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ABSTRACT

Hypertension is a leading cause of cardiovascular and cerebrovascular morbidity
and mortality worldwide. Treatment-resistant hypertension represents a cohort of
patients with treated hypertension with at least 3 antihypertensives. In this thesis
the important role of adherence testing, and prevalence of non-adherence is
described to establish a diagnosis of true treatment-resistant hypertension. A
review of renal sympathetic denervation has identified the development and
shortcomings of this technique and research studies to date which has been
further adapted for use by using carbon dioxide angiography in a pilot study of
patients with chronic kidney disease to eliminate the risk of contrast-induced
nephropathy associated with the commonly used iodinated contrast agents. A
study was designed and conducted to describe the phenotypical and biochemical
characteristics of patients with true treatment-resistant hypertension and to
assess fluid and tissue body composition, arterial stiffness, endothelial
dysfunction, inflammation and presence of obstructive sleep apnoea in these
patients. The results have shown that patients with true treatment-resistant
hypertension have a metabolic-syndrome-like phenotype with a high risk of future
cardiovascular events, evidence of hyperaldosteronism, higher endothelial
dysfunction and inflammation but similar levels of arterial stiffness when

compared to non-treatment-resistant hypertension patients.
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CHAPTER 1 INTRODUCTION

1.1 Hypertension

Hypertension or high blood pressure (BP) is a major preventable cause of
cardiovascular morbidity and mortality worldwide. Hypertension is an established
risk factor for ischaemic and haemorrhagic stroke, myocardial infarction (Ml),
heart failure, chronic kidney disease (CKD), cognitive impairment and premature
death. BP is normally distributed in the population and therefore a clear ‘cut-off’
is difficult to determine, although a BP of <120 mmHg systolic and <80 mmHg
diastolic is often stated to be normal. Diagnosis of hypertension has been
traditionally based on a cut-off of 140/90 mmHg. However, cardiovascular
benefits of lower BP are present at even lower values than those considered
normal. The risks of hypertension are continuous; every 2 mmHg rise in systolic
BP (SBP) is associated with a 7% increased risk of mortality from ischaemic heart

disease and 10% increased risk of mortality from stroke (1).

The World Health Organisation (WHO) has identified high SBP as the leading risk
factor responsible for the burden of disease worldwide (2). Between 1990 and
2017, high SBP has been consistently responsible for the largest number of all-
cause deaths worldwide. In 2017, 10.4 million deaths and 218 million disability-
adjusted life-years were attributable to high SBP (2). Estimates show that
cardiovascular disease is responsible for over a quarter of the total deaths

worldwide with 15.3 million deaths in 2017, of which high SBP was an attributable



risk factor for 54.6% of the deaths (3). Figure 1.1 shows percentage of total
deaths from cardiovascular diseases worldwide, which are attributable to high

SBP in 2017.



Cardiovascular diseases attributable to High systolic blood pressure
Both sexes, All ages, 2017, Percent of total deaths
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Figure 1.1: Percentage of total deaths from cardiovascular diseases worldwide which are attributable to high systolic blood pressure
in 2017. Cardiovascular diseases include rheumatic heart disease, ischaemic heart disease, stroke, non-rheumatic valvular heart
disease, cardiomyopathy and myocarditis, atrial fibrillation and flutter, aortic aneurysm, peripheral artery disease, endocarditis, and
other cardiovascular and circulatory disease. Generated using the online Global Burden of Disease Compare visualisation tool (3).



1.2 Epidemiology and risks of hypertension

Prevalence of hypertension is common; in 2008, approximately 40% of the adults
above the age of 25 worldwide were diagnosed with hypertension. The
prevalence of hypertension varies greatly around the world; the highest
prevalence is seen in the Africas Region at 46% and the lowest prevalence in the

Americas at 35% (4).

In England, figures from Department of Health’'s 2017 Health Survey England
have shown that prevalence in adults of age 16 years or older was 28% in men,
25.0% in women and 27% overall (5). From 2003 until 2014, the overall
prevalence has largely remained the same at 30% which then dropped to 27% in
2017 with greatest reduction observed in men (see Figure 1.2). Hypertension is
largely an asymptomatic condition and therefore quite often remains
undiagnosed. Public Health England estimates over 5.5 million adults in England
are unaware that they have hypertension (6). Diseases caused by hypertension
(coronary heart disease, stroke, vascular dementia and CKD) have been

estimated to cost the National Health Service over £2.1 billion a year (6).

High BP increases risks in a continuous fashion for overall mortality, mortality
from cardiovascular and coronary heart disease, MI, heart failure, left ventricular
hypertrophy (LVH), atrial fibrillation, stroke/transient ischaemic attack, peripheral
vascular disease and end-stage renal disease (ESRD). A metanalysis of almost
1 million adults from prospective studies have shown that even down to the usual
BP levels of 115/75, each difference of 20 mmHg in usual SBP is associated with
about a two-fold difference in age-specific mortality rates from ischaemic heart

disease (see Figure 1.3), stroke (see Figure 1.4), and other vascular causes (7).



Conversely, evidence from metanalyses of randomised clinical trials (RCTs) of
antihypertensives show a significant reduction in risk even with modest
reductions in BP (8, 9). Law et el. demonstrated reductions of 22% and 41% in
risk of coronary heart disease events and stroke respectively for a BP reduction
of 10 mmHg systolic and 5 mmHg diastolic (8). Ettehad et al. showed that a 10-
mmHg reduction in SBP reduced the risk of major cardiovascular disease events
by 20%, coronary heart disease by 17%, stroke by 27%, heart failure by 28%,

and all-cause mortality by 13% (9).

However, despite the risks associated with high BP and the benefits of BP-
lowering treatments, almost half (43%) of the hypertensive adults surveyed in
England in 2017, were untreated (5). Furthermore, the percentage of patients
achieving BP control was low at only 38% of all hypertensives in 2017, however

this percentage has doubled from 19% since 2003 (see Figure 1.5).

PREVALENCE OF HYPERTENSION

—&— Men: All hypertension Women: All hypertension All with hypertension
34
33
32
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29

PERCENT
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2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

SURVEY YEAR

Figure 1.2: Prevalence of hypertension in England from 2003-2017 for men,
women and overall [data derived from (5)].
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Figure 1.3: Ischaemic heart disease mortality rate in each decade of age versus
usual blood pressure at the start of that decade (7).
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Figure 1.4: Stroke mortality rate in each
pressure at the start of that decade (7).
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Figure 1.5: Proportion of controlled, uncontrolled and untreated hypertensives in
England between 2003-2017 [data derived from (5)].



1.3 Blood pressure measurement

As has been shown that even very small rises in BP cause a significant increase
in the risk of future morbidity and mortality. Since all treatment decisions in
patients with hypertension are based on the non-invasively measured BP
readings, it is paramount that every effort should be made to ensure that the BP
measurement is as accurate as possible. Guidelines on how to measure BP
accurately and minimise errors exist (10). Measurement of clinic, ambulatory or
home BP has given rise to phenomenon of BP variability, white coat effect (WCE),

and masked hypertension which are discussed below in further detail.

1.3.1 Blood pressure variability

BP is a dynamic physiological parameter which continuously fluctuates as a result
of a complex interplay of external factors (e.g. environment, stress, altitude) and
internal factors (posture, emotional stress, volume status) that induce BP
changes and countered by cardiovascular regulatory mechanisms. BP variability
can range from seconds to days. Very short-term (beat-to-beat variability) occurs
as a result of autonomic modulation, short-term variability over 24 hours is
affected by individual’s activity and sleeping pattern, and mid-term day-to-day or
long-term (visit-to-visit) variability is driven by factors such as antihypertensive
therapy, errors in measurement of BP, fluctuations in adherence to treatment and

seasonal changes.

Broadly, two types of variations are responsible for variations in the clinic BP —
measurement and biologic. Measurement variations involve the observer and are
sources of errors that can affect a BP reading. Reeves has compiled a very long

list of factors which lead to measurement variation (11). Although errors arising



from these factors can be minimised through training of staff to consistently use
the guidelines set out to measure BP (10). Unsurprisingly, these errors mask true
changes in BP and are very common than most healthcare practitioners may
appreciate (12). Biological variation which is random can be overcome simply by
repeating the BP measurement, however systematic variations, such as BP
changes in response to environmental temperature, can only be minimised if they
are recognised and controlled. Furthermore, Clark et al. showed that the there is
no significant circadian rhythm to BP beyond the effect of sleep-wakefulness
cycle and that the effect of various activities was responsible for the majority of

variation in BP over a 24-hour period (13).

Mancia et al. have shown that 24-hour BP variability progressively increases in
normotensive to increasingly severe hypertensive individuals and is positively
correlated with mean arterial pressure [MAP] (14). Further support for this
observation arises from the fact that reductions in BP mean, by antihypertensive
medications, are responsible for decreases in BP variability (15). Importantly, 24-
hour BP variability has been shown to be an independent predictor of target organ

damage, cardiovascular and stroke mortality (16, 17).

The long-term or visit-to-visit BP variability may be explained by weekly working
patterns (18), seasonal temperature changes (19) or age-related arterial stiffness
(20). However, understanding of visit-to-visit BP variability remains incomplete
(15). Prognostic importance of long-term BP variability has been highlighted by
many. In the Anglo-Scandinavian Cardiac Outcomes Trial (ASCOT), the authors
have shown that visit-to-visit variability in SBP and maximum SBP are strong

predictors of stroke (21) which could be explained by lower BP variability in the



amlodipine-treated group compared to atenolol-treated group (22). A metanalysis
of 389 studies concluded that “drug-class effects on interindividual variation in BP
can account for differences in effects of antihypertensive drugs on risk of stroke
independently of effects on mean SBP” (23). The evidence supporting BP
variability as an independent predictor of cardiovascular outcomes is not
conclusive. Whilst some have shown increased BP variability to be associated
with increased risk of stroke (21, 24) and cardiovascular mortality (25), others
have found no association between BP variability and cardiovascular outcomes

over and beyond mean SBP (26, 27).

1.3.2 Ambulatory and home blood pressure monitoring

Traditional method of measuring clinic BP involved the use of a
sphygmomanometer and a stethoscope by a healthcare professional, which has
been largely replaced by the more convenient oscillometric devices capable of
measuring BP repeatedly to improve accuracy and reduce BP variability.
Ambulatory blood pressure monitoring (ABPM) has been used in hypertension
for quite some time; Perloff et al. first showed prognostic value of ABPM over 35
years ago (28). However, the use of ABPM in routine clinical practice was first
recommended in the UK by National Institute of Health and Care Excellence
(NICE) for the diagnosis of hypertension (29). The use of ABPM has borne out of
a systematic review which showed that neither clinic nor home BP are sufficiently
specific or sensitive for diagnosis of hypertension (30) and a health economic
analysis concluded that ABPM is a cost effective test in routine clinic practice

(31).
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The consensus on diagnostic thresholds for ABPM agreed upon by the European

Society of Hypertension (32) are based on the outcome-driven studies (33, 34):

e 24-hour average =>130/80 mmHg

e Awake (daytime) average >135/85 mmHg

e Asleep (night-time) average =2120/70 mmHg

ABPM has several advantages over clinic BP; it can provide information on the
patterns of BP such as identifying masked, white-coat or nocturnal hypertension
as well as assessing BP variability and response to antihypertensive therapy over
24 hours. Additionally, a large number of readings provide information on
changes in BP in an individual’s usual daily living environment and could be used
to assess the effect of certain activities on the BP. Importantly, it is a stronger
predictor of cardiovascular morbidity and mortality than the clinic BP (32).
Conversely, the equipment and software required is expensive although the
information it provides makes it cost-effective. Repeat testing with ABPM may not
be universally accepted by patients as it can cause discomfort, sleep disturbance

and is more burdensome (32).

Home BP monitoring is a more acceptable method for repeat measurements
compared to ABPM. Like ABPM, outcome-driven diagnostic thresholds have
been defined for home BP monitoring (35). The optimal home BP measuring
schedule has been described as 2 readings, whilst seated in a resting position,
taken in the morning and night over a week (36). Crucially, self-monitoring has

been shown to lead to clinically significant BP reduction and improved adherence
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(37-40). Furthermore, sphygmomanometers capable of telemonitoring may

revolutionise the management of hypertension (37).

1.3.3  White-coat effect

The alerting response generated by either the anticipation or the act of
measurement of clinic BP can cause the BP to rise and is termed as WCE (41).
The rise in BP is transient and if diagnosis of hypertension is based upon this BP
it could lead to significant overestimation. WCE is affected by the environment
and the measurer; clinic BP is lower in a health centre compared to hospital when
measured by the same physician (42) and BP measured by a nurse was lower
compared to one measured by a physician (43). Recent development of a fully
automated oscillometric sphygmomanometer, which takes five measurements of
BP over a set interval whilst the patient is sat alone in quiet room, has been shown
to virtually eliminate the WCE with accuracy approaching that of daytime
ambulatory BP [ABP] (44). The same technique was used in the recent landmark
Systolic Blood Pressure Intervention Trial [SPRINT] (45). It therefore seems to
be a more attractive option for routine use in the clinic setting compared to

repeated ABPMs.

The term white-coat hypertension may be used where an elevated clinic BP which
is found to be normal (<135/85 mmHg) on daytime ABP or home BP monitoring
(46, 47). Whilst WCE may be present in majority of the patients (41, 48),
prevalence of white-coat hypertension ranges from 15% to 50% depending on
the thresholds used (49-54). The diagnosis of white-coat hypertension needs to
be confirmed on repeat ABPMs over time due to the variation in the magnitude

of WCE (55). White-coat hypertension in itself is not a benign entity; up to 43%
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of patients with white-coat hypertension may go on to develop persistent
hypertension (56). Furthermore, a systematic review and metanalysis showed
that untreated white-coat hypertension is associated with an increased risk for
cardiovascular events and all-cause mortality, whereas treated WCE is not

associated with elevated risk (57).

1.3.4 Masked hypertension

Masked hypertension is the opposite to white-coat hypertension where clinic BP
is normal (<140/90 mmHg) but daytime ABP or home BP is elevated (=2135/85
mmHg). The term is only used for untreated patients, whereas the term ‘masked
uncontrolled hypertension’ is where treated patients have elevated BP on ABPM
or home BP monitoring. The main problem in clinical practice is how to identify
patients with masked hypertension, a condition which affects 10% of the general
population (58). A meta-analysis of prospective observational studies showed
that masked hypertension and masked uncontrolled hypertension were
associated with a higher risk of all-cause and cardiovascular mortality,
cardiovascular events, stroke, cardiac events and renal disease events

regardless of the method of out-of-clinic BP measurement used (59).

Pickering et al. in 2007 suggested that if taking the prevalence rates for white-
coat hypertension and masked hypertension to be 15% and 10% respectively, a
total of 40 million people in the US are misclassified on the basis of clinic BP,
either because of false positive (10 million due to white-coat hypertension) or
false negatives [30 million with masked hypertension] (58). Screening with either
ABPM or home BP monitoring is therefore required to identify all patients with

masked hypertension. Clearly this is likely to be impractical, however evidence
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suggests three clinic BP measurements at two visits and three measurements in
the morning and in the evening over 2 days for home BP may be sufficient (60).
Instead, it may be more appropriate to focus efforts on patients with
characteristics shown to be associated with masked hypertension which include
diabetes mellitus (61), CKD (62-64); obstructive sleep apnoea [OSA] (65),

unexplained tachycardia (66), and LVH based on electrocardiogram [ECG] (67).
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1.4 Pathophysiology of hypertension

There is no single unifying mechanism responsible for the development of
primary hypertension. Decades of research have identified a myriad of neural,
renal, vascular and hormonal pathways that in conjunction with environmental
and genetic factors conspire together to produce human hypertension; a model
similar to the mosaic theory of hypertension first proposed by Irvine Page in 1949

(68). An overview of these mechanisms and factors are described below.

1.4.1 Neural mechanisms

1.4.1.1 Overview of the autonomic nervous system

Autonomic nervous system plays a key role in the homeostasis of essential bodily
functions and is divided into sympathetic and parasympathetic. At a very basic
anatomical level it consists of a collection of afferent and efferent neurons, that

connect the central nervous system to the effector organs.

The central regulation of sympathetic outflow is carried out by specialised areas
both in the medulla oblongata, located in the brainstem, which include nucleus
tractus solitarius, caudal ventrolateral medulla, and rostral ventrolateral medulla
and the supramedullary paraventricular nucleus located in the hypothalamus.
Nucleus tractus solitarius receives direct sensory input arising from the
baroreceptors in the carotid sinus and aortic arch, peripheral chemoreceptors and
renal afferents. Rostral ventrolateral medulla is a site of central sympathetic
outflow and considered the primary regulator of excitatory sympathetic nervous
outflow to the cardiovascular system and receives both inhibitory and excitatory

inputs.
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The efferent activity is relayed to the effector organs via preganglionic neurons
originating in the central nervous system and the peripheral ganglionic neurons.
The specific effector organs involved in the neural control of BP include the heatrt,
blood vessels and kidneys and contain adrenergic receptors which interact with

the noradrenaline released by the postganglionic neurons.

1.4.1.2 Baroreceptor reflex

Baroreceptor reflex is an inhibitory reflex aims to dampen short-term fluctuations
in the BP. Stimulation of baroreceptors, as a consequence of increased BP or
increased cardiac filling pressure, sends inhibitory signals to the nucleus tractus
solitarius which evokes increased parasympathetic efferent outflow and
decreased sympathetic outflow resulting in bradycardia and vasodilatation to
counter the effects of elevated BP. When the BP falls and the stretch-mediated
stimulation of baroreceptors is reduced, resulting in increased sympathetic nerve
activity (SNA) and reduced parasympathetic activity. This continuous adjustment
of the opposing actions of sympathetic and parasympathetic nervous systems

maintains the BP at the desired level.

1.4.1.3 Excitatory neural reflexes

The main excitatory neural reflexes initiate in the carotid body chemoreceptors,
kidneys and the skeletal muscles. Peripheral chemoreceptors are stimulated by
hypoxia or hypercapnia and cause reflex increase in SNA resulting in peripheral
vasoconstriction to increase the BP and tissue perfusion (69). In OSA, recurrent
episodes of cessation of respiratory airflow and nocturnal hypoxia from airway
collapse stimulate the chemoreceptor reflex to increase SNA and eventually BP

(70); both of these effects of nocturnal hypoxia are attenuated by treatment with

16



continuous positive airway pressure [CPAP] (70). Persistent daytime increased
SNA in OSA contributes to high BP and is driven by intermittent hypoxia; the
carotid body chemoreceptors are sensitised to hypoxia causing tonic activation

of chemoreceptor afferents despite normal blood oxygen concentration (71, 72).

Renal afferents stimulation by ischaemic metabolites (e.g. adenosine) and
uraemic metabolites (e.g. urea) serve to increase the central sympathetic outflow.
These pathways have been proposed to be the culprit of hypertension caused by
renovascular disease and CKD. Similarly, sensory afferents arising from the
skeletal muscle which are activated by mechanical and chemical changes
occurring during muscle contraction and exercise evoke increased SNA resulting

in increased BP, cardiac output and perfusion of the skeletal muscles.

1414 Long-term neural regulation of blood pressure

As noted above, different neural pathways are involved in the short-term
regulation of BP in response to physical and emotional stimuli. Baroreceptor
reflex has been implicated in the increased renal SNA and consequently long-
term BP control (73). However, Osborn et al. have carried out a comprehensive
review of the experimental research in this area to conclude that long-term BP
control is beyond the control of arterial baroreflex (74). It is clear that increased
renal SNA is the final common pathway leading to renal sodium retention
consequently hypertension (75). However, exactly how the increased renal SNA
is maintained in the long-term and the specific role of central nervous system in

the long-term control of BP is not well understood (73).
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1.4.2 Assessment of sympathetic nervous system

There are multiple methods of assessing SNA in the body; each with its own

limitations.

1.4.2.1 Urine and plasma catecholamines

Noradrenaline is the principle neurotransmitter of the sympathetic nervous
system. Twenty-four-hour urinary excretion of catecholamines or their
metabolites only provides an average or ‘static’ assessment of SNA and cannot
provide information on acute effects of adrenergic stimuli (76). Plasma
noradrenaline concentration can be measured through a simple venous blood
test and provides an estimate of global SNA (77). It has been shown to correlate
well with the central sympathetic outflow to the skeletal muscle (78-80). However,
significant limitations remain; (76), its use is limited by the fact that circulating
noradrenaline represents a small proportion of the secreted neurotransmitter
from the nerve terminal. Furthermore, there is lack of reproducibility compared to

microneurography (76, 81).

1.4.2.2 Isotope dilution renal noradrenaline spillover

Regional noradrenaline spillover into plasma can be measured using constant
rate intravenous infusion of tritiated (radiolabelled) noradrenaline (82). It
overcomes the limitations of measuring plasma noradrenaline levels alone and in
addition provides assessment of SNA of individual internal organs which is not
possible with microneurography (76). This technique, however, remains

experimental due to its invasive nature and specialist equipment required.
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1.4.2.3 Microneurography

Microneurography is a technique which can be used for direct measurement of
SNA at the level of postganglionic nerve fibres of awake human subjects. Muscle
SNA (MSNA) is known to have a close, dynamic relationship to BP and is involved
in BP regulation via the arterial baroreflex (83). Therefore, it can provide an
estimate of resting SNA. Microneurography has the advantages that it provides
direct, continuous, highly reproducible (81) measurements which can be used to
provide dynamic assessment of either skin or skeletal muscle nerve fascicles
relatively safely (76). The technique, however, is invasive, requires considerable
expertise, limited to a laboratory, difficult to compare with between subjects and,
can only be used to assess muscle and skin regional beds which form only a
fraction of the peripheral circulation and may not be representative of overall SNA
(76). However, in normotensive humans, simultaneous measurement of MSNA
and noradrenaline spillover in the heart (84) or the kidney (85) at rest show

significant positive correlations.

1.4.3 Role of the sympathetic nervous system in

hypertension

Roman scholar Cornelius Celsus (25 BC — 50 AD) was probably the first person
to observe the relationship between sympathetic nervous system and elevated
BP by noting that exercise, passion and the presence of a doctor could all cause
the pulse to increase in rate and tenseness (86). The sympathetic nervous
system plays an important role in maintenance of MAP by altering cardiac output,
total peripheral resistance, sodium excretion and modulation of the renin-
angiotensin-aldosterone system (RAAS) in response to acute changes in BP.

Chronically activated sympathetic nervous system leads to increases in cardiac
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output and peripheral resistance, and retention of sodium and water all of which
play important roles in the development and maintenance of hypertension (87).
Increase in tubular sodium reabsorption, renin release and renal vascular
resistance lead to shifting of the pressure natriuresis curve to the right and thus

contributing to chronic elevation of BP (Figure 1.6).

‘cardiac output

“vascular resistance Cardiac hypertrophy

Vascular remodelling
Smooth muscle hypertrophy

Afferent Sympathetic
Nerves

: ‘* Renin Release = RAAS activation
4 Sodium Retention
J+ Renal Blood Flow

Figure 1.6: Effects of sympathetic activation and the role of afferent renal
sympathetic nerves in the development and control of hypertension.

Increased SNA has been demonstrated in both animal models and humans with
primary hypertension compared to those with normal BP (88-90). Vascular
remodelling and smooth muscle hypertrophy, another consequence of increased
SNA, contribute to the increased peripheral resistance (91) and play important
roles in the development and maintenance of chronic hypertension. Moreover,
increased SNA in hypertension contributes to end-organ damage as suggested
by the correlation between left ventricular mass and reduced vascular compliance
and elevated circulating noradrenaline (92, 93). SNA overactivity may also be
responsible for diastolic hypertension in young as indicated by the correlation

between heart rate (HR) and diastolic BP suggesting autonomic nervous system
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imbalance in the form of relative SNA overactivity (94). SNA overactivity has also
been implicated in obesity related hypertension. Both the renal and cardiac
sympathetic activities have been demonstrated to be increased in this situation

(95).

1.4.3.1 Sympathetic nerve activity in primary hypertension

There is overwhelming evidence supporting that SNA is a major factor in the
pathogenesis and pathophysiology of primary hypertension (96). Early stages of
hypertension are characterised by increased HR, cardiac output, plasma
noradrenaline (97), regional noradrenaline spillover (98, 99) and MSNA (90, 100,

101).

Noradrenaline spillover in the heart and kidneys of hypertensive patients have
consistently been shown to be elevated (98, 99). Excess cardiac noradrenaline
spillover has been shown to be responsible for promotion of LVH in the
hypertensive patients (102, 103). The effects of increased renal SNA are realised
through three main mechanisms; increased renin secretion rate from the
juxtaglomerular cell via stimulation of Bi-adrenoreceptor, increased sodium
reabsorption and decreased urinary sodium excretion at the renal tubular
epithelial cells via stimulation of the ais-adrenorecptor, and renal vasoconstriction
of the renal vasculature resulting in decreased renal blood flow via simulation of

aia-adrenoreceptor (104).

Many studies have demonstrated an augmentation of MSNA in patients with
essential hypertension (90, 100, 101). Indeed, MSNA has been shown to
increase progressively from normotension to moderate and severe essential

hypertension, paralleling the progressive increase in BP values (101).
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1.4.3.2 Mechanism of sympathetic stimulation in hypertension

The mechanism of sympathetic stimulation in hypertension is complex but
perhaps involves both baroreceptor and chemoreceptor pathways. Both central
and peripheral baroreceptors are reset at higher BPs in hypertension; and return
to normal as BP is lowered with treatment (105-107). Other factors implicated in
sympathetic stimulation include abnormal sympathetic innervation and renal
morphogenesis, oxidative stress, endothelial dysfunction involving endothelin
and nitric oxide (NO) pathways, and angiotensin (Ang) II; these are discussed in

more detail later.

1.4.3.3 Role of renal sympathetic nerves in hypertension

Renal nerves are the ‘communication link between the central nervous system
and the kidney’. The major structural and functional components of the kidney,
the vessels, glomeruli, and tubules are innervated. In response to various stimuli,
both mechanical and chemical, the efferent renal sympathetic nerves are
activated. Activation of the efferent renal sympathetic nerves leads to reduction
in renal blood flow and glomerular filtration rate (GFR), increase in renal tubular
sodium and water reabsorption, and increase in renin release. Inhibition of these
nerves has the functionally opposite effects. The afferent renal sympathetic
nerves generally, in response to stretch, exert an inhibitory effect through
facilitating sodium and water excretion. This reno-renal reflex plays an important
role in maintaining sodium and water homeostasis in various physiological and
pathological states. However, in states of kidney disease and injury the excitatory
fibres in the afferent sympathetic nerves are stimulated which leads to increased
peripheral and renal SNA leading to peripheral vasoconstriction, increased

cardiac output, renal vasoconstriction, increased renin release and tubular salt
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retention all of which contribute to elevation of systemic BP. It is postulated that
it is the activation of these fibres that contribute to initiation and maintenance of

essential hypertension (108-110).

The evidence for the important role that the renal sympathetic nerves play in the
pathogenesis and maintenance of hypertension come from animal experiments.
There is a suggestion that the association between the sympathetic nervous
system and the kidney starts in utero. Glial-cell-line-derived neurotrophic factor
(GDNF) has been shown to play a significant role in the development of
metanephric kidneys in particular the normal development of renal sympathetic
innervation and glomerular morphogenesis (111). GDNF heterozygous mice
have abnormal renal morphogenesis; their kidneys are approximately 25%
smaller with up to 30% fewer nephrons and these mice have an 18mmHg higher
MAP compared to GDNF homozygous mice (112). In spontaneously
hypertensive rats (SHR), there is greater sympathetic innervation of blood
vessels (113) and renal SNA is elevated (110, 114, 115). Studies of neonatal
sympathectomy have shown a long-term reduction in arterial pressure reduces
BP long-term (116-118). This is further confirmed when kidneys from neonatally
sympathectomised SHR are transplanted into untreated SHR. MAP is lower in
these animals compared to the control group in which kidneys from hydralazine-
treated animals are transplanted into untreated SHR. This suggests that neonatal
sympathectomy induces chronic changes to SHR kidney function leading to
reduction of MAP even when extrarenal sympathetic tone is restored (119). It is
suggested that it is the impairment of the reno-renal reflex mentioned above that
contributes to the development of hypertension in SHR. Furthermore, there is a

lot of evidence demonstrating renal sympathetic denervation (RDN) can delay
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development and attenuate several different types of experimental hypertension

(120).

Experiments in both rat models and humans have demonstrated that the
sympathetic nervous system exhibits preferential activation of renal sympathetic
fibres in response to baroreceptor unloading (121, 122). In the human experiment
enalapril, an angiotensin-converting enzyme (ACE) inhibitor, was administered to
healthy individuals. There was a minor drop in MAP, but renal noradrenaline
spillover increased to 26% and 49% in response to low and high dose enalapril
respectively, whilst the cardiac and total body noradrenaline spillover remained
constant. These findings suggest that in healthy individuals without activated
RAAS, there is selective stimulation of renal SNA in response to baroreceptor
unloading (122). Purported mediators of baroreflex resetting include Ang Il and

oxygen free radicals (123, 124).

1.4.4 Renal Mechanisms

1.4.4.1 Excess sodium intake

Through evolution, the human kidneys have developed effective transport
mechanisms to retain the filtered sodium in the face of scarcity of salt in the diet
of prehistoric humans. Over the past 100 years, salt intake has increased from
less than 0.25g/day in our prehistoric ancestors to an average of 9-12g/day today
in most countries around the world (125). Our kidneys’ ability to handle the
excessive sodium load is severely challenged and leads to development of
hypertension through expansion of plasma volume, increased cardiac output and

triggers autoregulatory responses to increase total peripheral resistance.

24



A large body of evidence from animal, epidemiological, migration, population-
based intervention, and human genetic studies confirm the significant role salt

plays in the development of hypertension.

The best evidence from animal studies comes from studies of chimpanzees (126,
127); progressive addition of salt to their diet of over 20 months led to
development of hypertension which reversed on cessation of salt loading. The

dietary salt load was within the human dietetic range.

Numerous epidemiological studies have examined groups of undeveloped
communities some with access to salt in one form or the other but otherwise no
differences in other aspects of lifestyle and diet of other undeveloped
communities with no access to salt (128-130). The results of these studies
consistently showed elevated BP to be associated with increased salt intake. The
Intersalt study, carried out at 52 places around the world, was highly influential in

showing correlation between salt intake and hypertension (131).

Studies of migration from low-salt rural areas to high-salt urbanised areas showed

higher prevalence of hypertension in migrants (132, 133).

Population-based interventions which have been successful in reducing the salt
intake have accompanied significant reduction in the population’s average BP

(134-136) and mortality from coronary heart disease and stroke (137, 138).

Molecular genetic studies of rare Mendelian forms of hypertension and
hypotension in humans have shown the mutated gene products in all cases act
in the same physiologic pathway in the kidney; altering net renal salt reabsorption

(139).
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1.4.4.2 Pressure natriuresis

Experimental studies have shown that magnitude of urinary sodium excretion is
dependent upon the perfusion pressure of the kidneys (140). Therefore, in
normotensive individuals, a rise in BP causes increased urinary sodium and water
excretion to return BP to normal (Figure 1.7). This concept is termed pressure-
natriuresis and is a consequence of increased renal perfusion pressure causing
an increase in the hydrostatic pressure of the capillaries surrounding the
medullary thick ascending loop of Henle (141, 142), where 33% of the sodium is
reabsorbed, resulting in fluid accumulation in the peritubular interstitial fluid and
reduction in sodium reabsorption (143, 144). Accordingly, in hypertensive
patients, a persistently raised BP should theoretically lead to profound volume
depletion via pressure natriuresis (Figure 1.7). However, as this does not occur
suggesting that the pressure natriuresis curve has reset at a higher arterial
pressure, such that a higher perfusion pressure is required to achieve any given
level of natriuresis (Figure 1.8). As well as shifting the pressure natriuresis to the
right the only other way of increasing arterial pressure is through a high salt intake
(Figure 1.8). In a steady state, renal excretion would match intake but at the

expense of hypertension.
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Figure 1.7: Renal function curve showing arterial pressure regulation by the
kidney-fluid volume pressure control system. In a steady state, sodium and water
intake (Net Intake) matches output (Renal Function Curve). Equilibrium pressure
is where these two curves intersect and is the unique level at which arterial
pressure will be regulated. A rise in arterial pressure causes increase sodium and
water excretion to bring arterial pressure back down to equilibrium level. A drop
in arterial pressure causes opposite changes in sodium and water excretion to

restore equilibrium pressure.
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function to the right (B).
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1.4.4.3 Pressure Natriuresis in Hypertension

Unlike in the monogenic forms of hypertension, only a portion of the adults in the
general population develop hypertension by the age of 55 years despite most
adults having eaten a salt rich diet since childhood. This observation alongside
results of animal studies (121) point to a variable degree of BP sensitivity to salt.
As explained above, patients with hypertension have a reset (or right-shift) of their
pressure natriuresis curve to maintain normal balance but at the expense of
higher arterial pressures. A varying sensitivity to salt means that salt-resistant
hypertension is characterised by a parallel shift of the pressure-natriuresis curve
whereas in salt-sensitive hypertension the shift is also accompanied by a change

in the slope (Figure 1.9).
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Figure 1.9: Schematic renal function curves in essential hypertension according
to varying sensitivity to salt. In the normal individual, the slope of the curve is very
steep so that even a high salt intake will not raise the arterial pressure by much.
In salt-resistant hypertension the renal function curve is shifted to the right in
parallel to the normal curve. The effect of this shift though raises the arterial
pressure, further increases due to high salt intake are smaller in magnitude due
to preserved steep slope of the renal function curve. In contrast, in salt-sensitive
hypertension the right shift of the curve is accompanied by a flattening of the
slope which means that not only the arterial pressure is set a higher level, it is
more sensitive to changes in salt intake — a high salt intake will cause a large
increases in arterial pressure and conversely, unlike salt-resistant hypertension,
reducing the salt intake will significantly lower the arterial pressure. Image from
(145).
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1444 Causes of impaired natriuresis

There are numerous pathophysiological mechanisms which can cause impaired

natriuresis (146), some of which are listed below:

Hyperinsulinaemia is present in metabolic syndrome and can reduce

urinary excretion of sodium (147).

Acquired tubulointerstitial disease has also been implicated in the
pathogenesis of salt-sensitive hypertension (148). According to this
theory, salt-sensitive hypertension occurs in two phases. In the first phase,
episodic BP elevations are caused by hyperactivity of sympathetic nervous
system and RAAS and a second phase characterised by persistently
raised BP. The transition to second phase occurs as a consequence of
catecholamine-induced elevations in BP that preferentially damage
juxtamedullary and medullary regions of the kidney that do not
autoregulate well to sudden changes in renal perfusion (148).
Tubulointerstitial injury occurs when the episodic pressor response causes
an increase in peritubular capillary pressure and a reduction of peritubular
capillary blood flow resulting in ischaemia of tubules and interstitium. This
local injury triggers stimulation of vasoconstrictors (Ang Il, adenosine or
renal sympathetic nerves) and inhibition of vasodilators (NO, dopamine or
prostaglandins) which further augment local ischaemia resulting in
abnormal tubuloglomerular feedback and enhanced sodium reabsorption.
Peritubular capillary rarefaction increases renovascular resistance further

blunting pressure natriuresis. The combination of the impaired pressure
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natriuresis and enhanced tubuloglomerular feedback results in reduction

in NaCl excretion.

Reduced nephron mass has been postulated that a congenitally acquired
deficit of effective nephron mass may be responsible for impaired
natriuresis (149). Congenital oligonephropathy or reduced number of
nephrons, as a result of intrauterine growth has been shown to be
associated with hypertension (150). Other studies including a metanalysis
have confirmed these findings (151-155) suggesting an average of

260,000 fewer nephrons with each kilogram decrease in birth weight.

Increased efferent SNA activity and its effects on the kidneys have been

described above.

Abnormal regulation of the RAAS has been implicated in impaired
natriuresis and the pathogenesis of salt-sensitive hypertension (156).
Under normal conditions, a salt load should suppress the RAAS to allow
increased excretion to maintain haemostasis. The mechanisms by which
this occurs have been described in detail in the sections to follow. In
patients with salt-sensitive hypertension, however, either inappropriately
high or normal plasma renin activity has been demonstrated and the term
“‘non-modulators” have been used to described them (157, 158). These

abnormalities of the RAAS cause impaired renal sodium handling.

Impairment in the production of NO has important consequences including
medullary ischaemia and impaired natriuresis, the mechanisms for which

have been described later.
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e Endogenous dopamine is synthesised in the proximal tubule and the
subsequently causes vasodilatation and inhibits sodium reabsorption,
thereby opposing effects of Ang II. A defect in this mechanism has been

shown to result in impaired natriuresis (159).

e Dysfunction of natriuretic peptides may also cause impaired natriuresis

(160).

1.4.4.5 Volume dependant mechanisms

In the presence of impaired natriuretic capacity, salt loading will result in
expansion of blood and extracellular fluid (ECF) volume caused by increased
sodium and water retention by the kidneys. This increase in ECF volume is further
augmented for two reasons. First excess salt increases osmolality which
stimulates osmoreceptors in the brain making the person feel thirsty and drink
more water. Second, the same osmoreceptor stimulation activates neural
pathways causing the release of antidiuretic hormone (ADH) from the
hypothalamus which in turn acts on the renal collecting ducts to reabsorb water
and thereby increases the ECF volume. The resultant increases in the blood
volume and cardiac preload increase the cardiac output via the Frank-Starling
mechanism, raising the arterial pressure. However, in chronic essential
hypertension, ECF excess or increased cardiac output is difficult to demonstrate.
Instead, a secondary increase in total peripheral resistance is thought to maintain
a high BP in chronic essential hypertension. Experiments by Guyton and
colleagues have demonstrated these changes (161) which have been

summarised in Figure 1.10.
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Two theories — endogenous ouabain-like substances and autoregulation —

explain how the rise in total peripheral resistance occurs.

The ECF volume expansion has been proposed to release at least two ‘natriuretic
hormones’; atrial natriuretic peptide (ANP) and another hormone from the
hypothalamus. The second hormone, an endogenous ouabain-like substance
can partially inhibit Na/K adenosine triphosphatase (ATPase). Actions of ANP
and endogenous ouabain-like substance increase sodium and water excretion to
restore the sodium balance. Inhibition of the Na/K ATPase by endogenous
ouabain-like substance can also cause net rise in intracellular calcium
concentration via the compensatory increased activity of sodium calcium
exchanger. An increased intracellular calcium in vascular smooth muscle cells
could cause vasoconstriction and, consequently, an increase in total peripheral

resistance (162, 163).

Alternatively, Guyton hypothesis, postulates that long term arterial pressure rise
is maintained by a process of “autoregulation of blood flow” (164). This is where
an acute rise in arterial pressure and the accompanying increased perfusion of
tissues, delivers too much oxygen and other nutrients which causes automatic
vasoconstriction of the local blood vessels and normalises the blood flow (165,
166). The autoregulatory vasoconstriction of systemic circulation increases the

total peripheral resistance. The Guyton hypothesis is summarised in Figure 1.11.
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Figure 1.10: Sequential changes in cardiovascular haemodynamic parameters
that occur over the first few weeks following short-term salt-loading. The
extracellular fluid volume, blood volume and cardiac output all increases in the
first few days. These changes increase the arterial pressure. Total peripheral
resistance initially decreases due to activity of arterial baroreceptor reflex to try
and lower the arterial pressure. Total peripheral resistance progressively
increases once the baroreflex “resets” to a higher arterial pressure and explains
the relatively slow rise in arterial pressure in the first few days. Although
extracellular fluid volume, blood volume and cardiac output slowly return to
normal, total peripheral resistance remains persistently elevated driving the high
arterial pressure (161). Image from (167).
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Figure 1.11: The Guyton hypothesis. A defect in the renal sodium handling or
impaired natriuresis is the fundamental prerequisite for the development of all
causes of hypertension which shifts the renal function curve to the right. An initial
sodium and water retention increase the extracellular fluid (ECF) volume which
raises the blood pressure as a result of volume expansion and increased cardiac
output. In the long-term, autoregulation of blood flow in the systemic circulation
increases total peripheral resistance and maintains systemic hypertension. The
renal fluid-volume feedback mechanism restores normal sodium and fluid
balance and returns the ECF volume back to normal via pressure natriuresis,
albeit at the expense of hypertension. Guyton hypothesis therefore explains the
paradox of systemic hypertension, in the presence of impaired natriuresis with an
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increased total peripheral resistance and without a detectable rise in the ECF
volume. Impaired natriuresis itself is a consequence of different genetic and
pathophysiological factors highlighted in the schematic.
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1.45 Hormonal mechanisms: the renin-angiotensin-

aldosterone system

The RAAS is well known to play a central role in BP regulation through its action
on sodium and water excretion, vascular inflammation and remodelling, and
endothelial cell dysfunction. Circulating renin, an enzyme produced by the
juxtaglomerular cells of the kidneys, converts hepatic-derived angiotensinogen to
Ang | which is then cleaved by ACE to form Ang Il. Majority of ACE is produced
by the lung but is also present on the surface of vascular endothelial cells of other

organs including the heart and the kidney.

In the sections that follow actions of key components of the RAAS and their role

in hypertension are described.

1.4.51 Regulation of renin secretion

The main stimulators of renin secretion include decreased renal perfusion
pressure, decreased sodium chloride delivery to the macula densa, and [-
adrenergic stimulation. Whereas opposite changes in renal perfusion pressure
and sodium delivery to the macula densa inhibit renin secretion. Furthermore,
Ang Il affects renin release through a negative feedback loop independent of
volume or tubular transport processes. Renal perfusion pressure is detected by
the renal baroreceptors in the afferent arterioles and specialised tubular cells in
the thick ascending limb of loop of Henle, an area named macula densa, detect
the sodium chloride content of the filtrate. Other renin-stimulating factors include
prostaglandin E2, prostacyclin, dopamine, glucagon and NO. Whereas ANP,

endothelin (ET), ADH and adenosine block renin secretion.
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1.4.5.2 Angiotensin Il

Ang Il is the principal effector of the RAAS and mediates its physiological actions
through Ang Il receptors present throughout the body. Although there are multiple
subtypes of Ang Il receptors, almost all of Ang Il actions are mediated via the Ang

Il type | receptors (ATa).

In the cardiovascular system, Ang Il is a potent direct vasoconstrictor leading to
increase in total peripheral resistance. Its action on the sympathetic nervous
system increases SNA which further enhances the vasoconstrictor effects of Ang
Il through the release of catecholamines. It stimulates aldosterone secretion from
the adrenal medulla which regulates the activity of epithelial sodium channel in
the distal nephron. Aldosterone enhances sodium reabsorption and promotes

potassium secretion and hence regulates ECF volume.

In the kidney it controls the GFR through regulation of vascular tone of renal
arterioles. Its vasoconstrictor effects are more pronounced in the efferent
arteriole, which decreases the renal blood flow and raises the hydrostatic filtration
pressure in the glomerular capillaries, preserving the GFR in the face of reduced
BP (168). Ang Il increases the activity of Na*/H* exchanger in the apical surface
of proximal tubular epithelial cells to increase sodium reabsorption (169).
Furthermore, Ang Il stimulates Na*/K* ATPase (170, 171) and Na*/HCOs
cotransporter (172) on the basolateral surface again enhancing sodium

reabsorption.

Ang Il has been shown to play a role in vascular smooth muscle cell hypertrophy,
migration, differentiation, calcification, extracellular matrix proteins and

inflammation, which underlie hypertension and cardiovascular disease (173). Ang
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Il causes endothelial dysfunction mediated through impaired synthesis of NO, a
potent vasodilator. It also activates nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase leading to generation of reactive oxygen species (ROS).

Together these changes promote atherosclerosis (173).

1.4.5.3 Local renin-angiotensin-aldosterone systems

In the “traditional” RAAS, circulating Ang Il is the principal effector, however
emerging evidence has identified new RAAS members and a functionally-active
tissue-based RAAS has been characterised (174, 175). Local RAASs have been
described in numerous organ systems including the heart and the kidney (176,

177).

Intrarenal RAAS plays an important role in a process called “tubulovascular
crosstalk” (178). Renal Ang Il levels have been shown to be several times higher
than circulating levels (179) and causes vasoconstriction. However medullary
circulation has been shown to be resistant to vasoconstrictor effects of Ang Il
(180). Dickhout et al. have demonstrated Ang Il increases [Ca?*] in pericytes of
the descending vasa recta and the tubular epithelial cells of the medullary thick
ascending limb. As result, tubular epithelial cells produce NO which diffuses
across into the pericytes surrounding the descending vasa recta and buffer the
constricting effects of Ang Il thereby setting up the “tubulovascular crosstalk”. The
buffering actions of NO and other vasodilators (cyclooxygenase and
prostaglandins) counteract the constricting effects of Ang 1l and other
vasoconstrictors including ROS and therefore regulate the medullary blood flow

and oxygen supply to the medulla (181).
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1.4.6 Vascular mechanisms

Blood vessels form an integral part of the cardiovascular system and changes in
their structure and function leads to hypertension. BP is a product of cardiac
output and total peripheral resistance; changes in the vascular tone determine
total peripheral resistance and hence BP. Calcium influx into cytosol of the
vascular smooth muscle is the final common pathway leading to the
vasoconstriction. Endothelial dysfunction, vascular remodelling and inflammation
are hallmarks of vessel dysfunction present in hypertension. Numerus molecular
pathways are involved underlying the vascular changes that characterise

hypertension and are described below.

1.4.6.1 Endothelial dysfunction and hypertension

Association between hypertension and endothelial dysfunction is well established
(182-185); a phenotypical alteration of the vascular endothelium that precedes
the development of adverse cardiovascular events and its presence predicts
future events (186). Data from the Framingham Heart study suggest that the
severity of hypertension is positively associated with the degree of impairment of

endothelial function (187).

Endothelial dysfunction is characterised by reduction in bioavailability of
endothelium-derived NO, a change that precedes any structural changes
associated with atherosclerosis (188). Endothelial dysfunction can also be
indicated by elevated serum concentrations of endothelial adhesion molecules,
including intercellular cell adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 [VCAM-1] (189). These molecules accelerate

atherosclerosis by promoting migration of inflammatory cells through the
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endothelium. Furthermore, vascular endothelial growth factor and its soluble
receptor fms-like tyrosine kinase-1 (sFLT-1) are also associated with endothelial
dysfunction, vascular remodelling, and endothelial repair and regeneration

mechanisms (190-192).

1.4.6.2 Nitric oxide pathway

First identified in 1980 as an endothelium-dependant relaxing factor, NO is a
highly reactive free radical. The endothelium of all blood vessels express the
enzyme NO synthase (NOS) which uses the NADPH as an electron source to
catalyse the conversion of L-arginine and oxygen to citrulline and NO. The
gaseous NO diffuses to the vascular smooth muscle cells to activate soluble
guanylate cyclase which in turn activates the cyclic guanosine monophosphate
(cGMP) cascade resulting in a decrease of intracellular [Ca?*] culminating in
relaxation of smooth muscle cells and vasodilation. Furthermore, it inhibits
platelet adhesion and aggregation and excretion of anti-inflammatory,
antiproliferative, and antimigratory effects on leukocytes, endothelial cells, and
vascular smooth muscle cells, thus providing protection from atherosclerosis
(193). The endothelial NOS is activated by pharmacological and mechanical
stimuli; acetylcholine or bradykinin bind to their respective receptors to stimulate
NOS whereas the sheer stress of blood flow in the endothelium also stimulates
NOS therefore protecting the endothelium from the shearing effects of
hypertension. Endogenous inhibitors of NOS have been identified such as
asymmetric dimethyl arginine (ADMA) and may also enhance endothelial

dysfunction.
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1.4.6.3 Reactive oxygen species pathway

Generation of ROS such as oxygen superoxide (02') and hydrogen peroxide
(H,0,) attenuate the protective effects of NO and is one of the principal
mechanisms responsible for endothelial dysfunction. The ROS scavenge NO,
thereby reduce its bioavailability. The overproduction of Oz' and H,O, can activate

mechanisms which can cause cell growth, fibrosis, inflammation and eventually
vascular remodelling. The term oxidative stress is used to described chronic
elevation of ROS and is associated with hypertension, atherosclerosis and

diabetes.

Vascular ROS in particular 02' is generated mainly by NADPH oxidase, a multi-

subunit enzyme which has several isozymes (173). All vascular NADPH oxidases
are activated by the circulating Ang Il. Although NOS normally generates NO,
ROS are also generated when either L-arginine or one of the cofactors

(tetrahydrobiopterin or BH,) required by NOS are deficient, process termed “NOS

uncoupling”; oxygen is used as a substrate instead to produce 02' (194).

Additionally, ROS generated by NADPH oxidases further reduces the availability

of BH, augmenting NOS uncoupling. Xanthine oxidase pathways and Ang II

mediated mitochondrial dysfunction are other mechanisms of ROS generation.

The cumulative effects of activation of redox-sensitive cellular responses include
migration, contraction, inflammation, extracellular matrix modulation, cell growth
and apoptosis, which, if left uncontrolled, contribute to hypertensive vascular

damage (195).
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1.4.6.4 Endothelin pathway

The first ET was discovered in the 1980s an endothelial-derived vasoconstrictor
(196, 197). Several ETs have been identified with ET-1 being the most abundant
form. ET-1, a 21-amino acid peptide, is produced through conversion of big ET-
1 by endothelin converting enzyme (ECE) which has multiple isoforms. ET-1 acts
by stimulating endothelin type A and type B (ETa and ETsg) receptors which are
found on the vascular smooth muscle cells. ETa receptors are predominantly
found in arteries whereas more ETg receptors (but still not as many as ETa) are
found in veins and pulmonary vasculature. Their primary action is to cause
smooth muscle contraction and growth resulting in vasoconstriction, however,
stimulation of ETs receptors found on the vascular endothelial cells cause the
opposite effects; smooth muscle relaxation and growth inhibition. ET-1 production
is regulated by different factors; NO may inhibit, whereas Ang Il, ROS, adrenaline
and leptin are some of the many factors that stimulate. ET-1 also contributes to

oxidative stress through stimulating superoxide generation (198, 199).

In hypertension, ET-1 has been shown to cause vascular hypertrophy (200, 201).
In kidneys, renal medulla contains high levels of ETs receptor and the ET-1
precursor, big ET-1, binding to the ETs vasodilates the medullary circulation
(202). ETs receptors on the tubular epithelium inhibit reabsorption of sodium and
thick ascending limb and collecting duct (203-205). Both of these mechanisms

contribute to natriuretic effects of ET-1 and ETs receptor (206-208).

Increased production of ET-1 in the endothelium and the kidney, the increased

oxidative stress, vascular remodelling and the reversal of these effects by
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endothelin antagonists have shown their potentially significant role in the

development of hypertension (209).

1.4.6.5 Arterial stiffness

The hardening of human arteries with age and disease is well known. Increased
central arterial stiffness is associated with adverse cardiovascular outcomes and
is a strong predictor of future CV events and all-cause mortality (210). Changes
in arterial structure can be quantified in terms of vessel stiffness, which is the

pressure required to provide a unit change in volume (211).

Intermittent ventricular contraction causes large changes in BP and flow within
the arteries. The peak BPs can damage the peripheral microvasculature due to
barotrauma. Arteries provide a dampening function so that a steady continuous
blood flow is maintained to peripheral tissues throughout systole and diastole.
Arterial walls, in particular the aorta, contain predominantly elastin fibres which
allow significant dilation during systole. During diastole, the arteries recoil to drive
the blood along the arterial tree and augment coronary artery blood flow. The
pulse wave from the arteries reflected back to the heart is called pulse wave
reflection, which resists the forward travelling blood. As the aorta stiffens it is less
able to accommodate the blood volume from the heart which raises the systolic
pressure and left ventricular afterload. A persistently raised afterload exposes the
heart to high systolic pressures which increase myocardial work consequently
result in LVH. Arterial stiffness is associated with LVH in normotensive and
hypertensive patients (212, 213). Reduced elastic recoil leads to a decrease in
diastolic BP reducing coronary perfusion which alongside the ventricular

hypertrophy results in subendocardial ischaemia (214, 215). Furthermore, LVH
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attenuates the backward travelling suction wave within the coronaries that drives

the majority of coronary flow (216).

Numerous studies have now established aortic stiffness as an independent
predictor of cardiovascular events. Pulse wave velocity (PWV) is a measure of
arterial stiffness and signifies the velocity at which the BP pulse wave propagates
down a blood vessel. In a cross-sectional study, aortic PWV was shown to be
associated with cardiovascular risk, as calculated from the Framingham
equations (217). Furthermore, aortic stiffness is significantly associated with the
risk of all-cause and cardiovascular mortality in patients with essential

hypertension (218).

1.4.6.6 Inflammation in hypertension

Various inflammatory mechanisms have been described in relation to
hypertension (219). The acute phase protein, C-reactive protein (CRP) is
produced by the liver in response to a wide range of acute or chronic inflammatory
disease processes and is involved in complement activation and promoting
phagocytosis. CRP is considered as the inflammatory marker with the strongest
association in hypertension (219). Increased plasma CRP levels have been
demonstrated in many clinical trials of hypertension (220-225). CRP further
promotes inflammation through stimulating release of proinflammatory cytokines
such as interleukin-6, interleukin-1 beta, and tumour necrosis factor alpha (TNF-
a) from monocytes (226) and also ICAM-1 and VCAM-1 from vascular endothelial

cells (227).

Inflammation is thought to play an important role in endothelial dysfunction

observed in hypertension (219). Inflammation can alter the careful balance of
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synthesis and degradation of molecules involved in the regulation of vascular
tone, in particular NO and its precursor NO synthase. Both CRP and TNF-a
down-regulate NO synthase messenger ribonucleic acid (mMRNA) activity leading
to reduced NO levels, with a consequent increase in peripheral resistance
mediated through impaired vascular relaxation and increased vascular stiffness

(219).

Furthermore, oxidative stress, triggered by chronic inflammation, has been
shown to be associated with hypertension and is a major cause of endothelial
dysfunction which is once again mediated through bioavailability of the NO (219).
Hyperaldosteronism and ageing are also known to be associated with

hypertension and there is evidence to suggest their role in chronic inflammation.

Harrison et al. have proposed a paradigm for inflammation and immune cell
activation in hypertension (228). They suggested that SNA originating from the
central nervous system as a result of Ang Il, chronic stress or salt intake initiates
hypertensive process while T-cell activation in kidney and blood vessels

completes the conversion of prehypertension to hypertension.

Immunoglobulins have also been found to play a role in pathogenesis of
hypertension. Elevated immunoglobulin levels have been found in patients with
essential hypertension when compared to normotensives (229-232). Although it
is unclear whether the rise in immunoglobulins is primary or secondary, it is
thought to be a consequence of vascular damage from high BP (233). More
recently, serum immunoglobulin light chains, which are independent of the intact
immunoglobulin molecule and are referred to as free light chains (FLC), have

been associated with chronic inflammation (234). Studies have now been able to
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attribute evidence of an independent association between an elevated serum
FLC level and a higher mortality risk (235, 236). Furthermore, an increased serum
FLC level is an independent risk factor for mortality and progression to ESRD in
patients with stages 3-5 CKD (237) and also for prognosis in patients with acute
heart failure secondary to atherosclerotic coronary heart disease (238). However,
an association with serum FLC and hypertension has not yet been studied and
given the earlier association with intact immunoglobulin levels it can be

hypothesised that serum FLC may be linked with hypertension.

1.4.7 Obesity

The Health Survey for England has shown that 28.7% of Adults (aged 16 year or
over) in England in 2017 were obese which has risen from 15% in 1993 (239).
National Health Service hospital episode statistics in England has shown that in
the financial year 2017/18 there were 1323 hospital admissions per 100,000
population which has more than doubled from 530 per 100,000 in 2011/12 (5). A
linear relationship has been shown to exist between body mass index (BMI) and
BP, and excess weight is responsible for approximately 65% to 75% of the risk
for hypertension (240, 241). Haemodynamic consequences of obesity include an
increase in extracellular volume and an increased blood flow which in turn
increases venous return and cardiac output (242). Multiple mechanisms are
involved in obesity-mediated hypertension. Increased renal sodium reabsorption
and impaired pressure natriuresis are key factors responsible for a rise in BP.
Compression of the kidneys by increased visceral and retroperitoneal fat,
activation of RAAS and increased SNA are all implicated in the impaired

natriuresis associated with weight gain (243).
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Excess visceral, retroperitoneal and renal sinus fat increase intrabdominal
pressure which in turn, increases the renal interstitial fluid pressure inhibiting
tubular sodium reabsorption (242). The renal compression initiates renal
haemodynamic mechanisms which initially result in glomerular hyperfiltration and
over time reduced GFR and CKD. This pattern of fat distribution further impairs
renal function through inflammation and expansion of medullary extracellular
matrix. The fatty tissues additionally may have lipotoxic effects on the kidney

(242).

In obesity hypertension all components of the RAAS are increased despite
sodium retention and hypertension which should normally suppress Ang Il
formation. Renal compression and increased renal SNA contribute to the renin
secretion. The role of Ang Il in promoting sodium reabsorption in obesity
hypertension is highlighted through experimental (244-246) and small clinical
trials (247-249) that have demonstrated that angiotensin Il receptor blockers
(ARBs) and ACE inhibitors diminish sodium reabsorption, volume expansion and
increased BP. Plasma aldosterone levels have been shown to correlate BMI and
obesity hypertension (250, 251). Mineralocorticoid receptor antagonism has been
shown to reduce sodium retention, high BP and glomerular hyperfiltration in dogs
(252). Several mechanisms have been postulated to contribute to
mineralocorticoid receptor activation, however the importance these

mechanisms, as yet, remains unclear (242).

Autonomic nervous system plays a key role in development of obesity
hypertension. Several lines of investigations point to an increased SNA in obesity

(242): there is regional heterogeneity of SNA (253); BP-lowering effects of

49



pharmacological therapies aimed at either blockade of adrenergic activity (a/B-
adrenergic blockers) or clonidine (a centrally-acting a-2 agonist) are greater in
the obese animals and adrenergic blockade lowers ambulatory BP significantly
more in human obese patients compared to lean patients (254-256) and; RDN
markedly attenuates sodium retention and hypertension in obese animals and

humans with treatment-resistant hypertension [TRH] (257-259).

In obesity there is not a global increase in SNA, instead the sympathetic nervous
system differentially activated in different tissues of the body. For example, in
dogs the increased HR, decreased HR variability and high BP observed in obesity
is attributable to a decrease in the parasympathetic activity of the heart (253,
260). In humans, sympathetic outflow from the heart is reduced with
noradrenaline spillover 40% - 50% less in obese individuals compared to lean
individuals (89, 261). In contrast, the increased SNA is observed in the kidney

and skeletal muscle (253).

Multiple mediators of increased SNA have been suggested and include:

Impaired baroreflex activity

e Chemoreceptor activation due to intermittent hypoxia in sleep apnoea

e Hyperinsulinaemia

e Angll

e Cytokines produced by adipocytes such as leptin, interleukin-6 and tumour

necrosis factor o

e Central nervous system proopiomelanocortin pathway
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1.4.8 Genetic and environmental factors

Hypertension is a complex trait and is a result of interaction between genetic
predisposition and environmental factors. Family history has long been known to
be associated with risk development of hypertension (262, 263). Genetic
influences on BP have been demonstrated by family studies (262, 264-266).
Parental history of hypertension is associated with high lifetime risk of incident
hypertension (267). Variation in BP attributable to all genetic factors varies from
25% in pedigree studies to 65% in twin studies (268, 269). Except for the rare
monogenic causes of hypertension (139) and despite decades of research little

is known about specific genetic factors responsible for essential hypertension.

Advances in medicine and technology have allowed genome sequencing which
have helped to develop targeted treatments at genetic defects identified,
especially in the case of many cancers. Such genome wide association studies
have been carried out for chronic illnesses including hypertension (270-274).
Although these studies have identified multiple genetic loci associated with BP,
surprisingly they only account for around 1% of the variation (271, 272). This
incongruity between the estimates of heritability of BP from family studies of
around 30-40% (275) and the genome wide association studies is termed
“missing heritability” and is not unique to hypertension (276). When considering
the complexity of the plethora of mechanisms implicated in the development of
hypertension, the lack of a predominant single genetic locus does not seem so
surprising. It has been hypothesised that epigenetics may be responsible for the

missing heritability (275).
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Genetic predisposition alone is not sufficient for development and persistence of

hypertension, a bidirectional interaction between genetic factors and

environmental exposures including lifestyle factors is necessary. Unlike genetic

factors, more is known about the association of environmental and lifestyle

factors with hypertension. A range of environmental exposures have been shown

to increase BP. The role of salt and obesity has already been discussed in detail

and the association of hypertension with other major environmental exposures is

briefly described below.

Cigarette smoking is an established major risk factor for coronary artery
disease and raises BP through increased SNA (277, 278). It also
contributes to endothelial dysfunction through impaired NO-mediated

vasodilatation (279).

Caffeine has been long known to cause an acute rise in BP which is
mediated through antagonism of vasodilatory adenosine receptors (280)
and increased SNA (281). A metanalysis of studies examining the effect
of coffee, a common source of ingested caffeine, in hypertensive
individuals concluded that beyond the acute BP rise lasting =3 hours, no
association between longer-term coffee consumption and increased BP
(282). However, caffeine consumed in soft drinks has been shown to be

associated with an increased risk of hypertension (283).

Alcohol consumption have been shown to elevate BP and associated with
higher prevalence of hypertension (284-286). Alcohol ingestion is closely
followed by an initial vasodilation-mediated drop in BP followed by a

subsequent rise (287-289). There are several possible mechanisms
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through which alcohol can raise BP (290); increased SNA is the principal
mechanism for the rise in BP (291). Systematic reviews of alcohol intake
have shown small but clinically significant rise in BP (292) and a reciprocal
drop in BP with reduction in the alcohol intake (293). Epidemiological
studies have suggested a possible beneficial effect of modest alcohol
intake especially with red wine consumption. However a RCT comparing
abstinence, alcohol-free red wine, red wine and beer intake showed that
two types of alcohol were associated with similar level of BP rise, and the
red wine with or without alcohol content was not associated with
improvement in endothelial function that had been hypothesised to

improve BP (294).

Cold weather climates (19) and higher altitude (295, 296) have both been

shown to increase BP via increased SNA.

Low vitamin D in cohort studies has been shown to be associated with an
increased risk of incident hypertension (297-299). However, metanalyses
of several RCTs have concluded that vitamin D supplementation is

ineffective in lowering BP (300, 301).

Potassium is a major intracellular cation in the body and is required for
vascular smooth muscle relaxation thereby lowering BP (302). Unlike
sodium intake, modern day dietary potassium ingestion has declined
compared to our prehistoric ancestors. Potassium has been shown to
have a negative relationship with BP (131). Metanalyses have shown that
increased potassium intake reduces BP in people with hypertension and

is associated reduced risk of stroke (303, 304).
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1.5 Treatment-resistant hypertension

15.1 Definition

Treatment-resistant hypertension (TRH) is defined as an uncontrolled BP with a
clinic SBP = 140 mmHg and/or a diastolic BP (DBP) = 90 mmHg despite the use
of maximally tolerated doses of 3 or more antihypertensive medications of
different classes including a diuretic (1, 305). This group of patients may be
referred to as having uncontrolled TRH. The American Heart Association (AHA)
guidelines also classes anyone with BP controlled by 4 or more antihypertensive
medications as TRH and the term controlled TRH is used to describe these
patients. Since the inception of this thesis, publication of the SPRINT trial has
challenged the well-established target BP for diagnosis and treatment of
hypertension (45). In light of its findings, the American College of Cardiology/AHA
have updated their hypertension guidelines with a radical change in the BP
targets used for diagnosis and treatment of hypertension; lowering the level of
BP to 130/80 mmHg which also affects the definition of TRH (306). The American
definition has retained the second element of the definition which includes
patients with controlled BP taking 4 or more antihypertensive medications. This
significant change will no doubt increase the prevalence of hypertension and,
consequently, TRH. However, for the purpose of this thesis a BP cut-off of 140/90

mmHg is used to define both hypertension and TRH.

Suboptimal BP control is well known to be associated with an increased risk of
cardiovascular and cerebrovascular events and is consequently ranked highest
amongst the list of risk factors attributable to burden of disease worldwide (307).

A linear relationship has been shown to exist between level of BP control and risk
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of cardiovascular events (7, 308, 309). Unsurprisingly the risks known to be
associated with hypertension are even greater in patients with TRH. Some
estimates suggest that patients with TRH are twice as likely to experience a

cardiovascular event as compared to patients without TRH (310).

1.5.2 Prevalence and incidence of treatment-resistant

hypertension

The prevalence of true TRH is difficult to determine due to several different
reasons. Prevalence of true TRH is affected by inadequacies in clinic BP
measurements, presence of white-coat hypertension, non-adherence to
antihypertensives, use of nonoptimal classes of antihypertensives, or non-
adequate dosing. Inability to exclude the impact of these factors has led to the
use of terms “apparent TRH” or “pseudo-resistance”. Therefore, the prevalence
of true TRH will clearly be less than the reported prevalence estimates which are

likely to represent apparent TRH.

The definition of uncontrolled TRH is widely used to estimate the prevalence of
TRH with reported estimates ranging from 5% to 30% (311-316). Prevalence of
TRH is higher when RCTs are used; a metanalysis by Achelrod et al. has reported
the pooled estimate of prevalence of TRH at 13.72% (95% confidence interval
[Cl] =11.19%—-16.24%) for observational studies and 16.32% (95% CI = 10.68%—
21.95%) for the RCTs (317). Hayek et al. have illustrated that prevalence of TRH
can easily be manipulated depending on the stringency of the definition used
(318). They showed that in the same population the prevalence dropped from
30.9% (SBP >140 mmHg and =3 medications or controlled on 4 medications) to

3.4% (ensuring at least 3 medications maximally dosed and one must be diuretic).
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In a larger cohort of 468,877 hypertensive patients, 9.5% had uncontrolled TRH
and only 4.7% were considered to be receiving optimal antihypertensive

combination at their maximally tolerated doses (319).

Unlike prevalence, studies reporting the incidence of TRH are scarce. A
retrospective cohort study of 205,750 incident patients with hypertension, 1.9%

developed TRH within a median of 1.5 years from initial treatment (310)

1.5.3 Prognosis of treatment-resistant hypertension

The importance of accurately identifying patients with true TRH cannot be
underestimated; there is growing evidence to suggest that these patients are at
a much higher risk of cardiovascular events, CKD and death (310). Daugherty et
al. have shown that, after adjustment, the hazard ratio for developing a
cardiovascular event in this population is 1.47 [95% CI: 1.33 - 1.62] (310). Salles
et al. found that over a five-year follow-up period, patients with true TRH had a
2.4-fold (95% CI, 1.0- to 5.8-fold) increased risk of having a fatal or nonfatal
cardiovascular event compared with white-coat TRH patients (320). In a cohort
of 60,327 patients with TRH, comprising patients with both uncontrolled and
controlled TRH, from a single healthcare system the risks of TRH were compared
to 410,059 patients with non-TRH (321); adjusted hazard ratios for ischaemic
heart event, congestive heart failure, cerebrovascular event, ESRD and all-cause
mortality were all significantly increased for patients with TRH (see Figure 1.12).
Interestingly, these analyses clearly show that the hazard ratios were significantly
higher across all except cerebrovascular event for any type of TRH (uncontrolled
or controlled). The results from another observational cohort study of patients

with hypertension show that apparent TRH was associated with an increased risk
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for coronary heart disease and all-cause mortality but not stroke (322). Although
patients with uncontrolled TRH had a more than a two-fold higher risk of coronary
heart disease events, there was no corresponding increase in risk for patients
with controlled TRH when compared to patients without TRH. The results from
these studies confirm the increased morbidity and mortality associated with TRH.
Furthermore, the results suggest that the controlled TRH may also be associated

by with increased risks albeit to a lesser degree than uncontrolled TRH.
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Figure 1.12: Risk comparisons for outcomes among hypertension categories.
Multivariable adjusted hazard ratio (95% confidence interval) for ischemic heart
event (IHE), congestive heart failure (CHF), cerebrovascular accident (CVA),
end-stage renal disease (ESRD), and all-cause mortality in subjects with (a) RH
(cRH+uRH) in comparison with those with non-RH, (b) cRH vs. non-RH, (c) uRH
vs. non-RH, and (d) uRH vs. cRH. cRH, controlled resistant hypertension; non-
RH, non-resistant hypertension; uRH, uncontrolled resistant hypertension. Figure
from (321).
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1.5.4 Causes of pseudo-resistance

The wide range of prevalence figures reflect the challenges in separating the true
resistance from the pseudo-resistance. Non-adherence to antihypertensives,
WCE, and inadequate BP measurement significantly contribute to presence of
pseudo-resistance. BP measurement and WCE has been discussed in detail (see

section 1.3); relevance of WCE and non-adherence in TRH is discussed below.

1.5.4.1 White-coat effect in treatment-resistant hypertension

The ABPM has been the gold standard for diagnosis of hypertension as it helps
to exclude patients who have white-coat hypertension. In treated hypertensive
patients the term WCE is used instead. WCE is one of the main reasons for the
widely variable reported prevalence rates of TRH. Clinic or office BP readings
have been used in studies to estimate prevalence of TRH until recently. With the
increasing use of ABPM in clinical practice, it is now clear that WCE is common
in treated patients with hypertension (323). Furthermore, a positive correlation
exists between clinic BP and the magnitude of WCE suggesting that patients with
the highest clinic BP have the largest WCE (323, 324). It is therefore not
surprising that a large proportion of patients with TRH have been found to have
significant WCE (315, 320). De la Sierra et al. found that in a large Spanish
registry of 68045 patients with hypertension, 8295 (12.2%) had TRH, of which
3113 (37.5%) had WCE such that their ABPM results classified them as having

controlled BP instead (315).
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1.5.5 Non-adherence and its significance in treatment-

resistant hypertension

The treatment of most chronic illnesses is often characterised by long-term
pharmacological interventions, which have been shown to be effective through
series of rigorous clinical trials. These pharmacological interventions are only
effective if patients follow medical advice on the prescribed treatment regimen.
Suboptimal or non-adherence is common; on average around 50% of all
prescribed medications for chronic conditions are not taken as prescribed (325,
326). Non-adherence has serious health economic implications on a societal

level and a source of physical and emotional distress for patients.

Adherence to medications including placebo is associated with improved health
benefits supporting the idea of “healthy adherer effect”, which is where patients’
adherence to their prescribed medication may be a reflection of their overall
healthy behaviour. A meta-analysis has shown that adherence to prescribed
beneficial medication, including a placebo, is associated with significantly lower

mortality compared with suboptimal adherence (327).

Non-adherence puts an enormous cost burden on the health service through
medication wastage. A report of a study commissioned by the Department of
Health, UK in 2010 estimated the cost of National Health Service primary and
community care prescription medicines wastage in England to be £300 million
per year and that for antihypertensive medication to be at least £100 million a

year (328).

In this section, medication non-adherence in chronic health conditions with
particular reference to TRH have been reviewed.
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1.5.5.1 Medication adherence in clinical trials

Achievement of optimal adherence in an RCT is important. Level of adherence
influences the magnitude of observed treatment effect; greater adherence
increases the effect size and poor adherence may fail to distinguish the two
treatments. Therefore, it is crucial in estimation of true treatment effect and
consequently the power of the trial. Adherence also affects the incidence of
adverse events; non-adherence to a treatment with worse adverse effects profile
may falsely prove to be of similar safety when compared to treatment with a
favourable adverse effects profile. Adherence is also an important indicator of

how readily a treatment is accepted by the patients.

Despite its importance, adherence is under-reported in clinical trials; with only
33% to 46% of published RCTs reporting adherence rates (329, 330). On the
other hand, reported rates of adherence are often remarkably high in these RCTs
resulting in potential overestimation of adherence due to under-reporting (329-
333). This may be related to extra attention received by the study patients, patient

selection and the observer effect altering patient behaviour.

1.5.5.2 Adherence vs compliance in relation to doctor-patient
relationship

Adherence and compliance are both terms used, quite often interchangeably, in

medical literature to describe patients’ medication-taking behaviour. Adherence

implies an agreement between the patient and the clinician on the proposed

treatment plan and is reflected in the Oxford Dictionary’s definition; ‘believe in

and follow the practices of. Compliance, conversely, is a passive act of following
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a clinician’s recommendations which is echoed in the Oxford Dictionary: ‘the

action or fact of complying with a wish or command’.

The use of the two terms, adherence and compliance, closely tracks the evolution
of doctor-patient relationship throughout the ages (334). Traditionally the role of
the doctor has been that of someone who uses his/her knowledge, skills and
expertise to choose the interventions he/she felt were in the best interest of the
patient. In this paternalistic model of doctor-patient relationship the patient is
merely a passive observer with little or no input in the decision-making process
and is required to co-operate with the doctor’s orders. Compliance can be seen

to align more closely with this traditional model of medical practice.

The doctor-patient relationship has evolved into that of patient-centred approach
where patients’ ideas, concerns and expectations form the core of a clinical
encounter. Patients take an active role and responsibility of their health and
treatment. The doctor works in mutual partnership to form a therapeutic alliance
with the patient creating an environment in which the patient feels comfortable to
be involved in treatment decisions. The process of information sharing,
communicating available treatment options and explanation of risks and benefits
associated with these treatments aids both parties to take steps to build a plan
about the preferred treatment and reach agreement on the treatment to
implement. This change in the psychology of the doctor-patient relationship could
be partly explained by the rise in prevalence in chronic illnesses and the
advances in healthcare in managing these conditions which often require long-
term therapy to reduce the risk of morbidity and mortality associated with them.

The emphasis on shared decision-making has been driven by poor compliance
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or adherence to long-term therapies, with major reasons being that patients do
not share the doctors’ view that a particular medication may be appropriate for
them or are worried about side-effects or possible long-term harmful effects of
the medications. It is, unsurprising, that adherence is now the more preferred

term and the World Health Organisation citing the following definition (335):

‘the extent to which a person’s behaviour — taking medication,
following a diet, and/or executing lifestyle changes, corresponds

with agreed recommendations from a health care provider’

1.5.5.3 Threshold to define adherence in different chronic conditions

There is no consistency on how medication adherence is reported in the literature
(329). Adherence can be reported qualitatively as patient being adherent or non-
adherent which will depend on the method used to assess adherence. Medication
adherence percentage is a common quantitative measure used which is defined
as the percentage of number of pills taken during a certain period divided by the

number of pills prescribed by a clinician during the same period (336):

Medication adherence percentage

number of pills taken during time X

= X 100
number of pills prescribed during time X

There is no consensus on the defined threshold to define adherence and non-
adherence. Traditionally a cut-off value of 80% has been used to dichotomise
adherence. It has been repeatedly noted that healthcare usage and costs in many
chronic conditions including hypertension, diabetes, hyperlipidaemia,
schizophrenia, are reduced in patients where medication adherence exceeds

80% (337-341). Caution is advised when converting a continuous adherence
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measure into a dichotomous or categorical measure unless it has been validated
for use (342, 343). In many conditions a validated cut-off for adherence is either
not present or a surrogate such as hospitalisation is used (341). There are a few
examples where either drug- or condition-specific cut-offs are defined empirically.
In hypertension, consumption of >80% of the prescribed medications has been
shown to maintain BP control (344). In patients taking anti-retroviral for infection
with Human Immunodeficiency Virus (HIV) 79% of patients who took at least 90%
of their medication achieved virologic suppression, compared with approximately
50% of those whose medication adherence percentage was 50% to 89% (345).
The success rate of Helicobacter pylori eradication therapy has been shown to
be 96% for patients who took greater than 60% of the prescribed medications
and 69% for patients who took less (346). These examples highlight that it is
pertinent to avoid using a universal cut-off for adherence as clearly the threshold
used should correlate with the desired therapeutic outcome for that condition.
Conversely, it is also possible that in some circumstances consumption of less
than the recommended amount of medication may be enough to achieve a

desired therapeutic effect (338).

1.5.54 Assessment of medication adherence

Numerous methods to assess patients’ medication taking behaviour exist and
they are broadly divided into direct and indirect methods (see Table 1.1). Direct
methods include direct observation of medication being ingested by the patient,
detection of a drug or its metabolite in the blood or urine, detection of a biologic
marker that is included in the drug formulation, and more recently automatic
electronic monitoring of drug ingestion by incorporating a specially designed

microchip within each dose of a drug (347). The direct methods provide proof that
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medication has been taken by the patient and are the most accurate measure of
adherence. These methods have many drawbacks; they require expensive
guantitative assays, are intrusive to the patient requiring collection of bodily fluids
and provide dichotomous outcome of Yes/No without revealing pattern of
adherence. These approaches assess point adherence and may not reflect long-
term adherence and may lead to white-coat adherence (348). This is where
patients’ adherence improves leading up to a measurement or clinic visit. Also,
differences in metabolism of drugs in individual patients may impact on the use

of chemical markers to assess adherence.

Directly observed therapy is burdensome to the healthcare provider as patients
often need to be inpatient and professionals are required to monitor the process.
Furthermore, there is still room for patient to deceive by hiding the pills in the
mouth until they can discard them afterwards. Due to these impracticalities, direct
observation is more suitable where patients are on a single-dose therapy and can

be observed in an outpatient setting or where patients are already hospitalised.

Indirect measures of adherence have been the most widely used methods in
research. Patient-reported measures include patient interview where patients are
asked about their experience of taking their medicines. Validated questionnaires
can be used to eliminate some of the subjectivity of patient interviews. Asking
patients to keep medication diaries can overcome the recall bias which may be
associated with interviews and questionnaires. In certain populations, such as
children and patients with cognitive impairment it may be necessary to involve
the parents or caregiver. These methods are all easy to use but can easily be

distorted by the patients to appease their clinician. Assessment of a clinical
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response or measurement of physiological marker (e.g. measuring the HR in
patients taking beta-blockers) by a clinician are often used to as surrogates for

adherence.

Pill counting has been the commonest method measuring adherence in clinical
trials. This is where the number of pills remaining with the patient are counted
between two scheduled clinic visits and compared with the actual number of pills
that should have consumed over the same period to derive an adherence ratio
(349). An important assumption is made with pill counting is that all the
unreturned pills have been taken by the patient. Some other drawbacks of this
method include that prior to clinic visits patients may lose or drop some pills or
they may also systematically discard their pills to give an impression of enhanced
adherence which is reflected in adherence exceeding 100% (350). Furthermore,
patients may transfer drugs from the original container/packaging to new
containers and also may fill their containers by ordering their prescriptions in
advance which is common in patients with chronic illness which can
underestimate adherence (349). A pill count does not generate a medication-
taking pattern and similarly taking the correct number of pills does not provide
any information on whether the patient follows the dosing regimen consistently

(351, 352).

Rates of prescription refill is another objective measure of assessing adherence
which can be utilised where data from pharmacy systems can be derived. Like
pill counting, this method assumes that refill rates correspond to actual
medication-taking behaviour. In practice this can be time consuming as patients

often attend different pharmacies for their prescriptions, therefore it is more suited
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to a centralised pharmacy system. Even then the accuracy of any outcome

measure depends on the reliably collected complete data.

Electronic monitoring which involves medication packaging devices which are
capable of recording bottle opening and time stamping the event have been in
use for almost last 30 years (353). A bottle opening is assumed to correlate with
ingestion of medication by the patient. Electronic monitoring has a clear
advantage over other methods in that it provides detailed information on
individual patients’ medication-taking behaviours compared to just providing an
average over a period of time. Its use in clinical trials and comparison with other
adherence measures has advanced our knowledge and understating of patients’
medication-taking behaviour (354). Costs associated with electronic monitoring
may prove to be a hindrance to its use in large clinical trials. Due to the accuracy
of this technique, it is often used as a reference for other adherence measures,

however evidence of opening a bottle still does not equate to ingestion of a tablet.

The various measures of adherence described have their strengths and
weakness and may be appropriate in different situations (see Table 1.1). It is
therefore reasonable to state that no single measure of adherence can be classed
as the gold standard and a combination of measures may be used to maximise

the accuracy (355, 356).
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Table 1.1: Different measures of adherence and their respective advantages and disadvantages

Measure

Advantages

Disadvantages

Direct

Directly observed
therapy

Most accurate
Able to assess side-effects as they appear

Resource intensive

Patients may still hide the medications in their
mouth before discarding them

Provides Yes/No information on adherence

biological marker

Measurement of Objective Expensive assays required
medication or its May only be qualitative, i.e. Yes/No
metabolite in urine or Susceptible to abuse, i.e. mixing medications in
serum urine sample
Adherence only tested at a single point in time
White-coat adherence occurs when patients know
the schedule of tests
Variations in medication metabolism
Measurement of Objective Expensive

Intrusive - requires collection of bodily specimens

Indirect

Electronic medication
monitors

Provides detailed information on pattern and level
of adherence

Highly accurate

Can identify partial adherence

Often used as a standard to compare other
measure against

Expensive

Requires technical support

Overestimation can occur where patients
accidently or intentionally open the container

It requires medications to be removed from their
original packaging
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Measure

Advantages

Disadvantages

Prescription refill rates

Can identify patients at risk for treatment failure
Provide medication-refilling pattern

Can provide accurate information in some
healthcare systems that require verification for
insurance purposes.

Records may be incomplete or difficult to access
Assumptions are made about medication-taking
behaviours

Unable to identify partial adherence

Pill count

Objective
Provides information on long-term adherence

Patients can hoard or keep back medications to
appear to be adherent or they simple forget to
bring some or all the medications

Can be time-consuming if taking numerous
medications

Arbitrary cut-off value used to define non-
adherence

Cannot identify medication-taking pattern

Measurement of
clinical response or
physiological markers

Can be simple, quick and generally easily to
perform such as measuring heart rate in patients
taking beta-blockers

Other factors may affect the clinical response or
the physiological marker

Patient questionnaires

Simple, inexpensive

Provide real-time feedback

Identify belief and barriers to adherence
Validated for use

Affected by patient recall

Patients can easily distort the results

Relatively poor sensitivity and specificity

Affected by language barriers and the questions in
the questionnaire

Patient Diaries

Simple

Can overcome poor recall

Can be used for children or patients with learning
difficulties by their parents or carers etc.

Open to manipulation by patients or their carers




1.5.5.5 Medication non-adherence and apparent TRH

In medicine the term ‘resistant’ implies a condition which fails to respond to usual
medical therapy. In hypertension there are eight different classes of
antihypertensive medications available — namely thiazide/ thiazide like diuretics,
RAAS inhibitors, calcium channel blockers (CCBs), alpha-adrenergic receptor
antagonists, beta-adrenergic receptor antagonists, central vasodilators,
aldosterone receptor antagonists and miscellaneous. The recommended three
first line antihypertensive agents include CCBs, RAAS inhibitors, and thiazide
diuretics. There is emerging evidence that the preferred fourth-line
antihypertensive agents are aldosterone receptor antagonists when compared
with beta adrenergic receptor blockers and alpha-adrenergic receptor blockers

(357).

Patients need to be sufficiently adherent to the prescribed therapy for it to be
considered to have failed. Therefore, assessment of adherence is a crucial
aspect of management of patients with chronic conditions such as hypertension.
Furthermore, increasing the number of antihypertensive medications for patients
may lead to increased risk of adverse effects and possible drug interactions.
Medication adverse effects negatively impact patients’ adherence and
uncertainty on the part of the physician as to whether or not to intensify a patient’s
treatment. This ‘clinical inertia’, is detrimental to patients with true TRH given the
high risks of morbidity and mortality associated with uncontrolled BP.
Assessment of adherence may help overcome this inertia and help guide
management plan particularly in those who are truly resistant. Studies reporting
rates of non-adherence in patients with TRH and the methods used to assess

adherence are summarised in Table 1.2.
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Observational cohort or cross-sectional reports from specialist hypertension
centres or general hospitals form the mainstay of studies describing the
prevalence of non-adherence among TRH patients (358). A varied range of
adherence measures have been used with the direct testing of the drug or its
metabolite in serum or urine being the commonest in recent years (Table 1.2).
This choice is likely a manifestation of the healthcare setting where these studies
have been carried out; specialist hypertension centres with access to
sophisticated medical laboratories that are able to perform these tests. These
centres will have a larger proportion of patients with TRH and therefore
developing an assay to detect antihypertensives and their metabolites is cost

effective in the long run.

Ceral et al. used liquid chromatography-mass spectrometry (LC-MS) to detect
antihypertensives in sera of 84 patients with apparent TRH (359). All of the
evaluated antihypertensives were present in 29 (34.5%) patients, no drugs
detected in the same number and the remaining 26 (31%) had some of their
antihypertensives in their sera. Jung et al. concluded that low adherence was the
commonest cause of poor BP control among 375 patients referred with
uncontrolled BP (360). After excluding WCE, secondary causes of hypertension
and optimisation of antihypertensive therapy, 76 patients remained in whom LC-
MS was carried out on urine samples. They found that 36 (47%) were adherent
and 40 (53%) were non-adherent, of which 12 (30%) had complete non-

adherence.

Direct observation, where patients are observed taking their medication in an

ambulatory setting or as an inpatient followed by ABPM or regular BP monitoring,
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has been used as a surrogate marker for adherence (361, 362). A sustained
reduction in BP following observed ingestion of tablets indicates prior non-
adherence although any BP reduction observed could be attributable to BP
variability, WCE or regression of BP to the mean. Furthermore, it has been
demonstrated that patients presenting with very high BPs in emergency
department often drop their BP without any intervention. Grassi et al. have shown
that 32% of patients presenting to emergency department with a systolic BP
>180mmHg and/or diastolic BP >110 mmHg had a drop of least a 20mmHg in
basal systolic BP and/or a 10mmHg reduction in basal diastolic BP after a 30-
minute period rest where patients were seated in a comfortable and quiet room
without talking or active listening (363). Some of these limitations can be
minimised by using standardised and guideline-recommended BP
measurements and ABPM prior to commencing the DOT to exclude WCE, and

reduce visit-to-visit BP variability and regression to the mean (362).

The author has shown that in patients with TRH after optimisation of
antihypertensive therapy, exclusion of secondary causes of hypertension and
WCE, only half of the patients were truly treatment-resistant (362). In non-
adherent patients, the mean 24-hr ABP drop observed was 19.5/9.4mmHg when
compared to ABPM carried out preceding the DOT. Although, this method makes
intuitive sense in patients with TRH, it is resource and time intensive. Patients
require close monitoring as dramatic drop in BP can often lead to symptomatic

hypotension in patients.

Population studies have been able to study adherence rates in much larger

populations (310, 364). These studies used proportion of days covered by
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antihypertensives based on pharmacy refill data and a cut-off of 80% to
dichotomise adherence. Sim et al., using databases of Kaiser Permanente
healthcare system in the US, found that of the 60,327 patients with TRH 7% were
non-adherent (364). Daugherty et al looked at 205,750 incident patients
diagnosed with hypertension and found that after excluding non-adherent
patients, 3,960 patients went on to develop TRH during a median 1.5 years from
initial treatment (310). Of the 3,548 with TRH who had adherence assessed by
prescription refill rate, 1505 patients (42.4%) were non-adherent (365).
Interestingly, they reported that treatment intensification but not medication
adherence was significantly associated with 1-year BP control (365). The
treatment intensification was carried out in only 21.6% of the visits with elevated
BP. A number of possible explanations have been suggested by the authors
including, clinical inertia, co-morbid conditions and lack of evidence to support
use of =3 antihypertensives at the time. It is possible that clinicians may be
reluctant to intensify treatment if they are uncertain about a patient’s adherence;
Rose et al. showed that adherent patients were more likely to receive treatment
intensification which improved BP control (366). This effect was similar in size

regardless of the level of adherence.

Medication event monitoring system (MEMS), a type of electronic adherence
measure where a microchip integrated in the cap of the medication packaging
records the date and time whenever it is opened, has been used to assess
adherence in TRH patients (367, 368). Grigoryan et al showed that pseudo-
resistance (non-adherence and WCE) was present in half of the patients with
apparent TRH; non-adherence was present in 20 of the 69 (29%) patients (367).

Burnier et al. highlight the superiority of electronic devices in adherence
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monitoring in that the continuous monitoring itself can improve adherence and
BP control as well as providing the clinicians with detailed and objective

information on patients’ medication-taking behaviours (368).

A systematic review by Durand et al. summarizes 24 published studies reporting
adherence in TRH patients (358). There were an average of 86 patients from 21
studies, the largest of which included 339 patients. Three population studies
include a total of 66,529 patients. They report a pooled mean non-adherence rate
of 31.2%; with highest rates reported in studies that used direct methods testing
patients’ sera or urine, followed by studies that used DOT, 47.9% and 44.6%,
respectively. The lowest rate of non-adherence was found in a single study

reporting on medication possession ratio at 3.3%.

Therefore, WCE and suboptimal adherence are common causes of apparent
TRH. Published research in this field often fails to exclude either one or both of
these factors when reporting on prevalence of TRH. Estimated prevalence of
apparent TRH of 13.7% will drop taking into account the non-adherence rates
and WCE each estimated to be 31.2% and 37.5% respectively. Only one very
recent study systematically tested and excluded pseudo resistance and showed
a true TRH prevalence of 3.3% [95% CI = 3.0 to 4.0] (369). Even a conservative
estimate of 50% pseudo resistance will bring the prevalence of true TRH to
around 6% - 7% of total hypertensive population. The recent change in the

American guideline will, however, increase this estimate.

Despite the evidence of suggesting high rates of non-adherence in TRH patients
there is very little in the literature reporting on reasons of non-adherence (358).

Baseline BP, age, gender, ethnicity, income and other socioeconomic indicators
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have been linked to non-adherence in TRH. It has been shown that pill burden is
associated with non-adherence (370, 371). Reasons for non-adherence are
rarely attributable to one single factor and are instead complex and multifactorial.
A WHO-proposed model suggests the factors responsible for medication non-
adherence can be categorised into five domains — social- and economic-related
factors; health system/healthcare team-related factors; therapy-related factors;
condition-related factors; and patient-related factors — which apply to the

hypertensive population as well (335).
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Table 1.2: Summary of studies reporting rates of non-adherence and the methods used to measure adherence.

_— Number non-

Definition of TRH Adherence method adherent (%)
Daugherty et AHA/ESH/ESC Prescription refill rate — non-adherent if proportion of 3548 1504 (42.4)
al. (365) days covered was <80%
Sim et al. AHA/ESH/ESC Prescription refill rate — non-adherent if proportion of 60327 4223 (7.0)
(364) days covered was <80%
Burnieretal. SBP 2140 or DBP =90 on MEMS - non-adherent if <80% of days covered 41 21 (51.2)
(368) >3 AHTs on two consecutive

visits 21 month apart

Grigoryanet ABPM 2135/85 or (=125/75 MEMS - non-adherent if taking <80% of all prescribed 69 20 (29.0)
al. (367) if diabetic) on 23 AHTs doses

Garg et al. SBP 2140 or DBP= 90 on Patient interview — physician determines if patient is 141 23 (16.0)
(372) =3 AHTs non-adherent

Yakovlevich  SBP =140 or DBP= 90 on Patient interview — physician determines if patient is 91 9(9.9)
et al. (373) =3 AHTs non-adherent

Massiereret BP =140/90 on 23 AHTs Self-reported questionnaire — non-adherent if score 23 86 21 (24.4)
al. (374) incl. a diuretic on 4-item Morisky Medication Adherence Scale (MMAS-

4)




9.

Hameed et
al. (362)

Brinker et al.

(375)

Ceral et al.
(359)

Ewen et al.
(376)

Jung et al.
(360)

Rosa et al.
(377)

Definition of TRH

SBP 2140 or DBP = 90 on
>3 AHTs

AHA/ESH/ESC

SBP 2150 or DBP =95 on
>3 AHTs

SBP =140 on =3 AHTs
including a diuretic at
highest or maximally
tolerated dose

Clinic BP 2140/90 or ABPM
=2130/80 on 24 AHTs

Clinic BP 2140/90 and
ABPM =130/80 on =23 AHTs

Adherence method

Directly observed therapy (DOT) — = 5SmmHg reduction
in mean 24-hr ambulatory SBP between Pre-DOT and
DOT measurements was used to indicate
nonadherence

Therapeutic drug monitoring — non-adherence defined if
levels of 21 AHTs below minimal detection limit

Serum drug level — non-adherence defined if levels of
=21 AHTs below minimal detection limit

Direct testing of plasma and/or urine — non-adherence
defined if levels of 21 AHTs below minimal detection
limit

Direct testing of urine — non-adherence defined if levels
of 21 AHTs below minimal detection limit

Direct testing of blood — non-adherence defined if levels
of 21 AHTs below minimal detection limit

size

48

56

84

100

76

72

Sample Number non-
adherent (%)

24 (50)

30 (53.6)

55 (65.5)

48 (48.0)

40 (52.6)

27 (37.5)




LL

Sample Number non-

Definition of TRH Adherence method size adherent (%)
Strauch et al. Clinic BP 2140/90 and Direct testing of blood — non-adherence defined if levels 339 110 (32.4)
(378) ABPM 2130/80 on 23 AHTs  of >1 AHTs below minimal detection limit
Beaussieret SBP 2140 or DBP= 90 on Combination of plasma test, urine test, pill count and 164 30 (18.3)
al. (379) 23 AHTs incl. a diuretic patient interview — each element was given a score and
a score of <2 defined non-adherence

Abbreviations: TRH, treatment-resistant hypertension; AHA, American Heart Association, European Society of hypertension, European Society of Cardiology;

SBP, systolic blood pressure, DBP, diastolic blood pressure; AHTSs, antihypertensives; MEMS, medication event monitoring system; ABPM, ambulatory blood
pressure monitoring; BP, blood pressure.



1.5.5.6 Management of non-adherence to antihypertensive medication
There is no proven intervention that has been shown to significantly improve

adherence and a recent Cochrane Review concluded that (325):

“Across the body of evidence, effects were inconsistent from
study to study, and only a minority of lowest risk of bias RCTs
improved both adherence and clinical outcomes. Current
methods of improving medication adherence for chronic health
problems are mostly complex and not very effective, so that the

full benefits of treatment cannot be realized.”

It is important to have a careful consultation with the patient to identify and
address the potential causes of suboptimal adherence described by the WHO

and one such approach is described by the author (380).

Up to 75% of patients with hypertension require more than 1 antihypertensive
agent to achieve BP control (381). Pill burden is a well-established reason for
non-adherence in hypertension. Single-pill fixed-dose combinations (FDC) have
been recommended, for patients with hypertension requiring more than one
antihypertensive agent, to help improve adherence and consequently BP control
(306, 382). A meta-analysis has shown that FDCs significantly improve
adherence and persistence in hypertensive patients with non-significant
beneficial trends in BP and adverse effects compared with free drug combinations
(383). A cohort study of 13,350 patients comparing fixed-drug with free-pill
combinations also showed that the FDC group had superior adherence rates of
70% compared to 42% and a significantly lower risk of composite clinical

outcomes including death or hospitalization for acute MI, heart failure, or stroke
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(384). More recently, low-dose fixed triple drug combination antihypertensive pill
has been used to show improved BP control compared to usual care in patients
with mild to moderate hypertension (385). This low-dose FDC is being suggested
as the initial therapy compared to currently accepted practice of monotherapy.
Apart from reducing pill burden it may be associated with reduced adverse effects
and consequently increased acceptability by the patients due to the lower doses
of individual agents used. Furthermore, targeting different pathways by different
antihypertensive agents may improve efficacy. A pilot study has shown that a
single-pill fixed triple drug combination achieved a mean reduction of 22.8/13.6
mmHg in clinic BP and 9.3 mmHg reduction in 24-hr mean arterial pressure after
18 weeks in 13 patients with TRH (386). Further larger studies are warranted in
patients with TRH to assess the effectiveness of FDC and their impact on

patients’ medication-taking behaviour.

Self-monitoring of BP, where patients monitor their own BP at home, has been
used as an intervention to show improvements in BP (38, 39) and adherence
(40). Patients self-monitoring their BP at home consulted less often with their
primary care physician which helps to bring the costs of self-monitoring on par
with usual care (387). Self-monitoring on its own, however, may not be enough
to improve BP control (388). Complex interventions including systematic
medication titration by doctors, pharmacists, or patients; education; or lifestyle
counselling in conjunction with self-monitoring lead to clinically significant BP
reduction which persists for at least 12 months (388). A recent RCT has shown
that self-monitoring, with or without telemonitoring, when used by primary care
physicians to titrate antihypertensive treatment in individuals with uncontrolled

hypertension, significantly lowers BP compared with titration guided by clinic
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readings (37). However, the efficacy of self-monitoring of BP in lowering BP in

individuals with TRH has not yet been demonstrated.

Motivational Interviewing has a robust evidence base to increase motivation and
facilitate change across a range of health-related behaviours. A meta-analysis of
hypertension studies (389), involving seven underpowered RCTs shows that
motivational interviewing has a significant effect on systolic BP both after
intervention and at follow-up. However, most studies had a small sample size
limiting statistical power, and motivational interviewing was often used as one
component of multiple interventions. Although there is lack of robust evidence for
its efficacy in apparent TRH, it is a low cost, easy-to-administer intervention that

may be tried in this situation.

A recent study suggests that repeated biochemical urine and serum analyses for
antihypertensive agents may be used as a therapeutic approach to improve BP
control in nonadherent hypertensive patients. In this study from two hypertension
centres in Europe (UK and Czech Republic), discussing results of urine (UK) and
serum (Czech Republic) antihypertensive assays with non-adherent patients
resulted in improvements in adherence and BP control — an average reduction of
19.5/7.5 mmHg in one centre and 32.6/17.4 mmHg in the other (390). However,
this was a retrospective study with unclear follow-up period, and, by authors’ own

admission, white coat adherence effect could not be ruled out.

Finally, a recent RCT tested if a smartphone app to increase patient engagement
would improve medication adherence and BP control in 411 patients with

uncontrolled hypertension. There was a small improvement in self-reported
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adherence in the intervention group, but there was no difference in BP control

between the intervention and control groups (391).

1.5.5.7 Conclusion

A large proportion of patients with apparent TRH are non-adherent to prescribed
treatment. Availability of urine assays for antihypertensive drugs and metabolites
in the recent years has made it easier to identify nonadherence which has
significant detrimental consequences. However, no single management strategy
has been shown to be effective in improving adherence in apparent TRH. Future
research should focus on identifying interventions that will improve adherence in

this group of patients.
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1.5.6 Pathophysiological factors

The pathophysiological mechanisms of TRH not different to those of essential
hypertension which have already been discussed in detail (See section 1.4).
There are however specific factors that contribute to TRH and are discussed

below.

1.5.6.1 Genetics

Large scale studies have been carried out to identify association of genetic
polymorphisms with hypertension (270, 271). Similar studies have been
conducted to discover any link between genetic polymorphisms and responses
to antihypertensive drugs (392, 393). The majority of genetic studies of TRH have
thus far tried to identify candidate genes with less than adequate sample size.
These have focussed on specific genes and pathways that targets of the currently
used antihypertensives, albeit with modest sample sizes and P values to allow
robust associations (394, 395). Recently relatively larger studies have also tried

to establish an attributable genetic component specifically to TRH (396, 397).

Genetics of Hypertension Associated Treatment (GenHAT) study utilises the
clinical data collected by the Antihypertensive and Lipid lowering Treatment to
Prevent Heart Attack Trial (ALLHAT) to assess association of 78 candidate
genetic polymorphisms implicated in the development of hypertension and
cardiovascular disease (396). The findings of this study show that two genetic
variants in the angiotensinogen gene (rs699, rs5051) were significantly
associated with TRH among white participants when compared to treatment

responsive controls.
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Similarly another genetic study utilised data collected as part of INVEST-GENES
(the INnternational VErapamil-SR Trandolapril STudy—GENEtic Substudy) and
WISE (Women’s Ischemia Syndrome Evaluation) to show that the ATP2B1
rs12817819 A allele is associated with increased risk for TRH in hypertensive
participants with documented coronary artery disease or suspected ischemic
heart disease (397). The ATP2B1 gene encodes the plasma membrane calcium
ATPase which transports intracellular calcium ions against very large
concentration gradients and plays a critical role in intracellular calcium
homeostasis. Since calcium is involved in smooth muscle and -cardiac

contraction, a disequilibrium in calcium concentration may predispose to TRH.

It is however currently unclear how these genetic variations alter response to
drugs that target them. A recent scientific statement by AHA on TRH concluded
that “much larger studies of well-characterized individuals with treatment RH and
of individuals before and after treatment with specific antihypertensive therapies
will be needed to better define the role of common and rare genetic variation in

causing resistant hypertension and modulation of drug response” (398).

1.5.6.2 Obesity

Obesity has been identified as an important risk factor for the pathogenesis of
hypertension (399). The mechanisms associated with obesity hypertension have
been discussed already (see section 1.4.7). As highlighted earlier, obesity is
associated hyperaldosteronism and in obese TRH patients mineralocorticoid
receptor antagonists have been shown to significantly lower BP (400, 401).
Furthermore, the reduction in BP of obese patients with TRH occurred despite

the concurrent use of ACE inhibitors or ARBs suggesting that mineralocorticoid
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receptor activity in obesity is independent to Ang Il mediated aldosterone

secretion.

Evidence from population studies further supports a direct role of obesity in TRH
(313, 364, 402). The results of 13,775 hypertensive patients from the US National
Health and Nutrition Examination Survey (NHANES) show that BMI >30 kg/m? is
an independent risk factor for apparent TRH; the odds ratio (95% CI) of apparent
TRH as compared to all patients with uncontrolled hypertension persistently
increased from 1.78 (1.20 — 2.64) during 1988 — 1994 to 2.04 (1.17 — 3.53) during
2005 - 2008 (313). In the Spanish ABPM registry, which included 14,461 patients
with TRH, the risk of TRH was significantly higher in patients with a BMI >30kg/m?
[Odds Ratio (OR): 1.62, 95% CI: 1.32 — 1.99] (402). Results from another large
database of 470,386 patients with hypertension and of whom 60,327 were
resistant also show an increased risk of TRH in patients who had BMI >30kg/m?
[OR: 1.46, 95% CI. 1.42 — 1.51] (364). Together these results and the
pathophysiological mechanisms of obesity hypertension suggest a prominent role

of obesity in TRH.

1.5.6.3 Salt intake

Dietary sodium plays a significant role in development and maintenance of
hypertension as already highlighted (see section 1.4.4) by plethora of
confirmatory evidence. Therefore, logic would state that in severe hypertension
such as TRH excess dietary sodium intake is likely to be a significant contributor
to uncontrolled BP. However, unlike in hypertension, the large-scale studies
assessing impact of dietary sodium intake on BP are lacking in TRH populations.

In a prospective study of 204 patients with true TRH a third of the patients were
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found to have a high dietary sodium intake (403). Another of study characterising
279 patients with TRH, there was no significant difference in 24-hour urinary
sodium excretion when compared with controls, however patients with TRH had
significantly higher brain natriuretic peptide, a marker of intravascular volume
expansion (404). Further evidence of role of excess dietary sodium ingestion
contributing to TRH comes from interventional studies which have shown that a
reduction in dietary salt intake is associated with substantially reductions in BP

(405, 406).

1.5.6.4 Obstructive sleep apnoea

The prevalence of OSA is very high in patients with TRH; it has been shown to
be present in as many as 71% to 90% and is often severe (403, 407-414). The
mechanism by which OSA causes high BP through activation of the SNA is
described earlier (see section 1.4.1.3). Furthermore, increased fluid retention due
to mineralocorticoid excess and high dietary sodium ingestion which
characterises TRH causes the oedema of upper airways and may therefore be
contributing to the increased prevalence of OSA (414-418). The severity of OSA
has been shown to be reduced by treatment with mineralocorticoid receptor

antagonists (419-421).

The treatment of OSA with CPAP has been shown to reduce 24-hour MAP by 2
— 3 mmHg (422). In patients with TRH, similar reductions were observed in 24-
hour MAP and more a higher percentage of patients reverted to nocturnal dipper
pattern of BP with CPAP (423). The BP reductions were even better when the
adherence to CPAP was taken into account (423). However, when assessing

CPAP for the prevention of cardiovascular events in OSA, CPAP plus usual care
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compared with usual care did not prevent cardiovascular events with moderate-
to-severe OSA. (424). Multiple meta-analyses of CPAP for OSA have confirmed

only a modest reduction of BP by about 3/2 mmHg (425-428).

Patients with TRH are clearly at a higher risk of OSA and are likely to need to
continue with multiple antihypertensives in addition to CPAP to achieve BP
control. It is therefore important to regularly screen for symptoms suggestive of

OSA and to consider prompt investigations to confirm the diagnosis.

1.5.7 Medications contributing to treatment-resistant

hypertension

Medications prescribed for conditions other than hypertension can either directly
increase BP or interact with pharmacokinetic and/or pharmacodynamic
characteristics of antihypertensives reducing their BP-lowering efficacy. Although
the prevalence of drug-induced hypertension is unknown a variety of medications
and substances raise BP via several different mechanisms which are discussed

below.

1.5.71 Mineralocorticoid excess and activation of renin-angiotensin-
aldosterone system
Synthetic glucocorticoids, regardless of route of administration, can increase BP
which is mediated through the mineralocorticoid effects. Steroids cause sodium
and water retention and consequently an increase in cardiac output results in high
BP (429). Glycyrrhizin acid, the active ingredient in liquorice, inhibits 11-3-
hydroxysteroid dehydrogenase enzyme which is responsible for converting
cortisol into inactive cortisone. Inhibition of this enzyme by liquorice results in
excess endogenous cortisol which binds to the mineralocorticoid receptors
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causing sodium and water retention, potassium loss, and a decrease in plasma

renin and aldosterone levels (430).

The CYP17Al inhibitor abiraterone acetate (an androgen used for prostate
cancer) and antifungals (ketoconazole and itraconazole) can also increase BP by
interfering with steroid synthesis via the counter-regulatory stimulation of
adrenocorticotrophic hormone release which in turn leads to synthesis of
aldosterone and 11-deoxycorticosterone (429, 431, 432). The resulting apparent

mineralocorticoid excess causes a rise in BP.

A moderate increase in BP results from contraceptives containing combination of
oestrogen and progestogen through increasing angiotensinogen synthesis and
activation of the RAAS (433). The progestogen-only contraceptives (434) and

hormone replacement therapy (435) have not been shown to increase BP.

1.5.7.2 Increased sympathetic nerve activity

Several antidepressants can increase BP through direct activation of SNA and
include venlafaxine (a serotonin and noradrenaline reuptake inhibitor),
monoamine oxidase inhibitors and tricyclic antidepressants. Similarly, nasal and
ophthalmic decongestants that contain adrenaline or phenylephrine and illicit
drugs, cocaine and amphetamines, can also activate the sympathetic nervous

system causing the BP to rise.

1.5.7.3 Direct vasoconstrictors

Immunosuppressive agents which include calcineurin inhibitors such as
ciclosporin and tacrolimus increase the BP through systemic and renal
vasoconstriction; increased ET-1 production, decreased NO availability and

activation of RAAS have all been implicated (436). Similar mechanisms and an
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increased plasma viscosity induce high BP caused by the use of recombinant

human erythropoietin used to treat anaemia (429).

Vascular endothelial growth factor inhibitors that include monoclonal antibodies
and tyrosine kinase inhibitors are increasingly being used for the treatment of
malignancies and are associated with development of hypertension (437). These
agents increase BP through an imbalance of NO and ET-1 pathways, and

capillary rarefaction.

1.5.7.4 Diverse mechanisms

Non-steroidal anti-inflammatory drugs can cause variable increases in BP
mediated through diverse mechanisms including increased sodium retention,
inhibition of renal vasodilation through decreased prostaglandin production, and
reducing the BP-lowering efficacy of diuretics, ACE inhibitors, ARBs and [-
blockers (438, 439). Antiretrovirals (lopinavir and titonavir) have been shown to

increase BP through an increase in BMI (440).

1.5.8 Secondary causes of treatment-resistant hypertension

1.5.8.1 Primary aldosteronism

Hyperaldosteronism is relatively uncommon in the general population with
prevalence of around 1% (441) which rises to approximately 8% in patients with
primary hypertension (442). The estimates of prevalence in hypertensive patients
vary from 8% to 32% (441, 443-447). The prevalence of hyperaldosteronism has
been estimated to be higher in patients with TRH at approximately 20% (398).
The higher prevalence of hyperaldosteronism has been further substantiated by
the results of the PATHWAY-2 study; an RCT comparing the antihypertensive

benefit of placebo, spironolactone, bisoprolol and doxazosin in patients with
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confirmed TRH (357). Spironolactone was found to be superior to all other agents
in achieving the largest BP reduction and BP control. In the first a series of sub
studies of the PATHWAY-2 trial, antihypertensive response correlated with
baseline plasma renin levels, plasma aldosterone levels and aldosterone-renin
ratio (ARR); a high ARR and low renin concentration both strongly predicted a
large BP response to spironolactone (448). A second sub study showed that the
superior reduction of BP achieved with spironolactone is associated with
elimination of thoracic volume excess (448). These results confirm the widely
suspected significant pathophysiological role of salt and water retention driving

TRH.

1.5.8.2 Renal parenchymal disease

Majority, if not all, forms of renal parenchymal disease can cause hypertension
especially in the presence of impaired renal function and the prevalence of
hypertension increases with progression decline in kidney function. Hypertension
is a risk factor for cardiovascular disease and CKD, if remains uncontrolled can
lead to rapid progression of CKD, and is a leading cause of ESRD. On the other
hand, CKD itself can exacerbate hypertension, often necessitating the use of a

combination of antihypertensive drugs of different classes to achieve BP control.

In the 2001-2010 NHANES participants majority of the CKD patients (54.4%
overall and increasing from 30.2% in stage 1 CKD to 78.9% in stage 4 CKD)
require antihypertensives (449). The proportion of patients with a target BP of
130/80mmHg in CKD also decreases with progressive decline in kidney function
(44.6% overall and decreasing from 49.5% in stage 1 CKD to 30.2% in stage 4

CKD) and increasing the threshold for target BP to 140/90 mmHg increased the
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proportion of CKD patients BP control to 66.5%. These results have been
replicated in the Chronic Renal Insufficiency Cohort (CRIC), where 67.1% and
46.1% had their hypertension controlled to <140/90 mmHg and <130/80 mmHg,
respectively (450). Compared with people without CKD prevalence of TRH is
reported to be twice as high in patients with CKD and in the CRIC study
participants with CKD, 40% had apparent TRH (450, 451). The prevalence of
apparent TRH increased with worsening renal function (22.3% in those with
estimated GFR (eGFR) >60ml/min/1.73m? and progressively increasing to 54.2%
in patients with eGFR <30ml/min/1.73m?) and the presence of apparent TRH was
an independent predictor for a higher risk of mortality and adverse cardiovascular
and renal outcomes (451). These mechanisms have already been described in
detail earlier (see section 1.4). In CKD, however, the predominant role of sodium
and fluid retention is worth emphasizing. An impaired natriuresis underpins the
Guyton hypothesis and is a prerequisite for salt sensitive hypertension (Figure
1.11); in CKD the salt sensitivity of the BP increases exponentially with a
decrease of overall kidney function and consequently a larger increase in
intravascular volume (452). The fluid and sodium excess that characterises CKD
limits the efficacy of BP-lowering medications that lack a natriuretic effect and
patients often require multiple antihypertensives to achieve BP control and

promote TRH.

1.5.8.3 Renal artery stenosis

Renovascular hypertension caused by renal artery stenosis is major cause of
secondary hypertension. Renovascular disease has been shown to be present in
5 — 7% of population, which increases with age (453, 454), However, the

prevalence in TRH has been shown to be higher at 24.2% (455). Atherosclerosis
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is by far the main cause of renal artery stenosis accounting for up to 90 percent
of cases of renal artery stenosis (456). Other less common causes include
fibromuscular dysplasia, renal artery dissection or infarction, Takayasu arteritis,

radiation fibrosis, and obstruction caused by aortic endovascular stents.

Pathophysiologically, unilateral renal artery stenosis causes reduced renal
perfusion, usually occurs with narrowing of renal artery lumen by 70% or more,
activating the RAAS leading to release of renin and Ang Il which causes the BP
to rise through impaired natriuresis, increase SNA and endothelial dysfunction.
Importantly, in the acute phase the contralateral kidney undergoes
hyperperfusion and glomerular hyperfiltration with associated RAAS activation
from the stenotic kidney (457). Persistently elevated BP can then lead to
atherosclerotic lesions and parenchymal injury in the contralateral kidney with

associated proteinuria shown to be originating from the non-stenotic kidney (457).

Logically, based on the success of interventional techniques for atherosclerotic
lesions in other organs, such techniques have been applied to patients with
renovascular hypertension. However, major RCTs of revascularisation in renal
artery stenosis to date have failed to show a substantial improvements in renal
function, BP and, adverse cardiovascular and renal events at the expense of a
higher risk of serious complications associated with the intervention (458-460).
Therefore, currently optimal medical therapy remains the treatment of choice in

such patients.

1.5.84 Phaeochromocytoma
Catecholamine-producing tumours can arise from the chromaffin cells of the

adrenal medulla or the sympathetic ganglia and are labelled

91



phaeochromocytomas and paragangliomas respectively. Both present with a
similar clinical features including paroxysmal hypertension, episodic headaches,
sweating and tachycardia. The tumours are rare, occurring in less than 0.2% of
the patients with hypertension (461, 462), but prevalence may be higher in
patients investigated for TRH (463). Overproduction of catecholamines
(adrenaline, noradrenaline and dopamine) by chromaffin cells increase BP by
inducing arteriolar vasoconstriction and inotropic increase of cardiac output (464).
BP changes include the characteristic paroxysmal increase, sustained
hypertension, orthostatic hypotension, consistently normal or even hypotension

in some (464).

1.5.8.5 Cushing syndrome

Cushing syndrome is result of excess cortisol due to overproduction of
adrenocorticotrophic hormone either from a pituitary adenoma or ectopic
secretion from a non-pituitary tumour. The excess cortisol overwhelms the ability
of 11-B-hydroxysteroid dehydrogenase to convert cortisol to cortisone. The
unconverted cortisol can act on the mineralocorticoid receptors promoting sodium
and fluid retention and consequently hypertension. Cushing syndrome itself is a

relatively rare and the role of Cushing syndrome in TRH remains uncertain (398).
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1.6 Role of renal denervation in treatment-resistant

hypertension

1.6.1 Historical treatments for hypertension — modulation of
sympathetic activity

On the basis of the vasoconstrictor and cardioacceleratory properties of the
sympathetic nervous system, a number of therapies have been developed in an
attempt to modify the effect of the sympathetic nervous system on BP control.
Efficacy of these therapies further support the important role the SNA plays in
hypertension. In 1923, Fritz Bruening performed the first surgical sympathectomy
for hypertension based on the hypothesis that reduction of sympathetic outflow
will lead to reduction in BP (465). This original concept was further developed by
other surgeons such as Peet and Smithwick (466, 467) who performed more
extensive operations termed splanchnicectomy which was offered to those with
severe hypertension with evidence of cardiovascular damage. These procedures
resulted in impressive reduction in BP but were associated with significant
surgical morbidities and complicated by orthostatic symptoms. With the
availability of effective medical therapy these procedures were abandoned.
However, the success of surgical sympathectomy in reducing high BP led to the
development of drugs producing chemical sympathectomy. A number of
ganglion-blocking agents were developed to treat hypertension like
hexamethonium and tetraethylammonium chloride (468, 469). These agents
were the first pharmacological agents to block sympathetic outflow from the

ganglion and also one of the earliest medical therapies for hypertension. Alpha-
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methyldopa a centrally acting anti-hypertensive agent which acts by inhibiting
sympathetic outflow through binding to az-adrenoreceptors became available in
the 1960s (470). Use of this drug is uncommon nowadays except in the context
of hypertension in pregnancy. The role of sympathetic nervous system in the
pathogenesis of hypertension is mediated by the alpha- and beta-adrenergic
receptors. Beta-adrenergic receptor blockers were shown to be beneficial in the
management of hypertension in 1964 (471). The alpha-1 receptors present in the
blood vessels are responsible for peripheral resistance. Selective alpha-1
receptor blockers were developed with a view to treating hypertension by
reducing elevated total peripheral resistance (472). However, in practice these

agents have been found to have very modest BP lowering effect (473).

Another example of sympathetic modulation to achieve BP control is bilateral
nephrectomy that used to be carried out in dialysis patients with refractory
hypertension (474). The improvement in BP control in this situation is likely to be

due to removal of the sympatho-excitatory effects of the damaged kidneys.

1.6.2 Catheter-based renal denervation in TRH

A greater understanding of the role of the sympathetic nervous system in the
pathogenesis and maintenance of primary hypertension and the lessons learnt
from modulation of sympathetic activity in hypertension control has led to a
number of novel device-based therapies of which catheter-based RDN is the
foremost. Initial encouraging results from clinical studies led to more than 10,000

procedures being carried out in TRH across the world in the last few years.
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1.6.2.1 The procedure

The renal nerves arise from T10 to L2 spinal segments, arborise around the renal
artery and primarily lie within the adventitia of the artery. This presents an
opportunity to ablate the renal sympathetic nerves percutaneously via the lumen
of the main renal artery using a catheter connected to a radiofrequency generator.
The access is gained through the common femoral artery which is punctured,
under conscious sedation and local anaesthetic injection to the groin, using
ultrasound guidance. A guide sheath is introduced using a standard Seldinger
technique (Figure 1.13). A renal angiogram is performed using a non-ionic
contrast agent to delineate the renal artery, ostia, bifurcation and accessory
arteries. If the renal artery anatomy is suitable, a RDN catheter is positioned in
the renal artery under fluoroscopic guidance at an initial position proximal to
bifurcation of the renal artery (Figure 1.14). The early RDN catheters developed
were unipolar with a flexible tip fitted with an electrode that can discharge
radiofrequency waves when connected with a radiofrequency generator. More
recently multipolar catheters of various designs have been developed. These are
fitted with multiple electrodes capable of delivering multiple ablations

simultaneously.

The treatment involves the delivery of relatively low power and precisely focused
radiofrequency bursts through the wall of the renal artery to disrupt the
surrounding renal nerves lying in the adventitia. Depending on the type of the
catheter being used, unipolar or multipolar, it is repositioned after each treatment
to ablate the sympathetic nerves in each quadrant of the renal artery in a helical
pattern. Catheter tip temperature and impedance are constantly monitored during

ablation, and radiofrequency energy delivery is regulated according to a
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predetermined algorithm. After a satisfactory treatment, a repeat selective renal
arteriogram is taken to ensure patency of the renal artery post-ablation. The
process is then repeated in the other renal artery and/or any accessory renal
arteries. Following successful completion of the procedure a vascular closure

device is deployed.

Electrode

Renal Arteries

Radiofrequency
Ablation Catheter

Femoral Arfery

Radiofrequency Generator

Figure 1.13: Diagram demonstrating the radiofrequency renal denervation
procedure.
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Figure 1.14: Image showing renal denervation catheter in the left renal artery at
the point of delivering radio-frequency ablation.

1.6.2.2 Pre-clinical and proof-of-principle studies of renal denervation

The preclinical studies of catheter-based RDN were carried out in juvenile swine
model. It was shown to be comparable to direct surgical RDN via renal artery
transection and re-anastomosis. As proof of success, noradrenaline spillover
rates were reduced by more than 85% after denervation (475). In humans,
bilateral RDN was demonstrated to reduce noradrenaline spillover, decrease
renin activity, and increase renal plasma flow at 30 days after the procedure

(476).

The proof-of-concept trial of RDN in humans (SYMPLICITY HTN-1), included 45
patients with TRH with a clinic SBP 2160 mmHg who underwent RDN using the
single electrode catheter [Symplicity catheter system, Ardian Inc. Mountain View,

CA, USA; Medtronic Inc., Santa Rosa, CA, USA] (475). All patients were taking
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at least three antihypertensive agents of different classes including a diuretic.
Significant reductions in office BP readings compared to baseline were observed,
-22/-11 mmHg and -27/-17 mmHg at 6 months and 12 months after RDN

respectively.

Serial eGFR, renal angiography and magnetic resonance renal angiography
(MRA) were used to assess safety of the procedure. The procedure was found to
be safe with no significant change in renal function and no incidence of renal
artery stenosis on the MRA at 6 months. Two patients experienced adverse
events; one had renal artery dissection which occurred before any radiofrequency
ablation could be applied to the artery and the second had a pseudoaneurysm at

the femoral access site.

To assess physiological response of RDN, efferent SNA at the level of the
kidneys was assessed by isotope dilution renal noradrenaline spillover testing in
a subgroup of 10 patients. A mean reduction of noradrenaline spillover of 47%
(95% confidence interval: 28-65%) was observed 1 month after RDN. These
observations, alongside the substantial reductions in clinic BP suggested
successful targeting of efferent renal nerves. Therefore, this initial proof-of-
concept study in human subjects demonstrated that the procedure was safe and

was associated with a significant BP reduction at one year.

Furthermore, BP reduction following RDN was sustained. One hundred and fifty-
three patients undergoing open-label RDN, including the cohort of the proof of
principle study, were followed up for 3 years. There was a mean reduction of
32/14 mmHg in office BP at 3 years with 93% of the patients having a reduction

in SBP of greater than 210 mmHg (477). The average number of BP-lowering
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medications prescribed at baseline and 36 months were similar. Sustained BP
reduction suggested that re-growth of efferent nerve fibres had not occurred over

time.

1.6.2.3 Further clinical studies demonstrating efficacy of catheter
based renal denervation
An open-label, multicentre, RCT of RDN versus usual care in patients with TRH
further supported the efficacy and safety of the procedure (478). In this open
labelled RCT, efficacy of RDN was compared against usual care; 106 patients
were randomised to either RDN or a control arm. At six months, there was a 32/12
mmHg reduction in office BP in the RDN group, but no difference in office BP in
the control arm, when compared with baseline BP. No procedural or device-

based adverse events were observed.

Following these encouraging results, a number of new catheter systems were
developed and the efficacy tested in clinical trials. A meta-analysis of the early
studies of RDN further supported the BP lowering benefits of this therapy (479).
In the RCTs, there were reductions in mean office BP at 6- and 12-months of
28.9/11.0 mmHg and 25.4/10.0 mmHg respectively with RDN compared with
medical therapy. Similar lowering in office BP was observed in uncontrolled
studies; reductions of 25.0/10.0 mmHg and 22.8/10.6 mmHg respectively at 6-

and 12-months post RDN compared with baseline.

1.6.2.4 Pitfalls of early studies of renal denervation
There were two main criticisms of early studies of catheter-based RDN. ABP
readings were infrequently used for primary assessment of BP response. The few

studies, which reported on the ABP, showed much lower BP reductions with a
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mean of 13.2/7.3 mmHg at 6 months after procedure compared with baseline
(479). Secondly, there was absence of blinding due to the invasive nature of the
procedure. Therefore, the placebo effect could not be excluded and the
medication taking behaviour of the patient may have been altered by inclusion in

a device-based trial.

1.6.2.5 The sham-controlled trial of renal denervation

Sham controlled trials are considered to be the most rigorous way of assessing
efficacy of new surgical technigues or device-based interventions. As such, RDN
was compared against a sham procedure where the patients randomised to the
sham arm received a renal angiogram only [SYMPLICITY HTN-3] (480). This
RCT included 535 patients with TRH across 88 centres in the USA and was
designed to address the issues raised regarding the design of prior open-label
RDN studies. The mean changes in office SBP after 6 months were -14.1 mmHg
and -11.7 mmHg respectively in the denervation and sham arms, an absolute
difference of 2.4 mmHg between the groups. The primary efficacy endpoint, a
difference of 5 mmHg between the groups in change of office SBP from baseline
to 6 months, was not met. The secondary efficacy endpoint of a 2-mmHg
difference between groups in change in 24-hour ambulatory systolic BP was also
not met; there was a reduction of 6.75 mmHg obtained in the denervation group
and 4.79 mm Hg in the sham-procedure group. However, there was no difference
between the groups in major safety endpoints, 1.4% in denervation group versus
0.6% in the sham group. Therefore, the sham-controlled study suggests that
catheter-based RDN is a safe procedure but does not lower BP effectively in

patients with TRH.
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Critical analysis of the sham-controlled study

Critical analysis of this study by the investigators and others suggest a number

of factors which may have been associated with better BP response in some

patients within this trial (481, 482). Factors which have been shown to be

associated with favourable BP response within this trial include:

a)

b)

Number of ablations: Consistently greater reductions in BP were observed
in patients who received a higher number of renal artery ablations in the
treatment group. An increased difference in office and ABPs with an
increasing number of ablations was observed after patients in the two
groups were propensity score matched for the baseline characteristics.
This trend was shown to be statistically significant. Twelve or more
ablations in both renal arteries were found to be predictive of a greater
change in ambulatory systolic BP. There was no increase in safety events

corresponding to the increasing number of renal artery ablations.

Pattern of ablation: There was a trend towards an increasing BP response
with delivery of ablations in a four-quadrant pattern to neither, one or both
renal arteries. However, this was not statistically significant. In the
treatment arm, only 19 (5%) patients received four-quadrant ablations in

both renal arteries.

Younger age: The subgroup of patients <65 years in age was associated
with office SBP change in the RDN group on univariate analysis but not in

the multivariable model.
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d) Ethnicity: A significant difference in office SBP was observed in the non-
African-American subgroup as compared with the African-American
subgroup, but there was no significant difference observed in mean 24-

hour ABP or home BP.

e) Higher baseline clinic SBP: Multivariable analysis of the overall group
identified baseline office SBP 2180 mmHg was a positive predictor of 6-

month response of office BP reduction.

f) Type of antihypertensive medications used: Multivariable analysis showed
use of aldosterone antagonist to positively predict an increased 6 month
change in office SBP. Conversely, use of vasodilators was found to be a

negative predictor for change in office SBP at 6 months.

g) Higher baseline eGFR: Baseline eGFR 260 mL/min/1.73m? was shown to

be an independent predictor of a greater change in ABP at 6 months.

Factors that may have contributed to the apparent ineffectiveness of RDN in the
sham-controlled study are operator inexperience and medication adherence. The
procedure-related predictors observed, four-quadrant ablations and total number
of ablations in both renal arteries, could be a consequence of operator
inexperience of a relatively new procedure. In 88 centres in the US, where the
study was conducted, 364 RDN procedures were carried out. One hundred and
eleven interventionists performed at least one procedure, with approximately one
third doing one procedure and only 26 operators doing more than five procedures
suggesting the majority of interventionists were relatively inexperienced with the
RDN procedure (482). The procedure had been unlicensed in the US prior to this

trial so the learning curve of the operators fell within the period of the trial.
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Adherence to prescribed antihypertensive medication was assessed by self-
reported diary completed by the patient. This is an indirect method of assessing
mediation adherence which does not prove actual ingestion, is open to
manipulation and is likely to over-estimate adherence. It is important to assess
adherence to prescribed antihypertensive medication in patients with TRH
objectively as up to half may be completely or partially non-adherent (362, 377).
Inclusion in a clinical trial may result in a change in the subjects’ pill-taking
behaviour due to their awareness of being observed. This phenomenon is termed

‘the Hawthorne effect’.

1.6.2.6 Results of studies published after the sham-controlled trial
Since the publication of SYMPLICITY HTN-3, a number of studies have been
published which help us understand the role of RDN in the management of TRH

and give us a future direction. Some of the main studies are described here.

A prospective, open-label, multicentre registry was set up to assess the safety
and efficacy of RDN (483). The results of nearly 1000 patients undergoing RDN
around the world confirm the favourable safety profile of the procedure. The mean
6-month reduction in office and 24-hour ambulatory SBP were 11.6 mmHg and
6.6 mmHg respectively. This was a real-world registry with more lenient inclusion
criteria. The greatest reduction in clinic and 24-hour ambulatory SBPs (20.3
mmHg and 8.9 mmHg respectively) were seen in patients with severe
hypertension at baseline: office SBP 2160 mmHg with a 24-hour ambulatory SBP

=135 mmHg and taking =3 antihypertensive medication.

The results of an open-label, multicentre RCT of stepped-care standardised

antihypertensive treatment (SSAHT) with or without RDN for TRH was published
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(484). This was a rigorously designed trial which randomised patients to either
RDN or to continue on SSAHT after confirmation of TRH by ABPM four weeks
after having been commenced on SSAHT. There were 48 patients in the RDN
group and 53 patients in the control group. Adherence to antihypertensive
medications was assessed using a validated 8-item Morisky Medication
Adherence Scale [MMAS-8] and 24-hour ABPM was used to measure the primary

efficacy of RDN in this trial.

The results showed a reduction of 15.4/9.7 mmHg and 9.5/6.6 mmHg in the 24-
hour ABPM for RDN and control groups respectively with a difference of 5.9/3.1
mmHg between the groups. There was a statistically significant reduction in 24-
hour ambulatory SBP in patients with proven TRH receiving RDN in addition to
the standardised antihypertensive regimens as recommended by European and
UK hypertension guidelines. Therefore, although this was an open-label study,
this study addressed the two of the factors that may have affected the results of
the sham-controlled study, i.e. use of ABP as primary measure of efficacy and

more formal adherence testing.

However, another RCT compared RDN to intensified pharmacotherapy including
spironolactone showed no significant difference in BP reductions (ambulatory
and office) in the two groups (485). This was the first RCT to include patients with
true TRH by excluding non-adherence using quantitative plasma drugs level
measurements, white-coat hypertension, and secondary causes of hypertension.
Unlike the previous RCT (484), the antihypertensive regimen here was not
standardised and spironolactone was added in the intensified pharmacotherapy

arm of the study.
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Another real-world study (UK Renal Denervation Affiliation, UKRDA) involving
253 patients with true TRH reported a drop of 22/9 mmHg and 12/7 mmHg in
clinic and ambulatory BP respectively at 11 months, which was independent of
medication changes during follow-up and use of aldosterone antagonists (486).
Furthermore, patients in the two highest quartiles of daytime ambulatory SBP at
baseline (mean systolic ABP at baseline of 176 and 199 mmHg respectively)
exhibited significant ABP reductions (22 and 14 mmHg respectively), whilst those
in the lowest quartile exhibited little response. Table 1.3 summarises the major

clinical studies of RDN to date, including their strengths and weaknesses.
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Table 1.3: A table showing studies of renal denervation including their methods, primary outcomes, strengths and weaknesses

Study Method ::trir:etr):; of Primary outcome Strengths Weaknesses
SYMPLICITY  Single-arm, open- 153 ChangeinclinicBp ~ * First proof-of-concept study * No ABP measurements
HTN-1 (477) label, cas il at 6 months post- demonstrating safety and efficacy e Lack of a comparator group
RDN: -22/-10 mmHg Sl
(150) Patients followed up for 3 years
Assessment of noradrenaline
Change in clinic BP spillover
at 3 years post-RDN:  « RDN shown to be safe
-32/-14 mmHg (88)
SYMPLICITY Open label, RCT, 106 (52 Difference inmean ~ * Randomised controlled trial e
HTN-2 (478) RDN vs usual RDN:56 clinic BP at 6 months  ° jﬁ;t'St'ca">I’)P°We’e°f'?g’r\fete§t 2
treatment control) post-RDN between ¢ ! etrenceta etween and usua
RDN and usual reatment.
treatment: -33/-12 ¢ RDN shown to be safe
mmHg
SYMPLICITY Single blinded,  535(364 Difference in mean ';‘1’965‘ RCT °ftRDN . Chj'“g.eti" ABP not a primary
HTN-3 (480) RCT, RDN vs RDN; 171  clinic SBP at6 sl e s e e endpoint. .
sham procedure ~ Sham) months post-RDN Confirms safety of RDN * lack of operator experience |
e resulting in inadequate ablation
Sham: -2.4 mmHg o self-reported medication
- adherence assessment
. T Real-life use of RDN Heterogonous inclusion criteria
Global Single-arm, open- 998 Change in clinic and .
SYMPLICITY  Iabel. case series 34-hour mean SBP Analysis shows severe SYMPLICITY catheter only
Registry ’ at 6 months: -11.5 hypertension more likely to be

(483)

and -6.6 respectively.
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L0l

Number of

Study Method patients Primary outcome Strengths Weaknesses
DENERHTN  Open label, RCT, 106 (53 T — e Change in ABP is the primary * Non-use of aldosterone antagonists
(484) RDN vs stepped- RDN,53  24-hour ABP at 6 ‘é“t°°'.“e » * Unblinded (No sham procedure)
care standardised SSAHT) months between * Experienced operators
antihypertensive RDN and SSAHT: -  * Standardised antihypertensive
treatment 5.9/-3.1 mmHg regimens used )
(SSAHT) o Validated questionnaire used for
adherence assessment
PRAGUE-15 Open label, RCT, 106 (52 Difference in mean e True TRH confirmed. ‘ e Unblinded (No sham procedure)
(485) RDN vs RDN:54  24-hour ambulatory * Adherence confirmed using plasma
intensified PHAR) BP at 6 months antihypertensive drug level
pharmacotherapy between RDN and * Use of aldosterone )
(PHAR) PHAR: -0.5/-1.1 e Change in ABPM is the primary
UK renal Single-arm, open- 253 Change in mean o Well characterised group of * No control/sham group for
denervation label, case series daytime ABP after an p§t|ents . . comparison .
SRR average of 8.5 * High percentage of patients with * Retrospective registry
report (486) months following ABP results
RDN: -12/-7 mmHg e Real-life use of RDN
EnligHTN | Single-arm, open 46 Change in clinicBP  * Multi-electrode catheter e Observational study
(487) label, series at 6 months post-
RDN: -26/-10 mmHg
EnligHTN Il Single-arm, open 103 Change inclinicBp ~ * Multi-electrode catheter * Observational study
(488) label, series at 6 months post-
RDN: -18/-8 mmHg
EnligHTN Il Single-arm, open 39 Change in clinicp ~ * Multi-electrode catheter * Observational study
(489) label, series at 6 months post-

RDN: -25/-7 mmHg




801

Number of

Study Method patients Primary outcome Strengths Weaknesses
SPYRAL Single blinded, 80 (38 Change in mean 24- * Sham comparator group - iR
HTN-OFF ~ RCT,RDNvs ~ RDN;42  hrABPat3months: ° Multi-electrode catheter * Short follow-up
MED (490)  sham procedure  Sham) RDN -5.5/-48 mmHg *® Singdle experienced operator per
vs sham -0.5/-0.4 B2l :
mmHg e Objective adherence testing
e Use of ABP as primary outcome
SPYRAL Single blinded, 80 (38 Change in mean 24- © Sham comparator group Unpowered
HTN-OFF  RCT, RDN vs RDN:42  hrABP atémonths: ° Multi-electrode catheter Short follow-up
MED (491)  sham procedure  Sham) RDN -9.0/-6.0 mmHg *® Single experienced operator per
vs sham -1.6/-1.9 centre _
mmHg e Objective adherence testing
e Use of ABP as primary outcome
RADIANCE- Singleblinded, 146 (74  Change in mean ° STEMEIEEETEET) 0 R SIS R
HTN SOLO RCT, RDN vs RDN: 72 daytime ABP at 2 e Powered for primary end-point e Short follow up
(484, 492) sham procedure Sham) months: RDN -8 5/- e Use of ABP as primary outcome Did not include patients with TRH

5.1 mmHg vs sham -
2.2/-2.6 mmHg

Abbreviations: RCT, randomised controlled trial; RDN, renal sympathetic denervation; BP, blood pressure; SBP, systolic blood pressure; ABP, ambulatory

blood pressure; SBP, systolic BP; TRH, treatment-resistant hypertension.



1.6.2.7 Future direction

Although sound physiological principles and surgical precedent underpin RDN as
a therapy for TRH, clinical studies so far have produced conflicting results.
Further research is required before its implementation in routine clinical
management of TRH. Lessons learnt from these studies are listed below which

should be considered in future clinical research.

Appropriate patient selection

The results the clinical trials of RDN suggest younger patients (<65 years), those
with normal kidney function, and those with higher baseline office BP (systolic
=180 mmHg) respond best to RDN. Patients should have a thorough assessment
to confirm the presence of true TRH with exclusion of WCE, non-adherence and
secondary causes of hypertension. Reliable methods are now available to test
adherence to antihypertensives using urine samples (493, 494) which have
confirmed that up to 50% of patients with TRH are partially or completely non-

adherent (360).

Medication optimisation

Patients with TRH in the trials of RDN were on 4-5 antihypertensive agents on
average. There is now good evidence from trials of pharmacological intervention
to recommend the addition of an aldosterone receptor antagonist to the routine
combination of a thiazide diuretic, a CCB and a renin angiotensin system blocking
agents to treat TRH (357, 495). Post hoc analysis of SYMPLICITY HTN-3 also
shows higher response rate to denervation in patients taking aldosterone
receptor antagonists (481). Any trials designed to test the efficacy of RDN should

consider all patients to be started on a standardised regimen of
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antihypertensives, as used in the DENERHTN trial, with 6-8 weeks of time to
allow the medication to take their full affect before RDN is attempted. Adherence
assessment, using a direct method such as urine drug analysis, should be made
at each post RDN visit to allow the researchers to attribute any BP changes

observed directly to RDN.

Appropriate efficacy assessment

Studies of denervation should be powered for difference in ABPM, as it is less

sensitive to regression to the mean (32, 496), rather than office BP.

Procedural development

Failure of SYMPLICITY HTN-3 to meet its primary efficacy may be in part due to
operator inexperience in RDN as highlighted above. Recently, Sakakura and
colleagues have shown from autopsy examination of renal arteries of 20 patients
with hypertension (497) that the distance from renal artery lumen to nerve location
is shortest (mean 2.6 mm) in the distal arterial segments compared with the
proximal (mean 3.4 mm) and middle segments (mean 3.1 mm), although the
volume of renal nerves is higher in the proximal and mid-vessel. As radio-
frequency waves do not penetrate deeper than 3mm, it is possible that the
variable responses seen between variable open-label studies and sham
controlled study of RDN is related to the mechanism and technique by which
ablations were delivered. In future studies, efforts should be made to deliver
radiofrequency energies distally in the renal artery with a view to achieving more

complete denervation of the kidney.
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Multi-electrode catheters have now been developed to deliver radio-frequency
ablations simultaneously to multiple points around the renal artery. Use of these
catheters will help deliver four quadrant ablations and increase the number of

ablations producing more complete denervation.

Need for a test to confirm adequacy of renal denervation

Currently there is no simple way of assessing whether adequate denervation has
taken place. Regional noradrenaline spillover and peroneal MSNA are two
methods which have been used to assess the effect of RDN on sympathetic
activity (498-500). However, due to the invasive nature of these techniques and
the expertise required to perform these tests, there is limited uptake of these tests
in clinical trials let alone in routine clinical practice. Therefore, there is a need for
a test which will allow confirmation of successful denervation, ideally whilst the
patient is still on the table to allow the operator to make adjustments as

necessary.

Identifying predictors of response

There is heterogeneity in the level of BP-response to RDN. It will be helpful to be
able to predict which patients with TRH are more likely to respond to RDN. This
will allow appropriate patient selection for selective use of the technique with
greater success. Post hoc-analyses of clinical trials of RDN, Global Symplicity
Registry and UKRDA have highlighted patient- and procedure-related predictors
of response. Other studies have focussed upon physiological testing and
biochemical markers of response to RDN. In a clinical trial of RDN the use of
baroreflex sensitivity (BRS) has been tested as a predictive marker of response

to RDN (501). The results of this study show that cardiac BRS is a strong and
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independent predictor of response to RDN in patients with TRH. Another study
examined the effect of RDN on angiogenic markers, and found ICAM-1 and

VCAM-1 and sFLT-1 predict response to RDN (502).

1.6.3 Ultrasound renal sympathetic denervation

High frequency ultrasound RDN is a non-invasive form of RDN which is
undergoing clinical trial at present. It is based on delivery of externally focused
ultrasound to the renal nerves using doppler-based ultrasound image guidance
to track and automatically correct for renal artery motion during treatment. The
novel applicator used incorporates an anatomically customized phased-array
ultrasound transducer to generate and focus therapeutic energy to the depth of
the renal artery, and an ultrasound imaging transducer to facilitate locating,

targeting and tracking the renal artery for treatment.

Following preliminary feasibility studies in an open animal model, studies were
performed using the external applicator system in Yorkshire swine. There was a
71% reduction in norepinephrine levels at 1 week following RDN which persisted
for 6 weeks demonstrating the feasibility of targeted external ultrasound for RDN
in an animal model and supported further investigation in patients with

hypertension (503).

The proof-of-principle study of twenty-four patients with refractory hypertension
demonstrated a 27mmHg reduction in SBP at 6 months after denervation
treatment. This initial technique utilised external focused ultrasound navigated by
a targeting catheter in the renal artery. In the second phase of the study, 13
patients with TRH underwent bilateral externally focused ultrasound utilizing a 5F

intravascular catheter for targeting and tracking. The procedure was well

112



tolerated except one patient complained of back pain lasting 24 hours. At 6 week

follow up an 18 mmHg reduction in office SBP was noted (504).

In the next stage, a fully non-invasive ultrasound RDN was studied on 23 patients
with  TRH with office SBP greater than 160 mmHg taking more than 3
antihypertensive medications. At 6 weeks the investigators reported an average
reduction of office SBP of 23 mmHg. Six patients experienced back pain resolving

within 24 hours of the procedure (505).

This technology appears promising. Currently, an international multicentre phase
3 RCT, in patients with TRH, is underway, comparing targeted ultrasound RDN
with sham treatment. If this study shows significant BP reduction in the treatment
arm, it may prove to be a useful non-invasive device-based therapy for treatment
of TRH. Factors to be considered for future research in RDN for TRH are listed

below:

e Appropriate patient selection
o age (<65 years)
o baseline office systolic BP at high end (=180 mmHg)
o exclusion of WCE, secondary hypertension and nonadherence to
antihypertensive medication
e Medication optimisation
o standardised regimen of medication for at least 6 weeks before
procedure
o aldosterone antagonists
o adherence testing at every visit following RDN using direct

method, e.g. urine assay
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e Use of 24-hour ABPM to assess efficacy
e Improvement in procedural factors
o use of multipolar catheters to achieve maximum number of
ablations (212)
o distal ablations
¢ Need for a test to confirm adequacy of denervation at the time of
procedure
e |dentification of predictors of response to improve patient selection
o clinical markers
o BRS

o angiogenic markers

1.6.4 Latest trials of renal sympathetic denervation

Since the publication of this review as a book chapter, three further sham-
controlled RCTs of RDN have been published and also summarised in Table 4.1;
SPYRAL HTN-OFF MED (490), SPYRAL HTN-ON MED (491), and RADIANCE-
HTN SOLO (492). The two SPYRAL studies used the newer multi-electrode
SPYRAL radiofrequency catheter with 4 electrodes arranged in a spiral to ensure
4-quadrant ablation of renal sympathetic nerves. The SPYRAL trials included
patients with clinic SBP between 150 and 180 mmHg, a DBP =290 mmHg and a
mean 24-hr ambulatory SBP between 140 and 170 mmHg. Patients included in
the OFF MED trial were either antihypertensive naive or in whom all their
antihypertensives were stopped. Whereas patients taking up to 3 standardised
medications were included in the ON MED trial with adherence to
antihypertensives tested using serum and urinary antihypertensive assays based
on LC-MS which was supplemented by directly observed administration of
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antihypertensives when performing an ABPM. Both of these studies were proof-

of-concept studies with no prespecified efficacy or safety endpoints.

The two SPYRAL studies randomised 80 patients to receive RDN (n=38) and
sham procedure (renal angiography alone, n=42). In the OFF MED trial, the 24-
hour BP significantly decreased from baseline to 3 months in the RDN group; 24-
hr SBP -5-5 mmHg (95% CI -9-1 to -2-0; p=0-003), 24-hr DBP -4-8 mmHg (-7-0
to -2-6; p<0-0001) There was no significant corresponding drop in the sham-
control group; 24-hr SBP -0-5 mmHg (95% CI -3-9 to 2-9; p=0-764) and 24-hr
DBP -0-4 mm Hg (-2-2 to 1-4; p=0-645). In the ON MED trial, significant reduction
in 24-hr ABP was observed from baseline to 6 months in the RDN group; SBP -
9.0 mmHg (95% CI -12.7 to -5.3; p<0.0001) and DBP -6.0 mmHg (-8.5 to -3.5;
p<0.0001). No significant change in 24-hr ABP was present in the sham-control
group; SBP -1.6 mmHg (95% CI -5.2 to 2.0, p=0365) and DBP -1.9 mmHg (-4.7
to 0.9; p=0.172). Furthermore, 60% of the patients were found to be adherent and

no major adverse events were recorded.

The RADIANCE-HTN SOLO used catheter-based ultrasound RDN and a similar
study design to OFF MED. However, there was no formal objective assessment
of adherence and only patients taking either none or up to two antihypertensives
were included. Unlike the SPYRAL trials, RADIANCE SOLO was powered to
detect a reduction of 6 mmHg in the daytime ABP and 146 patients with moderate
hypertension (daytime ABP 135-170/85-105 mmHg) were randomised to RDN
(n=74) and sham-group (n=72). At 2 months the reduction in daytime ambulatory
SBP was greater with RDN (-8-5 mmHg, SD 9-3) than with the sham procedure

(-2-2 mmHg, SD 10-0; baseline-adjusted difference between groups: -6-3 mmHg,
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95% CI -9-4 to —3-1, p=0-0001). There were no adverse safety events in either

group.

SPYRAL OFF MED and RADIANCE SOLO, by removing the effect of
antihypertensive medications, provide the proof that by employing improved
technique in well-designed and well-conducted sham-controlled studies, RDN is
is biologically effective in lowering BP. Furthermore, SPYRAL ON MED proves

the efficacy of RDN despite the prescription of medical treatment.

Significant changes to trial design and conduct include objective assessment of
adherence (SPYRAL studies only), exclusion of isolated systolic hypertension,
primary endpoint based on ABP, standardised medications, use of multi-
electrode catheter, ablative treatment extended into distal renal artery branches
with higher number of ablations, and limiting to a single experienced

proceduralist per centre

Some limitations, however, remain; the SPYRAL studies are proof-of-concept
only and not powered for safety and efficacy endpoints, the follow-up period is
relatively short, not all patients responded to RDN, the results of these studies
are not applicable to patients with TRH and there was no measure of effective

renal nerve ablation.
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1.6.5 Conclusion

Hypertension is one of the most preventable causes of premature morbidity and
mortality in the world. TRH is a major clinical problem that requires further
treatment options. Catheter-based RDN is a technology borne out of sound basic
science and clinical precedent. Clinical studies of this technology in TRH so far
have produced conflicting results. Critical analysis of these studies suggests that
there are a number of patient-related and procedural factors which will need to
be addressed in future studies before implementation of catheter-based RDN in
routine clinical practice. Recent well-designed and conducted studies of RDN
have addressed some of the shortcomings of earlier studies leading to evolution
of this treatment modality confirming its biological efficacy in lowering BP and
providing the basis for the design of larger RCTs which are needed to prove the

efficacy and safety of RDN.
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1.7 Summary and scope of Thesis

Hypertension has been widely accepted as a significant public health issue,
responsible for significant morbidity and mortality and incurs substantial costs to
the healthcare systems worldwide. Despite seemingly small increases of BP
associated with significant increases in risk of mortality from cardiovascular
disease and stroke, inaccuracies in measurement of BP account for large
variations in BP. Use of home and ambulatory BP monitoring has improved
diagnosis and management of hypertension but has also unveiled masked and

white-coat hypertension, both of which are also associated with increased risks.

The pathophysiology of hypertension is complex and multiple mechanisms have
been shown to contribute to development and persistence of increased BP which
is reflected in the range of therapeutic treatments available. Despite advances in
pharmacological and procedural interventions to lower BP, a large proportion of

patients have persistently uncontrolled BP.

A specific subgroup of patients with persistent uncontrolled hypertension despite
optimal pharmacological treatment with three antihypertensives are labelled as
TRH. These patients have been shown to have even greater risk of complications
associated with hypertension. The mechanisms responsible for TRH remain
unclear; non-adherence to antihypertensives and WCE commonly inflate the
prevalence of TRH whereas other medications, OSA, obesity and secondary
causes of hypertension further contribute to increased prevalence TRH. Recent
enthusiasm in RDN had offered a promising therapeutic option for this cohort of

patients, however this technique is still in its infancy and the mixed results
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suggest that hypertension in these patients is not primarily driven by sympathetic

overactivity and other mechanisms and factor may be equally as important.

This thesis therefore consists of three broad aims:

1. Assess prevalence of non-adherence and predictors of non-adherence in
patients with apparent TRH using directly observed therapy (DOT) and urine

antihypertensive screen (AHS).

2. Review the use of RDN for patients with TRH in the published literature and
report on the safety and efficacy of RDN in patients with significant renal
impairment (eGFR 15 - 45 ml/min/1.73 m?) performed using CO: as the sole

contrast agent.

3. Explore the factors associated with associated with true TRH in a study of
Factors AssoCiated with Treatment-Resistant Hypertension (FACT-RHY).
The obijectives for this prospective cohort study in UK patients with non-TRH

and true TRH include:

a. Describe phenotypical and biochemical characteristics of patients

with true TRH.

b. Investigate whether any meaningful pathophysiological differences
exist between patients with true TRH and non-TRH. The proposed
mechanisms investigated will include arterial stiffness, endothelial

dysfunction, inflammation, body composition, and OSA.

c. Investigate association between non-adherence and patients’

beliefs and attitudes towards their medicines.
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1.7.1 Structure of thesis

This thesis began with an introduction chapter which outlined the definition,
epidemiology and risks associated with hypertension. The introduction
emphasised the importance of accurate and consistent measurement technique
to eliminate BP variability and highlighted the use of ABPM and home BP
monitoring to distinguish between different phenotypes of hypertension which
was followed by a detailed overview of the pathophysiology of hypertension.

Lastly definition, prevalence, prognosis and pathophysiology of TRH is described.

Within chapter 1 the definition of medication non-adherence in chronic health
conditions with particular reference to TRH is reviewed. The methods and
techniques used for the assessment of non-adherence and their respective
strengths and weaknesses are discussed. prevalence of non-adherence in TRH
is also reviewed and the strategies that can be used to improve adherence.
Furthermore, a narrative review of role of RDN in patients with TRH is discussed

in detail in the introductory chapter.

Chapter 2 reports the outcomes from a retrospective study of DOT and urine AHS

in patients with TRH attending a specialist secondary care hypertension clinic.

Chapter 3 describes the methods and results of a pilot study on the safety and
efficacy of RDN in patients with significant renal impairment performed using COz2

angiography.

Chapter 4 introduces the FACT-RHY study followed by detailing the methods and

results of the FACT-RHY study. A discussion of the results follows in chapter 5
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and lastly the main findings of the thesis are summarised and concluded in

chapter 6.
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CHAPTER 2 PREVALENCE OF NON-

ADHERENCE IN PATIENTS WITH TRH - A

RETROSPECTIVE STUDY OF PATIENTS

UNDERGOING ADHERENCE TESTING

2.1 Introduction

Adherence, or lack thereof, including its clinical significance, how it is defined and
the various methods available to assess it have already been discussed (see
section 1.5.5). The reported prevalence of TRH is extremely variable and is
strongly affected by presence of non-adherence. Prevalence of TRH and non-
adherence in this group of patients has been in discussed in detail in sections

1.5.2 and 1.5.5.5 respectively.

The aim of this retrospective study is to report the outcomes of two direct methods
of adherence testing, namely DOT and urine AHS, in patients attending a
specialist secondary care hypertension clinic. The prevalence of non-adherence
in patients with apparent TRH and factors which may predict non-adherence are

examined in this study.
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2.2 Methods

All patients who underwent formal adherence testing either through attending a
DOT clinic or by the means of a urine AHS were retrospectively selected for this
study. These are patients who were referred to the specialist hypertension clinic
at Birmingham Heartlands Hospital by both primary care and secondary care

physicians for the assessment and management of uncontrolled hypertension.

2.2.1 Standardised protocol

On initial presentation all patients were assessed using a standardised protocol,
which included complete medical history, clinical examination, clinic BP, lipid
profile, urea and electrolytes, 24-hour ABPM, electrocardiogram and a targeted
echocardiogram to examine for LVH. Serum renin and aldosterone, urine
catecholamines and metanephrines, serum or urine cortisol, and computed
tomography (CT) renal angiogram were done where secondary hypertension was
suspected and in patients with apparent TRH, after ruling out significant WCE by
ABPM. Patients were then managed with lifestyle modification advice, and
adjustment and addition of antihypertensive medications taking into account drug

intolerances or adverse drug reactions.

2.2.2  Clinical pharmacist review

All patients undergoing any assessment for adherence to antihypertensive
medications were seen by a clinical pharmacist who undertook a medicines use
review process to identify and address any adherence issues with

antihypertensive medications.
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This review covered any practical difficulties that the patient may have opening
the pill packaging, ordering of medications, side effects, their health beliefs of
hypertension and antihypertensives, and any intentional or unintentional reasons
for omitting medications. The pharmacist also contacted the primary care
physician to assess prescription refill frequency. Wherever possible, the patient’s
usual pharmacy was also contacted by the clinical pharmacist to check if

medications were being collected by the patients in a timely manner.

2.2.3 Directly Observed Therapy clinic

If despite these measures patients’ BP remained uncontrolled, they were referred
to the DOT clinic, led by the clinical pharmacist and run by a Specialist
Hypertension Nurse, for formal assessment of their adherence to prescribed

antihypertensive medications.

Patients were advised not to take any of their antihypertensive medication on the
day of the DOT clinic. The clinical pharmacist prescribed the patients’ usual
antihypertensive medications on a drug chart which were dispensed from the
hospital pharmacy. Most patients were on single dose regime for all
antihypertensive agents. For the few patients taking twice daily or thrice daily
medications, the clinical pharmacist converted the dose to an appropriate level
for a single dose for the DOT clinic. Patients were asked to bring all of their
prescribed medications at the DOT clinic visit at which point the hypertension
nurse compared the patients’ drugs against the dispensed list prior to
administering them. If patients were taking any branded medications, they were
given their dose of the branded medication from their own supply instead of the

generic medication supplied by the hospital pharmacy.
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At the DOT clinic visit, patients were fitted with a second 24-hour ABPM prior to
receiving any medications, and patients were not informed of BP readings during
their DOT clinic visit. Each prescribed drug was administered at its current dose
by the nurse, under the guidance of the clinical pharmacist; the first drug one hour
after arrival and thereafter at 60-minute intervals. Patients were directly observed
by the nurse for 7 hours and all symptoms were recorded. The results of the
ABPM were compared with that carried out prior to the DOT clinic visit. The pre-
DOT clinic ABPM used was the one carried out when the patient first visited the
clinic with apparent TRH, which was repeated immediately prior to the DOT clinic

if this was more than 6 months old.

2.2.4  Urine Antihypertensive Screen

From November 2014 onwards, after the availability of an AHS, developed locally
at Birmingham Heartlands Hospital pathology laboratory, DOT was replaced with
the urine AHS. The specific methods of how the urine sample is analysed are
described in detail elsewhere, but briefly urine samples were collected from
patients at their routine clinic appointment and transported to the laboratory at
room temperature and analysed using LC-MS (493). A total of 23 commonly

prescribed antihypertensive medications can be tested using this method.

2.2.5 Data collection

The data were collected retrospectively on all the patients who attended the DOT
clinic and those patients who had the urine AHS. Data were recorded from clinical
case notes and the hypertension clinic database in which data were collected

prospectively.
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Data was recorded for all patients who attended the DOT clinic from August 2007
to March 2014 with a gap of 18 months when no trained hypertension nurse was
available. All patients who had a urine AHS between October 2014 and

November 2016 were included.

Data recorded included basic demographics, co-morbidities, smoking status,
number of medications, clinic BP, side-effects suggesting hypotension, pre-DOT
and DOT ABPM results, and antihypertensives prescribed and present in the

urine.

2.2.6 Definition of Adherence

2261 Directly observed therapy

The mean 24-hour ABP readings before DOT and at the DOT clinic were
compared to identify the patients with true TRH. In the absence of a defined 24-
hour ABP cut-off to diagnose non-adherence in the literature, an arbitrary >5
mmHg reduction in mean 24-hour systolic ABP between Pre-DOT and DOT
measurements was used to indicate non-adherence. ABP has greater
reproducibility when compared to office BP and shows very little intra-patient
variability (506, 507). A reduction in SBP of 5 mmHg has been shown to result in
significantly reduced risk of cardiovascular morbidity and mortality with
pharmacological therapy (508) and has also been used as a significant difference

in mean 24-hour ABP in RDN studies (480).

226.2 Urine AHS

Any medications detected in the urine AHS were then compared to patient’s usual
prescription to assess adherence, expressed as a percentage of number of
antihypertensive medications detected out of total number of antihypertensive
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medications prescribed. Patients were labelled as fully adherent if all the
prescribed antihypertensives that are detectable were present in the urine; non-
adherent if no drugs were present; and partially adherent if only some were

present.

2.2.7  Statistical Analysis

All data were anonymised before analysis. As this was an audit of retrospective
data carried out with the aim of service improvement, the local ethics committee

felt that no formal ethics approval was required.

Data were recorded and analysed using Microsoft Excel, IBM SPSS Statistics for
Windows 24.0 (IBM Corp., Armonk, N.Y., USA) and Stata Statistical Software;
Release 13 (StataCorp LP, College Station, TX, USA). The Shapiro—Wilk test
was applied to test for normality of distribution of data. Normally distributed data
are presented as mean and standard deviation (SD) and non-normal data as
median and inter-quartile range (IQR). Both confidence interval and p-value were
used to express statistical significance and a p-value of <0.05 was considered

statistically significant.

2271 Binary logistic regression

Binary logistic regression was used to generate prediction model for overall non-
adherence. Adherence status was used as the binary dependant variable, where
non-adherence was defined as absence of at least 1 antihypertensive in the urine
AHS. The variables entered in the model included age, gender, ethnicity (after
transformation into a Caucasian and non-Caucasian binary variable), number of
comorbidities (cumulative of diabetes mellitus, ischaemic heart disease, and

cerebrovascular disease), BP indices (SBP and DBP for clinic and 24hr), total
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number of antihypertensives prescribed, prescription to RAAS inhibitors, CCBs

and diuretics.

The backward elimination was performed manually, individually removing any
variable in the model with the highest p-value greater than the significance level
of 0.05. Age and gender were kept in the models regardless of their significance
level. By rerunning the model with each deletion of the of a variable, each iteration
of the model has a larger sample size as the missing data on the excluded
variables will no longer result in missing cases in the multivariable model. The

final model contained 129 patients and 1 excluded due to missing data.

The continuous variables (clinic SBP, age and the total number of
antihypertensives prescribed) included in the final model were individually
examined and found to have no outlying values. Furthermore, presence of
outliers within the model itself was assessed by examining the standardised
residuals. There was one standardized residual with a value of -3.268 SD. There
was no significant change in the p-values and odds ratios for the independent
variables when the model was re-run with this case excluded, therefore it was
kept in the analysis. Multicollinearity was not present in the three continuous

variables of the final model.

Linearity of the continuous variables with respect to the logit of the dependent
variable was assessed via the Box-Tidwell procedure (509). A Bonferroni
correction was applied using all 9 terms in the model resulting in statistical
significance being accepted when p <0.00556 (510). Based on this assessment,
all continuous independent variables were found to be linearly related to the logit

of the dependent variable.
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The binary logistic regression model’s ability to discriminate between patients
who were adherent and those who were non-adherent was evaluated using
receiver operating characteristic (ROC) curve to estimate the area under the
curve. Nagelkerke pseudo R? was used to summarise the proportion of variation

in the dependant variable associated with the predictor or independent variables.
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2.3 Results

2.3.1 Baseline demographics

Fifty-six patients attended the DOT clinic of whom 50 patients had the complete
ABP readings. For two of the six patients it was not possible to fit a BP monitor
at the DOT clinic, and four did not have any ABP readings prior to the DOT clinic.

These 6 patients have been excluded from further analysis in this study.

Of the remaining 50 clinic attendances, two patients attended twice, hence their

demographic data was only included once in the final analysis.

A total of 130 patients underwent 145 urine AHSs up until the end of November
2016. The baseline demographic data for the patients who had undergone

repeated urine AHS measurements were included only once.

The baseline characteristics of the two study cohorts were generally similar.
There were almost equal number of males and females in the DOT cohort, 47.9%
and 52.1% respectively. In the AHS cohort, there were relatively higher proportion
of males at 56.2% (n=73). The mean (SD) age was 62 (11.0) and 60.3 years
(12.6) in the DOT and AHS cohorts respectively. The median (IQR) duration of
hypertension was available for the DOT cohort (n=41, for whom it was recorded
in their clinical notes) and was 12.0 (7.5 — 22.0) years. The median (IQR) number
of antihypertensive medications taken by the DOT cohort was 5 (4 — 5) compared
to 4 (3 — 5) in the AHS cohort. The number of patients with significant
comorbidities including diabetes mellitus, cerebrovascular disease, ischaemic
heart disease and peripheral vascular disease was similar in the two study

populations. The baseline characteristics are summarised in Table 2.1. Data on
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smoking status duration of hypertension was not available for the urine AHS

cohort whereas eGFR data was not available for the DOT cohort.

Table 2.1: Baseline demographic and clinical characteristics of directly observed
therapy and urine antihypertensive screen cohorts

Urine AHS
DOT (n=48) (n=130)
Age, years (mean+SD) 62.0 (11.0) 60.3 (12.6)
Gender, n (%)
Male 23 (47.9) 3 (56.2)
Female 25 (52.1) 57 (43.8)
Ethnicity, n (%)
Caucasian 26 (54.2) 79 (60.8)
African / Caribbean 9(18.8) 16 (12.3)
South Asian 13 (27.1) 21 (16.2)
Other 0 4 (3.1)
Smoking Status, n (n=35, %)
Non-smoker 20 (41.7)
Smoker 8 (16.7) N/A
Ex-smoker 7 (14.6)
Body mass index, kg/m? (n=34, meanxSD) 32.0 (5.95) 32.1(5.9)
Duration of Hypertension, years, (n=41, 12.0 N/A
median, IQR) (7.5 -22.0)
Number of antihypertensives (median, IQR) 5(4-95) 4 (3-5)
eGFR, ml/min/1.73m? (meanxSD) 69.8 (21.4) 66.8 (20.3)
Comorbidities, n (%)
Diabetes mellitus 15 (31.3) 9 (30.0)
Cerebrovascular disease 10 (20.8) 1(16.2)
Ischaemic heart disease 15 (31.3) 6 (20.0)
Peripheral vascular disease 3 (6.3) 5(3.8)

Abbreviations: DOT, directly observed therapy; AHS, antihypertensive screen; SD, Standard
deviation; IQR, interquartile range; eGFR; estimated glomerular filtration rate.
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2.3.2 Baseline BPs

In the urine AHS cohort, BP measurements correspond to the clinic attendance
when the urine sample was collected. The mean (SD) clinic BP was 178.0/94.9
(22.7/ 19.2) mmHg. The mean (SD) BP reading taken in the outpatient clinic prior
to the DOT clinic was 187.5/99.5 (25.3/17.6) mmHg and the first BP reading on
the day of the DOT clinic prior to taking any medications was 184.1/102.5

(23.9/21.4) mmHg.

ABPM carried out closest in date to the day of clinic attendance is reported in the
urine AHS cohort. The mean (SD) values for the ABPM for the two study cohorts
are listed in Table 2.2. In the DOT cohort, there was no difference in either mean
24-hour or daytime ABP between pre-DOT and DOT clinic readings. There was,
however, a significant drop in the night ABP readings with a mean drop of 8.4

mmHg (p=0.016) in SBP and 5.6 mmHg (p=0.003) in DBP.
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Table 2.2: Mean (standard deviation) clinic and ambulatory blood pressure
(mmHg) readings in the two cohort groups

Urine AHS DOT
n BP n | Pre-DOT DOT P value
- 178.0 187.5 184.1
Clinic SBP 129 (22.7) 47 (25.3) (23.9) 0.27
- 94.9 99.5 102.5
Clinic DBP 129 (19.2) 47 (17.6) (21.4) 0.17
24-hour systolic 160.2 160.7 156.5
ABP 17 (19.7) 50 (21.5) (23.4) 0.15
24-hour diastolic 88.0 88.0 85.8
ABP 17 (14.0) >0 (15.0) (15.9) 0.16
. 162.3 164.7 161.2
Day systolic ABP | 117 (19.3) 50 (21.2) (22.3) 0.23
Day diastolic 89.9 91.0 89.5
ABP 17 (14.4) >0 (15.5) (16.3) 0.34
Night systolic 152.1 1515 143.1
ABP 109 (24.4) 46 (23.1) (29.5) 0.02
Night diastolic 82.3 81.1 75.5
ABP 1091 430y I %6 | (146) | (15:7) | 9003

No statistical comparison has been carried out between urine AHS and DOT cohorts; the p-values
relate to paired sample t-test done on the pre- and post-DOT BPs within the DOT cohort.
Abbreviations: AHS, antihypertensive screen; DOT, directly observed therapy; BP, blood
pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; ABP, ambulatory blood
pressure.
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2.3.3 Adherence in the DOT cohort

In the DOT cohort, there was a mean reduction of 4.3 mmHg (95% CI, -10.1 to
1.6) in the DOT clinic 24-hour ambulatory SBP when compared to pre-DOT clinic
ABPM. Figure 2.1 shows change in the 24-hour ambulatory SBP in this cohort.
The graph shows two distinct groups of patients; those with significant reduction
in their ambulatory SBP and those in whom the ambulatory SBP showed a rise
or no significant change (<5 mmHg 24-hour ambulatory SBP). Figure 2.2 shows

the change in 24-hour ambulatory SBP in these two groups.
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Figure 2.1: Individual 24-hour ambulatory systolic BP profiles for all patients at
pre- and post-DOT clinic

135



230 230

N
-
o
N
—_
o

190 190

150 150

130 130

24-hour ambulatory systolic BP (mmHg)
g
o

24-hour ambulatory systolic BP (mmHg)
g
o

110 110
Pre DOT Post DOT Pre DOT Post DOT

Truly Resistant Non-Adherent

Figure 2.2: Individual 24-hour ambulatory systolic BP profiles for non-adherent
(left) and truly resistant (right) hypertensive patients at pre- and post- DOT clinic.

In the DOT cohort, SBP control (daytime ambulatory SBP <135 mmHg) was
achieved in 5 (10%) and DBP control (daytime ambulatory DBP <85 mmHg) in 7
(14%) patients. The proportion achieving night-time SBP or DBP control (ABP

<120/75 mmHg) was 15% and 21% respectively.

Nine (18.8%) patients complained of symptoms suggestive of hypotension at the
DOT clinic; of whom 7 were found to be non-adherent. Although there was no
significant drop in the average 24-hour ABP of the other two patients, the
symptoms of hypotension coincided with periods of relative hypotension

throughout the day. Twelve (25.0%) patients had at least one medication omitted
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on the day of the DOT clinic either in response to symptoms associated with
observed hypotension or to prevent onset of symptoms if there was a substantial
drop in the BP. Of these patients three patients had three medications and four

patients had 2 medications omitted.

Patients were tested for any possible associations between their non-adherence
status, using the aforementioned criteria; gender, ethnicity, smoking status, and
comorbid conditions. There was no significant association between non-

adherence and these parameters.

2.3.4 Adherence in the Urine AHS cohort

Sixty (46.2%) patients in the urine AHS cohort were fully adherent to their
prescribed antihypertensive medications (Figure 2.3). Of the remaining 70
patients, 22 (16.9%) were non-adherent with no antihypertensive medications
detected in the urine and 48 (36.9%) were partially adherent with at least one

antihypertensive medication undetected in the urine.

A binary logistic regression was performed which showed gender, age, clinic
SBP, number of all prescribed antihypertensive medications and a prescription of
CCB to predict non-adherence to antihypertensive medications (Table 2.3).
When compared to a model with constant being the only variable, the logistic
regression model was statistically significant indicating a relationship between the
predictors and the outcome; x3(5) = 35.66, p<0.001. The model explained 32.3%
(Nagelkerke pseudo R?) of the variance in non-adherence and correctly classified
72.9% of cases. The area under the curve for this logistic regression model was
0.787 (0.708, 0.866; p<0.001) suggesting a fair level of discrimination based on

the five simple clinical parameters used (Figure 2.4).

137



In this model, increasing age was associated with reduced OR of non-adherence
and a higher clinic SBP, increasing the number of antihypertensives and a
prescription of CCBs were all associated with a higher OR of non-adherence in
the urine AHS cohort. The probabilities of overall nonadherence obtained from

this model are shown in Figure 2.5.

Percentage
P P DN DN
o o1 ©o O

ol

o

Non-adherent Partially adherent Fully adherent

Figure 2.3: Percentage of adherent, non-adherent and partially adherent patients
in the urine antihypertensive screen cohort.
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Table 2.3: Univariable and multivariable logistic regression of gender, age, clinic
SBP, number of all prescribed antihypertensives and prescribed CCB on non-
adherence

Unadjusted Adjusted
[Variable odd odd
s 0, s 0,

ool 9s%cl P |aocs| 95%cCl P
[Female 1.727 | 0.855. 3.491 |0.128|2.516| 1.088. 5.818 [0.031
Age 0.965 | 0.937, 0.993 |0.016]0.942| 0.908, 0.977 |0.001
clinic sBP 1.017 | 1.001, 1.033 [0.040{1.029] 1.009, 1.050 |0.005
[No- of all prescribed | 4 5951 41 933 1 884 [0.030[1.567| 1.082, 2.270 |0.018
antihypertensives
Prescribed CCB | 6.000 |2.881, 19.1430.002|6.023| 1.658, 21.887|0.006

gzagelkerke pseudo 32 39%

Chi-square 35.66, df=5, p<0.001

Abbreviations: SBP, systolic blood pressure; CCBs, calcium channel blockers.
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Figure 2.4: Receiver operator characteristic (ROC) curve of logistic regression
model

140



3 4 5 6 7
Total number of prescribed antihypertensives

N
m_

—&—— Male, No CCB —&—— Male, CCB
—&— Female, No CCB —&— Female, CCB

Figure 2.5: Predicted probability of nonadherence by gender, prescription of
calcium channel blockers (CCB) and total number of prescribed
antihypertensives.

2.3.5 Maedications in the study population

Number and class of antihypertensive medications prescribed to patients in both
cohorts was available, however the number of any prescribed medications was
only available for the urine AHS cohort. Both cohorts were prescribed a similar
number of antihypertensives; the median (IQR) number in DOT and urine AHS
cohorts was 5 (4-5) and 4 (3-5) respectively. The distribution of number of

antihypertensives prescribed is shown in Figure 2.6.

The class of antihypertensive prescribed was generally similar in both groups;
angiotensin Il receptor blockers, beta-adrenergic receptor antagonists and loop
diuretics were more commonly prescribed in the DOT cohort whilst thiazide

diuretics were more commonly prescribed in the urine AHS cohort. The
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distribution of different classes prescribed in the two cohorts is shown in Figure

2.7.
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Figure 2.6: Number of antihypertensives prescribed in directly observed therapy
(DOT) and urine antihypertensive screen (AHS) cohorts.

100
90
80
70
60
5
4
3
2
1

mDOT mUrine AHS

Percentage
o O O O

o

&
"

o

&

: «’\‘ 2

& {_G.;Q 00 *
Classes of antihypertensives

Figure 2.7: Classes of antihypertensives prescribed in directly observed therapy

(DOT) and urine antihypertensive screen (AHS) cohorts.
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Figure 2.8 shows the total number of prescriptions to each class of
antihypertensive and the total number detected on urine AHS. Calcium channel
blockers had the highest level of nonadherence at 45.5% whereas beta-
adrenergic blockers had the lowest rate of non-adherence at 28.3%. Non-
adherence rate for RAS inhibitors, diuretics and others were 38.7%, 37.8%, and

31.2% respectively.

Further analysis of pattern of antihypertensives was performed. Number of
prescribed antihypertensives divided in tertles were compared for any
associations across age in quartiles, gender, nhumber of comorbidities and
individual comorbidities including diabetes mellitus, cerebrovascular disease and
ischaemic heart disease (see Table 2.4). A statistically significant association
was present with number of co-morbidities (p=0.005), diabetes mellitus (p<0.001)

and ischaemic heart disease.
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Figure 2.8 A graph showing the number of medications in each antihypertensive
class prescribed and detected in urine.
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Table 2.4 Association of number of antihypertensives prescribed with age,

gender and comorbidities.

n (%) Number of AHTs in tertiles
1-3 4 5-8 p-value
Total 42 L4 44
Age quartiles, years
18 - 50 16 (38) 9 (20) 7 (16)
51-60 8 (19) 13 (30) | 12 (27) 0.189
61-70 11(26) | 12(27) | 10 (23)
>71 7(17) 10 (23) | 15 (34)
Gender
Male 21 (50) | 26 (59) | 26 (59) 0.621
Female 21(50) | 18 (41) | 18 (41)
Number of comorbidities
0 29 (69) | 21(48) | 17 (39) 0.005
1 10(24) | 18 (41) | 13 (29) ’
2-3 3(7) 5(11) 14 (32)
Comorbidities
Diabetes mellitus 3(7) 15(34) | 21 (48) | <0.001
Cerebrovascular disease 8 (20) 6 (14) 7 (16) 0.762
Ischaemic heart disease 3(7) 8 (18) 15 (34) 0.008

All data is presented as counts (percentage is expressed as a proportion of the corresponding
column total).

Association between class of antihypertensive prescribed (RAS inhibitors, beta
adrenergic receptor blockers, CCB, diuretics and others) was also examined
across the same parameters and are described in Table 2.5. A statistically
significant association was only present between a prescription to diuretics and
age in quartiles (p=0.009) as well as between a prescription to a RAS inhibitor

and a previous history of cerebrovascular disease (p=0.038).

A prescription to a CCB was explored further in detail due to it being a strong
predictor of non-adherence in the binary logistic model (see Table 2.3). The
distribution of different CCBs prescribed is laid out in Figure 2.9. Amlodipine was
by far the commonest CCB prescribed in this cohort at 59% (n=65). Further
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sensitivity analysis suggested that patients with a prescription of a
dihydropyridine CCB were more likely to be associated with non-adherence than
the non-dihydropyridine CCB (Table 2.6). In addition, a prescription of amlodipine

showed no significant association to adherence status (Table 2.6).

= Amlodpiine = Lercanidipine = Felodipine

Nifedipine = Diltiazem = Verapamil

Figure 2.9 Percentage of different calcium channel blockers prescribed in the
urine antihypertensive screen cohort.
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Table 2.5 A table showing association of prescription of different classes of antihypertensives with age, gender and co-morbidities

n (%) Total Renin arTgiCTt?nsin Beta-adrenergic Calcium channel Diuretics Others
system inhibitors blockers blockers
Age quartiles, years
18 - 50 32 32 (100) 13 (41) 30 (94) 18 (56) 18 (56)
51-60 33 31 (94) 20 (61) 30 (91) 29 (88) 20 (61)
61-70 33 28 (85) 16 (49) 25 (76) 27 (82) 23 (70)
>71 32 30 (94) 19 (59) 25 (78) 27 (84) 24 (75)
Gender
Male 73 68 (93) 36 (49) 65 (89) 56 (77) 50 (69)
Female 57 53 (93) 32 (56) 45 (79) 45 (79) 35 (61)
Number of comorbidities
0 67 63 (94) 30 (45) 57 (85) 47 (70) 39 (58)
1 41 37 (90) 24 (59) 35 (85) 35 (85) 29 (71)
2-3 22 21 (96) 14 (64) 18 (82) 19 (86) 17 (77)
Comorbidities
Diabetes mellitus 39 39 (100) 22 (56) 33 (85) 35 (90) 31 (80)
CVA 21 17 (81) 11 (52) 19 (91) 17 (81) 13 (62)
IHD 26 24 (92) 18 (69) 20 (77) 23 (89) 21 (81)

All data is presented as counts (percentage is expressed as a proportion of the corresponding row total). Statistical significance was only present between a
prescription to diuretics and age (P=0.009) and between prescription to a renin angiotensin system inhibitor and previous history of CVA (P=0.038).
Abbreviations: CVA, cerebrovascular disease; IHD, ischaemic heart disease.
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Table 2.6 Association between adherence status and type of calcium channel blocker prescribed

n (%) Total A?nh:s":)" t Non(::;\:)rent p-value
Prescription to dihydropyridine CCB
Yes 89 35 (39) 54 (77) 0.035
No 41 25 (61) 16 (23)
Prescription to non-dihydropyridine CCB
Yes 21 9 (15) 12 (17) 0.927
No 109 51 (85) 58 (83)
Prescription to amlodipine
Yes 65 26 (43) 39 (56) 0.218
No 65 34 (57) 31 (44)

All data is presented as counts (percentage is expressed as a proportion of the corresponding column total). Abbreviation: CCB, calcium channel blocker.




2.4 Discussion

In this study, two different direct methods to assess adherence have been able
to show that in a cohort of patients with apparent TRH, who were on 3 or more

antihypertensive agents, at least half had suboptimal adherence.

In the DOT cohort, only half (50%) had true TRH. The other half were non-
adherent to prescribed antihypertensive medication with a mean drop in 24-hour
ABP of 19/9 mmHg after supervised administration of antihypertensive
medications; in 25% patients at least one medication had to be omitted for
symptomatic hypotension. There was no association between true TRH and

demographic and other parameters.

In the urine AHS cohort, 60 (46.2%) patients took all of their antihypertensives
medications as prescribed and hence had true TRH. Unlike DOT, urine AHS can
provide direct quantitative assessment of degree of non-adherence, showing that

22 (16.9%) patients were completely non-adherent.

Binary logistic regression modelling, in the AHS cohort, has shown that gender,
age, clinic SBP, number of all prescribed antihypertensive medications, and
prescription of a CCB were all significantly associated with non-adherence

(Figure 2.5).

In this study females were more likely to be non-adherent. The effect of gender
on non-adherence has been described in the literature, where either no
association between gender and non-adherence (511, 512) or higher likelihood
of non-adherence in females (371, 513, 514) has been described in hypertensive

populations. Although the underlying mechanism for this association is unclear,
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there are likely to be other gender-specific factors which may be responsible for
such observations. Different behavioural attitudes have been observed in males
and female with more men admitting to forgetting, changing the dosage and that
they had recovered, compared to more women reporting filling the prescription
but not taking the drug and reporting the development of adverse drug reactions
as a reason for non-adherence (515). In hypertensive men, factors associated
with low adherence include sexual dysfunction and BMI 225 kg/m?2. In contrast,
dissatisfaction with communication with their healthcare provider and depressive

symptoms were associated with low adherence in women (516).

Like gender, reported evidence examining the association between age and non-
adherence is inconsistent. Non-adherence has been shown to be associated with
younger age (371, 512, 514, 517), older age (513) and no association at all (511,
518). Younger patients are likely to be working with busier lifestyles and may
have higher tendency of unintentional non-adherence. Lifelong treatment for a
chronic iliness which is largely asymptomatic may also be a contributing factor to
non-adherence in the young. Conversely, it can be argued that the older patients,
with greater severity of illness, are more motivated to adhere. The very old
patients may have carers who help to ensure optimal adherence. Furthermore,
these patients may represent a survivor cohort effect, implying successful

medication-taking behaviour.

Higher SBP was associated with increased non-adherence in this study. The
published evidence has shown that uncontrolled BP (519-521) and an elevated
SBP (522, 523) is associated with non-adherence. McNaughton et el. showed

that SBP in patients prescribed =3 antihypertensives was 20.8 mmHg higher in
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those who were non-adherent when compared to those who were adherent (523).
These findings are consistent with non-adherence and highlight the importance

of assessing adherence in treated hypertensive patients with uncontrolled BP.

Association of non-adherence with increasing the number of antihypertensive
medications is an important finding which has been echoed in the published
literature (371, 383, 518, 524). It makes common sense that polypharmacy
increases risk of non-adherence. Additionally, intentional non-adherence may
promote overprescribing exacerbating the problem. A direct and objective
adherence method such as the urine AHS can identify intentional non-adherence
in this case. It is then, however, of no surprise that in patients with TRH, often
requiring in excess of three antihypertensives, non-adherence is highly prevalent
prompting the need to consider single-pill FDCs in such patients. The benefits
and evidence to support use of single-pill FDCs have already been in discussed

in detail earlier in section 1.5.5.6.

Previous finding of highest risk of nonadherence with diuretics (371, 525), when
compared to other classes of antihypertensives, is not replicated in our logistic
regression model. Instead, prescription to a CCB was predictive of non-
adherence. The reason for this discrepancy is unclear, but two major differences
exist between our study and a metanalysis examining the impact of drug class in
non-adherence to antihypertensives (525). Firstly, patients in the urine AHS
cohort were taking at least 3 or more antihypertensives of different classes
whereas the included studies in a meta-analysis included patients with any
number of antihypertensives; the authors admitting that their finding of diuretics

as being the most common class of antihypertensive associated with non-
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adherence cannot be generalised to those taking =1 antihypertensive. Second,
this meta-analysis excluded studies reporting cross-sectional studies reporting
adherence at a single point in time, therefore direct comparison with our results

is inappropriate.

Exploratory analysis of number and class of antihypertensives prescribed in the
AHS cohort suggested that patients with diabetes mellitus and ischaemic heart
disease were more likely to be prescribed a higher number of antihypertensive
medications. This is not a surprising finding given that some of the common

antihypertensives can be used for multiple indications in these conditions.

Further subgroup analysis of CCBs showed that a prescription to
dihydropyridines was most likely to be associated with nonadherence; however,
amlodipine which accounted for 73% of the dihydropyridine prescriptions was not
associated with non-adherence. It is possible that failure of the urinary assay to
adequately detect some or all of the CCBs could explain the high level of non-
adherence. Whilst it has been shown that some CCBs such as nifedipine can be
unstable in urine but the assay was still sensitive enough to detect it for a
qualitative assessment of adherence (493). The commonest prescribed CCB,
amlodipine, has an elimination half-life of around 36-48 hours (526). The urine
AHS has a lower limit of detection of 1ng/mL and the median (IQR) of detected
levels present in patients’ urine have been shown to be 445.2 (316) pg/L (493).
Although, a long half-life means that it will take a few days to reach a steady state,
the assay is sensitive enough to detect the drug taken at least 12 hours ago and

more importantly an undetectable level is suggestive of nonadherence which is
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more than just forgetting to take a single dose of the drug the day before the

before the test.

When samples of the AHS cohort were combined with samples sent to the BHH
laboratories from 8 other regional hypertension centres; CCBs remained a strong
predictor of non-adherence in the combined sample of 300 patients (527).
Possible explanation for this association could be explained by adverse effects
associated with dihydropyridines particularly ankle swelling. A recent study has
demonstrated that an independent association of non-adherence between a
diuretic, hydroclorothiazide, and a CCB, nifedipine, is attributable to the adverse
effects of these medications (528). These findings are further supported by a
recently published study with the aim to assess pattern of prescribing following
initiation of a CCB (529). Savage et al. showed that older adults with hypertension
who are newly dispensed a CCB subsequently receive a loop diuretic presumably
to counteract the commonly observed side effect of peripheral oedema
associated with a CCB (529). Nevertheless, this finding should prompt the
clinicians to assess impact of side-effects and pharmacological interactions of

commonly prescribed antihypertensives.

Oral medication, like intravenous dosing of drugs, provides a steady state blood
level after five half-lives (530). In the DOT clinic, only a single dose of every
prescribed medication was administered in patients who might not have taken
their drug(s) over a long period. So, a single dose of a drug after a period of non-
concordance would not be expected to produce a therapeutic steady state level.
This might be expected to often lead to a less than optimal BP response

especially in completely non-adherent patients. However, the directly observed
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administration of multiple different drugs in non-adherent patients to some extent
overcomes this ‘pharmacokinetic handicap.” Some antihypertensives are known
to cause a first-dose phenomenon which is where a sudden, often severe, BP
drop occurs after the first dose or resuming the drug after a long period of
abstinence. Alpha-adrenergic antagonists can commonly cause first-dose
hypotension; the effect seems to be pronounced with concomitant use of beta-
adrenergic antagonists (531). Similarly, ACE inhibitors exhibit this phenomenon
particularly in patients with volume contraction and in those whose BP is Ang Il
dependant, such as congestive cardiac failure (532). However, unlike the alpha-
adrenergic antagonists, with ACE inhibitors the first-dose hypotensive effect is
differential across the class (533). Nevertheless, the varying potency and half-
lives of the drugs administered means that the BP response rate of 50% may be

an underestimate of true non-adherence in the DOT cohort.

In the DOT cohort, an arbitrarily definition of a drop in average 24-hour systolic
ABP of 25 mmHg between Pre-DOT and Post-DOT measurements in an
individual patient was used as an indication of non-adherence in the absence of
a clear definition in the literature. ABP has greater reproducibility when compared
to office BP and shows very little intra-patient variability (506, 507). In the group
deemed to be truly treatment-resistant there was a mean rise in average 24-hour
ABP of 11/5 mmHg, while in the those deemed non-adherent there was a mean
reduction of 19/9 mmHg between pre-DOT and Post-DOT ABP (p<0.001). Larger
studies will need to be conducted in the future to clarify the best BP cut point to
indicate non-adherence. Interestingly, the level of suboptimal adherence

estimated in this study through detection of antihypertensives in the urine is
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broadly similar to DOT suggesting a degree of agreement in both methods of

non-adherence.

Non-adherence rate of at least 50% in our study is consistent with the results of
a UK study showing non-adherence rate of 60% in people referred to a
hypertension clinic with uncontrolled hypertension. This study also administered
antihypertensive medication under supervision in a clinic setting. However, this
study had a smaller sample size and BP control was assessed mainly by office
readings (361). Moreover, directly observed administration of antihypertensive
medications has been used in assessment of adherence in patients with apparent

TRH before RDN (534, 535).

The findings of our study also echo the results of a study assessing adherence
to antihypertensive medications in patients with apparent TRH by means of
toxicological urine screening, with a reported non-adherence rate of 53% (536).
Another study assessing the adherence to antihypertensive medications through
toxicological urine screening reported a non-adherence rate of 25% (494).
However, the majority (60%) of these patients in this study were new referrals
from primary care and the authors did not specify whether the remaining had TRH
(494). Serum toxicological analysis of antihypertensive drug levels has also been
used in patients with apparent TRH to differentiate non-responsiveness from non-

adherence to recommended therapy (359, 378).

Non-adherence is common among people with chronic diseases. A meta-
analysis involving 376,162 patients from 20 studies assessing adherence to 7
drug classes that prevent cardiovascular disease (aspirin, statins and 5 classes

of antihypertensive drugs) showed similar results (326). The estimate for
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adherence across all studies was 57% with a considerably higher rate of
adherence to medication for secondary versus primary prevention: 66% versus
50% respectively (326). However, the studies included in the meta-analysis used
prescription refill frequency to estimate adherence which tends to overestimate
adherence as prescription refill is used as a surrogate for the patient actually

taking the medication in question.

It has been demonstrated that only about 10% to 15% of the patients with treated
hypertension are ‘still engaged’ with their antihypertensive drug regimens at 5 or
more years after the initiation of treatment (537). In this study, the duration of
hypertension was only available for the DOT cohort. The median duration of
hypertension in this cohort was 12 years which may explain the level of non-

adherence in our study population.

Although adherence is quite commonly quantified, aiming to achieve a certain
level of adherence is only useful in conjunction with the pharmacokinetics of
medications and observed effects of intended therapy. For instance, a certain
drug may still achieve its intended effect even if the patient takes 80% of the
prescribed doses depending on the pharmacokinetic profile of the drug in
guestion. It has been demonstrated that patients with adherence of less than 90%
to their prescribed antihypertensive therapy start to experience a rise in their BP
(368). Therefore, in the urine AHS cohort patients were only deemed to be
adherent, if all their usual prescribed antihypertensives that are detectable were

present in the urine.

The study population is representative of patients with TRH as it included patients

who meet criteria for the diagnosis of TRH with a mean office BP of 2178/94
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mmHg and a median antihypertensive medication burden of 24 agents across the
two cohorts. Ten (7.7%) patients in urine AHS cohort and 2 (4.2%) patients in the
DOT were taking 2 medications for the treatment of their hypertension as they
had intolerances to multiple antihypertensive agents whereas the rest were all
taking at least three medications (Figure 2.6). As many as 81.5% of all the
patients were taking at least a single diuretic, 91.0% were on a renin-angiotensin
system blocking agent and 79.8% were on a CCB as part of their antihypertensive
regime. These results highlight that the study population are a highly specific
subgroup of hypertensive patients with severe hypertension despite aggressive
pharmacological management of their hypertension and counselling including

that for adherence.

Not all of the patients identified as being non-adherent achieved target BP control
after administration of medication in direct supervision. There was, however, a
trend towards a greater proportion achieving the target for the night-time ABP; it
is likely that the medications are producing the greatest effect at night due to the
staggered nature of dosing at the DOT clinic. As discussed before, a drug takes
up to 5 half-lives to achieve a steady-state plasma level (530) and hence in
completely non-adherent patients the greatest effect of their medications on their
BP will not be apparent after a single dose at the DOT clinic. This is even more
likely to be the case in the DOT cohort as they had uncontrolled grade Il
hypertension (pre-DOT clinic BP of 185.8/99.3 mmHg). Furthermore, almost a
quarter of the patients had at least one medication omitted at the DOT clinic to
prevent significant hypotension or for symptoms of hypotension and in some
patients up to 3 medications. Omitting medications at the DOT clinic will have no

doubt underestimated the true BP reduction and hence fewer patients achieved
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the ambulatory BP targets. In a small proportion of the patients’ drug-attributable
side-effects were observed by the hypertension specialist nurse (data not
shown). This may suggest that non-adherence in these patients may have been

because of side effects.

The strengths and weakness of different methods of assessing adherence have
been discussed earlier in section 1.5.5.4. The main advantage of administering
the prescribed antihypertensive regime under direct observation, in contrast to
other methods of assessing adherence including urine AHS, is that the resultant
effect of the treatment is immediately apparent by monitoring the patient’'s BP.
Comparison of ABPMs allows the clinician to demonstrate to patient that their BP
is responsive to medications and patients can be directly observed for any
unreported side-effects attributable to their medications which may have been
affecting their adherence. This method, however, is resource intensive; although
patients are not required to be admitted to hospital hence saving bed days,
healthcare professional(s) and the patient are still required to be present for direct
observation of medication ingestion and monitoring for any potential side-effects

of significant hypotension.

There is no agreed definition to define non-adherence in response to observed
antihypertensive treatment. The cut-off of 5 mmHg 24-hour SBP in this study was
based on what was considered a clinically meaningful BP reduction. Decreases
in cardiovascular morbidity and mortality have been observed with small
reductions in SBP (2 to 5 mm Hg) with antihypertensive drug therapy (508, 538).
Furthermore, a 5-mmHg reduction in systolic ABP has been used in clinical trials

as an end point (480, 486, 490). However, the BP reductions observed in this
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study could be coincidental. These could be explained by various phenomena

including regression to the mean, usual BP variation and adaptation.

BP exhibits regression to the mean where long-term BP is less extreme than
baseline (539-541). Indeed, studies with higher baseline BPs are likely to have a
greater ‘drop’ on subsequent measurements in the placebo groups (541).
Recently Moore et al. have shown for the first time that ABPM is also susceptible
to regression to the mean (542). Therefore, it is possible that a reduction of
5mmHg or more in some of the patients in the DOT cohort is simply a statistical
consequence of regression to the mean and not an indicator of actual non-
adherence. Conversely, it is worthwhile noting that these patients had multiple
attendances at the hypertension clinic before assessment of adherence was
carried out. A persistently uncontrolled BP was a mandatory requirement for
assessment of adherence and may have minimised the effect of regression to

the mean.

Secondly, BP is a dynamic physiological parameter and shows variability
throughout the day and has been discussed in section 1.3.1. The indices used
to assess short-term BP variability include 24-hour SD, 24-hour weighted SD,
coefficient of variation, and average real variability (543). All the raw BP data
and/or 24-hour SDs are needed to evaluate BP variability and in this study, it was
not possible to obtain this information; only the average BPs could be found from
clinic letters or the hypertension database. It was therefore not possible to assess
the usual BP variability. However as mentioned earlier, BP variability is positively

correlated with MAP (14) and in this cohort of poorly controlled hypertensives with
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high baseline BPs the BP variability is likely to be high and could easily account

for a 5mmHg cut-off.

These statistical indices of BP variability are far from ideal (544); 24-hour SDs
and coefficient of variance are poorly reproducible(544) and average real
variability requires up to 48 BP readings over 24 hours without meaningful loss
of prognostic information (545). The current NICE Hypertension guidelines
recommend BP measurements should be programmed to repeat at least every
30 minutes during the day and hourly overnight and a minimum of 14 daytime
readings needed for diagnosis (546). This protocol was followed for all patients
undergoing ABPM at the WMHC and it would only lead to a maximum of 40
readings if 100% of all the measurements yielded a BP reading. In reality, this is
often not the case due to poor compliance to instructions by the patient and other
technical issues. It is possible to program to repeat BP measurements every 20
or even 10 minutes which will yield more usable BP readings at the expense of
tolerability of the procedure. For the same reasons relating to lack of availability
of raw data, the adequacy of the ABPM could not be confirmed. However, NICE
guidelines for measurement of ABPM were followed for all patients where only
patients with at least 14 daytime measurements are accepted as having an

adequate ABPM (546).

Although the SDs reported in Table 2.2 are high, these do not represent intra-
patient variability and only indicate the variation observed within the average ABP
readings of the entire DOT cohort. As discussed, the intra-patient BP variability

could not be examined.
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Thirdly, adaptation which is where BP decreases in the first 2 hours of recording,
has been shown to in ABPM and is reduced on subsequent measurements in
both normotensive (547) and hypertensive individuals (548). This phenomenon

may also explain some or all the BP reduction observed in the DOT cohort.

However, allowing for the aforementioned limitations, if higher cut-offs of 10, 15
or 20 mmHg BP drop are considered then the non-adherence rate falls to 42%,

32% or 20% respectively.

A percentage reduction in BP from baseline is an alternative method that could
have been used. This method could counter some of the effects of regression to
the mean and adaptation by taking into account the baseline ABP. However, an
arbitrary cut-off will again have to be used given that most clinical trials and
clinical guidelines of hypertension focus on actual BP change rather than a
percentage change. When analysed, the mean (SD) percentage change in

average 24-hour SBP and DBP was -2.0% (13.8) and -3.7% (13.4) respectively.

Though chemical markers of antihypertensive drugs in either urine or serum
unequivocally establish whether the drugs have been ingested by the patients
this method doesn’t rule out pharmacological non-response to a particular drug.
Differences in metabolism of drugs in individual patients may also impact on the
use of chemical markers to assess adherence. In addition, random sampling
alone does not confirm adherence or lack thereof as it cannot provide information
on when the doses were taken or omitted. Furthermore, there is the ethical issue
of informing patients of the proposed test. Prior knowledge of testing schedule
may promote white-coat adherence (348). However, a small retrospective study

has shown that serum therapeutic drug monitoring, when combined with
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counselling, for patients with apparent TRH found to be non-adherent, resulted in
markedly improved BP control without increasing the treatment intensity (375).
This method may have a role in serial monitoring of adherence at each clinic visit
which may help to improve adherence, however the cost of repeated measure

may be prohibitive to this approach.

Although this study shows a direct effect of adherence on BP control, this effect
has been difficult to establish in the past as highlighted in a systematic review
carried out to establish whether poor compliance leads to inadequate BP control
(549). Two common reasons are: firstly, only patients with high drug adherence
agree to take part in clinical trials assessing their adherence leading to selection
bias; and secondly the act of assessing their adherence may lead to actual
adherence in all groups being tested, including the control group, negating any
change that may have been observed resulting in the absence of any statistically
significant differences in BP. Indeed, some studies have used the principle that
actively measuring adherence may lead to significant improvement in BP control

and prevents unnecessary treatment escalation (368, 550).

Due to the relatively high resource requirements of DOT, adherence assessment
was carried in patients suspected of TRH after WCH and secondary causes of
TRH had been systematically excluded and patients had seen a clinical
pharmacist for treatment optimisation. Therefore, the DOT cohort represent a
highly selective cohort of patients meaning that the results of this cohort cannot
be generalised to the wider population with hypertension but remain relevant to
patients with suspected TRH. Conversely, due to the relatively reduced patient

burden and the cost-efficiency of urine AHS, this test was carried out concurrently
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with other investigations in all patients suspected of TRH. The results were used
to then optimise antihypertensive management in these patients. Comparatively,
therefore the results from AHS cohort are more widely applicable to patients
suspected of TRH but will still only be relevant to a small proportion of patients

overall in the general hypertensive population.

The main limitation of this study, in addition to the retrospective nature, is that
both methods only tests adherence at a single point in time. The lack of any
significant association between non-adherence and baseline characteristics in
the DOT cohort may be due to lack of power in a study with a small sample size.
Given the limitations, this study suggests that a substantial percentage of
apparent TRH patients are non-adherent to prescribed treatment; with females,
younger age, clinic SBP, number of prescribed antihypertensives and
prescription of a CCB shown to be associated with non-adherence. However, the
reasons for non-adherence are likely to be complex and multifactorial.
Psychological or psychosocial assessment of the non-adherent individuals may
shed some light on the underlying factors driving non-adherence. This study is
also unable to suggest possible solutions to the problem; further research is
required to explore effective interventions to improve non-adherence and
ultimately disease control. One can hypothesise that psychological counselling

or motivational interviewing (551) may help, as may single-pill FDC therapy (552).
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CHAPTER 3 RENAL SYMPATHETIC
DENERVATION IN MODERATE-TO- SEVERE
CHRONIC KIDNEY DISEASE USING A NOVEL

NON-IODINATED CONTRAST FREE PROTOCOL

3.1 Background

Hypertension is a risk factor for cardiovascular disease and CKD, if remains
uncontrolled can lead to rapid progression of CKD, and is a leading cause of
ESRD. On the other hand, CKD itself can exacerbate hypertension, often
necessitating the use of a combination of antihypertensive drugs of different
classes to bring raised BP under control. Compared with people without CKD
prevalence of TRH is reported to be twice as high in patients with CKD and in the

3,612 CRIC study participants with CKD, 42% had apparent TRH (450).

Patients with CKD have a much higher risk of cardiovascular disease when
compared to patients without CKD; meta-analyses show impaired renal function
to be an independent risk factor for cardiovascular disease (553). Vascular
calcifications are more pronounced in CKD and may be partly responsible for the
excess cardiovascular morbidity and mortality observed in CKD patients (554).
Moreover, improvement in BP control is known to slow the decline of renal

function in patients with CKD (555).
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The pathophysiology of hypertension in CKD is multifactorial with sodium
retention and excessive activation of the RAAS being most important.
Sympathetic nervous system is also overactive and has been implicated to play
role in the progression of CKD (556). In ESRD, SNA is substantially increased
and elevated noradrenaline plasma levels have been linked with poor
cardiovascular outcomes (476, 557). Recently, procedure-based approaches
have been investigated in patients with TRH to achieve BP control. Percutaneous
catheter-based radiofrequency ablation of afferent and efferent sympathetic
nerves of renal arteries is one such technique and is the most widely researched
to date. Due to the risk of contrast-induced nephropathy associated with the use
of iodinated contrast materials used, patients with eGFR <45 ml/min/1.73m? have
been excluded from major trials of RDN. Only a handful of pilot studies thus far
have investigated the use of RDN in patients with moderate to severe (eGFR 15-

44 ml/min/1.73m?) renal impairment (558-562).

Carbon dioxide (COz2) angiography is a well-recognised and safe alternative to
iodine-based contrast material in patients with CKD or iodinated contrast agent
allergy (563-565). A negative contrast image with digital subtraction angiography
is produced when the directly injected CO:2 displaces blood intravascularly. CO:2
angiography has been shown to prevent deterioration of renal function in patients
with known renal impairment and has been successfully used in such patients for

various diagnostic and therapeutic indications (558, 564-566).

In this pilot study, the feasibility of RDN is examined in patients with significant
renal impairment (eGFR 15 - 45 ml/min/1.73 m?) performed using CO: as the sole

contrast agent. The primary aim of the study of renal denervation using carbon
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dioxide angiography was to assess the safety of RDN using CO2 angiography (a
novel contrast agent for renal denervation) in patients with severe CKD. The
study was conceived and started before the publication of the Symplicity HTN-3

study with a view to design a substantive trial RDN in patients with severe CKD.

3.2 Methods

3.21 Patient selection

All patients, aged 18-75 years, were recruited from screening patients attending
the outpatient nephrology and specialist hypertension clinics at Heart of England
NHS Foundation Trust in Birmingham. Patients were screened based on their
outpatient clinic SBP, number of antihypertensive medications used, and
outpatient eGFR. Only patients with TRH, clinic SBP 2140 mmHg, taking at least
three antihypertensive medications, and an eGFR between 15-44 ml/min/1.73m?
were selected for RDN. Patients with eGFR 245 ml/min/1.73m? or <15
ml/min/1.73m?, diagnosis of type | diabetes mellitus, substantial stenotic valvular
heart disease, pregnancy or planned pregnancy during the study and, a history
of MI, unstable angina, or cerebrovascular accident in the previous 6 months

were excluded (see appendix | for study protocol).

3.2.2 Clinic visits

At baseline visit, clinic BP was assessed in a standardised manner following the
British and Irish Hypertension Society (BIHS) guidelines. Briefly, an average of at
least 2 SBPs was used to confirm systolic hypertension. BP was taken with
patients resting in a chair for 5 minutes and a minute’s interval between the end
of one measurement and the start of the next measurement. All patients had a
baseline serum electrolytes, urea and creatinine, urinary albumin-creatinine ratio
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(ACR) and 24-hour ABP measured. Serum creatinine was used to calculate
eGFR using the Modification of Diet in Renal Disease (MDRD) Study equation to
confirm that the baseline eGFR met the inclusion criteria. Anatomical suitability
for RDN was confirmed using non-contrast CT reconstruction of renal arteries.
Baseline data recorded include basic demographics, comorbidities, and number

and name of antihypertensive medications.

All patients were followed up at 7 days, 1, 3, and 6 months post-procedure to
assess renal function, BP response and monitor for any potential procedural
complications. At each visit medication review, clinic BP and urinary ACR was
carried out. A repeat ABPM was performed at the 6-month follow-up visit to
assess clinical response. There was no a priori restriction on changes to anti-

hypertensive medications post RDN.

3.2.3 Carbon dioxide angiography and renal sympathetic

denervation

Renal angiography was performed utilising CO:2 as the sole contrast agent to
confirm the renal anatomy prior to performing RDN (567). The procedure was
carried out, as a day-case, by two interventional radiologists in all patients both

with considerable experience of both CO2 angiography and RDN.

CO:2 requires specialist equipment to eliminate air contamination and excess
compression whilst ensuring safe delivery. A home-made CO2 delivery system
(Figure 5.1), similar to Kawasaki et al (568), was used. The sealed system
consisted of a gas cylinder, a 3-way stopcock, a COz bag and a 20-ml Luer lock
syringe. The source of CO2 must be confirmed as a closed system circuit, free
from air contamination. The closed system was filled with CO2 and the gas purged
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four times to minimize contamination. When the CO:2 bag was sufficiently filled,
the CO:2 cylinder was disconnected to control volume injection and avoid excess
delivery. Approximately 50 ml was then discarded from the system to reduce air
contamination from the connective tubing. Prior to direct injection of CO2 contrast
agent, the syringe, CO2 bag and sheath were connected via a 3-way stopcock.

The RDN technique used is based on that described in the Symplicity HTN-2 trial

and previous publications (478, 564, 569).

Figure 3.1: A home-made carbon dioxide delivery system: (A) a pressurized CO2
cylinder with filter, (B) a 50-ml syringe, attached to a one-way valve, and (C) a
Merit disposal depot reservoir bag with removable scissor seal.

Each patient was consented for the procedure and potential complications
including abdominal pain, bleeding from puncture site, pseudoaneurysm, renal
artery dissection, renal artery thrombosis and failure of procedure. Patient
monitoring including oxygen saturation, electrocardiogram and BP was used to

identify acute deteriorations.

Midazolam and fentanyl were used to provide sedation and analgesia throughout
the procedure and lignocaine was used as a local anaesthetic, injected into the
right groin. Heparin was used to manage coagulation and Isoket, an intra-arterial

vasodilator, was used to prevent vasospasm.
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The patient was positioned to elevate the target site, ideally by 45°, to utilize
gaseous reflux to reduce incomplete vasculature filling. The common femoral
artery was punctured using ultrasound guidance and a 6-Fr guide sheath
introduced using a standard Seldinger technique. After the initial puncture, a 5-Fr
pigtail catheter over a standard J-wire is introduced. Using the first lumbar
vertebra as the central anatomical landmark, a digital subtraction aortogram was
taken using CO2 as the contrast agent. To reduce air contamination, a small
volume, approximately 5 ml, was initially expelled when the sheath was attached
to the closed COz2 circuit. CO2 was slowly injected by hand via the delivery
syringe. The rate of COz2 injection should be faster than the rate of blood flow to
facilitate complete filling; aiming for an injection rate of 10-20ml/s. To allow for
full elimination, injections of CO2 contrast were separated by 2-3min.
Theoretically, owing to rapid first-pass elimination in the lungs, there is no limit to
the volume of CO:z that can be used. However, 100 ml is reported as the
maximum recommended amount (570). High-rate frames and image stacking
improve the quality of the digital subtraction angiography as they reduce the
effects of gas diffusion. The renal artery was accessed using a 5-Fr Cobra
catheter™ (Boston Scientific, Malborough MA 01752). A selective angiogram
was performed using CO2 to demarcate the renal artery, ostia, bifurcation and

accessory arteries.

The Symplicity Flex™ catheter (Medtronic) was inserted at an initial position of
5mm proximal to bifurcation of the renal artery at a posteroinferior angle. The new
multielectrode 4-Fr Symplicity Spyral catheter (Medtronic) was also used; it
allows for simultaneous ablations, thus reducing ablation time as only one burn

cycle is required. The vessel resistance was checked to ensure it is >300 Q.
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Additional analgesia, fentanyl 50 mcg i.v., was administered at this stage to pre-
empt pain related to radiofrequency ablation delivery. The foot pedal was used
for a 2-min burn cycle when radiofrequency ablation occurs via the Symplicity
Flex catheter tip electrode. The second burn is completed 5mm proximal with a
rotation of 45°. Repeating this burn cycle will treat the full circumference of the
artery, effectively targeting the sympathetic nerve fibres. This helical burn cycle
technique is continued up to 5mm from the renal ostium at the superior surface
of the renal artery. The above process is simplified when using the Symplicity
Spyral catheter; the helical shape simultaneously provides four-quadrant burns
in a 1-min burn cycle. The Symplicity catheter is removed and cleaned; the guide
catheter is aspirated and discarded. A repeat selective right renal arteriogram is
taken to ensure patency post ablation. A selective left renal arteriogram is
performed, and the process is repeated for the left-hand side. Figure 5.2
demonstrates images obtained from the above protocol. Following successful
completion of the procedure, a 6-Fr Angioseal™ (St Jude Medical, Minnetonka

MN, USA) vascular closure device was deployed.

(a) () {c)

Figure 3.2: Carbon dioxide angiography: (a) Baseline selective left renal artery
carbon dioxide (CO2) angiogram to assess dimensions of the main renal artery
segment prior to renal sympathetic denervation (RDN); (b) post-RDN selective
renal artery CO2 angiogram; (c) a Simplicity™ (Medtronic) device within the left
renal artery during RDN procedure.

169



3.2.4  Statistical analysis

Statistical analysis was performed using SPSS Statistics 22 (IBM, Armonk, NY).
The Shapiro-Wilk test was applied to test for normality of distribution of data.
Median and interquartile range has been used to report the non-normally
distributed parameters. Related-Samples Wilcoxon Signed Rank Test was used
to compare baseline creatinine, eGFR and, clinic and ABPM BP readings with
follow-up to detect any statistically significant changes. A two-sided P value of
<0.05 was considered statistically significant. Written informed consent was
obtained from all patients (see appendix Il for the study patient information sheet
and appendix Ill for study consent form). The study was reviewed by the local
research ethics committee (NRES Committee West Midlands — Edgbaston) and
granted approval. The study was registered with ClinicalTrials.Gov

(NCT02863510).
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3.3 Results

Eleven patients with CKD underwent RDN. The baseline characteristics for the
patients are summarized in Table 3.1. There were 8 (72.7%) men and the median

(IQR) age was 57 (49-66) years. Seven (63.6%) patients were Caucasian, 2

(18.2%) African Caribbean and 2 (18.2%) South Asian.

Table 3.1 Baseline characteristics of the study population

Baseline Characteristics

Age, years — median (IQR)

57.0 (49.0 — 66.0)

Gender — n (%)

Male 8 (72.7)

Female 3(27.3)
Ethnicity — n (%)

Caucasian 7 (63.6)

African-Caribbean 2(18.2)

Asian 2(18.2)

BMI, kg/m’ - median (IQR)

32.8 (25.7 — 38.7)

Co-morbidities — n (%)

Type |l diabetes mellitus 5 (45.5)
Cerebrovascular disease 2(18.2)
Antihypertensive medication — n (%)
ACE inhibitor 4 (36.4)
Angiotensin receptor blocker 5 (45.5)
Aldosterone antagonist 1(9.1)
a-adrenergic blocker 5 (45.5)
B-adrenergic blocker 4 (36.4)
Calcium channel blocker 11 (100)
Loop diuretic 5 (45.5)
Thiazide/Thiazide-like diuretic 2(18.2)

Abbreviations: IQR, interquartile range; BMI, body mass index; ACE, angiotensin-converting

enzyme.
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The median (IQR) number of antihypertensive medications taken by the study
population at baseline was 4 (3—4). All patients were taking a CCB, 9 (81.8%)
were taking either an ACE inhibitor or an ARB and 7 (63.6%) were taking at least
one diuretic (loop, thiazide/thiazide-like, or potassium-sparing). At six months
most patients (n=9, 81.8%) were taking the same number of anti-hypertensive
medications, and 2 patients had at least one anti-hypertensive medication

stopped.

Table 3.2 summarises the results of renal function, albuminuria and BP
parameters at baseline and follow-up visits. Baseline median (IQR) serum
creatinine was 2.26 (1.66 — 3.47) mg/dL with a median (IQR) eGFR of 29 (18 —
41) ml/min/1.73 m2. The median (IQR) of differences between serum creatinine
at baseline and 6 months post-RDN was 0.25 (0.09 — 0.53) mg/dL which was
statistically significant (p=0.008). The median of differences between serum
creatinine at baseline and the earlier follow up visits were not statistically
significant. Similarly, median of differences between eGFR at baseline and 6-
month follow up visit was statistically significant with a median (IQR) difference
of -4 (-11 — -1) ml/min/1.73 m?, (p= 0.012). Median albuminuria, measured as
urine ACR, of the study population showed an improving trend (Table 3.2);
however, the median of differences in ACR at baseline and follow-up visits was

not statistically significant.
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Table 3.2: Study Parameters at baseline and serial follow-up

Median (IQR)

Creatinine, mg/dL

eGFR, ml/min/1.73m?

Urine ACR, mg/mmol

Clinic SBP, mmHg

Clinic DBP, mmHg

24-hour ambulatory SBP, mmHg
24-hour ambulatory DBP, mmHg
Day ambulatory SBP, mmHg
Day ambulatory DBP, mmHg
Night ambulatory SBP, mmHg
Night ambulatory DBP, mmHg

Abbreviations: IQR, interquartile range; eGFR, estimated glomerular filtration rate; ACR, albumin-creatinine ratio; SBP, systolic blood pressure; DBP, diastolic

Baseline (n=11)

2.26 (1.66-3.47) 2.02 (1.91-3.45)

29 (18-41)
203 (63-412)
170 (158-180)
89 (75-95)
155 (149-161)
86 (73-94)
159 (149-164)
89 (75-95)
147 (141-163)
82 (73-86)

Week 1 (n=11) Week 4 (n=11)
2.27 (1.75-3.35)
29 (20-38)
136 (23-386)
157 (135-170)

83 (74-91)

Week 12 (n=10)
2.21 (1.75-4.07)
28 (16-38)
146 (15-382)
159 (152-177)
86 (71-103)

Week 26 (n=11)

2.24 (1.71-3.81)
25 (17-34)
137 (6-370)

164 (149-174)
86 (74-94)
161 (149-168)
86 (84-101)
163 (152-167)
88 (84-100)
155 (144-169)
83 (74-90)

33 (19-36)

231 (55-283)

169 (158-175)
87 (78-87)

blood pressure. Note: conversion factor for creatinine in mg/dL to umol/L, x88.4.



At baseline median (IQR) clinic BP was 170 (158 — 180) mmHg systolic and 89
(74 — 99) mmHg diastolic. The median clinic SBP was lower at six months but the
median of difference, -14 (-24 — 5) mmHg was not statistically significant. The
apparent reduction in median clinic BP was not accompanied by a corresponding
reduction in ABP parameters where the median SBP was higher at six months
overall and when separated into day and night (Table 5.2). Statistically, however,
the median (IQR) of difference was only found to be significant for daytime SBP
which was 7 (-2 — 12), mmHg (p=0.045). The change in all others ABP was not

statistically significant.

Mean total number of radiofrequency ablations delivered during the RDN
procedure was 11.3 (standard deviation, 2.4). There were no minor
atherosclerotic findings, which could have limited the radiofrequency ablation
probe contact with the true wall of the artery, in any of the patients who underwent
RDN. Patients with significant renal artery stenosis due to any atherosclerotic
lesions were excluded at the screening stage by CT renal angiogram. Procedure-
related complications observed include; one patient had flank pain which was
managed with simple analgesics, another patient had groin pain which did not
require any analgesics and another patient had groin haematoma requiring
overnight admission but no intervention. Two patients progressed to ESRD
requiring dialysis; one patient commenced on peritoneal dialysis at 6 months and
ten days after the procedure and the other required haemodialysis at 5 months

and 27 days.
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3.4 Discussion

This is the first reported study to perform RDN with the sole use of CO2 as a
contrast agent. This pilot study shows that CO2 renal angiography can be used
safely to perform RDN in patients with significant renal impairment where there
is a risk of contrast-induced nephropathy commonly associated with iodinated
contrast agents. In this study, there was no significant change in median serum
creatinine and eGFR at 7 days after the procedure. There was no significant
improvement in BP control but a trend towards an improvement in albuminuria at

6 months.

The primary aim of this study was whether the use of iodinated contrast agents
could be avoided in patients with significant renal impairment and uncontrolled
hypertension and successfully perform RDN using CO: angiography. CO:2
angiography is not completely risk-free, however the adverse events associated
with CO2 angiography are uncommon and are usually limited to the organs being
injected (571). In particular, a vapour-lock phenomenon can occur where the
large doses of CO2 can cause obstruction to blood flow and hence potentially
causing a vapour lock and ischaemia downstream if unresolved. Contamination
of CO2 with room air can result in air embolus. Neurotoxicity, pain, nausea,
vomiting and urge to defecate are amongst the other possible complications. The
risk of these rare complications can be reduced through understanding the unique
properties of CO2 and ensuring appropriate precautions are observed when
preparing and administering it (571, 572). No patients in this study cohort suffered
any adverse events that could be attributable to CO2 angiography and the only
observed adverse events were secondary to puncture site complications which

are common to any percutaneous angiographic procedure. CO:2 digital
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subtraction angiography allowed adequate placement of the RDN catheter for the
radiofrequency ablation which was confirmed by the impedance drops observed

for every ablation.

It is well known that the risk of developing contrast-induced nephropathy is
associated with the volume of contrast used. CO2 renal artery angiography has
been used to reduce, but not completely omit, the amount of iodinated contrast
given when carrying out intravascular procedures in individuals with significant
renal function impairment (558). In our study the use of iodinated contrast agents
has been wholly replaced by CO2, hence completely negating the risk of
developing contrast-induced nephropathy. There are no reported studies
comparing safety of CO2 versus radio-iodine contrast with pre-procedural
hydration in patients undergoing RDN. However, a recent meta-analysis
comparing the incidence of acute kidney injury (AKI) with CO2 versus iodinated
contrast media reported that CO2 use is associated with a modestly reduced rate
of AKI despite the patients with iodinated contrast media being optimised with
pre-hydration (573). Furthermore, a recent RCT trial of prophylactic hydration to
protect renal function from intravascular iodinated contrast material in patients at
high risk of contrast-induced nephropathy showed no prophylaxis to be non-
inferior and cost-saving in preventing contrast-induced nephropathy compared
with intravenous hydration (574). Patients with CKD are at a higher risk of
developing contrast-induced nephropathy and any measures which help reduce
the risk of contrast-induced nephropathy should be considered for patients

undergoing interventional procedures.
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Unlike other studies of RDN (480, 484), only a modest reduction in clinic SBP
was observed at six months after RDN. Ambulatory SBP readings conversely
were higher at six months. The most likely explanation for this observed rise in
ambulatory SBP could be progression of CKD and the consequent sodium and
water retention. In 9 (82%) of the patients’ serum creatinine was higher, and
accordingly a lower eGFR, at 6 months post RDN when compared with baseline

values.

Other potential reason for non-response could be explained by inadequate
denervation of renal arteries as majority, 8 (73%), of patients underwent RDN
using the first generation, single electrode, Symplicity catheter with which an
overall mean of 10 ablations were performed. Kandzari and colleagues’ post hoc
analysis of SYMPLICITY HTN-3 data, the largest trial of RDN to date, showed
that the number of ablations delivered were predictive of successful BP response
in their study population (481). Specifically, patients who received a total of 214
ablations to their renal arteries were more likely to achieve a significant reduction
in SBP; clinic -14.1 mmHg and ambulatory -6.8 mmHg. Following these findings,
a decision was made to switch over to the multi-electrode Symplicity Spyral
catheters which were used to deliver radiofrequency ablation to the last 3 patients
with an average of 14 ablations. Of these 3 patients, 2 achieved reductions of 5

and 4 mmHg in their ambulatory SBP and the other patient had a rise of 8 mmHg

The median serum creatinine at 7 days post RDN showed no significant decline
and, if anything, a trend towards improved creatinine. However, by 6 months the
decline in the kidney function was statistically significant suggesting a continued

progression of CKD. Given the small number of patients in the study a detailed
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analysis of whether RDN affected the rate of decline in kidney function was not
performed. A recent study in 46 patients with CKD (baseline eGFR <60
mL/min/1.73m?) has provided some evidence that RDN can slow further
deterioration of renal function irrespective of BP-lowering effects (562).These

results build upon similar findings reported by others (561, 575).

There is some evidence to suggest that RDN may have beneficial effect in
reducing urinary albumin excretion which may be unrelated to improvement in BP
control (575). In this study, a non-significant trend towards the improved urinary
excretion appeared at 4 weeks post procedure which was maintained at

subsequent follow-up periods until 6 months.

For clinical efficacy, in a 1:1 sham-RCT of RDN for patients with CKD
uncontrolled hypertension, a sample size of 227 per group would be needed with
an 80% power and a two-sided significance of p<0.05, taking into account a 10%
attrition rate. This number would increase to 304 for a desired power of 90%. This
calculation is based on assuming (a) a clinically significant 5 mmHg difference
between treatment groups (in favour of RDN) with respect to the average change
in 24-hour ambulatory SBP from baseline to 6 months; (b) a 18 mmHg SD of the

SBP change per group (576, 577).
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3.5 Conclusion

This is the first study of RDN in patients with moderate-to-severe CKD which has
avoided the use of traditional iodinated contrast altogether by replacing them with
CO2 angiography. However, this was a pilot single-arm study with no sham
comparator and was not powered to detect a meaningful reduction in clinic or
ABPs. The results have shown that there were no adverse procedural events
associated with CO2 angiography and any future trials of RDN should not exclude
patients with moderate-to-severe CKD on the basis of risk of contrast-induced
nephropathy associated with the conventional methods. Further research, with a
larger study population, is needed to investigate whether RDN can achieve
substantial reductions in BP and albuminuria, and any effect on the rate of decline

of CKD.
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CHAPTER 4 A STUDY OF FACTORS
ASSOCIATED WITH TREATMENT-RESISTANT

HYPERTENSION (FACT-RHY)

4.1 Introduction

Understanding of pathophysiology of TRH is limited by challenges in correctly
diagnosing patients with true TRH and isolating them from patients with apparent
or pseudo-TRH and those with secondary causes of TRH. As has already been
shown that non-adherence is a major contributor to pseudo-resistance along with
white-coat hypertension. Furthermore, ambivalent results of RDN in patients with
TRH and use of mineralocorticoid receptor antagonists in these patients allude to
a heterogeneous pathophysiological mechanisms contributing to development of
TRH. At the inception of this thesis, there were no cohort studies that had
examined patients with true TRH after systematically excluding non-adherence,
WCE and secondary causes of hypertension to understand the

pathophysiological characteristics of these patients.

A study of factors associated with treatment-resistant hypertension (FACT-RHY)
was designed as a cohort study which proposed to comprehensively characterise
a group of hypertensive subjects referred to a tertiary hypertension clinic for
uncontrolled BP, with the aim of understanding factors associated with true

treatment resistance, once secondary causes, non-adherence and under-
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treatment have been excluded as the cause of treatment failure. A detailed
phenotypic analysis will be performed, with the aim of identifying markers that
may have a causal role in resistance to treatment. Specific objectives of the study

that will be explored in this thesis include:

i.  Assess association with vascular markers including arterial stiffness and

endothelial function

ii. Assess association between body composition and hypertension as

measured using bioimpedance spectroscopy

iii.  Evaluate level of sympathetic nervous system activity in the study patients

iv.  Assess prevalence of undiagnosed obstructive sleep apnoea in the study

population

v. Explore patients’ personal views about medicines prescribed for

hypertension and medicines in general.
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4.2 Methods

4.2.1 Study design

The original study was designed as a cohort study of patients with hypertension
presenting to the West Midlands Hypertension Centre (WMHC), a tertiary
hypertension clinic based at Birmingham Heartlands Hospital. In this thesis,
results of a cross-section of the patients recruited for this study from June 2017
to June 2018 are presented. This study proposed to comprehensively
characterise a group of hypertensive subjects referred to a tertiary hypertension
clinic for uncontrolled BP, with the aim of understanding factors associated with
true treatment resistance, once secondary causes, WCE, non-adherence and
under-treatment have been excluded as the cause of treatment failure. A detailed
phenotypic analysis was performed, with the aim of identifying markers that may
have a causal role in resistance to treatment. The study protocol is detailed in

appendix V.

422 Patient recruitment

All patients with treated hypertension, between the ages of 18 and 80 years of
age, an eGFR (MDRD equation) 230ml/min/1.73m? without any previously
confirmed cause of secondary hypertension including renal artery stenosis,
phaeochromocytoma, primary hyperaldosteronism, Cushing’s disease or OSA

were eligible to take part in this study.

Patients due to attend clinic each week were screened, where possible, prior to
their attendance. All patients deemed eligible were approached on the day of the
clinic, where the purpose of the study was explained, a patient information sheet
provided (see appendix V), and any questions answered. Patients were able to
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provide written consent (see appendix V) on the day of the clinic visit or at a
subsequent visit. A follow-up phone call was made to patients to confirm consent

and arrange an appointment for the study visit.

The study was reviewed by national research ethics committee (South East
Scotland REC 01, REC reference: 16/SS/0162) and granted approval. The study
was conducted in accordance with the Declaration of Helsinki on Ethical
Principles for Medical Research Involving Human Subjects and guideline on

Good Clinical Practice.

4.2.3  Study Visit

4231 Clinical History

At the study visit, consent was re-confirmed before any measurements were
made. Basic patient demographics were recorded including age, gender and
ethnicity (Caucasian, African-Caribbean, Asian or other). Clinical history was
taken to record duration of hypertension in years (<1, 1-5, 6-10, 11-15, 16-20,
>20). A comprehensive medication history was taken to record the names all
medications taken by the patient. Dosage and frequency of all antihypertensive
medications were also documented. Smoking status was recorded as never,
current and ex, and for the latter 2 responses smoking pack years were calculated
by multiplying the number of pack of cigarettes smoked per day by the number of
years the person had smoked. Patients were asked about their average weekly
alcohol intake which was recorded as number of units. Past medical history of
angina, previous MlI, heart failure, dyslipidaemia, diabetes mellitus, stroke,
transient ischaemic attack (TIA), CKD and peripheral vascular disease was

recorded and, where necessary, validated using patient’s electronic medical
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records. Family history was taken to record number of first-degree relatives with
hypertension, cerebrovascular disease (stroke or TIA) and ischaemic heart
disease (defined as angina or Ml in a first degree relative younger than 60 years

of age).

4232 Clinical Examination

Body mass index

Patients’ height and weight were measured to calculate their BMI, expressed as
kg/m?. Patients were asked to take off shoes and height was measured in
centimetres, to the nearest 0.5 cm using the Seca 222 telescopic height
measuring rod stadiometer (Seca, Hamburg, Germany). Weight was measured
to the nearest 0.1 kg using the Seca 703 digital column scales (Seca, Hamburg,
Germany). Patients were weighed with a single layer of clothing and asked to

remove any heavy items from their pockets.

Waist-to-hip ratio

Waist-to-hip ratio was calculated by measuring the circumferences of waist and
hip. Patients were asked to stand up straight with arms hanging loosely by their
sides, feet together and looking straight ahead. For the waist circumference, a
measuring tape was placed horizontally midpoint between lower costal margin
and top of the iliac crest. Hip circumference was measured at the widest part of
the hips by placing the tape measure horizontally across the greater trochanters.
Whilst measuring patient was asked to breathe out gently, the measuring tape
was pulled taut and a measurement to the nearest 5mm was taken at the end of
a normal expiration for waist and mid-expiration for hip. A repeat measurement

was taken for both waist and hip and the average of two values was used to
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calculate the waist-to-hip ratio. A Seca 201 Ergonomic circumference measuring

tape (Seca, Hamburg, Germany) was used to for all patients.

Clinic blood pressure — BpTRU

Clinic BP measurement was performed using the BpTRU-100 (BpTRU Medical
Devices, Coquitlam, BC, Canada). The BpTRU device is a fully automated
sphygmomanometer using oscillometric techniqgue to measure BP which is a
method commonly used by most BP monitoring devices. The BpTRU
automatically measures BP taking six BP readings with a programmable time
interval between each reading; it discards the first reading and calculates the
average of the last 5 measurements. It has been clinically validated for use
against the standards set out by the BIHS, achieving the highest A/A grade for
accuracy (578). ABPM is considered a ‘gold standard’ for the diagnosis of
hypertension and the assessment of whether target has been achieved. The
BpTRU readings have been shown to accurately reflect ABPM readings rather
than routine single clinic BP readings (579-582). Although ABPM has been shown
to be cost-effective for diagnosis of hypertension (31), it is neither cost effective
nor practical as a routine method of BP monitoring and is the least favourable
method among patients due to the discomfort and sleep disturbance experienced

(583).

The BP was measured in accordance with the recommendations set out by the
BIHS (584). Patients were seated in a relaxed position for five minutes in a quiet
room without talking. Mid-arm circumference was measured to select the BP-cuff
recommended by the manufacturer, which was placed on the upper arm at the

level of the heart. The arm was supported on the arm rest with the patient seated
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on a chair, back supported and both feet on the floor. One measurement was
taken on each arm and recorded; the arm with the highest BP reading was used
for all subsequent readings. The BpTru was programmed to take measurements
at 2-minute intervals (from the start of one reading to the start of the next). All 6
BpTRU BP readings were taken with the operator present, with no interaction
between the patient and the operator. The last 5 measurements including the

BpTRU average were recorded.

Electrocardiogram

During the study visit, a 12-lead ECG was performed on all patients using GE
MAC 1600 (GE Healthcare, Chicago, IL). The limb and chest electrodes were
positioned in accordance with guidelines set out by the Society for Cardiological

Science & Technology (585).

The Cornell voltage (586) was calculated as the sum of amplitudes of R-wave in
lead aVL and S wave in lead V3. The Cornell voltage was multiplied with QRS
duration to compute the Cornell product (587), which if 22440 mm x ms was used

to define LVH.

4233 Body composition monitoring

Whole-body bioimpedance spectroscopy (BIS) body composition monitoring was
performed in all patients at the clinic visit using Fresenius body composition
monitor (BCM; Fresenius Medical Care, Bad Homburg, Germany). BIS involves
measurement of impedance to low voltage alternating current of different
frequencies passing through the body. Tissues have varying levels of electrical
conductivity depending on their composition. While high-frequency current

passes through the total body water (TBW), low-frequency current cannot
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penetrate cell membranes and thus flows exclusively through the extracellular
water (ECW). The BCM is able to measure impedance at 50 discrete frequencies
over a range from 5 kHz to 1 MHz to determine the electrical resistances of the
TBW and the ECW using Cole modelling and the equations by Moissl et al. (588).
These two parameters can then be used to calculate intracellular water (ICW)
using the fluid volume model. Ratio of ECW and ICW and ratio of ECW and TBW
(589, 590) have been used as a measure of fluid status in studies using

bioimpedance.

A large diversity exists in the relative distribution of intracellular and extracellular
water distribution in the main tissues comprising the human body. In a normal
hydration healthy person, lean tissue (mainly muscle) consists of 70% water
which is predominantly intracellular. Conversely adipose tissue (mainly lipids)
consists of 20% water which is predominantly extracellular (591). Therefore,
diversity in the relative distribution of lean and adipose tissue mass in healthy

individuals will significantly alter the ratio extracellular to intracellular water.

Chamney et el. have a developed a body composition model consisting of three
principal body compartments; normally hydrated lean tissue, normally hydrated
adipose tissue and excess fluid (591). This model is able to account for the
different ratios of ECW to ICW in the lean and adipose tissues over a wide range
of body compositions to calculate excess fluid. Excess fluid or overhydration is
almost exclusively ECW and healthy individuals are considered to have normal
hydration with no over- or under-hydration. In conditions where excess fluid
accumulates, it represents an expansion in ECW whereas the ICW remains

unchanged. This excess fluid may accumulate within either the lean or adipose
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tissues, existing as oedema, or as a separate compartment such as ascites or
pleural effusion. Overhydration (OH) is calculated from the difference between
the normal expected ECW and actual measured ECW. Normal OH ranges from

-1.1to +1.1 L (10th to 90th percentile) in healthy normal population (592).

The Fresenius BCM uses the 3-compartment body composition model and the
BIS-derived volumes of TBW, ECW and ICW to separate body weight into
normally hydrated lean tissue mass (LTM), normally hydrated adipose tissue
mass (ATM) and OH. Its measurements have been validated against gold-
standard references (e.g. bromide, deuterium, dual-energy X-ray absorptiometry
[DEXA], air displacement plethysmography, clinical assessment) in over 1000

healthy individuals and patients (593).

Patients were asked to lie down in a relaxed supine position on the examination
table. Patients were positioned to ensure legs were kept apart and arms were not
in contact with the trunk. Two electrodes each were placed 5 cm apart on the
right wrist and right ankle after the patient had been in recumbent position for at
least 5 min. Each electrode was connected to the appropriate lead on the BCM.
Patients’ age, gender, height, weight and BP was inputted into the BCM and the
measurement was taken. Output indices recorded include OH, lean tissue index,
fat tissue index, TBW, ECW, ICW, ECW/ICW, LTM, fat tissue mass and ATM.
Since the inter- and intra-observer reproducibility is good, only a single BCM

measurement was performed for each individual patient (594).

4234 EndoPAT
Functional assessment of endothelial function was carried out using EndoPAT

2000 (Itamar Medical, Israel). It uses a trademarked peripheral arterial tone (PAT)
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technology to non-invasively measure arterial tone changes in the peripheral
arterial beds. The PAT signal is measured from the fingertip by recording finger

arterial pulsatile volume changes.

Patient preparation involved ensuring patients were fasting for at least 4 hours
prior to testing including abstaining from caffeine. Any jewellery, watches or rings
were removed prior to testing. Testing was carried out with the patient lying
supine on an examination table, resting for at least 15 minutes in a quiet, dimly lit

and temperature-controlled room.

The EndoPAT system was prepared by entering patient’s age, gender, height
weight and BP. Two disposable PAT probes were connected to the pneumo-
electric tubing which together were placed in the PAT probe slots on the arm
supports. The probes were deflated before asking the patient to insert one finger,
preferably the index finger, from both hands into each of the two PAT probes,
ensuring the study fingers were placed all the way into the end of the probes.
Patients were asked to trim their nails where their lengths prevented their fingers
reaching the end of the probes. The PAT probes were then inflated, foam anchor
rings were placed on the finger adjacent to the study finger and the pneumo-
electric tubing was looped and clipped to the foam anchor rings ensuring these
rings and the tubing do not come in contact with the probes. Patients’ forearms
were then rested on the arm supports with the fingers dangling over the edge of
the supports, again ensuring the probes are not touching any other object. A 10
cm wide BP cuff connected to a manual sphygmomanometer was placed over

the upper arm on the test arm.
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Patients were advised to keep quiet and refrain from moving their study fingers
throughout the entire procedure. Signals from the two PAT channels were
visualised on the laptop connected to the EndoPAT 2000. Adjustments to the
signal gains/scaling were made to ensure adequate visualisation of the signals
over a period of one minute. If the signal showed any artefacts, position of
patients’ fingers and probes were re-adjusted to ensure that the PAT probes were

not in touch with anything at all.

Once stable signals were visualised, baseline recording was started for at least
5 minutes. As per manufacturer guidance, the timescale for viewing the trace was
changed from 1 minute to 15 seconds and the signal gain of the arm to be
occluded was amplified to 20,000. At this point, patients were reminded to keep
their fingers still and warned that they might feel paraesthesiae in their occluded

arm, hands or fingers.

The BP cuff was rapidly inflated to a supra-systolic level, the recommended
pressure of at least 60mmHg above SBP and no less than 200mmHg. Total
cessation of blood flow to the hand was verified by total absence of PAT signal
from the occluded hand. If the appearance of any PAT signal was noted, cuff
pressure was increase by an additional 50 mmHg and up to maximum of
300mmHg. The arterial occlusion was maintained for exactly five minutes —
periodically checking the pressure in the occluding cuff to ensure proper inflation;
increasing pressure if required. After five minutes of occlusion, the BP cuff was
completely and rapidly deflated, signal gains and timescale were readjusted to

baseline values, post occlusion phase recording for another five minutes before
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stopping the test. The PAT probes were deflated, removed from patients’ fingers

and discarded alongside the anchor rings.

The EndoPAT 2000 software automatically analyses the recorded waveforms by
identifying and marking the occlusion borders. It assesses digital flow-mediated
dilatation during reactive hyperaemia using measurements from both arms. The
reactive hyperaemia index (RHI) is the post-to-pre occlusion PAT signal ratio in
the occluded arm, relative to the same ratio in the control arm, corrected for
baseline vascular tone of the occluded arm. It also calculates a log natural
transformation of RHI (LnRHI), which the manufacturers claim to provide better
double-sided distribution than RHI that is closer to normal distributionand able to
offer better separation between disease states. A normal result is RHI > 1.67 or

LnRHI > 0.51 and abnormal result is RHI £ 1.67 or LnRHI < 0.51.

4.2.3.5 Arterial Stiffness

Pulse wave analysis and pulse wave velocity was measured in all the patients at
the study visit using the Vicorder system (Skidmore Medical, Bristol, UK). It uses
BP cuffs and a volume displacement techniqgue to measure simultaneous
pressure waveforms of arteries at different sites. Patients were in supine position
for 15 minutes in a temperature-controlled room before the measurement was

started.

Pulse wave analysis was performed first by placing a 10 cm wide BP cuff over
the brachial artery. A brachial BP was measured by a digital oscillometric
technique using the Vicorder system for calibrating peripheral waveforms.
Immediately afterward, the BP cuff was then statically re-inflated to 70 mmHg to

obtain a digitally computed brachial pressure wave trace. The Vicorder system
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software applied a previously described brachial-to-aortic transfer function (595)
to convert the brachial waveform trace to derive a waveform and values for
central BP. The augmentation index which is defined as the difference between
the first and second systolic peaks of the central BP waveform, expressed as a
percentage of the pulse pressure. The Vicorder system software was able to
automatically identify the first and second central systolic peaks to calculate the
augmentation index. The BP and the brachial waveform were recorded three

times to calculate an average augmentation index.

Pulse wave velocity was measured second; a 10 cm wide BP cuff was placed
around the upper thigh, as close to the groin as possible to obtain a femoral artery
waveform. The carotid pulse on the same side was manually palpated using the
anatomical landmarks and a 3 cm wide partial cuff was placed over the carotid
pulse position with the cuff taut around the neck. The path length was measured
in cm, in accordance with the manufacturer guidance, from the tip of the shoulder
in line with supra sternal notch and a fixed spot on the thigh-placed BP cuff. The
Vicorder system simultaneously inflated both cuffs to a static pressure of 65
mmHg to obtain and record two waveforms using volume displacement. The
waveforms were captured over a period of 10 seconds. The Vicorder software
automatically measures the foot-to-foot transit time which corresponds to the
delay in arrival of the foot of the waveform from the carotid to the femoral artery.
The Vicorder software uses an in-built cross-correlation algorithm around the
peak of the second derivative of pressure. The transit time and the distance from
the shoulder tip to the femoral cuff recorded earlier was used by the Vicorder
system to automatically calculate the PWV. Three separate traces were captured

to obtain three PWVs and the average of three was used for further analysis.
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4.2.3.6 Blood testing

Blood samples were taken from all patients towards the end of the study visit after
they had been lying in a supine position for at least 30 minutes or more. Blood
samples were taken for urea and electrolytes profile, lipid profile, bone profile,
CRP, thyroid stimulating hormone (TSH), Cortisol, Vitamin D, haemoglobin Alc
(HbAlc), serum FLC, renin, aldosterone, high sensitivity troponin I and N terminal
pro B type natriuretic peptide (NT-proBNP). These tests were all routinely carried
out at the local pathology laboratories of Birmingham Heartlands Hospital using
validated techniques. The laboratories themselves were awarded UKAS (United
Kingdom Accreditation Service) accreditation to the internationally recognised

ISO 15189 standard.

Where any parameter values were reported as below the level of quantification,
the lower limit of quantification divided by 2 was used to impute a value for any

such instance (596, 597).

4.23.7 Biomarkers of endothelial dysfunction
Specific biomarkers of endothelial dysfunction were evaluated using
commercially available enzyme-linked immunosorbent assay (ELISA) kits for

SFLT-1 (human VEGF1), ET-1, endoglin, ICAM-1 and VCAM-1.

The serum which was collected at the study visit in a serum separator tube,
allowed to clot for 30 minutes at room temperature before centrifugation for 30
minutes and 1000g and stored at -80 °C until required. Samples were gently
thawed using dry ice to room temperature. All the reagents including wash buffer,
substrate solution, calibrator diluent and standard were prepared as per supplied

manufacturer’s instructions.

194



Assay diluent was added to each microplate well, followed by addition of
standard, control and sample solution per well before covering with an adhesive
strip and incubating for the recommended duration on a horizontal orbital
microplate shaker as specified. At the end of incubation, each well was decanted
and then washed by filling each well with wash buffer before complete removal

of liquid. The wash process was repeated three times.

After washing the conjugate solution was added to each well before covering with
a new adhesive strip and re-incubating on the shaker as specified. The wash
process was repeated after second period of incubation. Substrate solution was
then added to each well and allowed to incubate, protected from light, on the
benchtop or the shaker as specified. Stop solution is then added to the each well
to stop the reaction producing a colour change from blue to yellow. The micro
plate was gently tapped to ensure thorough mixing and allow a uniform colour

change.

The optical density of each well was determined within 30 minutes using a Spark
10M microplate reader (Tecan Group Ltd, Mannedorf, Switzerland) at 450nm and
540nm wavelengths. The readings at 540 nm were subtracted from the readings

at 450nm to correct for optical imperfections in the plate.

A preliminary ELISA was performed for each biomarker by sampling different
dilutions of serum from both groups of patients to determine the optimum dilutions

to use for the entire sample population.
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Calculation of results

The zero standard optical density was subtracted from wavelength-corrected
readings for each standard and sample. A standard curve was created for
standards for each microplate by generating a four-parameter logistic (4-PL)
curve-fit for all biomarkers except VCAM-1 for which log/log curve-fit was used,
as recommended by the manufacturer. SigmaPlot for Windows version 14.0
(Systat Software Inc., San Jose, California, US) was used to generate the curve-
fit graphs (see appendices VI — X). The equations for each curve-fit or line of best
fit was used to determine the concentrations of biomarker for the corrected optical
density readings for each sample. If the samples were diluted, the concentrations

obtained using the standard curve were multiplied by the dilution factor.

4.23.8 Spot urine testing

At the end of the study visit all patients were asked to provide a midstream urine
which was analysed at Birmingham Heartlands Hospital laboratories for
quantification of spot urine ACR. The urine sample was also used to carry out
urine antihypertensive assay which was able to detect presence of 23 commonly

prescribed antihypertensive drugs or their metabolites (Table 4.1).
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Table 4.1: List of antihypertensives detectable by the urine antihypertensive
assay.

Class of drug Antihypertensives detectable

Angiotensin-converting enzyme Lisinopril, perindopril, ramipril, enalapril

inhibitors

Angiotensin receptor blockers Losartan, irbesartan, candesartan

Beta-adrenoreceptor blockers Atenolol, bisoprolol, metoprolol, labetalol

Calcium channel blockers Amlodipine, diltiazem, felodipine,
verapamil, nifedipine

Diuretics Indapamide, bendroflumethiazide,
hydrochlorothiazide, furosemide,
spironolactone

Others Doxazosin, moxonidine

4239 24-hour urinary collection

At the study clinic, all the patients were provided with two different collection
bottles (one plain and the other acidified) for 24-hour urinary collection to be
completed at home. Patients were instructed to collect the urine on a day of their
choice within 2 weeks of the study visit ensuring all the urine they passed over a
24-hour period was collected in the urine bottles and return the sample bottles
within 24 hours of collection. They were advised to a collect a separate 24-hour

urine in each of the two different collection bottles.

The urine collected in the acidified bottle was used to carry out catecholamines
(noradrenaline, adrenaline and dopamine) and metadrenalines
(normetadrenaline, metadrenaline and 3-methoxytyramine). The plain bottle was
used to test for urinary electrolytes including sodium and potassium. The
concentrations of all the tested were converted from per litre to per day by

multiplying the volume of urine collected, in litres over 24 hours. It was assumed
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that all sodium was ingested in the form of sodium chloride and daily salt intake
was calculated by multiplying 24-hour urinary sodium (mmol/day) with molecular

weight of sodium chloride (58.5 g/mol) and dividing by 1000 to convert it to g/day.

4.2.3.10 Overnight pulse oximetry

Overnight pulse oximetry was carried out to screen for presence of obstructive
sleep apnoea. Where available, Pulsox-300i (Konica Minolta Sensing, Osaka
Japan) and SoftTip pulse oximetry sensor (EnviteC, Wismar, Germany) was used
to carry out overnight pulse oximetry. Patients were given instructions and a
practical demonstration of using the device at the study visit. Patients were
advised to wear the Pulseox-300i on their wrist like a wristwatch using the
adjustable Velcro straps. They were told to place the SoftTip oxygen probe on
any finger, preferably the index, of the same hand ensuring correct orientation
and fit of the probe. They were advised to start recording once going to sleep and
turning off the device when awake ensuring at least 4 hours of sleep was captured
on the device. The data was downloaded and analysed using Visi-Download
(Stowood Scientific Instruments, Oxford, UK) software by a trained respiratory

physiologist.

Oxygen desaturation index (ODI) was used to assess likelihood of a diagnosis of
OSA. A desaturation event is described as a fall of haemoglobin oxygen
saturation by a certain percentage of the baseline oxygen saturation. The ODI is
the number of desaturation events that occur per hour for a given percentage
drop in oxygen saturation. Three levels of desaturation events were reported;
>2%, >3% and >4%. An ODI of =5 desaturations events per hour at >3% level

was defined as abnormal (598). Any patient meeting this criterion was referred to
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specialist sleep clinic at Birmingham Heartlands hospital for further evaluation of

possible OSA.

42311 Epworth Sleepiness Scale

All patients attending the study visit were asked to complete an Epworth
Sleepiness Scale (ESS) questionnaire (see appendix XlI). The ESS is an 8-item
guestionnaire that measures subjective sleepiness (599). Patients are given a
choice of 4 options to rate how likely they are to fall asleep in 8 different situations.
The four options (no chance, slight chance, moderate chance, high chance) are
scored 0 to 3, giving a maximum possible score of 24 which represents a high
chance of falling asleep in all 8 situations. The ESS final score was dichotomized

into < 11 (low risk for sleepiness) and = 11 (high risk).

4.2.3.12 Beliefs about medicines questionnaire

All patients were asked to complete beliefs about medicines questionnaire (BMQ)
at their study visit (see appendix XIlI). The BMQ comprises 18 statements each
with a 5-point Likert scale response ranging from strongly disagree to strongly
agree. The BMQ is composed of two sections; specific and general. The specific
section evaluates patients’ beliefs about their medication about a specific
condition; it includes two scales comprising 5 question each assessing patients’
beliefs about the necessity of taking medications for their illness and the level of
concern about the potential adverse effects of taking their current condition-
specific medications. The general section focuses on patients’ beliefs about
medicines in general and it also comprises of two scales of 4 questions each.

The general-overuse scale evaluates patients’ views about how doctors use
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medications and the general-harm scale explores their views about the extent to

which they perceive medications as harmful.

Each of the 18 statements are rated on a five-point Likert scale (strongly disagree,
disagree, uncertain, agree and strongly disagree). The five Likert scale
responses were scored from 1 (strongly disagree) to 5 (strongly agree). Scores
from the statements for each of the four scales are added up to give an overall
scale score with the highest score indicating stronger beliefs in the concepts of
the scale. A necessity-concern differential was calculated as the difference
between the score of specific-necessity and specific-concerns subscale a
resulting high positive value indicates a strong belief in the necessity of

medications that outweighs the concerns about their undesirable effects.

4.2.4  Statistical Analysis

Data was recorded in a Microsoft Access database designed specifically for the
FACT-RHY study. Statistical analysis was carried using IBM SPSS Statistics for
Windows 25.0 (IBM Corp., Armonk, N.Y., USA). Mean and standard deviation
were reported for normally distributed data. Visual inspection of histogram,
normal probability plot and Shapiro-Wilk test were used to assess for the
normality of the data. Log-transformation was used where non-parametric
continuous variables could be converted into log-transformed parametric
variables. Log-transformed data were reported as un-transformed mean and 95%
confidence intervals of the mean. Non-parametric data was expressed as median
and IQR. Parametric continuous variables were compared using Student’s t-test

and non-parametric continuous data were compared using Mann-Whitney U test.
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Levene’s test for Equality of Variances was used to select the appropriate t-test

value.

Categorical variables were compared using the chi-square test and Yates’
Correction for Continuity was reported where both variables have only two
categories to compensate for the over-estimate of chi-square value when used
with a 2-by-2 table. If the percentage of cells with an expected count of less than
5 was found to be more than 20%, Fisher’'s Exact Test was reported where the
two variables had only 2 categories and Likelihood Ratio was reported where
more than two categories were present. Pairwise exclusion method was used

where data contained missing values.

Pearson’s bivariate correlation analysis was used to examine the strength of
relationship between two continuous variables and reported as Pearson product-
moment correlation coefficient or ‘r'. Both confidence interval and p-value were
used to express statistical significance and a two-sided p-value of <0.05 was

considered statistically significant.

Binary logistic regression analysis used for chosen dependant categorical

variables with two categories.

4241 Multiple linear regression

Multiple linear regression analysis was performed to assess the effect of
independent variables on the chosen dependant continuous variable. Preliminary
analyses, including correlation matrix of all eligible variables and variance
inflation factor were used to assess the strength of multicollinearity between the
variables. Variance inflation factor of greater than 10 was used to define

multicollinearity (600) and if present, was minimised by removing the variable
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contributing to collinearity. Linearity was assessed by partial regression plots and
a plot of studentized residuals against the unstandardised predicted values.
Homoscedasticity was assessed by visual inspection of a plot of studentized
residuals versus unstandardized predicted values. Assumption of normality of the
residuals was tested by visual inspection of histogram of residuals with
superimposed normal curve and a P-P plot. Outliers were detected where a
case’s standardised residual is greater than £3 SDs. Leverage values were used
to determine whether any cases exhibit high leverage; leverage values less than
0.2 were considered as safe, 0.2 to less than 0.5 as risky, and values of 0.5 and
above as dangerous (601). Influential points were examined where value for

Cook’s distance exceeded 1 (602).

For both multiple linear and binary logistic regression analyses backward
elimination was performed manually, individually removing any variable in the
model with the highest p-value greater than the significance level of 0.05. By
rerunning the model with each deletion of a variable, each iteration of the model
has a larger sample size as the missing data on the excluded variables will no
longer result in missing cases in the multivariable model. Any cases with missing

data were excluded from the regression models.

4.24.2 Analysis of variance

A two-way analysis of variance (ANOVA) was performed where an interaction
between two categorical variables was suspected to be associated with a
continuous variable. Residual analysis was performed to test for the assumptions

of the two-way ANOVA. Outliers were assessed by inspection of a boxplot,
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normality was assessed using Shapiro-Wilk's normality test for each cell of the

design and homogeneity of variances was assessed by Levene's test.
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4.3 Results

43.1 Patient recruitment

In total 417 consecutive patients were assessed for eligibility between 30th
January 2017 to 29th January 2018 (see Figure 4.1). Ninety-one patients were
excluded; of the 326 eligible patients, 236 patients were approached in the
hypertension clinic. Of the 91 excluded patients; 25 either had no hypertension
or controlled with lifestyle measures alone, 22 were either <18 or >80 years of
age, 21 had a secondary cause of hypertension, 16 had an eGFR <30
ml/min/1.73m?, and 7 for other reasons. Patient information sheet was provided
to 196 patients. Forty patients refused to take part at the outset with a further 36
refused after receiving the patient information sheet. One hundred and twenty-

six patients provided written consent and 100 patients attended the study visit.

Sixty-three patients were taking three or more antihypertensives of which 41 were
classed as TRH based on their BP and adherence to their pharmacological
therapy (see Figure 4.2). TRH group comprised of 13 patients prescribed four or
more antihypertensives with controlled BP and 28 patients prescribed three or
more antihypertensives with uncontrolled BP. All 41 patients were shown to have
at least three or more antihypertensives in their urine proving their adherence.
Any patient prescribed <3 antihypertensives (n=37) and those prescribed =3
antihypertensives found not to have TRH (n=22) were classified as the non-TRH
group. There were 19 patients taking at least 3 antihypertensive but found to be
non-adherent and labelled as having pseudo-TRH and there were 3 patients who
were taking 3 antihypertensives with confirmed adherence and controlled BP and

labelled as controlled HTN (see Figure 4.2).
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The baseline demographics of patients comprising the non-TRH group (<3
antihypertensive and pseudo-TRH / controlled HTN) were compared and listed in
Table 4.2. Generally, the two groups were similar across gender, ethnicity, BP,
smoking status, duration of hypertension, comorbidities (except for ischaemic
heart disease) and family history. Patients taking less than 3 antihypertensives
were significantly younger than those with pseudo-TRH; mean + SD 41.3 + 13.2
and 52.8 + 11.3 (p=0.001) respectively. Higher proportion of patients labelled
pseudo-TRH were found to have ischaemic heart disease, 5 (22.7%) versus 1

(2.7%) in those taking <3 antihypertensives (p=0.023).

The two groups were combined to form a non-TRH comparator group. ldeally,
the analysis would be best carried out comparing those with TRH to individual
subgroups given the significant difference in age and prevalence of ischaemic
heart disease in these two subgroups. However, due to relatively small numbers
these analyses may not yield much meaningful comparisons. Age and, where
appropriate, co-morbidities will be included any multivariable analysis to

overcome this limitation.
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Consecutive patients

screened (n=417)

Excluded (n=91)

No hypertension (n=25)

Age <18 or >80 years (n=22)
Secondary hypertension (n=21)
eGFR <30 ml/min/1.73m2 (n=16)
A Other (n=7)

A 4

Patients eligible for study
(n=326)

Unable to approach (n=90)

Patients did not attend, or they
left clinic before they could be
approached and subsequently
either discharged from clinic or
A did not attend their follow-up.

4

Patients approached for
study (n=236)

v

Refused (n=40)

A

Patient information sheet
provided (n=196)

Refused (n=36)

Unable to get hold of patient to
confirm or refuse participation
(n=34)

A 4

A

Written consent provided
(n=126)

Unable to get hold of patient to
book study visit or did not attend
study visit (n=26)

A 4

A

Patients attended study
visit (n=100)

Figure 4.1: Flow diagram of patient recruitment in the FACT-RHY study
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Controlled on 24

AHTs (n = 13)
True TRH
] (n=41)
Taking 23 AHTs Unoontrolled on

Patients (n=63) Pseudo-TRH / 23 AHTSs (" 28)
attended study controlled HTN

visit (n . 100) Taklng <3 AHTs (n 22)
(n=37)

Figure 4.2: Allocation of patients into groups - treatment-resistant hypertension
(orange) and non-TRH (blue). Abbreviations: AHTs, antihypertensives; TRH,
treatment-resistant hypertension.

Table 4.2 Comparison of baseline demographics of two patients taking<3 AHTs
and those with psuedo-TRH / controlled HTN

Pseudo-TRH /
LI controlled HTN RS

N 37 22

Ages, years 414+ 13.2 528 +11.3 0.001

Gender 1.000
Male 16 (43.2) 9 (40.9)

Female 21 (56.8) 13 (59.1)

Ethnicity 0.232
Caucasian 20 (54.1) 12 (54.5)
African-Caribbean 7 (18.9) 3(13.6)

Asian 10 (27.0) 5(22.7)
Mixed 0 (0) 2(9.1)

Systolic BP, mmHg 138 (127 - 157) 143 (136 — 163) 0.256

Diastolic BP, mmHg 94 +13 98 +14 0.274

Smoking Status 0.939
Never 19 (46.3) 33 (55.9)

Ex 13 (31.7) 14 (23.7)
Current 9 (22.0) 12 (20.3)

Duration of hypertension 0.619
<1-5 years 20 (54.1) 9 (40.9)

6-15 years 13 (35.1) 10 (45.5)
>15 years 4 (10.8) 3(13.6)

Comorbidities

Ischaemic heart disease 1(2.7) 5(22.7) 0.023

Diabetes Mellitus 1(2.7) 4(18.2) 0.059

Cerebrovascular disease 2(54) 2(9.1) 0.624

Chronic kidney disease 1(2.7) 0(0) 1.000

Peripheral vascular disease 1(2.7) 0(0) 1.000

Family History

Hypertension 28 (75.7) 20 (90.9) 0.184

Ischaemic heart disease 9(24.3) 4(18.2) 0.749

Cerebrovascular disease 6 (16.2) 5(22.7) 0.731

Data presented as frequencies (percentage), mean + standard deviation, and median
(interquartile range). Abbreviations: AHTs, antihypertensives; TRH, treatment-resistant
hypertension; HTN, hypertension; BP, blood pressure.
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4.3.2 Baseline demographics

One hundred patients attended the study visit with almost equal number of males
and females. The ethnic make-up of the study population reflects the catchment
population of Birmingham Heartlands Hospital with a majority Caucasian followed
by Asian and African-Caribbean; 51%, 24% and 22% respectively. The
prevalence of TRH was similar in males and females (p=0.311) and did not differ
significantly with ethnicity (p = 0.546). Baseline demographics are summarised in

Table 4.3.

The mean BMI was similar in TRH and control patients; 32.5 kg/m? and 31.4
kg/m? respectively. The waist-to-hip and waist-to-height ratios were both
significantly higher in the TRH group when compared to the control group; with a
mean difference of 0.05 (95% CI: 0.008 — 0.098) and 0.04 (95% CI: 0.003 — 0.068)

respectively.

Mean (SD) SBP in the TRH group was 149 (27) mmHg in the TRH group
compared to 145 (25) mmHg in the control group (p=0.491). The mean diastolic
BP was 89 (14) mmHg and 95 (13) mmHg respectively in the two groups (p =
0.034). LVH which was assessed from the ECG using the Cornell product criteria

(587) was present in 21 patients of whom 14 (34.1%) had TRH (p = 0.007).

Fifty-two patients in the entire cohort never smoked, and the remaining 48
patients were either ex-smokers (n=27) or current smokers (n=21). The median
(IQR) smoking pack years was 16 (5 — 35) which was relatively higher in the TRH
group compared to the control group. More than three quarters of all study
patients reported drinking no regular alcohol. The mean (SD) alcohol intake in

the 19 remaining patients was 11 (6) units per week with a higher alcohol
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consumption in the TRH group than the control group. The differences observed
for smoking and alcohol consumption between the two study groups were,

however, statistically non-significant.

Self-reported duration of hypertension was significantly higher in the TRH group
(p<0.001) with 83% (n=34) of patients with TRH reported being treated for
hypertension for more than 5 years compared to 49% (n=29) non-TRH patients
with a treatment duration of 5 years or less. The prevalence of TRH did not differ
significantly in patients with other co-morbidities including ischaemic heart
disease, cerebrovascular disease (stroke or TIA), CKD and peripheral vascular
disease. Only presence of diabetes mellitus was significantly associated with
TRH; 27% of patients with TRH had diabetes compared to 9% in controls
(p=0.024). Family history of hypertension, ischaemic heart disease or

cerebrovascular disease did not differ significantly in TRH and control groups.
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Table 4.3: Baseline demographic and clinical characteristics of all study patients

All Patients TRH Non-TRH P value

N 100 41 59

Age$, years 48 (46 —51) 57 (53 - 60) 44 (40 - 47) <0.001

Gender 0.364
Male 47 22 (53.7) 25 (42.4)

Female 53 19 (46.3) 34 (57.6)

Ethnicity 0.546
Caucasian 51 19 (46.3) 32 (54.2)
African-Caribbean 22 12 (29.3) 10 (16.9)

Asian 24 9 (22.0) 15 (25.4)
Mixed 3 1(2.4) 2(34)

Body Mass Index, kg/m? 319+6.0 325+49 314+66 0.406
. . . 0.92 0.96 0.90

Waist to Hip ratio® (090-095)  (092-099)  (0.87-093) 0017

Waist to Height ratio 0.61+0.09 0.63 +0.07 0.59+0.10 0.031

Systolic BP, mmHg$ 145 (140 — 149) 147 (139 -155) 143 (137 -149)  0.501

Diastolic BP, mmHg 93+ 14 89+ 14 95+ 13 0.034

Left ventricular

hypertrophy 21 14 (34.1) 7(11.9) 0.015

Smoking Status 0.598
Never 52 19 (46.3) 33 (55.9)

Ex 27 13 (31.7) 14 (23.7)
Current 21 9 (22.0) 12 (20.3)

31”2253"9 pack years® 14 (10 - 20) 20 (12 - 32) 11(7-17) 0.057

Alcohol i_ntake, units per 1+6 14+7 9+5 0082

week (n=19)

Duration o_f <0.001

hypertension
<1-5 years 36 7(17.1) 29 (49.2)
6-15 years 33 10 (24.4) 23 (39.0)
>15 years 31 24 (58.5) 7(11.9)

Comorbidities

Ischaemic heart disease 13 7(17.1) 6 (10.2) 0.479

Diabetes Mellitus 16 11 (26.8) 5(8.5) 0.029

Gerebrovascular 9 5(12.2) 4(6.8) 0.481

isease

Chronic kidney disease 4 3(7.3) 1(1.7) 0.302

Peripheral vascular

disezse 4 3(7.3) 1(1.7) 0.302

Family History

Hypertension 78 30(73.2) 48 (81.2) 0.468

Ischaemic heart disease 21 8 (19.5) 13 (22.0) 0.956

Gerebrovascular 23 12 (29.3) 11 (18.6) 0.317

isease

Number of

antihypertensives 3(2-4) 4(3-5) 2(1-3) <0.001

Total number of 5(3-8) 7 (5-10) 3(2-6)  <0.001

medications

Data presented as frequencies (percentage), mean * standard deviation, and median
(interquartile range). Log transformed variables are reported as mean (95% confidence interval)
and indicated by §. Parametric data were analysed using independent-samples t-test. Non-
parametric data were analysed using Mann-Whitney U test. Pearson’s 42 test was used for counts.
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4.3.3 Adherence and medications

All prescribed medications were recorded from the study population. The median
(IQR) number of antihypertensives prescribed to the entire study population was
3(2-4);4(3-5)in TRH group and 2 (1 — 3) in the control group. The median
for total number of all prescribed medications was 5 (3 — 8) in all patients, 7 (5 —
10) in TRH group and 3 (2 — 6) in the control group (p<0.001). Lipid-lowering
pharmacological therapy was prescribed to 49% (n=20) patients with TRH and

19% of control patients (p=0.002).

The proportions of patients prescribed individual class antihypertensive
pharmacological agents are detailed in Table 4.4. CCBs, RAAS inhibitors and
diuretics were the commonest classes of antihypertensives prescribed overall
and in both groups. All classes of antihypertensives were more commonly

prescribed in TRH patients.

Adherence to antihypertensive medications was categorised into three groups;
adherent, partially-adherent and non-adherent. In adherent patients all the
prescribed antihypertensives medications were present in their urine. In partially-
adherent patients at least one or more of their prescribed antihypertensives were
not detected in their urine. Non-adherent patients had none of their prescribed
antihypertensives in the urine. Fifty-eight patients were fully adherent, 29
partially-adherent and 13 non-adherent as shown in Figure 4.3. Patients were
assumed to be adherent to any antihypertensive that the AHS had not been
optimised to detect which occurred in 20 individual prescriptions out of a total of

300 antihypertensives prescribed to the total study population equating to 6.7%.
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Adherence to each class of antihypertensives was assessed as the proportion of

all antihypertensives belonging to a particular class that were prescribed in the

study population to examine any differences present by type of antihypertensive.

Similar rates of adherence were observed across all

the classes of

antihypertensives and, in particular, the three most commonly used groups

including CCBs, RAAS inhibitors and all diuretics (see Figure 4.4).

Table 4.4: Number of prescribed medications and class of antihypertensives

All Patients TRH non-TRH P value
Number of antihypertensives 3(2-4) 4 (3-5) 2(1=-3) <0.001
Total number of medications 5(3-8) 7(5-10) 3(2-6) <0.001
Lipid lowering therapy 31 20 (48.8) 11 (18.6) 0.003
Class of prescribed antihypertensives
Calcium channel blocker 72 34 (82.9) 38 (64.4) 0.072
Renin angiotensin
aldosterone system inhibitors 87 40(97.6) 47(79.7) 0.021
Diuretic 57 33 (80.7) 24 (40.7) <0.001
Thiazide/thiazide-like 33 17 (41.5) 16 (27.1) 0.199
Loop 20 12 (29.3) 8 (13.6) 0.093
Potassium-sparing 22 18 (43.9) 4 (6.8) <0.001
Beta-adrenergic receptor 29 20 (48.8) 9(15.3) 0.001
blocker
Alpha-adrenergic receptor 27 20 (48.8) 7 (11.9) <0.001
blocker ’ ’ ’
Others 9 8 (19.5) 1(1.7) 0.003

Data on number of antihypertensives and total number of medications are presented as median
(IQR). All other data are presented as counts (percentage is expressed as a proportion of the

corresponding column total).
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Adherence status of study population
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Figure 4.3: Adherence status of the study population.

Percentage adherence by class of antihypertensive
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Figure 4.4: Percentage of prescribed antihypertensives detected, undetected or
undetectable by class. Abbreviations: CCB, calcium channel blocker; RAASI,
renin-angiotensin-aldosterone inhibitor; AB, alpha-adrenergic receptor blocker;
BB, beta-adrenergic receptor blocker.
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4.3.4 Biochemical characteristics

Results of the blood tests carried out the study population including TRH and
control groups are summarised in Table 4.5. The kidney function derived using
the measured serum creatinine to calculate eGFR (using either the Chronic
Kidney Disease Epidemiology Collaboration [CKD-EPI] or the MDRD equations)
was significantly lower in the TRH group when compared to the control group; 76
(21) ml/min/1.73m? and 97 (20) ml/min/1.73m? respectively (p<0.001). In the liver
function profile, serum albumin was significantly lower in patients with TRH. There
was no significant difference in any of the indices measured in the lipid profile
between both groups of patients. Similarly, levels of TSH, serum cortisol, CRP

and Vitamin D were similar across the two group of patients.

HbAlc was significantly higher in patients with TRH when compared to controls;
42 (38 — 47) mmol/mol and 38 (35 — 41) mmol/mol respectively (p= 0.001). NT-
proBNP and high-sensitivity troponin | were both significantly elevated in patients
with TRH. Median (IQR) NT-pro-BNP was 126 (72 — 390) ng/L in TRH patients
compared to 54 (27 — 91) ng/L in the control patients (<0.001). ARR was also
found to be significantly raised in patients with TRH; 21 (6 — 51) pmol/mUL

compared to 8 (2 — 19) pmol/mUL (p=0.012).
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Table 4.5: Biochemical characteristics of the study population including TRH and

control groups.

N Al Patients TRH non-TRH B
value
Sodium, mmolL 100 139 (138 —141) 139 (138 —141) 139 (138—141) 0.989
Potassium, mmol/L 100  4.0+04 39404 4104 0.038
Urea, mmol/L 100  57%18 6.6+ 1.9 51+14  <0.001
ﬁ;’:&? creatining, 109 76 (66 — 95) 88 (72 - 110) 69 (62 -88)  <0.001
eGFRCKD-EPI, 44, 89 £ 23 76 + 21 97 £ 20 <0.001
ml/min/1.73m?2
Phosphate, mmollL 100 1.050.19 1.06 0.18 106+019  0.981
Alkaline
Shoaatases, luL 100 77(72-82)  81(73-89)  74(67-82) 0231
Total Proteins, gl 100  72(71-73)  71(69-73)  72(71-74) 0311
Albumin (g/L) 100 37%30 36127 381 3.0 0.009
Corrected calcium, 100 2.44 (2.39 - 2.46 (2.40 - 2.44 (2.39 - 0470
mmol/L 2.50) 2 54) 2.50) :
CRP, mg/L 100 32-7) 4(2-8) 3(1-6) 0.096
Glucose, mmol/L 52(47-59) 54(48-67) 51(46-55) 0134
Cholesterols, mmoll 100 4.9 (47-52) 48(44-52) 50(48-53) 0223
Triglycerides, 100 14(09-22) 16(11-22) 13(09-22) 0491
mmol/L
117 (1.1 = 114 (1.04 - 119 (1.12 -
-C§
HDL-CS, mmol/L 100 A, 150 060 0.522
] 304(237—  295(206—- 319 (245-
LDL-C, mmollL 95 S 396 2 46) 0.119
Crolesterol /DL 400 42(39-45) 42(38-46) 42(39-46) 0742
110(0.78—  0.98(0.77 - 110 (0.80
TSH, mUIL 99 . . 5oy 0.828
CortisolS, nmollL 99 178 (162—195) 188 (165—214) 171 (149—196) 0.333
Total Vitamin DS, o, 34.7(30.7- 356(292-  342(290- [,
nmol/L 39.3) 435) 40.2) -
HbA1c - IFCC, 100 40 (36-44) 42 (38-47) 38(35-41)  0.001
mmol/mol
Kappa/Lambda 124 (1.17 - 133 (1.22 - 117 (1.09 -
ratio$ 100 1.31) 1.45) 1.26) 025
Combinedfreelight -~ 359(332-  412(367-  326(295- 06
chainss 38.9) 46.4) 36.1) '
NT-proBNPS, ngl. 82 84 (64—110) 163 (108—247) 52(38-69)  <0.001
hs-Troponinl,ng/L 100  3(3=7) 5(3-18) 3(3-3)  <0.001
Aldosterone /Renin g5 45 g _ 15 18 (11 - 28) 9(7-13)  0.016

ratio$, pmol/mUL

Log transformed variables are reported as mean (95% confidence interval) and indicated by §.
Abbreviations: eGFR: estimated glomerular filtration rate, CKD-EPI: Chronic Kidney Disease
Epidemiology Collaboration, CRP: c-reactive protein, HDL-C: high density lipoprotein cholesterol,
LDL-C: low density lipoprotein cholesterol, TSH: thyroid stimulating hormone, HbA1c:
haemoglobin A1c, IFCC: International Federation of Clinical Chemistry and Laboratory Medicine,
NT-proBNP: N terminal pro B type natriuretic peptide.
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4.3.5 Spot and 24-hr urine tests

The results of all tests conducted on urinary samples provided by the study
population are summarised in Table 4.6. Urine sample collected at the study visit
was analysed for microalbuminuria. Median (IQR) albumin-to-creatinine ratio,
was higher in the TRH group compared to the control group; 2.8 (1.1 — 9.2)
mg/mmol and 1.4 (0.7 — 7.7) mg/mmol but it did not meet the significance cut-off
(p=0.077). Adequate 24-hour urinary collection was possible in 60% of the study
population. The proportion of satisfactory acidified 24-hour urine collection for
urinary free catecholamines and metadrenalines was available for 25 (61%) TRH
and 35 (59%) control patients. Similar proportions were observed for plain 24-
hour urine collection used for estimation of daily salt intake; 27 (66%) and 33

(56%) respectively.

None of the urinary free catecholeamines — noradrenaline, adrenaline and
dopamine — and urinary free metadrenalines — normetadrenaline, metadrenaline,
and 3-methoxytyramine — were significantly different in the two groups of patients.
The median (IQR) daily salt intake, estimated by using the measured urinary
sodium output, was 6.9 (4.7 — 10.9) g/day in the TRH patients and was similar to
the control patients who consumed a median of 6.6 (4.6 — 10.0) g of salt per day

(p=0.608).
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Table 4.6: Spot and 24-hour urine tests in the study population including TRH
and control groups

P

N All Patients TRH non-TRH
value

Albumin / Creatinine 99

ratio, mg/mmol 1.6 (0.8 -8.6) 28(1.1-9.2) 1.4(0.7-7.7) 0.077

UF Noradrenaline 58 288 (248-336) 291 (219-387) 286 (240-342) 0.916

output§, nmol/day

UF Adrenaline outpu®®, 59 45(14_23)  16(11-23)  20(15-27)  0.309

nmol/day

UF Dopamine output, 60 1978 1507 1996 0.258

nmol/day (1231-2500)  (981-2419)  (1455-2527) O

UF Normetadrenaline 59 1.80 1.90 1.74 0.551

outputs, pmol/day (156-208)  (147-245)  (145-207)

UF Metadrenaline 59 0.62 0.59 0.64 0.621

outputs, pmol/day 054-071)  (048-074)  (053-077)

UF 3-methoxytyramine 56 0.81 0.80 0.82 0.904

output§, umol/day (0.71-0.93) (0.63-1.02) (0.69 -0.97) ’
o

Daily salt intake®, 60 66(58-77) 72(59-86) 63(51-77) 0344

g/day

Log transformed variables are reported as mean (95% confidence interval) and indicated by §.
Abbreviations: UF, urinary free.
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4.3.6 Body Composition

Body composition monitoring using BIS was carried out in all 100 patients
attending the study visit. The comparison of baseline body composition
parameters of the TRH and control groups is summarised in Table 4.7. OH is
presented as absolute values in litres and as a percentage of ECW. Absolute OH
is divided into three groups; normal (-1.1L to +1.1L), overhydrated (> +1.1L) and,
underhydration (< -1.1L). The mean absolute OH and percentage OH were higher
in the TRH compared to control but did not reach statistical significance. The BCM
identified only 5 patients with absolute overhydration overall, 3 of whom had TRH.
Interestingly, however, 47% were found to be underhydrated with an absolute OH
less than -1.1 litres with the remaining 48% normally hydrated. The distribution of

OH in the study population is shown in Figure 4.5.

The mean TBW and ECW, although higher in the patients with TRH when
compared to the controls, did not reach statistical significance. The mean ICW
was similar in the two study groups. The mean ECW-to-ICW ratio was higher in
the TRH group compared to controls; 0.86 (0.09) and 0.82 (0.07) respectively
(p=0.013). Similarly, mean ECW-to-TBW ratio was higher in the TRH group
comparatively; 0.46 (0.03) and 0.45 (0.02) respectively (p=0.016). However, the

magnitude of the mean difference between the two groups is small.

Diuretics alter the body’s composition of fluid compartments through increasing
sodium and water loss at the kidney. Therefore, a prescription to a diuretic may
significantly affect the results observed in the two study groups, especially in the
TRH group who had a statistically significant higher rate of prescription to a

diuretic (see Table 4.4). Therefore, a two-way ANOVA was conducted to explore
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whether a prescription of diuretic affected the indices of fluid compartments
across the two study groups. A separate ANOVA was carried for OH, OH
expressed as percentage of ECW, TBW, ECW, ICW, ECW-to-ICW ratio and,
ECW-to-TBW ratio. The interaction effect between TRH status and a prescription
to diuretic was not statistically significant in any of the 7 separate two-way

ANOVA analyses (see Table 4.8).

When comparing the various indices of body tissue composition as measured by
the Fresenius BCM the two groups appear similar (Table 4.7). There is no
significant difference in mean lean tissue index and mean fat tissue index across
the two groups. Likewise, lean and fat tissue expressed as a percentage of body

weight was similar for TRH and control patients.

Correlations between BCM parameters of water distribution and biochemical
parameters in the entire study population are listed in Table 4.8 and the
statistically significant correlations of OH are graphically presented in Figure 4.6.
OH was negatively associated with serum albumin in the overall sample level (r
=-0.215, p = 0.032). Serum albumin was associated with other measures of fluid
excess, with the magnitude of correlation coefficient greatest with ECW-to-ICW
ratio (r = -0.361, p<0.001). This observed association was stronger in the TRH
cohort compared to the controls (Figure 4.6a). OH also correlated positively with
aldosterone-to-renin ratio (r = 0.250, p = 0.019; Figure 4.6b), NT-proBNP (r =
0.201, p = 0.070), and albumin-to-creatinine ratio (r = 0.281, p = 0.005; Figure
4.6¢) and correlated negatively with daily salt intake (r =- 0.265, p =0.041; Figure
4.6d). No association between OH and eGFR (CKD-EPI) was found, eGFR was,

however, negatively associated with ECW-to-ICW ratio (r = -0.239, p = 0.017).
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Table 4.7: Comparison of body composition parameters in TRH and control
patients

All Patients TRH non-TRH P value

Overhydration, L -1.0+1.2 -0.7+14 -1.1+£1.0 0.075
Overhydration, % of ECW -59+6.9 45+73 -69+6.4 0.085
Overhydration status 0.341

Normal 48 (48.0) 22 (53.7) 26 (44.1)

Overhydrated 5(5.0) 3(7.3) 2(3.4)

Underhydrated 47 (47.0) 16 (39) 31 (52.5)
Total body water, L 38.9+9.0 39687 384192 0.530
Extracellular water, L 17.7+4.2 182+4.0 17.3+43 0.286
Intracellular water, L 21.2+5.0 214+5.0 21.1+5.1 0.814
ECW /ICW ratio 0.83+0.08 0.86 £ 0.09 0.82+0.07 0.013
ECW / TBW ratio 0.45+0.02 0.46 £ 0.03 0.45+0.02 0.016
Lean tissue index, kg/m?2 14.0+28 143+ 3.1 13.8+25 0.428
Fat tissue index kg/m? 18.2+6.1 18455 18.1+6.6 0.816
l';ij;‘ \tjvisi;ﬁtmass’ % of 451:107  446:105  455:109 0708
Eg;:sng; mass, % of 41079 41079 410:80 0970
Adipose tissue mass, kg 51.9+18.2 519+ 164 51.8+195 0.981
Body cell mas, kg 22572 228+78 223+6.8 0.708

Abbreviations: ECW, extracellular water; ICW, intracellular water; TBW, Total Body water.

Table 4.8: Interaction between use of diuretics and TRH status for indices of
bodily fluid compartments

F P value P: :J:Ir E (tia
Overhydration 0.200 0.656 0.002
Overhydration % of ECW 0.258 0.612 0.003
Total body water 0.033 0.856 0.0003
Extracellular water 0.047 0.829 0.0005
Intracellular water 0.254 0.615 0.003
ECW / ICW ratio 3.226 0.076 0.033
ECW / TBW ratio 3.669 0.058 0.037

Abbreviations: ECW, extracellular water; ICW, intracellular water; TBW, Total Body water.
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Figure 4.5: The distribution of overhydration (OH) in 100 patients with
hypertension, ranging between -3.8L to 3.4L.
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Table 4.9: Correlation matrix of BCM parameters of water distribution and
biochemical parameters in the entire study population.

OH, ECWI/

OH, L %ECW TBW,L ECW,L ICW,L oW

Serum sodium, mmollL_| T | 0009 | 0023 | 0236 | 0255 | 0208 | 0.143
(n=100) p| 0.930 0.819 0.018 0.011 0.037 0.155
¢GFR CKD-EP!, r| -0.080 | -0.064 | -0.052 | -0.097 | -0.012 | -0.239
ml/min/1.73m? (n=100) p| 0.428 0.526 0.608 0.339 0.909 0.017
Serum albumin, g/L r| 0215 | -0.280 | -0.147 | -0219 | -0.081 | -0.361
(n=100) p| 0.032 0.005 0.144 0.029 0.421 <0.001
pmol/mU (n=88) p| 0.019 0.033 0.681 0.403 0.969 0.016
NT-proBNP, nglL r| 0201 | 0181 | 0.105 | 0.124 | 0.085 | 0.102
(n=82) p| 0.070 0.104 0.350 0.268 0.450 0.362
Albumin/Creatinine r[ 0281 | 0222 | -0051 | -0.017 | -0.075 | 0.121

ratio, mg/mmol (n=99) p| 0.005 0.027 0.615 0.864 0.463 0.231

Daily Salt Intake, g/day r| -0.265 -0.177 0.328 0.307 0.333 -0.066
(n=60) p| 0.041 0177 0.010 0.017 0.009 0.614
Abbreviations: OH, overhydration; ECW, extracellular water; TBW, total body water; ICW,
intracellular water; eGFR, estimated glomerular filtration rate; CKD-EPI, chronic kidney disease

— epidemiology collaboration; NT-proBNP; N-terminal pro B-type natriuretic peptide; r, Pearson’s
correlation coefficient; p, significance value.
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4.3.7 Arterial stiffness

Pulse wave analysis and PWV measurements were carried out in all patients
using the Vicorder and are shown in Table 4.10. Mean peripheral SBP as
measured by the Vicorder was higher in the TRH patients compared to controls,
162 £ 22 mmHg and 153 + 23 mmHg respectively, following the same pattern as
the mean SBP measured by the BpTRU device. The DBP measured by the
Vicorder on the other hand was the same in the two groups; BpTRU-determined
DBP was shown to be much higher in control patients (Table 4.3). Central or
aortic SBP determined by pulse wave analysis was similar in the two groups of
patients. Both central and peripheral pulse pressures were significantly higher in
the patients with TRH compared to controls. Augmentation index, either alone or
adjusted to a HR of 75 beats per minute, was not found be significantly different
in the two groups of patients. Mean carotid-femoral PWV (cfPWV) was, however,
significantly higher in patients with TRH when compared to controls; 10.0 + 2.2
m/s and 8.8 + 2.1 m/s respectively (p = 0.008). Except stroke volume, which was
also higher in the TRH cohort, estimates of other haemodynamic parameters
calculated by pulse wave analysis did not differ significantly between TRH

patients and controls (Table 4.9).

Univariate correlations of other study parameters with cfPWV are shown in Table
4.10. There was a strong positive correlation between increasing age and cfPWV
(r=0.527 p<0.001). Gender, ethnicity, BMI and smoking status had no significant
correlation with cfPWV, whilst smoking pack years, a longer duration of
hypertension and presence of diabetes mellitus had significant positive
correlation with cfPWV. Numbers of total prescribed medications and
antihypertensives, and prescription to a lipid lowering agent had a modest
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positive correlation with cfPWV. Use of a CCB and beta-adrenergic receptor

blocker were only weakly correlated with cfPWV.

Amongst the biochemical markers eGFR (CKD-EPI) had the strongest correlation
with cfPWV; a negative correlation with increasing eGFR (r = -0.373, p<0.001).
C-reactive protein, HbAlc, logio (aldosterone-renin ratio +1) and logio (albumin-
creatinine ratio) correlated positively whilst serum albumin correlated negatively
with cfPWV. Body composition parameters including ECW-ICW ratio, lean tissue
index and fat tissue index correlated with cfPWV. Except peripheral DBP
(measured using BpTRU) and HR all other haemodynamic parameters correlated
with cfPWV with both peripheral and central SBPs exhibiting the strongest of
correlations; r = 0.508 and 0.510 respectively (p<0.001 for both). Calculated Qrisk

also showed a positive correlation with cfPWV.
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Table 4.10: Haemodynamic parameters of arterial pulse wave analysis in the
entire study population stratified according to patient groups.

All Patients TRH non-TRH P value
CfPWVS, mis 91(87-95) 98(9.2-105) 86(81-9.1)  0.005
Alx, % 269187 274182 265:91  0.605
Alxzs, (%) 07o36)  07o32) 6oz 092
Heart rate, bpm 68 £ 12 62+ 12 71£12  <0.001
Peripheral SBPS, mmHg 155 (151 —159) 160 (153 167) 152 (146—157) 0.055
Peripheral DBPS, mmHg 82(80—84)  82(79-85)  82(80—85)  0.946
Peripheral PP, mmHg 71(59—-84)  77(64—89)  68(57—77)  0.012
Central SBPS, mmHg 151 (147 = 156) 156 (150 — 163) 148 (143 —153)  0.054
Central PP, mmHg 68 (56—80)  74(62—84)  64(55-74)  0.013
MAP, mmHg 113114 114 £ 14) 13:13  0.711
Cardiac output, L/min 69(60-85) 66(59-83) 69(60-83) 0823
Total gﬁ:ﬂ‘;ﬂ resistance,  099:022  099:024  098:020  0.897
Stroke volumeS, mL 106 (100 - 113) 116 (105—127) 100 (93—108)  0.016

Log transformed variables are reported as mean (95% confidence interval) and indicated by §.
Abbreviations: TRH, treatment-resistant hypertension; SBP, systolic blood pressure; DBP,
diastolic blood pressure; PP, pulse pressure; MAP, mean arterial pressure; Alx, augmentation
index; Alx75, augmentation index corrected for heart rate of 75 beats per minute; bpm, beats per
minute; cfPWV, carotid-femoral pulse wave velocity.
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Table 4.11: Univariate analyses of carotid-femoral pulse wave velocity as the
dependant outcome variable

| Correlation coefficient | P value

Demographics

Age, years 0.527 <0.001
Gender (Male) -0.058 0.563
Ethnicity

African-Caribbean 0.043 0.672

Asian 0.013 0.895
Body mass index, kg/m?2 0.135 0.181
Waist to Hip ratio 0.174 0.083
Waist to Height ratio 0.233 0.020
Smoking pack years* (n=44) 0.398 0.007
Duration of hypertension

<1 -5years -0.222 0.027

6 — 15 years -0.062 0.543

>15 years 0.293 0.003
Presence of diabetes mellitus 0.209 0.037
Medications
Number of antihypertensives 0.305 0.002
Total number of medications 0.326 0.001
Calcium channel blocker use 0.265 0.008
Renin angiotensin system inhibitors use 0.012 0.906
Diuretic use 0.107 0.287
Beta adrenergic receptor blocker use 0.254 0.011
Lipid lowering therapy use 0.348 <0.001
Biochemical markers
eGFR, ml/min/1.73m? -0.373 <0.001
Albumin -0.239 0.017
C-reactive protein, mg/L 0.253 0.011
Kappa-Lambda ratio 0.168 0.095
HbA1c — IFCC, mmol/mol 0.237 0.017
Cholesterol/HDL ratio 0.102 0.314
hs-Troponin |, ng/L -0.076 0.455
NT-proBNP, ng/L 0.202 0.069
Log1o (aldosterone-renin ratio +1), 0.303 0.004
Log1o (albumin-creatinine ratio), 0.227 0.024
Daily salt intake, g/day -0.108 0.410
Body composition
Overhydration (OH), L -0.067 0.509
Extracellular water to intracellular water ratio 0.403 <0.001
Lean tissue index, kg/m?2 -0.284 0.004
Fat tissue index, kg/m? 0.249 0.012
Haemodynamics
BpTRU peripheral systolic blood pressure, mmHg 0.418 <0.001
BpTRU peripheral diastolic blood pressure, mmHg 0.188 0.062
Peripheral systolic blood pressure, mmHg 0.508 <0.001
Peripheral diastolic blood pressure, mmHg 0.229 0.022
Peripheral pulse pressure, mmHg 0.477 <0.001
Central systolic blood pressure, mmHg 0.510 <0.001
Central pulse pressure, mmHg 0.481 <0.001
Mean arterial pressure, mmHg 0.420 <0.001
Augmentation index, % 0.292 0.003
Augmentation index (heart rate corrected), % 0.317 0.001
Heart rate, bpm 0.113 0.262
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| Correlation coefficient | P value

Risk assessment

QRisk 0.425 <0.001
Absolute risk difference 0.296 0.003
Relative risk -0.085 0.409

Abbreviations: eGFR, estimated glomerular filtration rate; HbA1c, haemoglobin A1c; IFCC,
International Federation of Clinical Chemistry; HDL, high density lipoprotein; NT-proBNP, N
terminal pro B-type natriuretic peptide.

Age and BP have been shown to be major determinants of cfPWV (20), and the
AHA recommends taking the effect of HR into consideration when determining
arterial stiffness (603). Hierarchical multiple regression analysis was carried out
to assess whether the univariate statistically significant association between TRH
and cfPWV persisted after controlling for the influence of age, MAP and HR.
Preliminary analyses were conducted to ensure no violation of the assumptions
of normality, linearity, multicollinearity and homoscedasticity. Four cases were
excluded from the final model; 1 for missing data and the other three were treated
as potential outliers based on their standardised residuals. Age, MAP and HR
were entered at step 1, explaining 61.3% of the variance in cfPWV. After entry of
TRH status at step 2 the total variance explained by the model as a whole was
62.2%, F (4,91) = 37.48, p<0.001. The TRH status explained an additional,
statistically insignificant, 0.9% (p=0.147) of the variance in cfPWV, after
controlling for age, MAP and HR. In the final model, age, MAP and HR were
statistically significant with age scoring highest beta value (beta = 0.66, p<0.001)
compared to MAP (beta=0.31, p<0.001) and HR (beta=0.28, p<0.001). The beta
value for TRH status, however, was not found to be statistically significant

(beta=0.11, p=0.147). The results of this model are summarised in Table 4.11.

A further hierarchical multiple linear regression analysis was performed to assess
if any other factors are predictive of cfPWV after controlling for the impact of age,

228



HR and MAP. Preliminary analyses were conducted to ensure no violation of the
assumptions of normality, linearity, multicollinearity and homoscedasticity.
Twenty cases were excluded from the final model; 18 for missing data and the
other two were treated as potential outliers based on their standardised residuals.
Age, MAP and HR were entered at step 1, explaining 56.1% of the variance in
cfPWV. At step 2, variables known to be risk factors for cardiovascular and
cerebrovascular disease, and variables which were shown to be correlated with
cfPWV at a p-value <0.1, were added all at once. Variables exhibiting multi-
collinearity defined as variance inflation factor >10 were removed one at a time
until none of the variables had a variance inflation factor >10. Any variables with
p-value of >0.05 were then removed from the model individually until the
remaining variables were statistically significant. When manually removing
variables, any variable with the highest p-value was removed first. In the final
model, non-Caucasian ethnicity, waist-to-hip ratio, history of ischaemic heart
disease, , prescription of a diuretic, lean tissue index, and serum NT-pro BNP
were all significantly associated with cfPWYV after controlling for the effect of age,
HR and MAP. After entry of the aforementioned variables at step 2 the total
variance explained by the model as a whole was 78.2%, F (10,69) = 24.69,
p<0.001. These variables explained an additional 22.1% (p<0.001) of the
variance in cfPWV, after controlling for age, MAP and HR. In the final model, all
the variables entered were statistically significant, their coefficients and beta are

summarised in Table 4.12.
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Table 4.12: Linear regression model of TRH status on carotid-femoral pulse wave

velocity
0,
n:ﬁ::g‘iprm;, Lowa " (L:JIpper ggt‘a P value = =
Step 1 0.613 0.601
Constant -3.656 -6.193 -1.119 0.005
Age, years 0.098 0.078 0.117 0699  <0.001
Heart rate, bpm 0.045 0.026 0.065 0.315 <0.001
MAP, mmHg 0.051 0.018 0.063 0.255 0.001
Step 2 0.622 0.606
Constant -4.146 -6.754 -1.538 0.002
Age, years 0.093 0.072 0.113 0662 <0.001
Heart rate, bpm 0.045 0.021 0.068 0.283 <0.001
MAP, mmHg 0.044 0.024 0.063 0.305 <0.001
TRH Status 0.430 -0.153 1.014  0.108 0.147

Abbreviations: cfPWV, carotid-femoral pulse wave velocity; MAP, mean arterial pressure; TRH,

treatment-resistant hypertension.

Table 4.13: Linear regression model of predictors of carotid-femoral pulse wave

velocity
Mean cfPWV 95% ClI Std. P R2 AR?
change Lower Upper Beta value
Step 1 0.561 0.544
Constant -3.729 -6.641 -0.818 0.013
Age, years 0.092 0.068 0.117 0.622 <0.001
Heart rate, bpm 0.052 0.025 0.078 0.336 <0.001
MAP, mmHg 0.042 0.017 0.066 0.280  0.001
Step 2 0.782 0.750
Constant -6.342 -9.472 -3.213 <0.001
Age, years 0.076 0.054 0.097 0.509 <0.001
Heart rate, bpm 0.052 0.031 0.073 0.337 <0.001
MAP, mmHg 0.051 0.033 0.070 0.345 <0.001
African-Caribbean 0.941 0.366 1516 0.202  0.002
Asian 0.756 0.178 1.334 0.162 0.011
Waist-Hip Ratio 5.108 2693 7523 0.269 <0.001
History of IHD 1.367 0.628 2106 0.222 <0.001
Use of diuretics -0.928 -1.431 -0425 -0.234 <0.001
LTI -0.187 -0.279 -0.094 -0.263 <0.001
NT-pro BNP 0.001 0.001 0.002 0.276 <0.001

Abbreviations: cfPWV, carotid-femoral pulse wave velocity; MAP, mean arterial pressure; IHD,
ischaemic heart disease; LTI, lean tissue index; NT-pro BNP, N terminal pro B type natriuretic

peptide.
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4.3.8 Endothelial dysfunction

Endothelial dysfunction was assessed by two different methods; measurement of
specific biomarkers associated with endothelial dysfunction and assessment of
RHI using EndoPAT. The results of 5 biomarkers and EndoPAT evaluation are
summarised in Table 4.14. EndoPAT was performed in 45 patients due to a delay
in acquiring the equipment required to carry out the assessment. Two patients
were excluded as they did not complete the full EndoPAT assessment due to
failure to tolerate the full 5-minute brachial occlusion. The EndoPAT RHI or LnRHI
was not significantly different in the two groups of patients. Similarly, when
patients were divided into normal or abnormal groups based on the LnRHI
(normal LnRHI >0.51; abnormal LnRHI <0.51), there was no significant difference
in the proportion of patients with abnormal endothelial dysfunction in patients with

TRH compared to controls; 7 (41.2%) vs 8 (30.7%) respectively (p=0.528).

The ELISA for the five biomarkers was carried out in all patients. In one patient
the endoglin level was below the detectable limit and in another 3 patients ICAM-
1 level was below the detectable limit and hence these patients were excluded.
Median serum ET-1 concentration was significantly higher in patients with TRH
compared to control group of patients; 1.98 (1.61 — 2.38) pg/mL and 1.81 (1.40 —
2.26) pg/mL (p=0.001). Similarly, a higher median concentration of VCAM-1 was
observed in the TRH group at 1136.9 (1024.0 — 1229.7) ng/mL when compared
to the median concentration of the control group at 1049.0 (956.3 — 1131.6)
ng/mL (p=0.017). There was no significant difference in serum concentrations of

SFLT-1, endoglin, and ICAM-1 in the two groups of patients.
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All parameters of endothelial dysfunction were assessed for any possible
bivariate correlations; serum VCAM-1 was found to positively correlate with
ICAM-1 (r=0.439, p<0.001) and serum ET-1 was found to positively correlate with
SFLT-1 (r=0.209, p=0.037). There were no significant correlations between the

EndoPAT indices and the measured biomarkers.

Exploratory multivariable linear regression was carried out for each of the five
biomarkers to assess whether any of the age, gender, ethnicity, comorbidities,
BMI, BP and TRH status were predictive of the biomarkers. After testing the
assumptions of linear regression, the final models predictive of sSFLT-1, Endoglin,

ET-1, VCAM-1 and ICAM-1 are presented in Table 4.15.
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Table 4.14: Assessment of endothelial dysfunction: EndoPAT measured reactive
hyperaemia index and ELISA measured biomarkers.

N All Patients TRH non-TRH P value
Reactive o 43 1.88 1.86 1.92 0.358
hyperaemia index (1.59 - 2.49) (1.56 — 2.34) (1.61-2.59)
LnRHI 43  070+028 0.64 +0.25 0.73+0.29 0.321
EndoPAT
Endothelial function 0.709
Normal 28 (65.1) 10 (58.8) 18 (69.2)
Abnormal 15 (34.9) 7 (41.2) 8 (30.8)
276.22 273.73 278.13
SFLT-1, pg/mL 100 23872_300.08) (237.09—306.86) (237.98—315.79) ©-82°
Endoglin, ng/mL 99  456+1.16 4.44+1.20 4.65+ 1.06 0.362
_ 1.99 2.25 1.82
Endothelin-1, pg/mL. 100 (4 g7 5 1) (2.07 - 2.46) (169-197)  <0:001
1077.2 1136.9 1049.0
VCAM-1,ng/mL 100 o734 _1176.4) (1024.0-12297) (9563—-11316) 0017
ICAM-1,ng/mL 97 92.28 95.11 50.77 0.901

(81.41-108.85) (73.99-111.03) (83.51 — 108.36)

Abbreviations: LnRHI, Log natural reactive hyperaemia index; sFLT-1, soluble fms-like tyrosine
kinase-1; VCAM-1, vascular cell adhesion molecule-1; ICAM-1 intercellular adhesion molecule-
1.
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Table 4.15 Linear regression model of predictors of biomarkers of endothelial

dysfunction
Mean 95% ClI Std. P R2 AR?
change Lower Upper Beta value
SFLT-1(n=100)  F (2,97) = 6.518: p = 0.002 0.118  0.100
Constant 258.004 244863  272.946 <0.001
Ex smoker 33706 8465 58948 0256 0.009
History of IHD 48062 1474 81383 0277 0005
Endoglin (n=99)*  F (3,95) = 4.560; p = 0.005 0.126  0.098
Constant 6622 5229 8.016 <0.001
Age, years 0017  -0033  -0.001 -0208 0.038
BMI, kg/m?2 0042 0078  -0.006 -0.224 0024
History of IHD 0.936 0.28 1593 0285 0.006
fn'::‘(’)toh)e"“'1 F (2,97) = 8.607: p<0.001 0151 0.133
Constant 1073 0568 1577 <0.001
TRH status 0404  0.148 0661 0295 0.002
Gender 03 0.048 0553 0222 002
VCAM-1 (n=100)  F (3,96) = 5.876: p=0.001 0.155  0.129
Constant 904219 609.384  1199.054 <0.001
BMI, kg/m?2 5916 0247 11584 0195 0.041
Systolic BP, mmHg ~ 2.870  1.154 4585 0404 0.001
3‘;?:;"‘: BP, 4752 7885  -1618  -0.366 0.003
ICAM-1 (n=97)*  F (3,93) = 7.954; p<0.001 0204 0.179
Constant 97.380 91065  103.696 <0.001
African Caribbean ~ -21.169  -32.878  -9460  -0346 0.001
Asian 11482 -22313  -0652 -0204 0038
Current smoker 17.488 6.389 28.587 0.292 0.002

Excluded cases because of missing data are indicated by *. Abbreviations: sFLT-1, soluble
receptor fms-like tyrosine kinase-1; IHD, ischaemic heart disease, BMI, body mass index; TRH,
treatment-resistant hypertension; VCAM-1, vascular cell adhesion molecule-1; BP, blood
pressure; ICAM. intercellular adhesion molecule-1.
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4.3.9 Epworth sleepiness score and overnight pulse
oximetry

All patients completed the ESS with no missing data. The median (IQR) score in
the entire study population was 6 (3 — 12) with median scores of 6 (4 — 13) and 7
(3 — 11) in the TRH and control groups respectively. The total score was
dichotomised into low and high risk for sleepiness as previously described. There
was no significant difference in the proportion of patients at high risk of sleepiness
when comparing the TRH group with the control group. The median of ESS and

the proportion of patients at risk of sleepiness are summarised in Table 4.16.

A total of 40 patients completed an overnight pulse oximetry measurement. Five
patients’ results were excluded as their total time analysed was significantly
shorter than the required 4 hours for an adequately reliable analysis. Two patients
had a total analysis time of within 10 minutes of completing 4 hours and were
included in the statistical analysis. An ODI=5 dips per hour was used to categorise
patients with likelihood of presence of OSA. Twenty-two (63%) of 35 patients had
an abnormally high ODI; 8 (89%) patients with TRH and 14 (54%) control patients
had potentially undiagnosed OSA (p=0.109). There was no significant difference
in the ODI, proportion of time with oxygen saturations less than 90% and
nocturnal nadir oxygen saturation in the two groups of patients in this study. The

parameters for overnight pulse oximetry are detailed in Table 4.16.

A bivariate correlation analysis was carried out to identify factors with any
significant correlations with ODI and are listed in Table 4.17. Statistically
significant positive correlations were present with males, BMI, waist-to-hip ratio,

waist-to-height ratio and lean tissue index. There was no correlation between

235



ESS and ODI. Relationship between gender and ODI was further examined to
show that males had a significantly higher median (IQR) ODI compared to

females; 12.1 (4.7 — 32.9) and 5.5 (2.8 — 8.7) respectively (p=0.016).

Table 4.16: Epworth sleepiness scale and overnight pulse oximetry parameters
according to TRH status.

Subscale All Patients TRH non-TRH P value
ESS 6(3-12) 6(4-13) 7(3-11) 0.910
Sleepiness risk 1.000
Low (ESS < 10) 70 29 (71) 41 (70)
High (ESS = 11) 30 12 (29) 18 (30)
Presence of OSA 0.109
Normal (ODI < 5) 13 (37) 1(11) 12 (46)
Abnormal (ODI = 5) 22 (63) 8 (89) 14 (54)

Oxygen desaturation
index, dips/hour 6.5(3.0-12.1) 10.0(6.0-22.8) 5.6 (2.9-9.8) 0.138

Proportion of time with

oxygen saturation 0.3(0.1-1.3) 1.0(0.2-3.5) 0.2(0.1-1.0) 0.119
<90%, %

Nocturnal nadir 91.3 91.1 914 0.565
oxygen saturation, % (90.1-91.8) (88.8-91.7) (90.0-91.9) :

Abbreviations: ESS, Epworth sleepiness scale; OSA, obstructive sleep apnoea; ODI, oxygen
desaturation index.
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Table 4.17: Factors correlated with oxygen desaturation index.

Correlation coefficient | P value

Age, years -0.019 0.913
Gender (Male) 0.451 0.007
Ethnicity

African-Caribbean -0.118 0.499

Asian 0.068 0.699
Duration of hypertension

6 — 15 years -0.081 0.645

>15 years -0.038 0.826
Presence of diabetes mellitus -0.144 0.408
BpTRU peripheral SBP, mmHg -0.005 0.975
BpTRU peripheral DBP, mmHg 0.082 0.640
Body mass index, kg/m? 0.421 0.012
Waist to Hip ratio 0.344 0.043
Waist to Height ratio 0.344 0.011
Lean tissue index, kg/m?2 0.359 0.034
Fat tissue index, kg/m? 0.217 0.210
Epworth sleepiness score 0.099 0.573

Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure.
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4.3.10 Beliefs about medicines questionnaire

All patients attending the study visit completed the BMQ. Only 7 (0.4%) out of a
total possible 1800 responses from the study population were missing. The
Cronbach’s alpha for specific-necessity, specific-concerns, general-overuse and
general-harm subscales were 0.83, 0.71, 0.77 and 0.68 respectively. These
results of the 4 subscales have relatively high internal consistency and therefore
the responses to the BMQ items can be considered reliable. The computed mean
scores for the BMQ specific and general scales are shown in Table 4.18,
alongside their Cronbach’s alpha and the percentage of patients with a score

above the scale midpoint.

Majority of the patients (75%) reported a strong belief in the necessity of their
antihypertensives medication for maintaining health as indicated by a mean score
greater than the scale midpoint. However, a larger proportion of patients (62%)
also had strong concerns about the potential adverse effects of their

antihypertensives on their health (mean score greater than scale midpoint).

In unadjusted analysis, there was no significant difference in the mean of any of
the 4 subscales when comparing non-adherent patients to adherent patients.
Similarly, there was no significant difference in the necessity—concerns
differential between the adherent and non-adherent patients. The mean subscale
scores and the necessity—concerns differential stratified according to adherence

status are listed in Table 4.19.

When comparing to controls, patients with TRH reported higher mean scores for
their beliefs in both the necessity of their antihypertensive medications (19.9 £

3.2vs 17.0 £ 3.9, p<0.001) and their concerns about the potential adverse effects
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associated with these medications (17.6 £ 3.0 vs 15.0 £ 4.3, p<0.001). However,
there was no significant difference in the necessity—concerns differential in the
two groups. Patients with TRH also reported significantly higher scores for their
beliefs about overuse of medicines (12.6 = 3.3 vs 10.7 £ 3.4, p=0.006) but no
difference in the score in their beliefs about harm caused by medicines in general.
The mean subscale scores and the necessity—concerns differential stratified

according to TRH status are listed in Table 4.20.

A binary logistic regression analysis was performed with adherence status
(adherent or non-adherent) as the dependant variable to test whether beliefs
about medicines were able to predict measured adherence when controlling for
demographic factors (age, gender and index of multiple deprivation decile).
Subscale scores for necessity, concerns, necessity-concerns differential,
overuse and harm were added to the model and were sequentially removed if
any of these variables had a p-value of >0.05 until the remaining variables were
statistically significant. The full model, containing age, gender, index of multiple
deprivation decile, overuse and harm, was statistically significant, x? (5, N=100)
= 12.96, p=0.024, indicating that the model was able to distinguish between
patients who were adherent or non-adherent. The model as a whole explained
between 12.2% (Cox and Snell R square) and 16.4 (Nagelkerke R square) of the
variance in adherence status, and correctly classified 71.0% of the cases. As
shown in Table 4.21, only two of the independent variables made a unique
statistically significant contribution to the model (overuse and harm). The
strongest predictor of non-adherence was a firm belief that medications cause
harm with an odds ratio of 1.28 (95% CI: 1.05 — 1.56). This indicated that patients

who hold a stronger general belief that medications are associated with harm
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were 28% more likely to be non-adherent, controlling for all other factors in the
model. The odds ratio of 0.80 for the general-overuse scale was less than 1,
indicating that for every additional increase in score of this scale patients were
20% less likely to be non-adherent. Addition of other demographic (ethnicity) and
clinical (duration of hypertension and number of antihypertensive medications
prescribed) factors did not explain a significant amount of variance in reported

adherence.

Table 4.18: Mean scores and percentage of patients with scores above the scale
midpoint on BMQ

Subscale Mean * s.d. Percentage of patients with scores Cronbach’s

above the scale midpoint alpha
Specific - necessity 18.2+3.9 75 0.83
Specific - concerns 16.1+£4.0 62 0.71
General - overuse 11.5+35 39 0.77
General - harm 9.81+3.2 21 0.68

Table 4.19: Mean subscale scores and necessity-concerns differential for BMQ
according to adherence status.

Subscale All Patients Adherent Non-adherent P value
Specific — necessity 18.2+3.9 18.3+4.0 18.2+3.7 0.901
Specific — concerns 16.1+£4.0 16.1+£ 3.9 16.1+4.3 0.968
Necessity—concerns differential 21144 22146 21+4.2 0.884
General — overuse 11.5+£35 11.8+3.5 11.1+£33 0.347
General — harm 98+3.2 94129 105+ 34 0.087
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Table 4.20: Mean subscale scores and necessity-concerns differential for BMQ
according to TRH status

Subscale All Patients TRH non-TRH P value
Specific - necessity 18.2+3.9 199+ 3.2 17.0+ 3.9 <0.001
Specific - concerns 16.1+4.0 176+ 3.0 15.0+4.3 <0.001
Necessity—concerns differential 2144 23+4.0 20+4.8 0.762
General - overuse 11.5+35 126+ 3.3 10.7+34 0.006
General - harm 9.8+3.2 10.3+ 3.1 95+3.2 0.209

Abbreviations: TRH, treatment-resistant hypertension.

Table 4.21: Binary logistic regression predicting likelihood of non-adherence

95% C.I. for

B sg  Odds Odds Ratio P value
Ratio
Lower  Upper

Age .0.007 0016 099 096 103 0689
Female 0399 0444 149 062 356  0.369
Index of Multiple Deprivation 5 143 03 089 076 105 0.174
Decile

Overuse 0224 008 080 067 095  0.011
Harm 0247 0099 128 105 156 0013
Constant 0191 1221 121 0.876
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CHAPTER 5 DISCUSSION

The purpose of this observational study was to comprehensively describe
demographic, biochemical and physiological characteristics of patients with true

TRH. The results of the study are divided into sections and are discussed below.

5.1 Baseline demographics

In this prospectively recruited cohort, patients with adherence-proven TRH were
older with longer duration of hypertension, had higher waist-to-hip and waist-to-
height ratios, and had a higher prevalence of diabetes mellitus and LVH when
compared to a control group of patients with treated hypertension. These findings
are echoed by earlier retrospective observational studies examining the
prevalence of TRH based on data from large disease registries and databases

such as NHANESs (313, 314, 402).

A major drawback of the studies based on NHANESs is that they did not
systematically exclude WCE when defining patients with uncontrolled TRH and
thus therefore overestimating the prevalence of TRH (313, 314). The study by de
la Sierra et al. has clearly shown that as many as 40% of the patients labelled as
having TRH based on clinic BP alone have normal BP when measured using
ABPM (402). Furthermore, none of these studies have assessed level of non-
adherence present in their respective cohorts, which has been shown to be

significantly high in patients with TRH. In the FACT-RHY study, both WCE and
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non-adherence have been systematically excluded to define a cohort of true TRH.
Despite the differences in criteria to define TRH, similar characteristics have been
observed to be associated with TRH suggesting that WCE and non-adherence

may not impact on the phenotype of patients with TRH.

Earlier studies have found a high BMI to be associated with TRH (313, 314, 402).
When comparing the quantitative differences in the mean BMls for the TRH and
the comparator groups, it is evident that these differences are not large and
interestingly both the TRH and the comparator groups collectively had means in
the ‘overweight’ category (604). In the FACT-RHY study, although the mean BMI
was higher in the TRH group, it was statistically non-significant. The mean BMI
is, however, not too dissimilar to that observed in earlier studies. In the FACT-
RHY study, interestingly, significantly higher waist-to-height and waist-to-hip
ratios were observed in TRH patients, suggesting distribution of adipose tissue

around the waist in these patients.

A large collaborative analysis of data from almost 900,000 adults in 57
prospective studies has shown that every 5 kg/m? increase in BMI is associated
with at least 5 mm Hg higher SBP (605). BMI is strongly correlated with measures
of central obesity including waist circumference and waist-to-hip ratio (606, 607).
There is evidence to suggest that both waist circumference and waist-to-hip ratio
are much more strongly associated with BP than BMI (608-614). Conversely,
others have shown that there is no difference between BMI and measures of
central adiposity (615-617) or that BMI may even be more strongly correlated with
BP (618-621). A recent analysis of data from DEXA from two large-scale studies

of whole-body imaging further quantifies the association between SBP and

244



regional fat mass (622). Furthermore, obesity has been shown to be an

independent risk factor for the occurrence of TRH (623).

Malden et al. have shown that it is the visceral android (or abdominal) fat which
was associated positively with SBP and not subcutaneous android or gynoid fat.
They further state that correlations between high SBP and the commonly used
anthropometric measures of central adiposity are explained by their correlation
with visceral fat (622). The measures of adiposity themselves are not directly
causal of morbidity and mortality associated with obesity, instead it is their
interaction with BP, lipids and insulin resistance which is responsible for the

burden of disease associated with obesity.

There is no single mechanism which is solely responsible for high BP associated
with obesity. The postulated pathophysiological mechanisms involve a complex
interplay of overactivation of the sympathetic nervous system, endothelial
dysfunction, activation of the RAAS and physical compression of the kidneys and
are discussed in section 1.4.7 (624, 625). Obesity-induced increase in leptin
release from adipocytes, hyperinsulinaemia resulting from insulin resistance and
high level of free fatty acids and adipokines are some of the stimulatory factors

implicated in driving the aforementioned mechanisms (624, 625).

A significantly high proportion of patients with TRH had co-existing diagnosis of
diabetes mellitus compared to non-TRH patients. Data on the duration of diabetes
mellitus in individual patients was not recorded, therefore it is not possible to
elucidate whether TRH preceded development of diabetes mellitus or vice versa.
The high prevalence of diabetes in TRH patients in the FACT-RHY study is

consistent with what others have found (313, 314, 402). Diabetes and
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hypertension often co-exist together; Emdin et al. showed that in an analysis of
4.1 million individuals free from diabetes and cardiovascular disease, a 20 mmHg
higher SBP and a 10 mmHg higher DBP were respectively associated with a 58%
and a 52% higher risk of new-onset diabetes (626). Although observational
studies cannot prove causality, there is indirect evidence from a meta-analysis of
RCTs of antihypertensive medications that ACE inhibitors and ARBs are
associated with a reduced risk of incident diabetes (627). These results suggest
instead of BP, RAAS activation may be responsible for development of diabetes
in hypertensive patients. However, other classes of antihypertensives have off-
target effects which may explain the lack of reduction in risk of incident diabetes
with lowering BP (628). Pathophysiological pathways including sympathetic
overactivity, insulin resistance, RAAS activation, inflammation and oxidative
stress are common in both hypertension and diabetes a complex interaction of
these pathways is likely to be responsible for the co-existence of these two

conditions (629).

Over a third of the patients with TRH had LVH in the present study, which is lower
than the echocardiographic-proven LVH reported in a meta-analysis of
prevalence of LVH in TRH (630). Cuspidi et al. found that in a meta-analysis of
11 studies prevalence rates of echocardiographic LVH ranged from 55% to 75%
of patients with TRH (630). Identification of LVH in the present study was based
on the Cornell product criteria which, although has high specificity, has low
sensitivity when compared to echocardiography and will result in high false
negative rate. This limitation may be the reason for the relatively low observed
prevalence of LVH in this study. Association between LVH and cardiovascular

morbidity and mortality is well established and is an independent risk factor for
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cardiovascular outcomes emphasising the clinical importance of its detection
(631). Furthermore, regression of LVH by antihypertensive treatment has been
shown improve to prognosis and reduce risk of adverse cardiovascular outcomes

(630, 632-635).

5.2 Biochemical characteristics

The results of laboratory investigations from the FACT-RHY study show that
patients with TRH have a significantly higher serum creatinine, aldosterone/renin
ratio, HbAlc, kappa/lambda ratio, NT-proBNP and troponin | and significantly
lower serum potassium and eGFR when compared to non-TRH patients.
Furthermore, there was no significant difference in the urinary catecholamines,
metadrenalines, urine ACR and estimated daily salt intake between the two

groups of patients.

Hypertension is the second leading cause of CKD and progression to ESRD.
Autoregulation of renal blood flow and intraglomerular hydrostatic pressure
through pre-glomerular vasoconstriction of renal blood vessels attenuates
barotrauma to glomeruli and microvasculature from high BP. Excessively high
BPs can still cause renal injury despite normal autoregulatory mechanisms
resulting in glomerulosclerosis and can eventually compromise the preventative
autoregulatory mechanisms amplifying the renal damage (636). Patients with
such renal damage are at a greater of risk of development of progressive renal
impairment and CKD. Pathophysiological sequalae of CKD namely impaired
natriuresis and subsequent sodium and water retention; increased activity of the
RAAS; sympathetic overactivity; secondary hyperparathyroidism raising

intracellular calcium concentration; treatment with erythropoietin; and endothelial
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dysfunction, can all potentiate high BP thus setting up a vicious cycle of

hypertension which is difficult to control.

A high serum creatinine, and consequently a low eGFR, is a marker of renal
impairment which itself can be a cause or a consequence of prolonged
uncontrolled hypertension. Renal parenchymal disease is the commonest
identifiable cause of TRH and must be investigated in any patient with TRH (637).
In the present study, any patient with moderate or severe renal impairment (CKD
4 or 5) was excluded. Only 3 patients in the TRH and 1 patient in the non-TRH
group had a confirmed diagnosis of CKD. A mean difference of 20 ml/min in the
eGFR was present between the two groups of patients which may be a
consequence of uncontrolled BP in the TRH group. Urine ACR, another marker
of renal damage, was found to be higher in the TRH but it did not reach statistical
significance is another indicator that patients with TRH may have developed
target organ damage. However, it is equally plausible to attribute the albuminuria
and to a lesser extent the lower eGFR to higher prevalence of diabetes mellitus
in the TRH cohort. In a cross-sectional study such as this, it is difficult to elucidate
which is responsible for the pattern of results observed. Furthermore, it is also
important to recognise the inherent limitations of using serum creatinine for
estimation of the GFR (638). The commonly used MDRD equation often
underestimates the true GFR. Estimated GFR calculated using the CKD-EPI
provides a more accurate assessment of true GFR with individuals with normal

or slightly low GFR but still carries wide confidence intervals.

Previous studies have also shown that TRH is associated with reduced eGFR

and albuminuria (402, 604, 639). Almost all patients with TRH in the FACT-RHY
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study were prescribed a RAAS-blocking antihypertensive which also reduce the
amount of protein leak from the kidneys and therefore may be responsible for the

comparatively low levels of albuminuria observed.

Patients with true TRH in the FACT-RHY cohort had significantly higher plasma
ARR, a finding supported by previous researchers (404, 640). This group of
patients also had a significantly lower serum potassium level compared to the
non-TRH, although the absolute difference between the groups is small.
Interestingly, the lower level of serum potassium was present despite a
significantly higher prescription of mineralocorticoid receptor antagonists, which
often increase the serum potassium levels. It could be argued that the
prescription to other diuretics (loop and/or thiazide/thiazide-like) may have
counteracted the hyperkalaemic effect of the mineralocorticoid receptor
antagonists. However, there was no significant difference between the use of loop
and thiazide/thiazide-like diuretics in the two groups of patients. The lower serum
potassium level observed in the true TRH group may therefore represent an
underestimate in the presence of mineralocorticoid receptor antagonist use. The
combination of high plasma ARR and the low serum potassium is most probably
a consequence of primary hyperaldosteronism usually found in hypertension

(640, 641).

Patients with confirmed primary hyperaldosteronism with prescribed often
respond well to use of a mineralocorticoid receptor antagonist (642); mean
reductions of 25/10 mmHg have been reported with doses of 75mg to 225mg of
spironolactone, the more potent of the two mineralocorticoid receptor antagonists

(643). In two small studies, BP control has been shown to be achieved in around
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48 to 76% of patients with primary hyperaldosteronism taking a mineralocorticoid
receptor antagonists (644, 645). However over long-term, BP control may
deteriorate either as a proportion of patients develop essential hypertension or
as a consequence of vascular remodelling caused by the long-standing
hyperaldosteronism (646). In the FACT-RHY study, 15 patients with true TRH
were prescribed a mineralocorticoid receptor antagonist and a further sub
analysis showed no statistically significant mean difference in BP and serum
potassium between patients with or without the use of a mineralocorticoid

receptor antagonist.

Limitations of both serum potassium level and ARR should be borne in mind when
interpreting the present results. Although a widely taught fact that a low serum
potassium level may well be the first clue to an underlying diagnosis of
hyperaldosteronism, recent evidence suggests that only a minority of patients
with hyperaldosteronism have hypokalaemia (647, 648). The screening for
hyperaldosteronism is most commonly carried out using the ARR. This test
however is not completely accurate, as both plasma renin activity and
aldosterone concentration are susceptible to manipulation in either direction by a
range of antihypertensives, dietary sodium and serum potassium level (442). For
optimum specificity and sensitivity, these medications should either be stopped
or substituted with alternative antihypertensives which do not affect the levels of
these assays, and potassium levels controlled prior to performing ARR. However,
discontinuation of antihypertensives for a prolonged period is often impractical
and even dangerous especially in patients with TRH. There is evidence
suggesting that ARR is a fairly accurate test and concomitant antihypertensive

drug therapy or variation in dietary sodium balance does not adversely affect the
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test accuracy (447, 649). Guidelines for diagnosis of hyperaldosteronism accept
ARR as a suitable screening test even with continued use of antihypertensive
provided its limitations are acknowledged (442). Based on these reasons,
patients in the present study were not asked to change their sodium intake or

stop their antihypertensives prior to venepuncture and sampling.

Patients with TRH were found to have significantly higher levels of cardiac
biomarkers troponin | and NT-proBNP in the present study. Troponin I, a highly
specific biomarker of myocardial injury, is used for diagnosis of MI and acute
coronary syndromes. Importantly, a high troponin | level only signifies myocardial
necrosis and not the cause of cause of myocardial cell death. Development of
increasingly sensitive troponin assays have allowed elevations from causes other
than acute coronary syndromes to be detected. Wallace et al. have shown that
troponin levels to be minimally increased in the general population without acute
coronary syndromes and commonly associated congestive heart failure, CKD,
LVH or diabetes mellitus (650). Regardless of the cause of elevation, a high
troponin without definite acute coronary syndrome represents an increased risk

for future cardiovascular events (651).

In hypertensive patients an elevated troponin | may indicate presence of LVH or
congestive heart failure. Further analysis of the FACT-RHY cohort shows that
patients with LVH had statistically higher troponin | compared to patients with non
LVH; median (IQR) 13 (4 — 23) ng/L and 3 (3 — 3) ng/L respectively (p<0.001). In
the entire FACT-RHY cohort, none of the patients had a coexisting history of
congestive heart failure and only 4 patients had CKD, therefore it is highly likely

that the rise in troponin | observed is related to LVH.
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NT-proBNP is released by the ventricles of the heart as a response to the volume
and pressure overload. It has been shown to be elevated in heart failure and is
used as a biomarker for screening of heart failure and left ventricular systolic
dysfunction in the primary care (652-655). NT-proBNP levels have also been
shown to be elevated in patients with LVH (656, 657), which itself can be a
precursor to development of left ventricular systolic dysfunction and congestive
heart failure. Since none of the patients in the FACT-RHY cohort had confirmed
diagnosis of congestive heart failure, an elevated NT-proBNP is likely to
represent presence of LVH. Indeed, analysis of all patients with LVH in the study
cohort showed that patients with LVH had a significantly higher mean (95% CI)
NT-proBNP level 226.1 (130.9 — 390.7) ng/L compared to patients without LVH,

61.3 (46.7 — 80.5) ng/L, p<0.001.

Although the TRH group have a higher mean NT-proBNP compared to the non-
TRH group it is still within the normal limits. Hypertension is the most common
co-morbidity in patients who have heart failure with preserved ejection fracture
(658). In heart failure with preserved ejection fraction, on average values of NT-
proBNP are lower than that for heart failure with reduced ejection fraction (659,
660), therefore it is feasible that the ‘normal’ NT-proBNP levels observed in some
TRH patients may represent underlying heart failure with preserved ejection

fraction.

Furthermore, Levels of NT-proBNP have been shown to be higher in patients with
renal impairment, which may be a consequence of fluid excess or that its

clearance is reduced with a reduction in eGFR (661, 662). Therefore, higher
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levels observed in the TRH group may simply be a result of reduced eGFR in this

group.

The relatively high level of glycaemia observed in the TRH patients in the FACT-
RHY study could be explained by the higher prevalence of diabetes mellitus in
this group of patients compared to the non-TRH group. However, others have
also found similar observations; perhaps suggesting a significant relationship

between insulin resistance and TRH (463, 663).

Interestingly, the lipid profile in the two groups was similar with no statistically
significant differences. One possible explanation of this observation includes a
statistically higher proportion of patients with TRH were prescribed a lipid-
lowering medication and given their adherence to antihypertensive medications;
one can assume that they exhibit a similar behaviour across all their medications

and therefore an improved lipid profile.

Free light chains are a marker of B cell activation and are raised in a multitude of
inflammatory conditions (234). Combined FLCs (cFLCs) have been shown to be
an independent risk factor for mortality in the general population (235, 236),
mortality and progression to ESRD in patients with CKD (237), and mortality in
patients with acute decompensated heart failure (238). In FACT-RHY study,
patients with TRH, for the first time, have been shown to have a significantly
elevated cFLC and kappa to lambda free light chain ratio. The cause of raised
serum cFLCs is unknown in hypertension, although it has been proposed that a
rise in immunoglobulins in hypertension maybe secondary to vascular damage
from high BP (233). The elevated cFLCs may simply represent a generalised

immune system activation. FLCs can be elevated in renal impairment and may
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therefore reflect renal clearance which has been shown to be decreased in TRH
patients. Correlation with high-sensitivity CRP, another marker of chronic

inflammation, has not been possible at the time of this thesis.

Lack of significant association between urinary catecholamines and
metadrenalines with TRH was surprising. However, 24-hour collection of urine is
often cumbersome with different levels of adherence to collection instructions. In
the FACT-RHY cohort only 60% of the patients provided an adequate sample for
analysis which may not have been enough for statistical significance.
Furthermore, urinary levels of catecholamines and metadrenalines do not
adequately estimate the total sympathetic activity in the body and are often
susceptible to manipulation to extrinsic factors including exercise, diet and certain
medications. Similarly, a lack of difference in dietary salt intake, estimated from

24-hour urinary sodium output, in the two groups may reflect a small sample size.

5.3 Body composition

The results of the BIS analysis of body composition show that patients with true
TRH had significant expansion in ECW (relative to either ICW or TBW) compared
to patients without TRH. The absolute differences observed between the two
groups were, however, small. Prescription of diuretics in the study population may
also explain the lack of fluid excess detected, particularly in the TRH group.
However, despite a higher proportion of patients with TRH prescribed a diuretic,
ANOVA analysis has shown that when taking into account the prescription to a
diuretic the differences in expansion of ECW observed remained significant.
Although an expansion in ECF volume plays a key role in development of

hypertension (664), it is difficult to demonstrate ECF excess. Different
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hypotheses, described in detail in section 1.4.4 and summarised below, have

been suggested for this observation.

An increase in ECF volume caused by either increased sodium and water
retention by the kidneys leads to an increase in the circulating blood volume
which consequently should increase stroke volume and cardiac output via the
Frank-Starling mechanism and result in hypertension. However, in chronic
essential hypertension, ECF excess or increased cardiac output is difficult to
demonstrate. Instead, an acute rise in cardiac output mediated through ECF
expansion causes compensatory haemodynamic mechanisms which restore
sodium balance and thereby normalise ECF volume and cardiac output. It has
been demonstrated that impaired natriuresis at the level of the kidney, mediated
by number of different mechanisms, is the central process driving essential
hypertension. The transient ECF volume expansion has been shown to inhibit
Na/K ATPase which causes intracellular sodium levels to rise which is
compensated through increase in Na/Ca exchange resulting increased
intracellular calcium. An increased intracellular calcium in vascular smooth
muscle cells could cause vasoconstriction and resultant increase in total
peripheral resistance. Therefore, an increase in total peripheral resistance
maintains a high BP in chronic essential hypertension. Alternatively, according to
Guyton hypothesis (see Figure 1.11), postulates that autoregulatory
vasoconstriction of systemic circulation in response to an expansion in ECF
volume returns the cardiac output to normal but does so at the expense of

systemic hypertension.
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In the present study serum albumin, a protein predominantly present in plasma,
correlated negatively ECW/ICW ratio. Water retention causes ECF volume
expansion distributes equally across the two main extracellular compartments;
plasma and interstitial fluid. A low serum albumin concentration is often seen in
oedema states, a result of reduced plasma oncotic pressure leading to expansion
in ECF. Low serum albumin can also be caused by malabsorption, malnutrition,
liver disease, nephrotic syndrome, burns, protein-losing enteropathy, malignancy
and pregnancy. Patients in the present study were asked about all past medical
history at the study visit and did not have any of the conditions associated with

hypoalbuminaemia.

Unsurprisingly, low eGFR and high ARR were also associated with a raised
ECWI/ICW ratio. Both renal impairment and hyperaldosteronism cause sodium
and water retention in the body, thereby resulting in hypertension. Interestingly,
there was no significant difference in the lean tissue and fat tissue mass in the
two groups of patients. This difference reflects the non-difference of BMI in the
two groups. As discussed previously, the distribution of fat tissue may be a more
important than the quantity itself. Although BIS is able to determine the
contribution of individual types of tissue in the body composition, it cannot

describe their anatomical distribution.

Clinically, BIS is used routinely to guide fluid and dry weight assessment in
patients with ESRD on haemodialysis and peritoneal dialysis. Unlike essential
hypertension, ESRD is associated with significantly higher levels of fluid retention
which make BIS an ideal tool for routine and repeated measurements of fluid and

nutritional status and guide therapy decisions on fluid removal on either mode of
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dialysis. In the FACT-RHY study, BIS was used to investigate whether either fluid
excess or body composition had an association with TRH. BIS is not routinely
used in essential hypertension; however, arguments have been made for its use
in patients with difficult to control hypertension or TRH (665, 666). There are a
handful of studies which have used a technique called impedance cardiography,
which allows measurement of a patient’s haemodynamic phenotypic profile which
can then be used to tailor individualised antihypertensive therapeutic choices to
maximise the BP lowering response of the given therapeutic selection (666).
Impedance cardiography uses same principles as BIS to calculate various
haemodynamic measures as well as thoracic fluid content; the latter is used to
guide decisions on diuretic therapy. In the FACT-RHY study, whole body fluid
content was estimated using whole-body BIS whereas impedance cardiography
uses segmental BIS to calculate the thoracic fluid content. A meta-analysis of five
studies using impedance-cardiography-derived haemodynamic data as an
adjunct to therapeutic decision-making in the treatment of hypertension showed
that patients were more than twice as likely to achieve BP control when using
impedance cardiography to direct treatment choices (666). Furthermore, this
technique has been shown to be cost-effective in both the short and long-term

(667).

Use of BIS is not without its limitations; in routine clinical practice it is
contraindicated in pregnant women and individuals with pacemakers. Ideally,
patients should be adequately prepared, avoiding excessive physical activity,
avoidance of alcohol and water intake for up to 6 hours prior to testing. These
guidelines, however, are often difficult follow in routine clinical practice. The

technique in itself has a basic limitation that it assumes that the whole body is
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cylinder with a wuniform conductivity and affects the accuracy of the
measurements. The circumference of the trunk is greater than the limbs which
means that the whole-body resistance is predominantly (up to 80%) determined
by the resistance in arms and legs which happen to also contain the least amount
of water (668). Therefore, its plausible that in the present study the lack of overall
fluid excess in the two groups is a consequence of this limitation. Although
segmental measurements of the body can overcome this limitation, by providing
more accurate precise description of body composition, there is no evidence to

suggest that it translates into better hard clinical outcomes (668).

5.4 Arterial stiffness

This observational study suggests that there is no significant difference in cfPWV
between patients with true TRH from those with non-TRH, after controlling cfPWV
for age, MAP and HR. Increased aortic stiffness is a hallmark of the ageing
process and is associated with many diseases including atherosclerosis,
hypertension, CKD and diabetes mellitus. Arterial stiffness is a well-recognised
risk factor for increased cardiovascular disease including MI, heart failure, and
mortality as well as stroke, dementia and CKD (217, 669-676). Increased cfPWV
causes earlier return of wave reflections in systole leading higher to higher
systolic, lower diastolic pressures and greater pressure fluctuations. These
changes lead to ventricular-arterial uncoupling and increased afterload which
results in LVH and remodelling. A combination of genetic influences and
alterations in the structural and functional characteristics of the arterial wall are
responsible for arterial stiffness. Structural changes are mediated through
vascular calcification, alterations in extracellular matrix by chronic inflammation

and accumulation of advanced glycation end products whereas functional effects
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are mediated via endothelial cell signalling and vascular smooth muscle tone; a
consequence of endothelial dysfunction, activation of RAAS, and dietary salt

intake (677).

A limited number of studies of arterial stiffness in TRH have been reported with
mixed results (678-682). Arterial stiffness has been shown to be increased in
three studies comparing patients with TRH with hypertensive controls (678-680).
However, these results were based on relatively small number of patients, the
largest of which included 79 patients (when comparing TRH to hypertensive
controls) (680), and one study compared patients with a complete failure to
control BP termed as refractory hypertension (678). Importantly, only one of the
these studies controlled for the well-established effect of BP on arterial stiffness
(680), and none took the effects of age or HR into consideration in their analysis
of PWV. Brandt et al. showed age and MAP controlled PWV to be no different in
110 patients with TRH; their control group, however, comprised only of 10
patients (681). Lastly, Sabbatini et al. also showed that in a relatively large
number of patients with TRH (n=116), no significant difference in PWV was
detected when compared to equal number of hypertensive controls (682). Again,
they failed to control for the known influences of age, HR and MAP on PWV. The
sample size in the FACT-RHY study is comparable to the larger of the studies of
arterial stiffness in TRH and, importantly, controls for the effects of age, HR and
MAP on PWYV alongside a direct and objective assessment of adherence, which

none of the other reported studies have done.

Pulse pressure and augmentation index are other markers of arterial stiffness. In

the current study both central and peripheral pulse pressures were elevated in
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patients with TRH. However, neither the HR-corrected nor uncorrected
augmentation indexes were significantly raised. Since PWV is considered gold
standard measure of arterial stiffness, further analyses of augmentation index or
pulse pressure to assess the impact of other known influences, such as age were

not carried out.

A possible explanation of lack of difference observed in the arterial stiffness
between TRH and non-TRH is the higher number of antihypertensives used to
attempt to control BP for patients with TRH. Antihypertensives have been shown
to reduce arterial stiffness (677). Diuretics, nitrates, CCBs and RAAS inhibitors
are the most commonly used pharmacological therapy used for reduction of
vascular stiffness (677). Use of diuretics and CCBs in isolated systolic
hypertension, a hallmark of ageing and arterial stiffness, has long been shown to
improve clinical outcomes (683-685). There is however a lack of large RCTs
designed specifically to improve arterial stiffness and any associated
improvement in cardiovascular outcomes; one such trial is now underway (686).
Importantly, most antihypertensives are directed at the dynamic vasoconstrictive
component of arterial stiffness and are not effective at targeting the underlying
structural abnormalities and changes in vascular signalling that occur in stiffening

(677).

Conversely, it could be argued that patients in the non-TRH group were on the
same classes of antihypertensives as the TRH group and thereby any effect of
antihypertensive-mediated vascular destiffening should be similar across the
cohort. However, as has been shown that non-adherence to antihypertensive

was present in the patients in the non-TRH group, therefore these patients may
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not have benefited from the vascular de-stiffening effects of the said

antihypertensives.

5.5 Endothelial dysfunction

The ELISA analysis has shown significantly elevated levels of serum ET-1 and
serum VCAM-1, suggesting presence of endothelial dysfunction in patients with

TRH compared to non-TRH patients.

ET-1, a potent vasoconstrictor, is a 21 amino acid peptide synthesised and
released continuously by the vascular endothelial cells (687). It is produced by all
types of blood vessels in the body and acts mainly via a G protein-coupled
receptor, selective ETa receptor, present primarily in the smooth muscle cells
comprising the vascular medial layer. Endothelin receptors mediate contraction,
proliferation and hypertrophy of the vascular smooth muscle cells (688). ET-1 has
a long-lasting and potent vasoconstrictor effect throughout the human
cardiovascular system and plays a role in perfusion of all organs of the human
body. Increased levels of ET-1 have been found in patients with hypertension
(689). In the present work, significantly higher levels of ET-1 in patients with true
TRH compared to non-TRH patients suggest that ET-1-mediated
vasoconstriction may be augmenting elevated BP. Evidence from clinical trials of
a selective antagonist of ETa receptor, darusentan, in patients with TRH support
the finding of the FACT-RHY study. These RCTs have shown that daursentan is
effective in lowering BP in patients with TRH (690-692). However, the uptake of
ETa receptor antagonists into routine clinical practice for patients with TRH has

not happened thus far. Furthermore, ETa receptor antagonists have also been
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shown to regress vascular hypertrophy suggesting a direct effect of ET-1 on

vascular growth (693, 694).

Cell adhesion molecules, VCAM-1 and ICAM-1, found on the endothelial cell
surface and mediate an inflammatory response by recruiting leukocytes to sites
of injury. VCAM-1 which is upregulated by pro-inflammatory cytokines mediates
adhesion to circulating leukocytes and their transendothelial migration across the
endothelial cells. Low-grade inflammation and endothelial dysfunction precede
development of arterial atherosclerosis; the role of ICAM-1land VCAM-1 in the
pathogenesis of atherosclerosis is well-established (695-697). Elevated levels of
soluble ICAM-1 and VCAM-1 have been demonstrated in patients with essential
hypertension (698-703). In the present study, elevated levels of VCAM-1 but not
ICAM-1 were present in patients with true TRH compared with non-TRH patients.
There was, however, a positive correlation between the levels of VCAM-1 and

ICAM-1 overall.

The mechanisms that cause a rise in the circulating levels of cell adhesion
molecules in hypertension are not yet fully understood. Elevated circulating levels
of cell adhesion molecules maybe a result of inflammation and free radical
generation caused by sheer stress in response to high BP. Alternatively, ET-1
has also been shown to stimulate the expression of VCAM-1 in animal models of
mineralocorticoid hypertension (704). In the present work, no correlation between

levels of ET-1 and VCAM-1 was detected.

Interestingly, functional assessment of endothelial dysfunction using PAT was
found to be similar in the two study groups. These results seem to contradict the

findings of the biomarkers of endothelial dysfunction described earlier. This lack
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of agreement can be explained by the different pathophysiological pathways
involved; while ET-1 causes local vasoconstriction, PAT assesses NO-mediated
vasodilatation in response to reactive hyperaemia. Therefore, an impairment in
one pathway will not necessarily be expected to lead to altered function of the

other.

In the present work, the lack of difference in the PAT of the two groups could
represent a true indifference. There may be many other possible explanations for
the observed results of PAT. Firstly, ACE inhibitors, ARBs and aldosterone
antagonists have been shown to improve endothelial function by increasing the
bioavailability of NO (705-708). In the FACT-RHY study, almost all patients with
TRH were taking a RAAS-blocking antihypertensive which may explain the
observed lack of difference in RHI. Secondly, although PAT is more operator
friendly compared to the gold standard method of brachial artery ultrasound flow
mediated dilatation, there is a question mark on whether both techniques
measure the same thing. A number of studies have compared endothelial
response to reactive hyperaemia using both techniques (709-718). The
agreement between the two techniques is quite variable; six studies have
demonstrated a significant positive correlation between flow mediated dilatation
and PAT with correlation coefficients ranging from 0.17 to 0.57 (709-711, 713,
716, 717), whereas four studies have reported no significant correlation between
the two techniques (712, 714, 715, 718). There is, however, more direct evidence
that NO makes significant but incomplete contribution to reactive hyperaemia with
PAT (719). Lastly the results in the present work may have been limited by the
smaller number of patients who underwent PAT assessment due to logistical

reasons.
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5.6 Epworth sleepiness score and overnight pulse

oximetry

There was no significant difference in ODI and ESS between the study groups of
the FACT-RHY study. However, unlike the ESS questionnaire, which was
completed by all the study patients, satisfactory overnight pulse oximetry was
completed in only 40 patients. Although polysomnography is the ‘gold standard’
investigation of choice to diagnose OSA, overnight pulse oximetry is often used

as a screening tool for OSA (720-723).

Despite being non-significant almost all patients with true TRH had abnormally
high ODI suggesting presence of underlying OSA. All patients with an abnormally
high ODI were referred to a specialist sleep clinic for further assessment, the
results of which are not yet available. Therefore, the true prevalence of OSA in
the FACT-RHY cohort cannot be confirmed. Sensitivity and specificity of
overnight pulse oximetry is variable, but it has substantial accuracy and is a cost
effective tool for the screening of OSA (724). However, if the results of the
overnight pulse oximetry were to translate into actual diagnosis of OSA, a
predicted prevalence of 89% in patients with TRH is consistent with previous
reports of prevalence of OSA ranging from 71% to 90% (403, 407-414). At a
pathophysiological level, OSA drives the increase in BP through activation of

sympathetic nervous system (725-727).

In the present study, a significant proportion of the non-TRH patients (54%) had
an abnormal ODI score suggesting a higher prevalence of OSA. When comparing
to reported prevalence of OSA in the general population, 22% of men and 17%

of women have OSA (728). A high level of obesity is equally prevalent in both the
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study groups and a significant correlation between ODI and BMI was observed
which may also explain the increased ODI present in the non-TRH group.
Nevertheless, based on the limited sample size in the present study no firm

conclusions can be drawn.

Interestingly, despite all study participants completing the ESS questionnaire, the
ESS scores were very similar between the two groups of patients. Indeed, there
was no significant correlation between the ESS and ODI. This finding is, however,
not unique to the present study; a study characterising 204 patients with TRH
found that 72.1% had OSA and that ESS score was not a predictor of OSA,
except in those with severe OSA (403). The ESS is designed to detect propensity
of daytime somnolence, which are usually only present in patients with OSA with
moderate to severe severity. Furthermore, daytime somnolence may be present
in other sleep disorders such as narcolepsy and, therefore, not specific to OSA

alone.

5.7 Beliefs about medicines questionnaire

The results from BMQ in the FACT-RHY cohort show that patients’ belief that
doctors overuse or put too much trust in medications and their views about the
extent to which they perceive medications as harmful are associated with non-
adherence. In multivariate analysis a higher score in either the general-overuse
subscale or the general-harm subscale was an independent predictor of non-
adherence after controlling for effects of age, gender and index of multiple

deprivation.

The finding that there are no significant differences in the two hypertension-
specific subscales of the BMQ is surprising. Other studies using the BMQ to
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assess the differences in beliefs of adherent and non-adherent patients have
shown that adherent patients are more likely to have a strong necessity to take
their illness-specific medications or that their concerns about medications
outweigh the necessity of taking the medications (729-731). A metanalysis of 94
studies using BMQ have shown that the necessity-concerns framework is a valid
and useful model for understanding patients’ evaluations of prescribed medicines
(731). The metanalysis includes studies with a wide range of chronic illnesses
including hypertension, however most (88.3%) of these studies used a self-
reported method to assess adherence and only a small proportion (11.7%) used
a more objective measure (731). Interestingly, however, strong beliefs in either
that physicians overprescribe medications or that medications are harmful

contribute substantially to reduced medication adherence.

Possible factors contributing to the discordant results could include different
cultural beliefs and practices in the study cohort given that almost half of the
patients were from an ethnic minority. English may be their second language and
may only have limited grasp of English language. Although all patients were
offered to fill the questionnaire; however, they were advised that it was not
compulsory if they did not want to complete the questionnaire for any reason.
Almost half (43%) of the study patients were from 10 per cent of neighbourhoods
that are most deprived nationally according to the Index of Multiple Deprivation;
the level of understanding among patients about hypertension and the
medications may be therefore be poor. Patients’ understanding of hypertension,

however, was not formally assessed.
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5.8 Strengths and limitations of the FACT-RHY study

The strength of the FACT-RHY study is that it is a prospective cross-sectional
study of a cohort of patients presenting to the specialist hypertension clinic.
Uniquely, all patients had objective testing of adherence using the urine AHS.
Although, all patients were provided with the study patient information sheet (see
appendix V) that detailed the physical specimens required for the study and
written consent was obtained from all patients taking part in the study, adherence
testing was not explained specifically in the patient information sheet to prevent
the phenomenon of ‘white-coat adherence’. However, all patients were recruited
from the specialist hypertension clinic and majority of them would have previously
undergone routine formal adherence testing by AHS. As such, all patients were
asked, with their permission, to provide a urine sample and written results of their
AHS were sent to them and their general practitioners. Regardless, given the
close agreement in the prevalence of non-adherence to DOT from the same clinic
and urine/serum testing from other centres described earlier in this thesis, the

effect of ‘white-coat adherence’ was probably minimal.

Another strength of this study is that ‘pseudo-TRH’ was systematically excluded
when classifying the study cohort. All patients undergo ABPM prior to attending
the specialist hypertension clinic to exclude white coat hypertension; any patient
with confirmed white coat hypertension are discharged back to primary care and
therefore would not have been recruited. ABPM can be uncomfortable and often
patients do not like it to be repeated and to reduce the burden of tests performed
on the patients at the study visit, a decision to not to repeat it. Secondly the use
of BpTRU further minimised the effect of WCE at the study visit to ensure

accurate classification of patients into respective groups for statistical analysis.
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Furthermore, any patients with previously confirmed diagnosis of secondary
hypertension were excluded and all patients underwent complete screening for
secondary hypertension in the FACT-RHY study. Therefore, after excluding
WCE, non-adherence and secondary hypertension the TRH group in FACT-RHY
study represents a truly resistant cohort of patients which is a major strength of

this study.

A single cohort of patients underwent all the testing to characterise phenotype of
patients TRH and to assess the impact of various pathophysiological factors on
TRH. To the author's knowledge this is the first study to comprehensively

describe a group of patients with true TRH.

The main limitation of this study is that it is an observational, cross-sectional
analysis of patients with TRH and all the associations described here do not imply
causality. Also, the role of the factors being assessed in the development of TRH
cannot be measured. Ideally a prospective, cohort study with matched controls
and normotensive patients, in which assessment of patients at multiple time
points was carried out, would be needed to answer that question. Given the
relatively low prevalence of true TRH and the duration of hypertension before
treatment resistance develops, such a study would need to be very long in
duration with large numbers of participants, consequently, require considerable
amount of resources and may therefore be impractical. However, the
observations described here are consistent with other published works including

experimental and observational research in both animal models and humans.

Another limitation is the relatively small sample size of the TRH cohort. One

reason for this is that the TRH status could only be confirmed after a patient has
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had their BP measured using BpTRU (to exclude WCE) and non-adherence,
therefore only prevalence of apparent TRH could be used for sample size
collection. The aim was to recruit 120 to 140 patients which may result in half of
the patients with true TRH. However, the overall sample size and prevalence of
true TRH fell short of the predicted percentage. Importantly, only less than a
quarter of those screened and less than a third of those eligible took part in the
study. This fact highlights the difficulty of recruitment to clinical studies, in
particular, observational research in which there is no apparent direct benefit to

the participants.

Another limitation is that all patients were recruited from a specialist hypertension
clinic which may introduce selection bias and the findings reported here may not
be generalisable to wider populations. Hypertension is mainly manged by primary
care healthcare professionals and commonest reasons for referral to specialist
services include difficult to treat hypertension and investigation of secondary
cause of hypertension. Therefore, any hypertension research focussing on the
patients in the specialist hospital clinics is likely to be non-representative of the
general hypertensive population. Conversely, to recruit a reasonably large
sample of patients with a true TRH would require recruitment at multiple general
practices and require a very large screening sample given the low prevalence of
true TRH in the hypertensive population. Patients with hypertension treated with
less than three antihypertensives could have been selected from the local general
practices, however due to the excess requirement of staff, their training and
ethical approval procedures it was decided to select patients from a single-centre
despite the shortcoming of potential selection bias that accompanies this

approach.
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5.9 Study execution

Prof. Indranil Dasgupta and the author conceived, designed and prepared the
proposal of the FACT-RHY study. The author completed and submitted the
ethical approval application. The author was responsible for the study
administration, correspondence with patients and procurement of key equipment
for the study. The author performed all of the recruitment and organised
appointments for patients’ study visits. The author took the clinical history and
performed all the clinical examinations including anthropometric measurements,
BpTRU measurements and electrocardiograms. The author performed the
measurements for body composition, arterial stiffness and RHI. Venepuncture for
blood sample collection, centrifugation and storing of supernatant for analysis of
biomarkers of endothelial dysfunction was carried out by the author. The ELISA
was performed by Sarah Hopkins at University of Aston. All the routine blood and
urine analysis was carried out by the clinical laboratories at the Birmingham
Heartlands Hospital. The author designed the study database, carried out data

collection and analysis.

As discussed earlier, the sample size fell short of what had been hoped to

achieve, the reasons for which are multifactorial:

e Initially there was a delay in the submission of ethical approval for the
study which was due to the changes required in the study proposal
following external feedback. More time was then needed to incorporate the

suggestions made by external peer review.

e There was a delay in procurement of key equipment required for overnight
pulse oximetry and RHI (EndoPAT) which were beyond the author’s
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control. To prevent further delay, recruitment was started without the
EndoPAT device which meant that in more than half of all patients RHI

was unavailable.

One of the major obstacles to initial slow recruitment to the study was
patients failing to turn up to the appointments for the study visit. Just over
200 appointments were made to complete 100 study visits which equates
to more than 50% missed appointments. This resulted in a lot of wasted
time preparing clinic rooms with all the test equipment and, when the
patients failed to turn up, clearing up. These were all patients who had
either given written or verbal consent to take part in the study. As the only
researcher on this study, appointments could not be overbooked in case
all the patients turned up and they would have to wait for in excess of 2
hours which was required to complete all the tests in a single visit. The
choice of a single visit was decided after feedback from a group of patients
at a Patient Public Involvement (PPI) meeting during the design process
of the study. The PPI group preferred a single long visit compared to
multiple short visits citing personal commitments, travel and parking
difficulties. After the first couple of months of lacklustre performance,
several measures were suggested and put in place to help reduce the rate
of missed appointments. Patients were offered a refund of costs of their
parking or travel by public transport;, telephone and text message
reminders were sent to alert participants about the upcoming
appointments and substituting their routine appointments in the

hypertension clinic with study visit.
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Patients also failed to return the research equipment loaned to them; in
particular, the overnight pulse oximetry monitors were often returned
weeks after the study visit. Although all patients signed a loan agreement
at the study and despite written, text and verbal reminders the delay
resulted in a significant proportion of participants missing out on this test.
In hindsight this problem could have been overcome by buying extra
monitors. Similarly, a large proportion of the patients either did not return
or returned incomplete 24-hour urine collections which impacted on the
results. To overcome this problem, sometimes the overnight pulse
oximetry monitors and urine samples were picked up from participants’

residences.
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CHAPTER 6 SUMMARY

Hypertension is a leading cause of burden of disease worldwide, responsible for
10.4 million deaths and 218 million disability-adjusted life-years in 2017 (2).
Despite decades of experimental and clinical research, no single
pathophysiological pathway has been identified that is solely responsible for the
development of high BP. Instead a complex interaction between genetic

predisposition, lifestyle and environmental factors culminate in hypertension.

Despite a high number of patients with uncontrolled hypertension and a similarly
high prevalence of patients with apparent TRH, only a smaller percentage of
patients have true TRH owing to factors contributing to ‘pseudo-resistance’. Non-
adherence is one of these factors which affects many chronic conditions and
hypertension much more so given that it is predominantly asymptomatic. Various
methods exist to test non-adherence in patients each with their own pros and
cons. In recent years the drive to identify patients with true TRH, especially for
the purpose for assessing suitability for device-based therapies of hypertension,
has led to development of biochemical assays to detect presence of
antihypertensive medications, or their metabolites, in the urine or serum. In this
thesis, the results of adherence testing using DOT and urine AHS found rate of
non-adherence to be 50% and 54% respectively in a cohort of patients with
apparent TRH in a specialist hypertension clinic. Furthermore, females, younger

patients, number of prescribed antihypertensives and prescription to a CCB were
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shown to be predictors of non-adherence. There are several important clinical
implications of these results; firstly, it highlights the importance of adherence
testing when assessing patients with apparent TRH to target efforts towards
tackling the underlying reasons for non-adherence and hence improving BP
control. Second, the two methods both have equivalent efficacy in detecting non-
adherence which means that resource intensive DOT can be effectively replaced
by urine AHS, although DOT is able to provide direct evidence of improved
adherence on BP control and identifying any potential side-effects of
antihypertensives and therefore may still be useful in some patients particularly
where white-coat adherence is suspected. Thirdly, these results imply that
increasing the burden of antihypertensives may in fact have the opposite effect
on BP control. Therefore, future research should consider use of single-pill FDCs
to assess their efficacy not only on BP control but the rate of non-adherence; it
could be hypothesised that optimal adherence to lower number of
antihypertensives will have a greater effect on BP control than amplifying the

pharmacological therapy.

Device-based therapy, especially RDN, had become increasingly popular method
of reducing BP in patients with TRH. This initial enthusiasm was primarily based
on impressive BP reductions from small observational or non-sham RCT studies.
However, the results of SYMPLICTY HTN-3 and the studies that followed have
highlighted shortcomings in the technique itself, appropriate selection of patients,
medication optimisation, marker of successful denervation at the time of
procedure and identification of predictors of response to therapy. Until some or
all these factors are addressed, the use of this technique may not be incorporated

into routine clinical practice. The use of CO2 angiography in patients with
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moderate-to-severe CKD has the potential to open this technique to a wider
cohort of patients with hypertension. The simple inexpensive change of imaging
modality used in experience hands has been shown in this thesis to be feasible
and safe in a small pilot study. Again, larger studies will be required to confirm

the safety and efficacy of using CO2 angiography in patients with CKD.

The principle behind the use of RDN in patients with TRH was based on the
hypothesis that overactivity of the sympathetic nervous system may significantly
be contributing to uncontrolled BP. However, the mixed results of RDN studies
may point to the fact that SNA may not be the predominant pathophysiological
factor. There have been very few research studies examining the various well-
established pathophysiological factors of hypertension in patients with TRH and
none in patients with true TRH. Therefore, the aim of FACT-RHY study was to
describe the clinical and biochemical phenotype of patients with true TRH; and
assess body composition, arterial stiffness, endothelial dysfunction, inflammation

and OSA in these patients to provide an insight into the probable causes of TRH.

The cross-sectional analysis of the first 100 patients recruited to FACT-RHY has
shown that older patients with longer duration of hypertension, central obesity
and diabetes mellitus are more likely to have true TRH. The constellation of
central obesity alongside high BP and diabetes contribute to metabolic syndrome,
the prevalence of which is rising around the world.(732). The association with
phenotype of metabolic syndrome culminates in a higher than normal risk of
future cardiovascular and cerebrovascular disease which has also been
highlighted by an almost 10% excess absolute risk which is approximately double

that of patients without TRH. It is therefore important to accurately identify
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patients with true TRH so that appropriate treatments can be initiated to minimise

that risk.

The biochemical characteristics of patients with true TRH have also shown the
increased prevalence of target organ damage associated with hypertension as
highlighted by the lower eGFR and cardiac biomarkers. Furthermore, presence
of secondary hypertension based on biochemical screening remains very low in

this study cohort.

The biochemical and physiological assessment of body composition, arterial
stiffness, RAAS and endothelial dysfunction has provided an insight to possible
mechanisms that could be responsible for hypertension in patients with true TRH.
The higher ARR alongside and expansion of extracellular fluid compartment are
highly suggestive of hyperaldosteronism in TRH. Clinically, these support the use
of spironolactone in patients with TRH which has been shown in recent large RCT

of patients treated with the mineralocorticoid receptor antagonist (357, 448).

Patients with TRH were also shown to have increased ET-1 and VCAM-1, which
are biomarkers of endothelial dysfunction. Vasoconstriction mediated by ET-1
may be responsible for higher BP whereas VCAM-1 adds to the increasing
evidence of role of inflammatory pathways in development and maintenance of
hypertension and may signify presence of underlying atherosclerosis. A higher
cFLC observed in this study also indicate a role of inflammation which may be

higher in patients with TRH.

Arterial stiffness has been shown to be increased in TRH. However, in this study,
after controlling for the known effect of age, HR and MAP, there was no difference

in the two study groups. Lastly, the results of overnight sleep oximetry from a
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smaller proportion of the study cohort are suggestive of higher prevalence of OSA

in patients with TRH.

The results of FACT-RHY have indicated a possible role for a multitude of
mechanisms present more predominantly in TRH and warrant further
investigations to prove or disprove the findings from this exploratory analysis
which is limited by the lack of causality that is associated with cross-sectional
studies. However, the results of FACT-RHY study has made important
observations which have implications on clinical practice and have the potential
to be explored further in future research. Firstly, the role of screening all patients
with suspected TRH for OSA with overnight sleep oximetry is crucial as the ESS
alone may not be predictive. Second, the use of bioimpedance spectroscopy
could be explored to assess fluid compartments of the body and tailor appropriate
antihypertensive use in patients with TRH. Lastly further research could

investigate the effects of selective inhibitors of ET receptors in patients with TRH.

In summary, evidence reviewed in this thesis and the results of the studies
highlight the importance of comprehensive assessment, including adherence, of
patients with TRH to identify patients with true resistance. The number of factors
associated with TRH discussed in this thesis emphasise the complexity of
pathophysiology of TRH and leads to the conclusion that instead of a targeting a
single unifying mechanism, the future of treatment of TRH lies instead in
multifaceted assessment of patients to tailor therapeutic interventions at a

personalised level to control BP and its comorbidities.
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APPENDICES

Appendix I: Study protocol for Renal sympathetic denervation in moderate to
severe chronic kidney disease (CKD stages 3B and 4) using a novel noniodinated
contrast-free protocol.

Renal sympathetic denervation in moderate to severe chronic kidney disease (CKD
stages 3B and 4) using a novel noniodinated contrast-free protocol.

ClI: Dr Indranil Dasgupta, Consultant Nephrologist, Heartlands Hospital,
Heart of England NHS Foundation Trust, Bordesley Green East, Birmingham, B9 5SS.

Sponsor: Heart of England NHS Foundation Trust, Bordesley Green East, Birmingham,
B9 5SS.

Introduction:

Hypertension is the most common chronic disease, affecting more than 25% of the adult
population in the Western World®. It contributes to 62% of all strokes and 49% heart
disease. It contributes to an estimated 7.1 million deaths a year worldwide (13%)>.
Resistant hypertension is defined as raised, seated, office blood pressure (>140/90
mmHg) despite treatment with 3 or more antihypertensive agents at optimal or maximal
tolerated doses®. The prevalence of resistant hypertension is estimated to be 10 to 20% of
the general hypertensive population®. Chronic kidney disease (CKD) is the commonest
cause of secondary hypertension. About 80% of patients with CKD have hypertension®®.
More than 50% patients with CKD have uncontrolled hypertension®.

Recently, renal sympathetic hypertension (RSD) has been shown to significantly lower
blood pressure (BP) in people with resistant hypertension. In the Simplicity HTN 1
observational study, in a cohort of 153 patients, there were sustained lowering of BP of
32/14 at 2 years’®. The mean BP at baseline was 176/98 mmHg on a mean number 5
antihypertensive agents. In the randomised controlled study, Simplicity HTN 2, there was
a mean BP reduction of 32/12 mmHg in the renal denervation group at 6 months from a
base line of 178/97 mmHg (on 5 agents mean)®. In both of these studies, patients with
eGFR <45 ml/min/1.73m? were excluded. One of the reasons for excluding this group of
patients is the risk of contrast nephropathy.

Sympathetic over activity is considered to one of the main reasons for difficulty in
controlling BP in CKD patients'®. Moreover, sympathetic over activity is also thought to
have a role in proteinuria and progression of renal disease!!. Therefore, patients with
resistant hypertension and moderate to severe CKD are more likely to benefit from RSD
than those with no or less severe renal impairment.

Study rationale:

Renal sympathetic denervation has been shown to be safe and effective in patients with
uncontrolled hypertension and eGFR>45mL/min per 1-73 m2. However, the safety and
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efficacy of this has not been studied in patients with more severe renal impairment. We
aim to examine safety and efficacy of RDN in patients with eGFR between 44 and 15
ml/min/1.73 m? (CKD 3B & 4) in a pilot study which may be a precursor of a large
observational study in the future. Moreover, the current imaging protocol and procedure
protocol for RSD requires the use of iodinated contrast, which can have deleterious effects
on renal function. Our centre has a proven track record for the use of CO angiography in
renal artery intervention. We would like to use CO2 angiography in this study to minimize
contrast induced deterioration in renal function in this cohort which may again be a
precursor of a farther larger study.

Number of subjects:

This is single centre study of 10 patients.

Study duration and dates:

Estimated start of study: 01.02.2013
Estimated end of study: 31.08.2013

Indication:

RDN in patients with moderate to severe CKD — eGFR <45 - >15 ml/min/1.73m?

Study intervention:

Renal sympathetic denervation using CO; angiography.

Study objectives:
Primary: safety and efficacy of RDN in CKD stages 3b and 4

Secondary: improvement in BP control, eGFR and proteinuria

Primary endpoints:
e Change in eGFR from baseline to 7 days and 1 month as measure of safety in
terms of kidney function.
e Change in office BP from baseline to 1, 3, and 6 months for efficacy.

Secondary endpoints:
e Change in kidney function from baseline to 7 days, 1, 3 and 6 months.
e Change in proteinuria (albumin:creatinine ratio) from baseline to 1, 3 and 6
months.
e Change in mean daytime BP on 24 hour ambulatory monitoring from baseline to
6 months.
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Inclusion Criteria:

e Patients aged 18-75years with a clinic systolic blood pressure of 140 mm Hg or
more despite compliance with three or more antihypertensive drugs,
e eGFR<45 and >15mL/min per 1-73 m2.
Exclusion Criteria:

eGFR <15 mL/min per 1.73m?,

Type 1 diabetes,

Substantial stenotic valvular heart disease,
Pregnancy or planned pregnancy during the study,

e A history of myocardial infarction, unstable angina, or cerebrovascular accident
in the previous 6 months.

Study Design:

Observational — Prospective
Biostatistics and Data Analysis:

Changes in office BP from baseline to 1, 3, and 6 months will be analysed using ANOVA
test, a two tailed p value of <0.05 will be taken as significant.
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Study Schedule:

Visit Visit 1 Visit 2 | Visit 3 | Visit | Visit | Visit
4 5 6

Week 2-4 0- 1 4 12 24

(approximately) weeks RDN

before
RDN

Informed consent X

Physical examination X X X X

24 Hour Blood X X

Pressure Monitoring

Clinic Blood pressure X X X X X X

Blood test — U&E X X X X X X

Urine Test — Protein X X X X X X

Creatinine Ratio

CT Renal Angiogram X

Renal Denervation X
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Appendix Il: Patient information sheet for renal sympathetic denervation in
moderate to severe chronic kidney disease using a novel non-iodinated contrast
free protocol

=T HEART of
T ENGLAND

NHS Foundation Trust

Birmingham Heartlands Hospital
Renal Unit

Bordesley Green East
Birmingham

B9 5SS

Tel: 0121 424 2158
Fax: 0121 424 1159

Patient Information Sheet

Title: Renal sympathetic denervation in moderate to severe chronic kidney disease
using a novel non-iodinated contrast free protocol

Short Title: Renal denervation in moderate to severe CKD using non-iodine contrast

Part 1

1 Introduction

You are being invited to take part in the above-mentioned study, sponsored by Heart of
England NHS Foundation Trust (HEFT). Before you decide, it is important for you to
understand why this research is being done and what it will involve for you. Please read
the following information carefully. One of our team will go through the information
sheet with you and answer any questions you have. Talk to others about the study if you
wish and do not hesitate to ask us if something is unclear.

2 What is the purpose of the study?

Renal Denervation (RDN) is a minimally invasive procedure performed under local
anaesthesia which aims to reduce blood pressure in patients for whom medication
alone has failed. It is performed by guiding a device (treatment catheter) into the
arteries of the kidneys using X-ray guidance. Once in place, the device produces high
frequency radio-waves. This permanently interrupts abnormal nerve signals from the
kidney to the heart, brain and blood vessels, responsible for high blood pressure
(hypertension).

RDN has been shown to be safe and effective in patients with uncontrolled high
blood pressure and mild to moderate kidney function impairment or kidney damage.
However, the safety and efficacy of this has not been studied in patients with more
severe kidney impairment. This study is aiming to examine the safety and efficacy of
RDN in this group of patients.
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The RDN procedure usually requires the use of iodine containing dye (iodinated
contrast) to show the doctor where the kidney arteries are. This dye can have a
harmful effect on kidney function. In our hospital we have been using Carbon Dioxide
(CO2), a gas, for a few years to perform procedures involving kidney arteries (CO2
angiogram). CO2 does not have harmful effect on kidney function.

3 Why have | been chosen?

You have been chosen to potentially take part in this study as, based on your current
medical history from our Chronic Kidney Disease (CKD) database, you meet the
requirements for the study. 10 patients, aged 18-65 years, undergoing treatment at
HEFT, with a medical history like yours, will be asked to take part.

4 Do | have to take part?

No, taking part in this study is voluntary. It is up to you to decide whether or not to
take part. If you do decide to take part you will be given this information sheet to
keep and given time to review the information. You can have as much time as you
need to read and think about this information and discuss with others (e.g. family,
friends, GP) if you wish before deciding whether or not to take part in this study. Ask us
if there is anything that is not clear or if you would like more information.

If you decide not to take part, you do not have to give a reason. If you decide to take
part you are still free to withdraw at any time and without giving a reason. A
decision to withdraw at any time, or a decision not to take part, will not affect the
standard of care received. If you do withdraw from the study, no new information
about you will be collected, although information about you that has already been
collected may continue to be used in order to preserve the value of the study. If you
have any questions or concerns about this, please ask.

5 What will happen to me if | take part?

If you decide to take part in this study, you will be asked to sign an informed consent
form. This confirms that all the study information has been clearly explained to you,
including the risks and benefits of taking part, any procedures and tests to be
performed, any questions have been answered and that you have been given enough
time to consider whether you wish to take part in this study. You will be given a copy
of this information sheet to keep, along with a copy of your consent form. Your
doctor will also sign a copy of the consent form.
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Your involvement will last around 24 weeks (6 months) and you will visit the hospital 6
times during the study and the following tests performed:

Visit Visit 1 Visit 2 Visit3 | Visit4 | Visit5 | Visit6
Week (approximately) 2-4 0-RDN 1 4 12 24

weeks | procedure

before

RDN

Informed consent X
24 Hour Blood Pressure X X
Monitoring
Blood pressure X X X X X X
Blood test X X X X X X
Urine Test X X X X X X
CT Scan of the kidney X
Renal Denervation X

Before having the RDN procedure, the research team will ask you to complete some
standard medical tests, some of which are similar to the tests you have normally as
part of your routine care. The tests are 24 hour blood pressure monitoring, a blood and
urine test and a CT scan of your kidney arteries.

RDN Procedure:

Once the research team has confirmed you are suitable for the RDN procedure, you
will be given an appointment in the X-ray department. RDN is performed by an
Interventional Radiologist and Interventional Cardiologist, specialist doctors who are
used to performing a range of minimally invasive procedures under X-ray guidance.
We have a separate information sheet which will explain the RDN procedure to you
in more detail.

What happens after the RDN procedure?

Following the procedure, you will be reviewed at your routine clinic appointment at 7
days, 1 month, 3 months and 6 months. Each visit will last approximately 30 minutes
and like your normal hospital visits, your blood pressure will be measured along with
urine and blood test for kidney function. At the 6 month visit, you will also be asked
to have your blood pressure measured for 24 hours, like at the start of the study. Your
involvement in the study is then over and you will continue to be followed up as per
your normal clinical appointments.
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6 What do | have to do?

If you decide to take part in this study you will be asked to attend the hospital for
each of the visits as described in section 5.

You will be asked to wear a blood pressure device for 24 hours at home at the start
and end of the study.

You must contact us at any point during the study should you feel unwell.

7 What are the alternative treatments?

Surgically removing the nerves that are attached to the kidneys can effectively lower
blood pressure. This type of surgery, called non-selective sympathectomy, was used
in the past but caused significant complications. This treatment became less
common as antihypertensive drugs became more affordable and accessible.
Alternatively, more blood pressure tablets will be added to your medication which
may or may not lower blood pressure adequately.

8 What are the possible benefits of taking part?

This is still a new technique but results from Europe and the USA show consistent
improvement in the blood pressure of those patients treated. This could reduce the
risks of developing blood pressure related conditions such as Stroke, heart and
vascular disease and slow/prevent progression of kidney disease.

9 What are the possible risks of taking part?

With any medical procedure there may be complications and it is important you
know about these. RDN has a small risk of complications but the procedure may or
may not improve blood pressure.

The primary risks of the procedure are similar to the risks of all diagnostic
procedures requiring catheterization of the arteries of your body. They include: low or
high blood pressure, heart rhythm disturbances, death, cardiac arrest, blood clot,
injury to the artery that may require surgery, complications related to the pain and
anti-anxiety medications given. The RDN research studies carried out so far have
shown these complications to be extremely rare.

The most frequent complication is bruising of the groin at the site of insertion of the tube. This
usually settles down but occasionally needs a blood transfusion or a further treatment to
repair the artery. It is very important that if after discharge from the hospital you
develop pain or a swelling at the puncture site you seek medical advice
immediately.

CO: (carbon dioxide) has very few risks when used for X-ray procedures but may not be
suitable in patients with advanced lung diseases such as COPD. The radiation dose is
very low and does not differ significantly between the standard and research protocol.

As RDN is undertaken using x-rays you will receive a dose of radiation from the
procedure. The amount of radiation received varies from patient to patient depending
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on the patient size and the complexity of the procedure. However, you will receive
no more dose than if you we having the RDN outside of the trial. Any radiation dose
results in a risk of developing a cancer in the future. The risk increases as the dose
increases. The risk from the RDN procedure is typically 1 in 250 (4 in 1000). This can
be compared with the natural risk of 1 in 4 (250 per 1000) we all have of developing a
fatal cancer.

If you are pregnant or likely to be pregnant then you must inform the doctors as
radiation exposure can potentially harm your unborn baby.

There are additional risks that could possibly be associated with the RDN procedure.
They include: kidney damage, injury to the artery, reduction of blood pressure too far
or too fast that leads to complications, skin burn, blood or protein in urine,
electrolyte changes.

It is important to balance these risks with the potential benefits of the procedure.
Your doctor will discuss with you whether having RDN to improve your blood pressure
would make these risks worthwhile.

If there is any complication following the procedure, you will be able to ring one of
the investigators on the number provided below:

Dr Indranil Dasgupta Tel: 01214242158
Dr Jonathan Freedman

Tel: 01214249931

Dr Arul Ganeshan

Tel: 01214243280

10 What happens when the research study stops?

You will continue to be monitored at the hospital for your kidney condition every 3
months as per your routine hospital appointments.
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Part 2

11 What if relevant new information becomes available?

Sometimes we get new information about the treatment being studied. If this
happens, your research doctor will tell you and discuss with you, whether you should
continue in the study or not. If you decide not to carry on, your research doctors will
make arrangements for your care to continue. If you decide to continue in the study
they may ask you to sign a further consent form confirming your decision.

12 What will happen if | don’t want to carry on with the study?

If you decide you no longer wish to continue in the study this will not affect the
standard of care you will receive in the future. Your research doctor will make
arrangements for your future care to continue. If you do withdraw from the study,
no new information about you will be collected, although information about you that
has already been collected may continue to be used in order to preserve the value of
the study. If you have any questions or concerns about this, please ask.

13 What if something goes wrong?

In the event that something does go wrong and you are harmed during this research
and this is due to someone’s negligence then you may have grounds for a legal
action for compensation against Heart of England NHS Foundation Trust but you may
have to pay your legal costs. The normal National Health Service complaints
mechanisms will still be available to you.

If you have a concern about any aspect of this study, you should ask to speak to the
researchers (Dr | Dasgupta, Dr J Freedman, Dr A Ganeshan) who will do their best to
answer your questions.

If you remain unhappy and wish to complain formally, you can do this by writing to
Heart of England NHS Foundation Trust, Complaints Department, Birmingham
Heartlands Hospital, Bordesley Green East, Birmingham, B9 5SS to telephone
01214243615

For any concerns about your rights as a participant or any complaints please contact:

Patient Services: 0121 424 0808

14 Will my taking part in this study be kept confidential?

If you join the study the research team involved in this study may need access to
your medical history, including your past medical records and test results, for the
purposes of this study. You will not be named in any publication or report generated as
a result of participating in this study. You will be given a unique patient identification
number which the medical research team will use to identify you.

In addition, some parts of your medical records and the data collected will be looked
at by authorised persons from Heart of England NHS Foundation Trust and/or by
representatives of the UK regulatory authorities to check that the study is being
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carried out correctly. All will have a duty of confidentiality to you as a research
participant and we will do our best to meet this duty.

With your consent, your General Practitioner (GP) will be told that you have decided to
take part in this study. They will be sent a copy of this information sheet, along with
details of the procedure.

15 What will happen to the results of the study?

The results of the study will be analysed and published in medical publications and at
conferences. You will not be named or identified in any of these publications. You will
be seen in a routine outpatient clinic after your participation in the study has ended
where you will be informed of the procedure and the results of the study (once
available).

16 Who is organising and funding the study?

This study is being run by Heart of England NHS Foundation Trust. The Trust has
received funding from Medtronic International Trading Sari to run the study. The
results of the study will be presented in scientific meetings and published in scientific
journals.

17 Who has reviewed this study?

All research in the NHS is looked at by an independent group of people called a
Research Ethics Committee, to protect your interests. This study has been reviewed
and given a favourable opinion by Edgbaston Research Ethics Committee. The project
has also been reviewed and approved by Heart of England NHS Foundation Trust
Research and Development Department who ensure that the research project meets
the requirements of the Department of Health’s research governance framework.

18 Contact names and telephone numbers for further information

For any concerns or other questions about this study, or any questions about a study
related injury please contact:

Dr Indranil Dasgupta

Tel: I

Dr Jonathan Freedman

Tel: I

Dr Arul Ganeshan

Tel: I

In an emergency, please contact: Dr Indranil Dasgupta

Tel: I o I
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Thank you for taking the time to read this NHS Foundation Trust

information sheet.
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Appendix Ill: Consent form for renal sympathetic denervation in moderate to
severe chronic kidney disease using a novel non-iodinated contrast free protocol

INFORMED CONSENT FORM

Patient Identification Number for this trial:

Title of Project: Renal sympathetic denervation in moderate to severe chronic kidney
disease using a novel non-iodinated contrast free protocol

Name of Researcher: Dr Indranil Dasgupta

Please initial box

[EY

. | confirm that | have read and understand this information sheet version 7

dated 24 July 2013 for the above study. | have had the opportunity to ask

questions and received satisfactory answers and have received a copy of the
information for my reference. | am over 18 years of age (aged 18 or above).

2. | understand that my participation is voluntary and that | am free to withdraw

without giving any reason, without my medical care or legal rights being
affected. If | decide to withdraw, any data (information) collected up to the

point | withdraw may be used in order to preserve the value of the study,
however no further information will be collected.

3. lunderstand that some parts of my medical records and data collected during
the study may be looked at by authorised persons from regulatory authorities

or from the NHS Trust where it is relevant to my taking part in this research. |

give permission for these individuals to have access to my records even if |
withdraw and | understand that my records will only be reviewed for
information related to my participation in the study.

4. | agree that my GP will be informed that | am taking part in this study.

5. | agree to the use of my data or results which arise from my participation in

this study and understand that my data or results will be limited to the use
described in the information sheet.

6. | agree to take part in this study.

Name of Participant Date Signature

Name of Person Date Signature
taking consent
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Appendix IV: Study protocol for FACT-RHY

A study of Factors AssoCiated with true
Treatment-Resistant HYpertension
(FACT-RHY)

Clinical Investigation Plan

Version 1.6

27 March 2017

297



Table of Contents

SUMMAIY... .ottt ettt st e ste et e s ste eeasessbe et ee e saeessbessaeeneeeane saes 3
INErOdUCHION.....cciiiiii e s 4
HYPEITENSION. ..ttt e e 4
Treatment Resistant Hypertension..........coccveeieicinenne e 5
[0 Te [T 0 g1To] (o =4V 28OSO 5
PathophySiolOgY.....cccove e e e 6
Rationale for study parameters...........cccccoveeiiveiveveiinieie e 7
Sympathetic overactiVity....ccccco oo, 7
Arterial StIffNESS. ..o s 7
Endothelial dysfunction and hypertension.........ccccccceeeveininineinnenene. 8
Inflammation in hypertension..........ccccueveeeece e 8
Hypertension and body composition.........ccccececveevierececceeveeneecee e, 9
Genetic Polymorphisms in TRH..........ccoviriieiciee e 10
STUAY AESIN.....oeieece e e e st sae st e e 11
OVEIVIBW ...ttt ettt et st ettt b e et e et et e es s e et b saeene 11
Study aim and 0DJECHIVES......ovcveeee e s 11
Study POPUIALION ... e e 12
SelECtiON CrIteria. i i e 12
StUAY MELROMS.........oceeee e e st er b e e ere e 13
SUDJECE rECIUITMENT ...ttt et reeraen 13
INFOrmMEd CONSENT ..o et s 13
STUAY ViSITuriitietieecee ettt st eer e e b st sre s aesse e e sreere s 13
FOUOW-UP coete ettt sttt eer et et st e et e s e e saesbesneennaesaenes 14
Schedule Of tEStING....cuicieeece e e e e 15
Data management......... ... e e e e 16
SUDJECE NUMDETS... oottt et st e 16
Statistical aNalYSIS....ccueeceee e 16
REFEIENCES.......c.oveieit ettt sttt s bt st b 17

298



Summary

Title: A study of factors associated with treatment resistant hypertension

Design: A single-centre, prospective, observational study

Study objectives

We propose to investigate whether several factors will associate with treatment resistance.

Primary objective is to assess association with vascular markers including arterial stiffness and
endothelial function

Secondary objectives:

i Assess association between body composition and hypertension as measured using
bioimpedance spectroscopy

ii. Evaluate level of sympathetic nervous system activity in the study patients

iii. Assess prevalence of undiagnosed obstructive sleep apnoea in the study population

iv. Explore patients’ personal views about medicines prescribed for hypertension and
medicines in general.

V. Describe the risk of developing complications associated with hypertension in this
cohort. These will include ischaemic heart disease, heart failure, stroke, renal failure
and death.

Subject Population: Potentially eligible patients will be screened and recruited from the
hypertension clinic based at the Heartlands Hospital.

Time course: Commencement of enrolment in November 2016 with anticipated enrolment
completion by October 2017.

Follow-up Duration: 5 years (electronic only)

Key Data Collection: Medical history, physical examination including clinic blood pressure
measurements, blood and urine tests, 24 hour ambulatory blood pressure monitoring, arterial
pulse wave velocity, body composition monitoring, flow mediated dilatation.
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Introduction

Hypertension

Hypertension or high blood pressure is a major preventable cause of cardiovascular morbidity
and mortality worldwide. Hypertension is an established risk factor for ischaemic and
haemorrhagic stroke, myocardial infarction, heart failure, chronic kidney disease, cognitive
impairment and premature death. Blood pressure is normally distributed in the population and
therefore a clear ‘cut-off’ is difficult to determine, although a blood pressure of <120 mmHg
systolic and <80 mmHg diastolic is often stated to be normal. However, cardiovascular benefits
of lower blood pressure are present at even lower values than those considered normal. The
risks of hypertension are continuous; every 2 mmHg rise in systolic blood pressure is associated
with a 7% increased risk of mortality from ischaemic heart disease and 10% increased risk of
mortality from stroke. The World Health Organisation ranks hypertension as the highest
amongst a list of risk factor attributable to burden of disease worldwide (1). Its estimates show
that cardiovascular disease is responsible for a third of the total deaths worldwide with 17
million deaths a year (2), of which hypertension is responsible for 9.4 million deaths a year (3).
Figures 1 and 2 show global total mortality rates from ischaemic heart disease and
cerebrovascular disease respectively.

12-74

75-108

109-151
152-405

Data not available

11-49
B 5088
89-131
132-240
Il Data not available
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Treatment Resistant Hypertension:

Treatment-resistant hypertension (TRH) is defined as uncontrolled blood pressure (BP) with a
clinic systolic BP = 140 mmHg and/or a diastolic BP > 90 mmHg despite the use of maximally
tolerated doses of 3 or more antihypertensive medications of different classes including a
diuretic (4,5). Suboptimal BP control is well known to be associated with an increased risk of
cardiovascular and cerebrovascular events and is consequently ranked highest amongst the list
of risk factors attributable to burden of disease worldwide (1). A linear relationship has been
shown to exist between level of BP control and risk of cardiovascular events (6-8). Unsurprisingly
the risks known to be associated with hypertension are even greater in patients with TRH. Some
estimates suggest that patients with TRH are twice as likely to experience a cardiovascular event
as compared to patients without TRH (9).

Epidemiology:

Prevalence of hypertension is common; in 2008, approximately 40% of the adults above the age
of 25 worldwide were diagnosed with hypertension. The prevalence of hypertension varies
greatly around the world; the highest prevalence is seen in the Africas Region at 46% of adults
above the age of 25 years and lowest prevalence in the Americas at 35% as shown in Figure 3

(2).

AGE-STANDARDIZED

PREVALENCEOF 7°
RAISED BLOOD

PRESSURE INADULTS
AGED 25+ YEARS

by WHO Region and World
Bank income group, comparable
estimates, 2008

Source:

Global status report on
noncommunicable diseases
2010, Geneva,World Health
Organization, 2011
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EMR: Eastern Mediterranean Region AFR AMR EMR EUR SEAR WPR Lower- Lower- Upper- High-

EUR : European Region . R - - _
SEAR- South-East Asia Region income middle- middle- income

WPR: Western Pacific Region

In the UK, figures from Department of Health’s 2013 Health Survey England have shown that
prevalence in adults of age 16 years or older was 31.4% in men, 26.0% in women and 28.6%
overall. Hypertension is largely an asymptomatic condition and therefore quite often remains
undiagnosed. Public Health England estimates over 5 million adults in the UK are unaware that
they have hypertension. Diseases caused by hypertension have been estimated to cost the
National Health Service over £2 billion a year.

In most studies, prevalence of TRH has been reported to be 12% to 15% of the total hypertensive
population (10-13) with some evidence suggesting a recent increase in the prevalence to 20%
(14). The prevalence figures reported in the literature vary due to the different interpretations
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of the term TRH; some studies include hypertensive patients with controlled BP on 24
medications (controlled TRH) and also fail to distinguish the proportion of patients who have
apparent TRH due to presence of white-coat effect. True TRH is a more useful term which
includes patients who have uncontrolled BP with white coat hypertension excluded and
patient’s medication adherence confirmed. The prevalence of true TRH has not been directly
measured in large trials; however, it has been estimated to be present in half of all the patients
labelled with a diagnosis of TRH (15,16).

Pathophysiology:

Cross sectional studies have advanced age, female sex, black race, obesity, diabetes mellitus,
sleep apnoea and chronic kidney disease (CKD) to be associated with TRH (17,18). A common
pathophysiology implicated in some of these factors has been over-activity of the sympathetic
nervous system which has led to emergence of percutaneous renal artery sympathetic
denervation as a technique to control BP in patients with TRH. Though the initial results from
clinical trials of renal denervation promised a significant improvement of BP control, more
recent studies have shown less impressive changes in BP control. These findings suggest that
the underlying mechanisms promoting TRH are likely to be more complex in nature and are
probably due to a composition of different pathophysiological factors.

The results from the PATHWAY-2, a randomised double-blind, crossover trial to assess efficacy
of spironolactone versus placebo, bisoprolol, and doxazosin to determine optimal treatment for
patients with TRH, have suggested a predominant role of sodium retention in the
pathophysiology of TRH despite use of existing diuretic therapy (19).

Thus far there are no published prospective studies examining the various pathophysiological
tests being proposed in our study on a single cohort of patients with true TRH. Identification of
factors predisposing to TRH may highlight potential mechanism(s) responsible for development
of treatment resistance.
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Rationale for Study Parameters

Sympathetic overactivity

Over-activation of the sympathetic nervous system is associated with chronic diseases in
particular hypertension, heart failure and chronic kidney disease. Renal noradrenaline spillover
rates have been shown to be significantly elevated in patients with hypertension during
assessment of regional overflow of noradrenaline from the kidneys to plasma (20). Furthermore,
increased noradrenaline spillover has been shown to be associated with left ventricular
hypertrophy as a consequence of hypertension (21,22). Similarly, cardiorenal sympathetic nerve
activity is greatly enhanced in patients with heart failure (23). End-stage renal disease (ESRD) is
another condition which is characterised by substantially increased levels of sympathetic nerve
activity and elevated noradrenaline plasma levels have been linked with poor cardiovascular
outcomes (24,25). There is now substantial evidence implicating a specific role of sympathetic
activation in the progression of CKD (26). Accordingly, targeting the sympathetic nervous system
directly appears to be a logical therapeutic approach not only for the treatment of hypertension
but perhaps also for mitigation of additional adverse consequences associated with sympathetic
activation.

Arterial stiffness

The hardening of human arteries with age and disease is well known. Increased central arterial
stiffness is associated with adverse cardiovascular outcomes and is a strong predictor of future
CV events and all-cause mortality (27). Changes in arterial structure can be quantified in terms
of vessel stiffness, which is the pressure required to provide a unit change in volume (28).

Intermittent ventricular contraction causes large changes in BP and flow within the arteries. The
peak BPs can damage the peripheral microvasculature due to barotrauma. Arteries provide a
dampening function so that a steady continuous blood flow is maintained to peripheral tissues
throughout systole and diastole. Arterial walls, in particular the aorta, contain predominantly
elastin fibres which allow significant dilation during systole. During diastole, the arteries recoil
to drive the blood along the arterial tree and augment coronary artery blood flow. The pulse
wave from the arteries reflected back to the heart is called pulse wave reflection which resists
the forward travelling blood. As the aorta stiffens it is less able to accommodate the blood
volume from the heart which raises the systolic pressure and left ventricular afterload. A
persistently raised afterload exposes the heart to high systolic pressures which increase
myocardial work consequently result in left ventricular hypertrophy. Arterial stiffness is
associated with left ventricular hypertrophy in normotensive and hypertensive patients
(29,30). Reduced elastic recoil leads to a decrease in diastolic BP reducing coronary perfusion
which alongside the ventricular hypertrophy results in subendocardial ischaemia (31,32).
Furthermore, left ventricular hypertrophy attenuates the backward travelling suction wave
within the coronaries that drives the majority of coronary flow (33).

Numerous studies have now established aortic stiffness as an independent predictor of
cardiovascular events. In a cross-sectional study, aortic pulse-wave velocity (PWV) was shown
to be associated with cardiovascular risk, as calculated from the Framingham equations (34).
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Furthermore, aortic stiffness is significantly associated with the risk of all-cause and
cardiovascular mortality in patients with essential hypertension (35). Recent studies have shown
an elevated arterial stiffness in patients with TRH (36,37). Furthermore, it is worth highlighting
that all that characteristics associated with TRH including old age, female sex, black race, obesity,
sleep apnoea, diabetes, chronic kidney disease and left ventricular hypertrophy are also
independently associated with elevated arterial stiffness (38).

Endothelial dysfunction and hypertension

Association between hypertension and endothelial dysfunction is well established (39-42); a
phenotypical alteration of the vascular endothelium that precedes the development of adverse
cardiovascular events and its presence predicts future events (43). Data from the Framingham
Heart study suggest that the severity of hypertension is positively associated with the degree of
impairment of endothelial function (44).

Endothelial dysfunction is characterised by reduction in bioavailability of endothelium-derived
nitric oxide (NO), a change that precedes any structural changes associated with atherosclerosis
(45). Nitric oxide is released from the endothelium in response to sheer stress, bradykinin and
acetylcholine with the aim of maintaining low arterial tone at rest (46). Flow-mediated dilatation
(FMD) is widely accepted as the functional bioassay for the endothelium-derived NO and hence
has become synonymous with endothelial dysfunction in cardiovascular literature (47). Briefly,
diameter of the brachial artery is measured using high frequency ultrasound before and after
application of a dilated BP cuff placed around the upper arm to occlude the blood flow for five
minutes (48). The principle based behind the test is that NO is released as a direct response to
increased blood flow occurring immediately after relaxation of the cuff; release of NO leads to
brachial artery dilatation.

Endothelial dysfunction can also be indicated by elevated serum concentrations of endothelial
adhesion molecules, including intercellular cell adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 [VCAM-1] (49). These molecules accelerate atherosclerosis by promoting
migration of inflammatory cells through the endothelium. Furthermore, vascular endothelial
growth factor and its soluble receptor fms-like tyrosine kinase-1 (sFLT-1) are also associated with
endothelial dysfunction, vascular remodelling, and endothelial repair and regeneration
mechanisms (50-52).

Although endothelial dysfunction has been widely investigated in hypertensive subjects there
are only a handful of relatively small studies carried out in resistant hypertensives. These studies
have shown the presence of a higher degree of endothelial dysfunction in TRH as compared to
controlled hypertension (53,54).

Inflammation in hypertension

Various inflammatory mechanisms have been described in relation to hypertension (55). The
acute phase protein, C - reactive protein (CRP) is produced by the liver in response to a wide
range of acute or chronic inflammatory disease processes and is involved in complement
activation and promoting phagocytosis. CRP is considered as the inflammatory marker with the
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strongest association in hypertension (55). Increased plasma CRP levels have been
demonstrated in many clinical trials of hypertension (56-61). CRP further promotes
inflammation through stimulating release of proinflammatory cytokines such as interleukin-6
(IL-6), interleukin-1 beta (IL-1f3), and tumour necrosis factor alpha (TNF-a) from monocytes (62)
and also intracellular adhesion molecule (ICAM)-1 and vascular cell adhesion molecule (VCAM)-
1 from vascular endothelial cells (63).

Inflammation is thought to play an important role in endothelial dysfunction observed in
hypertension (55). Inflammation can alter the careful balance of synthesis and degradation of
molecules involved in the regulation of vascular tone, in particular NO and its precursor NO
synthase. Both CRP and TNF down-regulate NO synthase mRNA activity leading to reduced NO
levels, with a consequent increase in peripheral resistance mediated through impaired vascular
relaxation and increased vascular stiffness (55).

Furthermore, oxidative stress, triggered by chronic inflammation, has been shown to be
associated with hypertension and is a major cause of endothelial dysfunction which is once again
mediated through bioavailability of the NO (55). Hyperaldosteronism and ageing are also known
to be associated with hypertension and there is evidence to suggest their role in chronic
inflammation.

Immunoglobulins have also been found to play a role in pathogenesis of hypertension. Elevated
immunoglobulin levels have been found in patients with essential hypertension when compared
to normotensives (64-67). Although it is unclear whether the rise in immunoglobulins is primary
or secondary, it is thought to be a consequence of vascular damage from high BP (68). More
recently, serum immunoglobulin light chains, which are independent of the intact
immunoglobulin molecule and are referred to as free light chains (FLC), have been associated
with chronic inflammation (69). Studies have now been able to attribute evidence of an
independent association between an elevated serum FLC level and a higher mortality risk
(70,71). Furthermore, an increased serum FLC level is an independent risk factor for mortality
and progression to end stage renal disease in patients with stages 3-5 CKD (72) and also for
prognosis in patients with acute heart failure secondary to atherosclerotic coronary heart
disease (73). However, an association with serum FLC and hypertension has not yet been studied
and given the earlier association with intact immunoglobulin levels it can be hypothesised that
serum FLC may be linked with hypertension.

Hypertension and body composition

The relationship between obesity and hypertension is well established both in adults and
children (74,75). Obese individuals exhibit higher levels of office as well as ambulatory BP from
childhood to old age. Obese subjects display higher BP levels than non-obese individuals even in
the normotensive range. Pathophysiological differences exist in obese and non-obese patients
with essential hypertension. Normal weight essential hypertensives exhibit increased arterial
stiffness and systemic vascular resistance (76), whereas obese hypertensives are characterised
by increased cardiac output and total plasma volume (77).
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There is evidence suggesting increased sympathetic nervous system activity in obese individuals
when compared to lean individuals with a similar BP, suggesting a direct relationship between
obesity and elevated sympathetic nervous activity (78). Although sympathetic nervous activity
has been shown to be elevated in both hypertension and obesity, the mode of sympathetic
excitation in normal-weight essential hypertension differed markedly from that in obesity-
related hypertension (79).

Furthermore, arterial-pressure control mechanism of diuresis and natriuresis, according to the
principle of infinite feedback gain, seems to be shifted toward higher BP levels in obese
individuals (80). Obese individuals have increased sodium retention, extracellular fluid and
plasma volumes (81). The volume overload in obese individuals is due to increased renal tubular
reabsorption in the early stages prior to development of glomerular injury and loss of nephron
function (81).

Studies of body composition in patients with obesity and hypertension elucidate that fat mass,
as opposed to body mass, per se, may be an important aetiological component in elevated BP
in adults (82). In a longitudinal cohort study, where patients were classified into different groups
based on their baseline BP, subjects were followed up for 10 years (83). The results show that
an increase in body weight and fat mass was a risk factor for the development of sustained
hypertension, whereas a decrease was predictive of a decrease in BP.

Bioimpedance spectroscopy is a simple and effective approach for the assessment of body
composition and fluid status (84,85). The accuracy of fluid status and body composition
measurements has been validated against available gold standard reference methods (86,87),
and this technique has been used to monitor patients with ESRF receiving haemodialysis (88,89)
or peritoneal dialysis (90,91).

Genetic polymorphisms in TRH

Large scale studies have been carried out to identify association of genetic polymorphisms with
hypertension (92,93). Similar studies have been conducted to discover any link between genetic
polymorphisms and responses to antihypertensive drugs (94,95). Recently, relatively large
studies have also been trying to establish an attributable genetic component specifically to TRH
(96,97).

Genetics of Hypertension Associated Treatment (GenHAT) study utilises the clinical data
collected by the Antihypertensive and Lipid lowering Treatment to Prevent Heart Attack Trial
(ALLHAT) to assess association of 78 candidate genetic polymorphisms implicated in the
development of hypertension and CVD (96). The findings of this study show that two genetic
variants in the angiotensinogen (AGT) gene (rs699, rs5051) were significantly associated with
TRH among white participants when compared to treatment responsive controls.

Similarly, another genetic study utilised data collected as part of INVEST-GENES (the
INnternational VErapamil-SR Trandolapril STudy—GENEtic Substudy) and WISE (Women's
Ischemia Syndrome Evaluation) to show that the ATP2B1 rs12817819 A allele is associated with
increased risk for TRH in hypertensive participants with documented CAD or suspected ischemic
heart disease (97). The ATP2B1 gene encodes the plasma membrane calcium ATPase and
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function to transport intracellular calcium ions against very large concentration gradients and
play a critical role in intracellular calcium homeostasis. Since calcium is involved in smooth

muscle and cardiac contraction, a disequilibrium in calcium concentration may predispose to
TRH.
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Study Design

Overview

This study proposes to comprehensively characterise a group of hypertensive subjects referred
to a tertiary hypertension clinic for uncontrolled blood pressure, with the aim of understanding
factors associated with true treatment resistance, once secondary causes, non-compliance and
under-treatment have been excluded as the cause of treatment failure. A detailed phenotypic
analysis will be performed, with the aim of identifying markers that may have a causal role in
resistance to treatment.

In this study, all patients presenting to West Midlands Hypertension Centre (WMHC) who meet
the eligibility criteria will be approached. Patients who provide a written informed consent will
undergo various tests. Upon completion of recruitment, patients will be stratified into different
groups based upon their blood pressure control and presence or absence of true TRH. The
results will then be compared to assess whether any pathophysiological differences exist in
these groups. These groups will include:

True treatment resistant hypertension — patients with average daytime ambulatory systolic BP
>135 mmHg, secondary causes of hypertension excluded and, adherence conformed on urine
antihypertensive screen

Uncontrolled BP due to non-adherence — patients with average daytime ambulatory systolic BP
>135mmHg and non-adherence confirmed on urine antihypertensive screen

Controlled hypertension — patients with average daytime ambulatory systolic BP <135 mmHg.

Study aim: To comprehensively characterise a group of hypertensive subjects referred to a
tertiary hypertension clinic for uncontrolled blood pressure.

Study objectives:
We propose to investigate whether several factors will associate with treatment resistance.

Primary objective is to assess association with vascular markers including arterial stiffness and
endothelial function

Secondary objectives

i.  Assess association between body composition and hypertension as measured using

bioimpedance spectroscopy

ii. Evaluate level of sympathetic nervous system activity in the study patients

iii.  Assess prevalence of undiagnosed obstructive sleep apnoea in the study population

iv. Explore patients’ personal views about medicines prescribed for hypertension and
medicines in general.

V. Describe the risk of developing complications associated with hypertension in this
cohort. These will include ischaemic heart disease, heart failure, stroke, renal failure
and death.
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Study population: Potentially eligible patients will be screened and recruited from the
hypertension clinic based at the Heartlands Hospital. Only patients who meet the selection
criteria will be approached to gain informed consent prior to carrying out the baseline
assessments.

Selection criteria

Participants shall be selected based on the following inclusion and exclusion criteria. An
answer of “NO” to any inclusion criterion disqualifies a participant from further screening and
from participation in the study.

Inclusion:
Individual is aged 218 and <80 years of age.
Individual agrees to all aspects of the study including the tests involved, and gives
an informed signed consent.

Exclusion:

1. Individual has confirmed secondary hypertension including, renal artery stenosis,
phaeochromocytoma, primary hyperaldosteronism, Cushing’s disease or
obstructive sleep apnoea.

2. Individual has an estimated glomerular filtration rate (MDRD equation)

<30ml/min.
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Study methods

Subject recruitment

All prospective, consecutive new patients presenting at the hypertension clinic will be
approached to take part in this study. All new patients undergo 24-hour ambulatory blood
pressure monitoring as a routine to rule out white coat hypertension and confirm diagnosis of
hypertension. Any patients found to have uncontrolled BP on 23 antihypertensives have a
routine urine antihypertensive screen to confirm adherence before secondary causes of
hypertension are systemically excluded. All patients will be included to allow comparison of
patients with TRH to be made with patients varying degree of severity of hypertension.

Informed consent

Once an individual has been identified as suitable for inclusion as described above in the
selection criteria, the individual can than then be approached and given relevant information
about the study to make an informed decision about participation in the study. The individual
will be given adequate time to discuss participation with family/friends with opportunity
provided to answer any questions they may have before confirming their consent.

If after understanding and evaluating the purpose, the potential benefits and harms,
requirements of the study, as well as their rights as a research participant, the individual
agrees to take part, a written informed consent will be obtained which will be documented in
the patient’s medical notes as well.

Study visit

Once consented, subject(s) will be invited to the study visit. At this visit, study-specific history,
examination and investigations will be carried out to evaluate possible factors associated with
TRH. These will include:

1) Medical history: to document duration of hypertension, medication history and past
medical history.
2) Physical exam: to check and record patient’s clinic BP, height, weight and, waist and
hip circumferences.
3) Laboratory testing:
a. Blood test — Serum creatinine, to calculate eGFR a factor of baseline kidney
function. eGFR should be calculated using the Modification of Diet in Renal
Disease (MDRD) and Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI) formulae.
b. Blood test — Haemoglobin Alc (HbA1c), to evaluate glucose control.
Blood test — high sensitivity C-reactive protein (hs-CRP) and serum Free Light
Chain Assays (FLC), to evaluate a subject’s inflammatory status
d. Blood test — vitamin D, B-type Natriuretic Peptide (BNP) lipid panel (HDL,
LDL, triglycerides), and high sensitivity troponin, to evaluate a subject’s
cardiovascular risk profile.
e. Blood test — TSH and calcium — to complete a secondary screen
Blood test — renin and aldosterone, to exclude hyperaldosteronism.
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g. Blood test — Angiogenic factors: soluble fms-like tyrosine kinase-1 (sFLT-1),
intercellular cell adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1), endothelin 1, and endoglin, to assess endothelial
dysfunction.

h. Blood test — genetic analysis, to identify any polymorphisms associated with
TRH

i. Spot urine albumin and creatinine, to evaluate the albumin to creatinine ratio
(UACR) as a factor of baseline kidney function.

j- Spot urine antihypertensive screen, to assess adherence to prescribed
antihypertensives.

k. 24-hour urinary sodium, to evaluate a subject’s salt intake.

I.  Serum catecholamines and 24-hour urinary catecholamines and
metadrenalines, to assess sympathetic activity.

4) 12-lead ECG, to assess cardiac rhythm and left ventricular hypertrophy

5) Overnight pulse oximetry, to evaluate presence of obstructive sleep apnoea (OSA).

6) Arterial stiffness, to determine the degree of arterial stiffness present in the study
subjects. It will be measured as pulse wave velocity (PWV) using a Vicorder which uses
automated cuffs around the arm and mid-thigh and a senor on the neck to obtain the
aortic PWV.

7) Body composition monitoring (BCM), to determine a subject’s fluid status in terms of
total body water and its distribution in intracellular and extracellular compartments;
and to determine a subject’s lean and adipose tissue mass. Measurements will be
performed using a portable whole-body bioimpedance spectroscopy device. The BCM
measures the electrical responses at 50 different frequencies between 5 and 1000 kHz.
Input variables include the patient’s height, weight, age, and sex. Electrodes attached
to the hand and foot on the non-dominant side of the body.

8) Flow mediated dilatation (FMD), to determine endothelial dysfunction present in the
subjects. An acute rise in blood flow in the brachial artery will be induced following a
circulatory arrest through application of sphygmomanometer cuff placed around the
subject’s arm for five minutes. Diameter of the brachial artery is measured using
ultrasound before and after application of dilated cuff placed around the arm (48).

9) Epworth Sleepiness Scale: to assess likelihood of underlying OSA

10) Beliefs about Medicines Questionnaire: to assess patients’ beliefs and attitudes
towards their medications and health in general.

Follow-up:

The follow-up will involve long-term data collection over a period of 5 years from GP, hospital
and government databases to allow us to compare the natural course of TRH. Patients’ clinical
information will be gathered as detailed below. Informed consent will be obtained from the
patients to give us their permission to access their medical records. The specific methods used
to gather this information are described and currently being implemented in another on-going
research study (Acute Care QUAIity in chronic Kidney Disease) at HEFT (98). The databases
accessed will include:
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Interface with primary care database to record clinic BP, BP medications, bloods
(eGFR) and urine (ACR) in addition to record any secondary complications of
hypertension.

Interface with secondary care databases to record hypertension-associated morbidity
Interface with Office of National Statistics database to record hypertension-associated
mortality
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Schedule of testing (both groups):

Factor being assessed Baseline GP, HES and ONS Follow-
visit up
History
Duration of hypertension X
Drug History X X
Co-morbidities X X
Examination
Clinic BP (BPTru) X X
BMI X
Waist and hip circumference X
Blood Tests
U&Es, inc eGFR (MDRD & CKD-EPI) X X
HbAlc, and lipids X
hsCRP X
Serum free light chain assay X
hsTropl & pro-BNP X
Vitamin D, calcium and TSH X
Renin and aldosterone X
Angiogenic markers X
Serum catecholamines X
Genetic testing X
Urine Tests
Albumin-Creatinine Ratio (ACR) X X
Antihypertensive screen for adherence X
24 hr urinary sodium X
24 hr urinary catecholamines & metadrenalines X

Non-Invasive Investigations

ECG X
Pulse Wave Velocity using Vicorder X
Body composition monitoring X
Flow mediated dilatation or EndoPat X
Overnight pulse oximetry X
Questionnaires
Epworth Sleepiness Scale X
Beliefs about Medicines Questionnaire X
Risk Scores
QRisk2 X

Table 1: Schedule of testing
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Data management

Subject numbers

All eligible patients attending the WMHC will be approached. Recruitment will last a total of 1
year. No formal sample size calculation was performed. The aim of this observational study is
to characterise patients with TRH and there is limited data available to perform formal sample
size calculation. Instead our estimate is based on the census of all patients recorded in the
hypertension database who attended the clinic in 2015.

In 2015 a total of 282 patients were seen in the hypertension clinic at Heartlands Hospital. Of
these 118 (42%) met the definition of TRH with clinic BP 2140/90 mmHg and 3
antihypertensive medications. It was not possible to determine what percentage of these had
true TRH after excluding white —coat effect, non-adherence and secondary hypertension.
However, from previous published evidence it is likely to be between 50-60%, so in our
population estimated 60-70 patients are likely to be truly resistant. The numbers indicated is a
conservative estimate due to missing data as a small proportion of patients were not recorded
in the hypertension database from which this census was performed.

We therefore expect to recruit 130 -140 patients taking into account patient choice and the
selection criteria outlined above.

Statistical analysis:

e Assess correlation of primary and secondary outcomes with treatment-resistant
hypertension.
e Compare the three groups of patients to assess any significant differences between
them
e Compare long term morbidity and mortality in the groups of patients.
Normally distributed continuous data will be presented as meanSD. Shapiro-Wilk test will be
carried out to test for normal distribution. Non-normally distributed data will be presented as
mean (inter-quartile range). Categorical data will be presented as count (percentage) and
analysed using y? test. Comparison of the means will be made using t-test if the means are
normally distributed, otherwise non-parametric tests such as Mann-Whitney U test.
Furthermore, multivariate linear regression analysis will be performed to adjust for any known
covariables which may have a potential confounding effect.
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Appendix V: Patient Information Sheet and Consent Form for FACT-RHY

=T HEART of
NHS 11 ENGLAND

NHS Foundation Trust

Birmingham Heartlands Hospital

Bordesley Green East
Birmingham B9 5SS

Tel: 0121 424 2000
Fax: 0121 424 2200

Patient Information Sheet

A study of Factors AssoCiated with true Treatment-Resistant
HYpertension (FACT-RHY)

Introduction

We invite you to take part in our research study. Before you decide, it is important for
you to understand why this research is being done and what it will involve for you.
Please read the following information carefully. Talk to others about the study if you
wish and do not hesitate to ask us if something is unclear.

What is the purpose of the study?

In this study, we are aiming to understand why some patients’ blood pressure (BP)
does not improve despite the use of three or more medications to lower their BP.
Medications are the mainstay of treatment in patients with hypertension (high BP). Only
about one-half of all patients treated are able to have their BP controlled to target levels
with medications. Patients whose BP remains high despite taking at least three
medications are diagnosed as having treatment-resistant hypertension. The risk of
heart attack, kidney disease and stroke is even higher in these patients compared to
patients with well controlled BP.

Therefore, this research is designed to compare patients whose BP is controlled
against patients whose BP remains uncontrolled to understand the differences between
the groups. By analysing answers, measurements and samples collected from people
who participate in this study, we may be able to work out why some people with
hypertension have uncontrolled BP and more long-term health problems than others. It
will also allow us to assess what factors are important for worse health outcomes in
people with treatment-resistant hypertension and how treatments can best be used to
help improve outcomes.
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Why have | been invited?

You have been invited to take part in this study because our records show that you are
receiving treatment for hypertension and attend the hypertension clinic at Heartlands
Hospital.

Do | have to take part?

It is up to you to decide whether or not to take part. You will be given as much time as
you require to consider taking part, but you can of course take less time if you wish. If
you decide to participate you will be asked to sign a Consent Form, but you are still
free to change your mind and leave the study at any time without giving a reason. If
you choose not to participate or to leave the study, your future medical treatment and
normal standard of care will not be affected in any way.

What will happen to me if | take part?

If you decide to take part in this study, you will be asked to sign the study Consent
Form. You will then be asked to attend the hospital on one morning where you will
have to attend having fasted overnight. You will be seen by a doctor who will collect the
following information and undergo the following tests:

e Contact and basic demographic information will be collected, including your
ethnic group.

¢ Your medical and family history will be taken. Your full medication history will be
confirmed including non-prescription and complimentary medicines.

e We will record your smoking status/history and current alcohol intake.

¢ A physical examination will be performed. The physical examination will include
BP, heart rate, ECG, height, weight, body mass index (BMI), waist and hip
circumference (using a standard tape measure).

¢ We will ask you to provide us with a urine sample during your visit.

e With your permission we will take a sample of blood from your arm.

e You will be given two short questionnaires to complete. The first will be about
your sleeping patterns and second will ask about your health and medicines.
These will not have you name on it, only your unique study number and you will
be asked to complete it in a private room to maintain confidentiality. There will
be help available to complete this form if needed.

o We will also take some measurements of the health of your blood vessels;
these will be done using non-invasive methods which will be harmless. One of
these tests will involve putting a blood pressure cuff around your forearm for 5
minutes which may cause slight discomfort whilst the cuff is inflated.

e Finally, we will provide you with simple to use device which will be used to
record your oxygen levels when you sleep. The device has an oxygen sensor
that fits on your finger and connects to small device worn on your wrist. You will
be shown how to use it.

Your visit will take up to 2 hours in total. As you will have to attend for your visit having
fasted overnight, we will provide you with a breakfast of toast / cereal and a hot/cold
drink when your blood tests have been completed.
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You will not be required to make any further visits to hospital for this research study.
Instead the researchers will aim to follow your BP, blood and urine tests remotely by
accessing this information kept in your medical records at your general practice or
hospital. Any new medical illnesses you may develop and any visits to hospital related
to high BP will be looked at as well. Furthermore, the researchers will also request the
recorded cause of death from the records kept in the Office of National Statistics
database. We propose to follow any patient who agrees for this study for a period of
five years.

What will happen to the blood sample | give?

e Your blood sample will be used to carry out routine blood tests which will be
reported on the hospital systems in the usual manner. If we find anything
abnormal in your routine blood results, we will ensure that you and your GP are
informed and organise further testing if required.

¢ In addition to routine blood tests we will obtain extra four teaspoons (20 mls) of
blood to carry out non-routine blood tests including some tests which are purely
for research purposes. These tests will be analysed in an anonymous manner.

e The blood collected will also be used to gain your DNA to carry out genetic
testing. The genetic testing will help identify specific markers, which predict
individual patients’ likelihood of responding to particular antihypertensive (blood
pressure lowering) drugs. Your DNA will be used to carry out specific tests
related to hypertension only and therefore there will not be any unrelated
genetic findings from this DNA. These tests will again be carried out in an
anonymous manner to preserve your confidentiality. The results of these
investigations are unlikely to have any implications for you personally.

e Your blood samples will be stored for the duration of the study. The blood
samples will not have your name on them and will be labelled with your unique
study number.

o If after carrying out all the tests required for this study if there is any blood
sample left, we would also like to keep the left-over blood samples for:

o Analysis of other markers related to high blood pressure that may
become available in the future. Your samples will be stored without your
personal information and will only be used in research which has been
approved by an ethics committee.

What are the possible benefits of taking part?

We will provide you with all your results and explanations so you will have more
information about your health and the results obtained will have substantial future
benefits for the hypertension community. Your results can help educate and encourage
you to make changes to your lifestyle. We will have more information about your health
to allow us to be more responsive to your clinical needs and tailor your treatment more
effectively. We will also have more information to carry out research on the factors
contributing to treatment-resistant hypertension and the development and progression
of hypertension-related diseases, allowing us to improve on the treatments available.
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What are the risks/inconveniences of taking part?

The risks associated are minimal and include discomfort whilst having a blood test
done the application of a blood pressure cuff on your forearm during testing of health of
your arteries. Although most of these do not present any significant risks, all these tests
will take up some of your time. We will try to minimise the time commitment so that we
can schedule your visits at a time convenient to you and the study team wherever
possible.

Will my details be kept confidential if | take part in the study?

All procedures for handling, processing, storage and destruction of data will be
compliant with the Data Protection Act 1998.

Your clinical notes will only be accessed by doctors and nurses involved in your care;
this is the same as if you were not in the study. Any blood or urine results will only be
available with your study number on and any information you give in the questionnaire
will also be treated confidentially with only your study number on it to identify you. We
will only use information collected about you for the purposes of this research as
described in the information sheet.

If you join the study, some parts of your medical records and the data collected for the
study may be looked at by authorised persons from the organisation sponsoring and/or
running the research. They may also be looked at by people from the regulatory
authorities and by authorised people from the NHS to check that the study is being
carried out correctly. All will have a duty of confidentiality to you as a research
participant and nothing that could reveal your identity will be disclosed outside the
research site.

What will happen to the results of the research study?

The results of the study will be available on the study website and will include reports
intended for reading by lay-people. We will prepare a summary of the results for the lay
people which we will distribute to all study participants. The results of the study will be
analysed and published in medical publications and at conferences. You will not be
named or identified in any of these publications.

Will my GP be told that | am in a study?

Yes, with your permission we will write to your GP to let them know.

What if there is a problem during the study?

Any complaint about the way you have been dealt with during the study or any possible
harm you might suffer will be addressed. If you have any concerns about any aspect of

this study, you should speak to your study doctor or nurse who will do their best to
answer your questions.
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In the event that something does go wrong and you are harmed during the research
study there are no special compensation arrangements. If you are harmed and this is
due to someone’s negligence, then you may have grounds for a legal action for
compensation against the sponsor but you may have to pay your legal costs.

What will happen if | don’t want to carry on with the study?

Your participation in this study is voluntary. You are free to come out of this study at
any time without giving a reason and without affecting your future care or medical
treatment by contacting the study co-ordinator on the number below. Any information
we have already collected will continue to be used in the study. No further information
will be collected.

What if something goes wrong?

Medical research is covered for mishaps in the same way as for patients undergoing
treatment in the NHS i.e. compensation is only available if negligence occurs.

Who has reviewed this study?

All research in the NHS is looked at by an independent group of people called a
Research Ethics Committee, to protect your interests. This study has been reviewed
and given a favourable opinion by South East Scotland Research Ethics Committee.

Contact names and telephone numbers for further information

For any concerns or other questions about this study, or any questions about a study
related injury please contact:

Dr Indranil Dasgupta Dr Mohammed Awais Hameed (study co-ordinator)

Tel: Tel:

Thank you for taking the time to read this information sheet.
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INFORMED CONSENT FORM
Patient Identification Number for this trial:

Title of study: A study of Factors AssoCiated with true Treatment-Resistant HYpertension
(FACT-RHY)

Name of Researcher: Dr. Indranil Dasgupta

Please initial box

1. | confirm that | have read and understand this information sheet version 1.5 27
March 2017 for the above study. | have had the opportunity to ask questions

and received satisfactory answers and have received a copy of the information
for my reference. | am over 18 years of age.

2. | understand that my participation is voluntary and that | am free to withdraw
without giving any reason, without my medical care or legal rights being

affected. If | decide to withdraw, any data (information) collected up to the point
| withdraw may be used in order to preserve the value of the study, however no
further information will be collected.

3. lunderstand that some parts of my medical records and data collected during
the study may be looked at by authorised persons from regulatory authorities

or from the NHS Trust where it is relevant to my taking part in this research. |
give permission for these individuals to have access to my records even if |
withdraw and | understand that my records will only be reviewed for
information related to my participation in the study.

4. lunderstand that the researchers will access my medical records kept at my GP,
hospital or Office of National Statistics. | understand that any data accessed will

be stored in an anonymised manner. | give my permission for the researchers to
have access to my medical records as described above.

5. lagree to give a sample of blood for research in this project. | understand how

the sample will be collected, that giving a sample for this research is voluntary

and that | am free to withdraw my approval for use of the sample at any time
without giving a reason and without my medical treatment or legal rights being
affected.

6. | understand that the project will use my DNA from the blood sample to carry

out genetic research aimed at understanding the genetic markers the predict

the likelihood of responding to particular antihypertensive (blood pressure
lowering) drugs and that the results of these investigations are unlikely to have
any implications for me personally.
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7. lunderstand that any leftover blood sample will be stored without my personal
details and the researchers may use the blood sample for future research which
has been approved by an ethics committee.

8. | agree that my GP will be informed that | am taking part in this study.

9. | agree that anonymised data collected during the study may be used by other
researchers after the study has completed. They will not have access to any
personal identifiable information about you.

10. | agree to take part in this study.

A S

Name of Participant Date (DD/MMM/YYYY) Signature
A

Name of Person taking consent Date (DD/MMM/YYYY) Signature
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Appendix VI: Standard curve graphs for sFLT1 (VEGF R1)
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Appendix VII: Standard curve graphs for endoglin.
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Appendix VIII: Standard curve graphs for endothelin-1.
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Appendix IX: Standard curve graphs for VCAM-1.
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Appendix X: Standard curve graphs for ICAM-1.
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Appendix XI: The Epworth Sleepiness Scale.

The Epworth Sleepiness Scale

The Epworth Sleepiness Scale is widely used in the field of sleep medicine as a
subjective measure of a patient's sleepiness. The test is a list of eight situations in
which you rate your tendency to become sleepy on a scale of 0, no chance of dozing,
to 3, high chance of dozing. The scale estimates whether you are experiencing
excessive sleepiness that possibly requires medical attention.

How Sleepy Are You?

How likely are you to doze off or fall asleep in the following situations? You should
rate your chances of dozing off, not just feeling tired. Even if you have not done
some of these things recently try to determine how they would have affected you.
For each situation, decide whether or not you would have:

* No chance of dozing =0
o Slight chance of dozing =

* Moderate chance of dozing =2
* High chance of dozing =3

Please tick the box corresponding to your choice in the following table.

Situation Chance of Dozing
0-No | 1-Slight|2-Moderate | 3-High
chance | chance chance Chance

Sitting and reading

Watching TV

Sitting inactive in a public place
(e.g., a theater or a meeting)

As a passenger in a car for an hour
without a break

Lying down to rest in the afternoon
when circumstances permit

Sitting and talking to someone

Sitting quietly after a lunch without
alcohol

In a car, while stopped for a few
minutes in traffic
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Appendix XIllI: Beliefs about medicines questionnaire.

BMQ —Specific m ENGLAND

. . . . NHS Foundation Trust
Your views about medicines prescribed to you.

Beliefs about medicines questionnaire (BMQ) =T HEART of
H

e | would like to ask you about your personal views about medicines prescribed for your hypertension (high blood pressure).
e These are statements other people have made about their hypertension medication.

e Please indicate the extent to which you agree or disagree with them by placing a cross in the appropriate box.

e There are no right or wrong answers. | am interested in your personal views.

e Please only cross one box per question.

Strongly . . Strongly
Statement Agree Uncertain | Disagree .
Agree Disagree

My health, at present, depends on my hypertension medicines

Having to take hypertension medicines worries me

My life would be impossible without my hypertension medicines

Without my hypertension medicines | would be veryill

| sometimes worry about the long-term effects of my hypertension medicines

My hypertension medicines are a mystery to me

My health in the future will depend on my hypertension medicines

My hypertension medicines disrupt my life

| sometimes worry about becoming too dependent on my hypertension
medicines

My hypertension medicines protect me from becoming worse
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BMQ-General

e | would like to ask you about your personal views about medicines in general.
e These are statements other people have made about medicines in general.

e Please indicate the extent to which you agree or disagree with them by ticking the appropriate box.
e There are no right or wrong answers. | am interested in your personal views.

e Please only tick one box per question.

Statement

Strongly
Agree

Agree

Uncertain

Disagree

Strongly
Disagree

Doctors use too many medicines

People who take medicines should stop their treatment for a while every
now and again

Most medicines are addictive

Natural remedies are safer than medicines

Medicines do more harm than good

All medicines are poisons

Doctors place too much trust on medicines

If doctors had more time with patients they would prescribe fewer medicines
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