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Hypertension is a major risk factor for increased cardiovascular events with accelerated sympathetic nerve activity implicated in the
pathogenesis and progression of disease. Blood pressure is not adequately controlled in many patients, despite the availability of
effective pharmacotherapy. Novel procedure- as well as device-based strategies, such as percutaneous renal sympathetic nerve
denervation, have been developed to improve blood pressure in these refractory patients. Renal sympathetic denervation not only
reduces blood pressure but also renal as well as systemic sympathetic nerve activity in such patients. The reduction in blood pressure
appears to be sustained over 3 years after the procedure, which suggests absence of re-innervation of renal sympathetic nerves. Safety
appears to be adequate. This approach may also have potential in other disorders associated with enhanced sympathetic nerve activity
such as congestive heart failure, chronic kidney disease and metabolic syndrome.

This review will focus on the current status of percutaneous renal sympathetic nerve denervation, clinical efficacy and safety
outcomes and prospects beyond refractory hypertension.

Introduction

Treatment-resistant hypertension is commonly found in
both community-based samples as well as databases from
large scale clinical trials [1]. The general definition of
treatment-resistant hypertension is that of a patient who is
unable to reach guideline recommended target blood
pressure despite three or more antihypertensive drug
classes at the highest tolerated doses, with one of those
drugs being a diuretic [1, 2]. Most recent analysis of the
NHANES dataset, a large community-based cohort in the
US, suggests that 8.9% of hypertensives meet the strict
criteria for treatment-resistant hypertension [3]. A recent
study by de la Sierra et al. [4] used ambulatory blood pres-
sure monitoring (ABPM) to identify patients with resistant
hypertension and found that out of 68 045 treated
patients 8295 (12.2% of the database) had resistant hyper-
tension defined as office blood pressure ≥140 and/or
90 mmHg while being treated with more than three anti-

hypertensive drugs. After ABPM, 62.5% of patients were
classified as true resistant hypertensives, the remaining
37.5% having white coat resistance Therefore, true
resistant hypertension appears to be evident in around
8–9% of a treated hypertensive population.

Other analyses, e.g. from major clinical trials of antihy-
pertensive therapies, suggest that the percentage may be
even higher. In any event, it is clear that given the
extremely high overall prevalence of hypertension in the
adult population (expected to increase further over
the next few decades, particularly in emerging countries),
treatment-resistant hypertension represents a major
health problem.

Causes of treatment-resistant hypertension are multi-
ple but include secondary causes of hypertension, interfer-
ing substances, poor compliance and adherence as well as
therapeutic inertia [5]. Use of inappropriate antihyperten-
sive drug combinations is a prominent cause [5]. Further-
more, some patients are intolerant to single or multiple
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antihypertensive drug therapies due to intolerable adverse
events.

There have been very few properly conducted
randomized control trials of add-on antihypertensive
therapy in the treatment-resistant hypertension setting.
One agent that has been studied is the mineralocorticoid
receptor antagonist (MRA), spironolactone. In the ASPIR-
ANT study [6], a significant reduction in both 24 h ambula-
tory and office systolic blood pressure recordings (−9.8 and
−5.4 mmHg, respectively) were noted with spironolactone
(n = 59) compared with placebo (n = 56), additional to
maximized background antihypertensive therapy. These
findings suggest that an MRA add-on should at least
be considered in patients who are resistant to standard
antihypertensive agents provided that renal function is
relatively well preserved and serum potassium closely
monitored.

If all of the above considerations have been exhausted
in the management of the patient there now exists the
potential for procedure/device-based approaches to
treatment-resistant hypertension. This review will focus
on renal sympathetic nerve ablation as one such
procedure-based approach. Before discussing this
approach, the pathophysiology underlying the sympa-
thetic contribution to hypertension will be considered.

Sympathetic nervous system in
hypertension

The contribution of sympathetic activation to the genesis
and progression of hypertension has been well recognized
for many decades [7]. This contribution appears to be par-
ticularly prominent in younger hypertensives. Smith et al.
[8] demonstrated a step-up in muscle sympathetic nerve
activity from normal to high-normal blood pressure, to
white coat to borderline to then established hypertension,
with or without left ventricular hypertrophy. These data
are supported by other measures of sympathetic activa-
tion in man, specifically spillover of norepinephrine into
plasma. In a study of renal spillover from the kidneys, a
significant increase was noted in patients with essential
hypertension in comparison with normotensive controls
[9]. This increase was particularly prominent in those
hypertensives aged 20 to 39 years.

Distribution of efferent and
afferent sympathetic nerves

Renal efferent sympathetic activity
The kidneys are extensively innervated by renal sympa-
thetic efferent nerves, i.e. nerves transmitting from the
central nervous system and acting upon the kidney [10].
The functional effect of these renal sympathetic efferents
relates to modulation of autonomic control of the kidney.

Specifically, renin secretion is activated by β1-adrenoceptor
stimulation, enhanced tubular sodium reabsorption by
α1b-adrenoceptors and reduced renal blood flow via α1a-
adrenoceptors [11] (Figure 1). Thus, the functional conse-
quences of this innervation are critical to renal control of
regulatory hormones, modulation of total body volume
status and effects on the pressure-natriuresis curve.
Elegant pre-clinical in vivo experiments by DiBona et al.
[12] have established that for a given renal perfusion pres-
sure, renal sympathetic denervation shifts the diuresis and
natriuresis curves to the left, i.e. an increase in water and
sodium excretion for the same renal perfusion pressure is
achieved in the denervated compared with the innervated
animal.

Based on these pathophysiological considerations,
abrogation or disruption of renal sympathetic efferents
represents an attractive therapeutic target in the manage-
ment of hypertension (and potentially other disorders
characterized by altered renal sympathetic nerve activity).
This has been supported through the pre-clinical literature
in various low and high renin models of hypertension in
animals [13].

Renal afferent sympathetic activity
The regions proximate to the kidney are highly innervated
by mechano-sensitive and chemo-sensitive nerve recep-
tors [14]. Renal afferent nerves transmit this information to
the central sympathetic nervous system which in turn
modulates activity of key organs including heart, kidney
and vasculature (Figure 2). These findings are supported
by rhizotomy experiments in animals demonstrating
ability to reduce blood pressure in animals with renal
disease [15]. These animals demonstrate increased central
catecholamine concentrations compared with healthy
controls and such increases are abrogated by renal afferent
denervation. Similarly, in renal transplant patients
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Figure 1
Effect of renal sympathetic efferents on renal function. RSNA = renal
sympathetic nerve activity, JG = juxtaglomerular
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denervation via nephrectomy of the non-functioning
kidney reduced both renal sympathetic efferent activity
and blood pressure [16].

Surgical sympathetic denervation
in the management of
hypertension

In the era preceding the emergence of modern antihyper-
tensive pharmacotherapy surgical denervation was
perhaps the only effective approach to treating patients
with significant elevations in blood pressure. Case series
comparing this surgical approach with medical therapies
(such as existed) demonstrated a roughly 50% improve-
ment in survival with denervation for the same starting
blood pressure values [17]. The magnitude of the blood
pressure reduction able to be achieved appeared to corre-
late with the starting pre-operative mean blood pressure.
However, these early and rather crude approaches to
unselected sympathetic denervation were accompanied
by significant adverse events limiting their clinical utility. In
particular, patients experienced impotence, incontinence
and, almost invariably, orthostatic hypotension, essentially
rendering them unable to achieve upright posture for sig-
nificant periods of time [18].

Percutaneous and minimally
invasive approaches to renal
sympathetic denervation

A number of newer approaches have been developed to
achieve specifically renal sympathetic denervation, but to

avoid the complications of the earlier surgical approaches,
as outlined above. Most of these approaches focus on the
sympathetic nerve plexus that surrounds the main trunk
of each renal artery. These nerves reside within the
adventitia of the main artery or immediately adjacent.
These novel approaches include various approaches to
radiofrequency (RF) energy application, use of ultrasound
waves, direct injection of neurotoxins such as guanethi-
dine and even extracorporeal approaches that are com-
pletely non-invasive.

By far the most advanced and best investigated of
these strategies is that of percutaneous RF ablation [10]
(Figure 3). This procedure involves cannulation of the
femoral artery and subsequent placement of the tip of the
catheter in the distal renal artery where energy is applied
targeting adjacent sympathetic nerve trunks. The catheter
is then withdrawn 1–2 cm and circumferentially rotated
with further RF energy applications performed in this way,
such that 4–6 on average (often more) are applied to the
individual renal artery. The same procedure then occurs in
the contralateral main renal artery.

Safety data
Initial studies focused primarily on safety of the procedure
[19]. From the very first procedure it was noted that diffuse
visceral pain occurred in concert with the application of RF
energy. These findings suggest that somatic afferent
C-fibres travel with the sympathetic nerves which were the
targets of the ablation. Subsequent to this observation,
patients now routinely receive prophylactic intravenous
analgesia and/or sedation. Imaging studies including mag-
netic resonance angiography (MRA) and computerized
tomography (CTA) have indicated absence of atheroscle-
rotic responses to the RF energy application in denervated
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Figure 2
Effect of renal afferents on central nervous system and in turn other key organs. HF = heart failure; HFEPF = heart failure with preserved ejection fraction;
RAAS = renin-angiotensin-aldosterone
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arteries. This imaging was undertaken both early (1–2
weeks post-procedure) and late (approximately 6 months
post-procedure) in these early studies.

The initial safety experience described one episode of
renal artery dissection during the catheter procedure (but
before application of RF energy) which was subsequently
successfully stented. There have also been a number of
cases of impaired haemostasis in the groin but at a rate
consistent with other arterial cannulation procedures
involving the femoral artery.

A theoretical concern is that of renal artery stenosis. No
such adverse events have been reported in the Symplicity
experience thus far. Nevertheless, and as mentioned, alter-
native technologies have been developed in an attempt to
minimize this and other potential local complications.
These include use of multi-electrode catheters to minimize
time of catheter in the vessel and ultrasound based
approaches to minimize endothelial damage. Further-
more, there have been no cases of vessel thrombosis or
kidney embolization reported.

Another safety concern has been that of potential of
worsening of renal function itself. This has not been
observed in early studies or indeed in the published
Symplicity HTN 2 trial [20] vs. a control group.

Efficacy results
Symplicity hypertension I study Symplicity HTN1 [19] was
a 12 months evaluation of safety and blood pressure-
lowering efficacy (without a control group) as a first-in-
man experience with the denervation procedure. Inclusion
criteria involved patients with a systolic blood pressure
greater than 160 mmHg despite three or more antihyper-

tensive medications including a diuretic or confirmed
intolerance to medications. Furthermore, estimated
glomerular filtration rate (eGFR) was required to be
>45 ml min−1 1.73 m−2. The key exclusion criteria included
known secondary causes of hypertension, type I diabetes
mellitus, central sympatholytic drug use and critically evi-
dence of renovascular abnormalities, including renal artery
stenosis, prior renal procedure and/or dual renal arteries.

Enrolled patients in fact tended to have considerably
poorer blood pressure control than the entry criteria cut-
off demanded. Mean blood pressure was over 170 mmHg
systolic and 100 mmHg diastolic. This was despite on
average, five different antihypertensive drug classes being
used in an attempt to control blood pressure. Almost all
patients were taking an ACE inhibitor and/or angiotensin
receptor blocker as well as diuretics, 69% were receiving
calcium channel blockers and 75% β-adrenoceptor
blockers.

The key blood pressure results of Symplicity HTN1 were
a 27/17 mmHg reduction in blood pressure compared with
baseline at the 12 months end of the formal study evalua-
tion period. This was supported by limited ABPM data that
included an increase in patients shifting from non-dipper
to dipper status with the procedure. However the magni-
tude of the ABPM response to denervation in this study
(and Symplicity HTN-2) was substantially less than that of
office blood pressure falls, suggesting a white coat compo-
nent may be contributory to the observed office response.

The key mechanistic question was whether sympa-
thetic denervation had in fact been achieved in the kidney.
This had been demonstrated pre-clinically where an 85%
reduction in total renal norepinephrine content was
observed in the percutaneously denervated kidneys of
studied animals (data on file, Ardian). The magnitude of
that reduction was similar to that achieved with conven-
tional surgical approaches. In man, evidence of renal
denervation was observed with a substantial reduction in
renal norepinephrine spillover rate in a published case
study where blood pressure was also decreased and
muscle sympathetic nerve activity (indicative of efferent
sympathetic output) was also progressively reduced out to
12 months [21]. Sympathetic nerve activity reduction fol-
lowing renal denervation has now been confirmed in a
larger series [22]. However, it remains uncertain at the time
of the procedure whether denervation has been success-
fully achieved, as there are as yet no simple clinical tools to
address this question.

The Symplicity HTN-1 experience has now been
extended out to 36 months in a larger cohort than the
initial published 12 month experience [23]. One hundred
and fifty-three patients have been followed in this way but
with only 24 actually reaching the 36 months follow-up
visit. Nonetheless, the mean reduction in blood pressure
persisted, with a mean 33/19 mmHg reduction compared
with baseline at 36 months (Figure 4). This is consistent
with the surgical experience where many years of

Figure 3
Medtronic/Ardian percutaneous approach to renal sympathetic
denervation. Via a femoral artery approach, the distal tip of the catheter
is placed (as per Figure) in the distal portion of the renal artery and initial
radiofrequency energy applied
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improved blood pressure control are observed following
the surgical intervention.

Also of interest were the percent blood pressure
responders over the 36 months follow-up period.Respond-
ers were nominally defined as an office systolic blood pres-
sure reduction of >10 mmHg vs. baseline. At 12 months
post-procedure,only 79% had achieved this response in the
Symplicity HTN-1 expanded cohort.However,by 36 months
all study patients had in fact achieved a‘response’.This raises
the important issue of what physiological mechanisms may
be in play post-denervation regarding achievement of a
late (but not early) benefit. Possibilities include progressive
vascular remodelling, resetting of the baroreflex and/or
alterations in renal blood flow and sodium excretory status,
all of which may take some time to ‘reset’.

Furthermore, analysis of key subgroups failed to reveal
patients with particularly large blood pressure responses
(or non-responses). In particular, age greater or less than 65
years,presence or absence of diabetes mellitus, impaired or
preserved renal function or high or low heart rate resulted
in no heterogeneity in blood pressure response. Thus, a
particular subgroup of patients who may particularly
benefit or not benefit from the procedure regarding blood
pressure response cannot be ascertained from baseline
patient characteristics.However,given the limited numbers
of patients in this analysis it is clear that much larger
numbers,e.g.from a global registry,will be required to tease
out fully this important clinical question. Ultimately, pre-
procedure measures beyond those that are clinically
routine may need to be elucidated (or developed) to
improve patient selection and minimize ‘non-responders’.

Symplicity hypertension 2 study Symplicity HTN-2 [20]
used very similar entry criteria to Symplicity HTN-I [19].

The key differences were that there was a 2 week obser-
vation period at the end of which baseline systolic blood
pressure measures were required to remain above
160 mmHg. In this way concerns about regression to the
mean and the Hawthorne effect (as per Symplicity HTN-1)
could at least be partially overcome. Patients who meet
blood pressure criteria then underwent anatomical
screening via MRA, CTA or duplex scanning and if the
renal arteries were found to be appropriate for interven-
tion they were then randomized to a control or treatment
group with a 6 month primary end point assessment of
safety and efficacy. The initial 6 month results demon-
strated acceptable safety and a 32/12 mmHg reduction
from baseline in the denervation group (n = 49) com-
pared with a 1/0 mmHg increase in blood pressure in the
control group (n = 51). This was achieved despite more
patients decreasing their medication and fewer patients
increasing their medication in the denervation group
compared with the control group.

At the end of the 6 month primary end point, the
control patients were offered the denervation procedure
and all patients were then followed for a further 6 months.
The findings of this analysis [24] were that in the initial
denervation group (n = 47) blood pressure lowering was
maintained out to 12 months from the procedure with a
reduction of 28/10 mmHg compared with baseline. In the
crossover group (n = 35) who were evaluated 6 month
post-denervation, mean reduction was 24/8 mmHg com-
pared with their 6 month pre-denervation value of
+7/1 mmHg vs. baseline.

Symplicity hypertension 3 study Symplicity HTN-1 and 2
have provided strong safety and efficacy data to support
the utility of this procedure in patients with refractory
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hypertension. However, there are a number of design defi-
ciencies in both of these studies and the United States (US)
Food and Drug Administration mandated a definitive US
study to overcome some of these design issues. Specifi-
cally, Symplicity HTN-3 [25] will require more aggressive
achievement of target or at least highest tolerated dose of
background antihypertensive medications, qualifying
blood pressure will include a requirement for systolic
blood pressure of >135 mmHg by ABPM (as well as a sub-
sequent office systolic blood pressure >160 mmHg) to be
confirmed following initial screening and most impor-
tantly a sham procedure performed in the renal artery of
control subjects which includes everything but the actual
RF energy application. Because the operator will be aware
of which patients do and do not receive the active proce-
dure, a separate group of investigators will perform the
end point assessments. As with Symplicity HTN-2, the
primary efficacy end point is at 6 months at which time
patients in the control group can then receive the proce-
dure if they wish.

Efficacy beyond blood pressure-lowering
Experience with percutaneous renal sympathetic
denervation has, in addition to demonstration of substan-
tive blood pressure lowering, also shed light on underlying
mechanisms as well as pointing to future therapeutic pos-
sibilities beyond hypertension.

A key mechanistic observation was of reduced muscle
sympathetic nerve activity following denervation [21, 22].
This finding strongly supports the concept that renal sym-
pathetic afferents (not just efferents) are being disrupted
by this procedure. This in turn suggests that sympathetic
activity mediated centrally and signalling to various organ
systems may also be reduced. This has significant implica-
tions for a number of co-morbid diseases which accom-
pany treatment-resistant hypertension.

Diabetes mellitus A sub-study of Symplicity Hypertension
II has demonstrated improvements in fasting glucose and

homeostatic model assessment (HOMA) as well as reduc-
tions in insulin and C-peptide concentrations at 1 and
3 months compared with controls following renal
denervation [26] (Figure 5). While these data need to be
confirmed they suggest that renal denervation via disrup-
tion of afferent signalling may improve blood flow in the
periphery and thus increase uptake of glucose into periph-
eral skeletal muscle to improve overall glycaemic control
[27]. The mechanisms underlying these glycaemic
improvements need to be further explored.

Obstructive sleep apnoea Obstructive sleep apnoea (OSA)
is a common accompaniment of hypertension, particularly
in the setting of obesity. Various overlapping mechanisms
drive this condition. In this setting it is of interest that
a small sub-study of Symplicity HTN-1 demonstrated
improvements in the apnoea/hypopnoea index in the
majority of patients with refractory hypertension studied
at 6 months (8/10) [28], albeit without a control group for
comparison. The mechanism underlying why renal
denervation might assist with OSA control requires further
exploration. One hypothesis is that laryngeal oedema may
be sympathetically mediated (at least in part) and
denervation therefore improves that oedema by reducing
central sympathetic outflows into the region [29].

Left ventricular hypertrophy and heart failure with pre-
served ejection fraction Left ventricular hypertrophy (LVH)
and heart failure with preserved ejection fraction (HFPEF)
have a common and frequent basis of hypertension as a
major aetiological factor. It is not surprising therefore that
measures of LVH such as left ventricular mass index and
intra-ventricular septal wall thickness can be successfully
abrogated with percutaneous renal denervation in asso-
ciation with lower systemic blood pressure levels [30]. Of
interest, LV mass regression was also observed in a small
group of patients who did not appear to have a substantial
blood pressure response to denervation [30]. This raises
the possibility of a ‘blood pressure-independent’ sympa-
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thetic reduction-mediated impact on LV mass. Again, this
requires further investigation. Furthermore, the implica-
tions for HFPEF clearly follow on from this and a number of
groups around the world are actively studying this specific
patient population where currently no effective treatment
exists.

Systolic chronic heart failure Whilst hypertension is an
important aetiological factor in the subsequent develop-
ment of systolic chronic heart failure (CHF), patients with
established systolic CHF generally have normal, and
usually low, systemic blood pressure values. They do,
however, have a markedly and chronically activated sym-
pathetic nervous system which is strongly linked to pro-
gression of underlying disease processes as well as poor
clinical outcomes in this setting [31]. The success of
β-adrenoceptor blockers in systolic CHF is testament in this
regard [32]. Percutaneous renal sympathetic denervation
may be particularly beneficial in this setting and indeed
complementary to β-adrenoceptor blockade given differ-
ing pathways of sympathetic abrogation.This is supported
by animal studies which have demonstrated improved
cardiac function and reduced pathological fibrosis follow-
ing denervation [33, 34]. Furthermore, denervation has
improved renal blood flow in the (preclinical) heart failure
setting and this may have significant implications for the
cardiorenal syndrome [35]. A small pilot study of seven
patients with chronic mild to moderate systolic heart
failure (mean EF 43 ± 15%) did not raise any procedural or
safety concerns [36], in particular no major drop in BP
despite low baseline levels and no change in renal func-
tion, with a mild improvement in the 6 min walk test.
However, left ventricular ejection fraction, as well as other
cardiac structural and functional changes on echocardiog-
raphy, were not significantly changed after 6 months.
Another proof-of-concept study investigating the safety
and efficacy of renal sympathetic denervation in the
setting of systolic CHF with impaired renal function is cur-
rently ongoing (Symplicity HF) [37].

Chronic kidney disease (CKD) Due to ethical concerns,
patients with low eGFR were excluded from the initial
Symplicity HTN studies. However, a separate small series of
refractory hypertension patients with stage 3–4 CKD
(mean eGFR 31 ml min−1 1.73 m−2) have been denervated
[38]. The magnitude of the blood reductions achieved
appeared to be similar to that of those patients with rela-
tive preservation of renal function. Care needs to be taken
with imaging. CO2 angiography was used in this series to
delineate the main renal artery.

Conclusion

Hypertension remains a major public health problem, par-
ticularly in Western but increasingly in developing coun-

tries. Despite effective and largely well tolerated anti-
hypertensive pharmacotherapy there exists a population
of patients whose blood pressure remains sub-optimally
controlled. Provided that appropriate pharmacotherapies
and their doses have been adequately explored, new pro-
cedures and devices have emerged to assist with blood
pressure control in this setting. Renal sympathetic
denervation appears thus far to provide significant and
durable blood pressure lowering with a highly acceptable
peri- and post-procedural adverse event profile. Neverthe-
less, the number of patients exposed in randomized con-
trolled trials to denervation remains relatively low and
further large scale trial data are required before this proce-
dure can reach the point of guideline recommendation as
part of a standard algorithm for the management of
treatment-resistant hypertension patients.
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