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Abstract

Hypertension is a multifactorial condition which makes the development of treatment approaches difficult. The
vast majority of patients are treated with lifestyle measures either alone or in combination with antihypertensive
drugs, and this approach is largely successful in controlling blood pressure. However, for a subgroup of patients,
control of blood pressure remains resistant to this approach and therefore the development of new strategies is im—
perative. The sympathetic nervous system has been known to be implicated in hypertension for many decades, and
evidence from studies in the past has revealed the benefit of reducing sympathetic nerve activity in the control of
blood pressure albeit with severe side effects. Recent technological advances have allowed for specific targeting of
the renal sympathetic nerves by catheter ablation. The Symplicity HTN-1 and HTN-2 trials have provided strong
evidence for renal denervation giving rise to considerable blood pressure reductions in treatment-resistant hyper—
tensives and, due to the high incidence of hypertension worldwide, this carries the promise of further reducing the
global burden of hypertension and its attendant complications. Here we review the evidence for renal denervation
in the management of hypertension.
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blood pressure (SBP) increase of over 20 mmHg dou—
bles the cardiovascular mortality risk, and that even

INTRODUCTION

Hypertension is a chronic condition which greatly
increases the risk of developing cardiovascular dis—
ease, the leading cause of death worldwide as clas—
sified by the World Health Organisation (WHO)'". Tt
is estimated that over a quarter of the world’s adult
population is hypertensive, and therefore therapeutic
approaches that offer good control of blood pressure
are of prime importance on a global scale™.

Hypertension is a major modifiable risk factor for car—

diovascular disease™. Tt has been shown that a systolic
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small reductions in blood pressure significantly reduce
the risk of cardiovascular events such as stroke'"”.
First-line treatment involves advice about lifestyle
changes, with subsequent pharmacological strategies
being implemented if hypertension persists despite
lifestyle measures. However, successful treatment of
hypertension can be difficult to achieve in a signifi—
cant minority of patients, who may fail to respond to
antihypertensive medications of any class either alone
or in combination.
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Resistant hypertension is defined as blood pressure
above 140/90 mmHg in spite of the use of three or
more antihypertensive agents, including a diuretic®".
Essential hypertension has a multi-factorial aetiology
which makes development of new therapeutic strate—
gies a necessity, one novel approach being specific
targeting of the sympathetic nervous system.

Sympathetic nerves innervate, amongst others, or—
gans involved in cardiovascular regulation; of par—
ticular relevance to hypertension is sympathetic in—
nervations of the kidney'™. It is well established that
sympathetic nerves are involved in the development
and maintenance of hypertension through increased
sympathetic activity to the kidneys. Renal efferent and
afferent nerves are situated inside the renal artery wall
and perivascular soft tissue respectively'”. Efferent
nerve stimulation to the kidneys acts to increase blood
pressure firstly by increased sodium reabsorption from
the tubules, and secondly by increased renin secretion
thereby activating the renin-angiotensin-aldosterone
axis'". Chronic activation of renal afferents is found in
certain disease states such as renal failure, which results
in the kidneys being a source of sympathetic drive in
the hypertension associated with renal failure (Fig. 1).

Hypertrophy
Arrhythmias

Vasoconstriction

The involvement of sympathetic nerve activation
in the hypertensive state makes these nerves a rational
therapeutic target. Before the advent of antihyperten—
sive drugs, non-specific surgical methods to decrease
sympathetic nerve activity were used as early as the
1920s to reduce blood pressure in patients with severe
hypertension"". These attempts were extremely suc—
cessful at lowering blood pressure in treated patients,
however, the lack of specificity with such extensive
denervation meant that there was high periprocedural
morbidity and mortality. Selective renal sympathetic
denervation, therefore, represents a more attractive
therapeutic approach.

Recent developments in device-based approaches
to hypertension targeting the renal sympathetic system
include a novel percutaneous catheter-based treat—
ment. Here, radiofrequency energy is used to dener—
vate sympathetic nerve fibres within the artery. The
aim of this treatment is to selectively disrupt sympa—
thetic nerve fibres without causing adverse effects in
other organ systems'”. Evidence from the Symplicity
HTN-1 and HTN-2 trials in recent years has provided
promising results which demonstrate significant and
large decreases in blood pressure in patients with
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Fig. 1 Renal afferent and efferent signalling from and to the kidney.
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drug-resistant hypertension. At present, however,
there is insufficient evidence of long term benefit and
the procedure has only been trialled in relatively small
numbers of patients"”.

PROCEDURE

A catheter-based approach to renal sympathetic
denervation has been developed. Early approaches
involving the sympathetic nervous system in hyper—
tension, as mentioned before, have highlighted the
need for targeting the renal sympathetic nerves more
specifically. From the radical sympathectomies and
splanchnicectomies of the 1920s, to the marginally
more successful targeted removal of renal sympa—
thetic ganglia by Grimson et al."”, there have been
several attempts at attenuating sympathetic nerve ac—
tivity in the context of blood pressure'®. These meas—
ures have demonstrated the effectiveness of therapies
that reduce sympathetic nerve activity on long-term
blood pressure control, but equally highlight the need
for more specific methods without the side effects of
previous approaches.

A minimally invasive, endovascular catheter-
based procedure aims to disrupt neurogenic reflexes
involved in the control of blood pressure using radi—
ofrequency (RF) energy'””. The rationale for this tar—
geted treatment is based firstly on the fact that since
the kidneys are retroperitoneal organs, direct access to
the nerves is difficult, secondly, the fact that the renal
efferent and afferent nerves are in close proximity to
the renal artery wall, allowing for greater susceptibil—
ity to RF energy if approached by the endovascular
route. In a human post-mortem histological study,
Atherton et al."” used sections from human renal ar—
teries and measured the distance of nerves from the
lumen-intima interface. It was found that over 90%
of renal sympathetic nerves resided within 2 mm of
the renal artery lumen; considering the RF penetra—
tion depth of a cardiac ablation catheter is up to 9.5
mm"", a catheter-based RF approach in specifically
targeting renal sympathetic nerves is likely to be fea—
sible.

Before introducing the catheter, angiography is
used to determine renal anatomic eligibility for the
procedure, to exclude any renal artery stenosis or other
abnormality of renal artery anatomy. The procedure is
carried out under local anesthesia, whereby the cath—
eter is inserted through the femoral artery and guided
into each renal artery under fluoroscopic control. A
generator delivers low-power RF ablations within
each ‘renal artery at 4-6 points along its length, in a
spiral pattern’'”, Ablations last two minutes each and
are spaced both longitudinally and rotationally along

the course of the renal artery (Fig. 2). A predetermined
algorithm allows for automatic generation of RF en—
ergy and careful monitoring throughout the procedure
of temperature and impedance.

PRECLINICAL EVIDENCE

Preclinical experiments that have used renal den—
ervation therapeutically have used a variety of animal
models in which to assess renal sympathetic nerve
contribution to systemic organ function. One study by
Kassab et al. assessed the effect of renal sympathetic
nerve ablation on blood pressure using a canine model
of obesity-induced hypertension'”. Obesity is com—
monly observed in hypertensive patients and therefore
is a good model to study the effect of a novel blood
pressure-lowering strategy.

In this study, two groups were evaluated: a con—
trol group and a bilaterally renal-denervated group.
Both groups were, after a control period, fed a high-
fat diet, which resulted in a rise in body weight in
the two groups by 50%. The study found that, with
the high-fat diet, there was a significant increase in
blood pressure in the control dogs (from 95 + 2 to
109 &= 4 mmHg) but no significant change in blood
pressure in the denervated dogs (87 = 3 to 90 *
4 mmHg). Another endpoint of this study looked at
the effect of renal denervation on sodium retention,
which is thought to be increased with efferent nerve
stimulation. In the denervated dogs, cumulative so—
dium retention was approximately 50% less than in
the controls (control: 445 * 85 mmol, denervated:
252 + 47 mmol). The findings from this study sup—
port the theory that renal sympathetic activity is in—
volved in mediating hypertension and sodium reten—
tion associated with obesity. This is concordant with
other renal denervation preclinical studies, that have
similarly shown attenuation of hypertension in other
animal models"”".

Of relevance to the catheter-based approach, a
study by Rippy et al."” used a healthy swine model.
Here they tested the vascular safety and healing
response of RF ablations given via the Symplic—
ity Catheter System. Angiography and histological
analyses were carried out before the procedure and at
6 months post-ablation, assessing for any perfusion
defects and vascular damage respectively. The study
found that catheter-based denervation could selec—
tively ablate the renal nerves without causing any
clinically significant damage to the renal artery wall
or other renal pathology, suggesting the catheter sys—
tem to have a good safety profile and paving the way
for proof-of-principle and randomized controlled tri—
als in humans.
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Fig. 2 Schematic representation of catheter placement and ablation sites.

CLINICAL TRIALS

Proof-of-principle study

In recent years, several clinical trials have been
published that provide good evidence for renal den—
ervation having an antihypertensive effect. The first
proof-of-principle cohort study was carried out by
Krum and colleagues"” with the aim of evaluating the
safety and blood pressure-lowering efficacy of spe—
cific renal nerve denervation. In the Symplicity HTN-
1 study, 45 patients with treatment-resistant hyperten—
sion underwent renal sympathetic nerve ablation using
a catheter-based approach (Symplicity by Ardian Inc.
Palo Alto, CA, USA). Treatment-resistant hyperten—
sion was defined as baseline SBP = 160 mmHg de—
spite use of three or more antihypertensive drugs. Pa—
tients had a mean age of 58 &= 9 years, average blood
pressure of 177/101 = 20/15 mmHg and were using
an average of 4.7 £ 1.5 antihypertensive medica—
tions. The procedure itself was noted to cause visceral
abdominal pain that was present only during the pro—
cedure on application of RF energy; this was managed
with intravenous narcotics and sedatives. The median
procedure time was 38 min.

Short term follow-up angiography 14-30 days after
the procedure and magnetic resonance (MR) angi—
ography at 6 months showed a good vascular safety
profile with no adverse clinical events related to the
treatment, nor was any alteration in renal function

noted. There was a significant decrease in blood pres—
sure (systolic: 20-25 mmHg; diastolic: 10-15 mmHg)
which persisted throughout the one year follow-up
period (Table 1).

In agreement with the reductions in blood pressure
seen after treatment, a decrease in efferent sympa—
thetic activity was shown in terms of noradrenaline
release from the kidneys (measured as spillover of
noradrenaline into the circulation). In the subgroup of
10 patients who underwent this test, there was a mean
decrease in noradrenaline spillover of 47% (95% CI,
28-65%). This demonstrates the efficacy of the cath—
eter-based device in achieving efferent sympathetic
denervation"”.

Independent review of angiograms and serious
adverse events reduced the possibility of bias in data
analysis. However, as the study was non-blinded and
did not have a control group, due to the study being
proof-of-concept, a placebo effect may have played a
part. A serious limitation to this study is the selection
of the trial population. Eligible patients were those
who had resistant hypertension; however, resistant
hypertension is a multifactorial condition which en—
compasses several causes including white coat hyper—
tension, secondary hypertension and poor adherence
to medication'®. These are factors that were not evalu—
ated and accounted for within the study. In addition,
at the 9- and 12- month follow-up points, there was a
considerable attrition of patients available for follow-
up, as shown in Table 1. Overall, however, the study
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Table 1 Effect of renal denervation on blood pressure as a function of time

Change in Blood Pressure (mmHg) 95% CI
Follow up period . . . o . n
Systolic Diastolic (Systolic/Diastolic)
1 month -14 -10 4/3 41
3 months -21 -10 7/4 39
6 months =2 -11 10/5 26
9 months -24 -11 9/5 20
12 months -27 -17 16/11 Y

Mean changes in blood pressure at 1, 3, 6, 9 and 12 months. From Krum et a

provides promising support for the effectiveness of
renal sympathetic ablation as a strategy in the man—
agement of resistant hypertension.

Expanded cohort study

Two year follow-up evidence from the original
study reaffirmed the notion that catheter-based re—
nal denervation contributes to a long-term substantial
decrease in blood pressure!'”. The expanded cohort
study assessed the durability of the blood pressure-
lowering effect, of importance due to sympathetic ef—
ferents having previously been shown to regrow after
nerve injury””. In this expanded cohort study, 153 pa—
tients with the same inclusion criteria were treated by
the same approach used in the initial cohort study'”.
It was found that the initial blood pressure reduction
seen post-procedure in the initial study continued out
to 24 months on follow-up. Over 90% of patients had
an office blood pressure reduction of over 10 mmHg,
averaging 32/14 mmHg at 24 months. This is of rel—
evance when considering that the patient population
was previously unresponsive to three or more hyper—
tensive medications, further supporting the findings
from the initial trial.

Symplicity HTN-2

[21]

The Symplicity HTN-2 randomized control trial
built upon the impressive findings from the proof-of-
principle study. This study sought to further clarify
the effectiveness and safety of catheter-based treat—
ment of resistant hypertension. One hundred and six
patients with treatment-resistant hypertension were
enrolled. Similar inclusion criteria to the initial co—
hort study were used, with the additional inclusion of
patients with type 2 diabetes who had a baseline SBP
of = 150 mmHg and fulfilled the additional crite—
ria specified. Patients were then randomized to renal
sympathetic denervation (n = 52) or control (n = 54)
groups and followed up over a period of 6 months.

At 6 months post-procedure, office blood pres—
sure measurements in the renal denervation group
were decreased significantly, by 32/12 mmHg (SD

1 (18]

23/11, baseline mean blood pressure 178/96 mmHg;
P < 0.0001), in comparison to no significant change
in blood pressure observed in the control group. The
difference in the primary endpoint of seated of-
fice blood pressure between the groups at 6 months
was significant at 33/11 mmHg (P < 0.0001 for both
SBP and DBP). Additionally, in a subgroup of pa—
tients where home and ambulatory blood pressure
were measured, similar findings were observed. From
baseline values, the renal denervation group (n = 20)
had a decrease from baseline values for mean systo—
lic and diastolic blood pressure of 11/7 mmHg (SD
15/11; P = 0.006 for SBP and P = 0.014 for DBP
change) whereas there was no significant change in
the control group (n = 25)*". Furthermore, no adverse
clinical events related to the procedure were seen,
which substantiates earlier trial evidence about the
good safety profile of this technique.

Since this was a randomized controlled trial, this
largely answers the potential criticisms above of a
possible placebo effect and selection bias that could
affect the validity of the results. Having said that,
the control group did not undergo a sham operation;
therefore, the trial was not double-blinded, so that
some possibility of bias remains. Currently, a mul—
ticentre, double-blinded, randomized controlled trial
(Symplicity HTN-3) is ongoing, evaluating the proce—
dure in a larger group of patients.

The results of the Symplicity HTN-2 study provide
strong evidence to support previous findings that renal
denervation is a suitable and effective option in the
management of treatment-resistant essential hyperten—
sion. The data are encouraging based on good efficacy
in blood pressure control and good safety profile.

Future Prospects

Renal denervation by catheter ablation has been
shown to have promising results in the Symplicity
clinical trials. However, the exact pathophysiological
mechanism by which denervation causes blood pres—
sure reduction is yet to be elucidated precisely. Radi—
otracer dilution methods measuring noradrenaline sp—
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illover, as used in the proof-of-principle study above,
have demonstrated reduced nordadrenaline spillover
post-renal denervation, suggesting that the procedure
may lower blood pressure by reducing efferent renal
sympathetic nerve stimulation”. But whether a de—
crease in adrenergic activity occurs before blood pres—
sure reduction remains to be determined.

Sympathetic reinnervation is important to consider
in assessing the long-term durability of renal nerve
denervation and its blood pressure-lowering effects.
There is a possibility that sympathetic nerves can re—
grow after damage. The evidence for good long-term
efficacy in the two year follow-up study suggests that,
despite the possibility of regrowth and reinnervation,
this appears not to affect the blood pressure-lowering
effect of the procedure[w]. However, it would be useful
to further clarify whether sympathetic reinnervation
of the kidney occurs and whether this has an effect
on blood pressure control®™. This requires a longer
follow-up period and an increased understanding of
the process of reinnervation in the human kidney.

Importantly, clinical trials assessing renal denerva—
tion have been restricted to a specific group of patients
with treatment-resistant essential hypertension. The
clinical studies thus far have shown good efficacy and
safety in these patients, but to further investigate the
therapeutic benefit of renal denervation other sub—
groups of hypertensives need to be evaluated. These
could include those that have milder forms of essential
hypertension and in patients that have hypertension
secondary to disease states such as renal impairment;
in the future, it may be useful to examine whether re—
nal denervation is appropriate in the earlier stages of
hypertension as a preventative measure™™,

An additional consideration is that renal denervation
has been examined thus far using RF catheter-based
ablation. Other methods for achieving renal denerva—
tion using methods such as ultrasound, microwaves,
lasers and robotic surgery may be useful to trial also.

CONCLUSION

Rrenal denervation is a potentially useful treatment
modality in patients whose hypertension is refrac—
tory to conventional hypertension therapies. Target—
ing sympathetic nerves to reduce blood pressure is an
old concept that has been brought to the fore of novel
antihypertensive therapies with the development of
sophisticated devices that have specificity in their ap—
plication. The promising results from catheter-based
renal sympathetic denervation have offered new pros—
pects, specifically in the treatment of resistant essential
hypertension. Both the HTN-1 and HTN-2 studies
demonstrated the good safety profile and efficacy in

reducing blood pressure using catheter nerve ablation.
The UK National Institute for Health and Clinical Ex—
cellence has recently published guidelines for its use in
suitably chosen patients with resistant hypertension'"”

Catheter-based treatment is still in the early stages
of clinical research, and larger and longer-term fol—
low-up trials will be needed to properly assess the
durability of blood pressure reduction as well as long-
term safety.
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