interested in future related 

studies. 

    

 
CERTIFICATE OF CONSENT  

 

I have read the information letter, or it has been read to me. I have had the opportunity to ask 

questions about it and any questions I have asked have been answered to my satisfaction. I consent 
voluntarily to be a participant in this study 

Print Name of Participant __________________________ 

Signature of Participant    __________________________ 
Date _____________________________ 

 Day/     Month/ Year 

If illiterate  

I have witnessed the accurate reading of the consent form to the potential participant, and the 
individual has had the opportunity to ask questions. I confirm that the individual has given consent 

freely. 

Print name of witness ________________  Thumb print of witness _______ 
Signature of witness _________________ 

Date ______________________________ 

 Day/   Month / Year  
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Statement by the researcher/person taking consent 

I have accurately read out the information sheet to the potential participant, and to the best of my 

ability made sure that the participant understands the study that is going to be done. I confirm that the 

participant was given an opportunity to ask questions about the study. All questions asked by the 
participant have been answered correctly and to the best of my ability. I confirm that the individual 

has not been coerced into giving consent and the consent has been given freely and voluntarily. 

A copy of the Informed consent has been provided to the participant. 
Print Name of Researcher/ person taking the consent _____________________ 

Signature of Researcher/ person taking the consent    _____________________ 

Date____________________ 
 Day/ Month  / Year 

 

NB: PLEASE KEEP THIS FORM ON A SAFE AND SECURE PLACE 
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Appendix 3: CUBIC Patient screening form 

Cape Universities Body Imaging Centre (CUBIC) 

University of Cape Town 

 MRI Patient Screening Form  
Patient Name:  ___________________________________________________ 

Hospital/Clinic: ___________________________________________________ 

Date Of Birth: __________________  Weight: __________________ 

     Height: __________________ 

The following information is very important to ensure your safety and to prevent any 

interference during the MR procedure.  

Please answer the following questions (mark with a X): 

  Yes No  Don’t 

Know  

1. Do you have a cardiac pacemaker/defibrillator?    

2. Do you have a neuro-stimulator?    

3. Do you have a cochlea implant/surgery to your ears? 

(If yes, please specify) 

   

4. Have you ever had heart surgery such as a valve 

replacement? 

(If yes, please specify) 

   

5. Have you ever had any type of electronic, mechanical, 

or magnetic implant? 

(If yes, please specify) 

   

6. Do you have any foreign body in your eyes or body? 

(Bullet fragments etc..) 

   

7. Do you have a vena cava filter?    

8. Do you have a prosthetic limb, eye or other artificial 

device not already mentioned?  

(If yes, please specify) 

   

9. Are you pregnant or breast feeding?    

10. Are you claustrophobic?     

11. Do you have aneurism clips?    

12. Do you have renal impairment?    

13. Do you have asthma?    

14. Do you have allergies? 

(If yes, please specify) 

   

15. Do you have any other implants? 

(e.g. screws, plates, joint replacements)  

   

18. Other    
 

I hereby acknowledge that the potential risks of the examination have been explained to me and that during the 

course of the investigation it may for the intravenous injection of a contrast agent. 

Attention: It is the policy of this institution not to discuss results of the MR Investigation with the patients for 

ethical reasons. All enquiries in this regard should be directed to the referring physician.  

Patient Signature: ____________________  Date: _______________________ 

Consented by:      ____________________  
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Please remove all loose metallic objects, including metallic body piercings, hearing aids and 

dentures.  
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Appendix 4: Ethics Aproval 

Signature removed to avoid exposure online
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Appendix 5: Ethics Renewal 

Signature removed




