Chapter 7
Renal Sympathetic Denervation

Markus P. Schlaich

Introduction

Hypertension affects an estimated 1 billion adults globally representing a major
cardiovascular epidemic [1]. Despite the availability of safe and effective antihy-
pertensive pharmacotherapies, hypertension management at the population level
continues to remain suboptimal [2, 3] with predictions that approximately 50 %
of adults in developed countries will meet the clinical criteria for hypertension by
2025 [4]. Several factors are known to interfere with adequate blood pressure (BP)
control including excessive dietary sodium intake, use of medications that can raise
BP, non-adherence with prescribed medication, physician inertia and others. The
management of hypertension is further complicated by a subset of patients who,
despite appropriate lifestyle modification and adherence to combination therapy,
remain above target BP values, a phenomenon referred to as treatment resistant
hypertension.

Resistant hypertension is commonly defined as office systolic BP >140 mmHg
(> 130 mmHg for patients with type 2 diabetes) despite concurrent use of >3 anti-
hypertensive agents of different classes (one being a diuretic) at maximal tolerated
doses [5]. Optimising BP control in patients with resistant hypertension is of major
clinical importance as these individuals are at significantly greater risk of target or-
gan damage (including left ventricular hypertrophy (LVH), hypertensive retinopa-
thy and renal disease) and major cardiovascular events compared with patients on
combination therapy with controlled BP [6].

Latest findings from the USA indicate that ~13 % of adults that are being treat-
ed for elevated BP have resistant hypertension [7] with 1 in 50 patients newly di-
agnosed with hypertension developing resistant hypertension within a median of
1.5 years from initiating pharmacotherapy [6].
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Recommendations for the pharmacologic management of resistant hypertension
at present remain largely empiric due to lack of robust data from clinical trials
that directly compare the various treatment options available. Current international
guidelines advocate the use of the mineralcorticoid receptor antagonist, spironolac-
tone, as part of combination therapy [8, 9]. However, long-term safety data, particu-
larly in patients with impaired renal function, are limited.

In recent years, the novel technique of catheter-based renal sympathetic nerve
ablation has emerged as a potential novel therapeutic approach to lower BP, par-
ticularly in patients with resistant hypertension. Through targeting the sympathetic
nervous system directly, this treatment approach may theoretically prove to be of
potential use in a number of other clinical conditions characterized by increased
sympathetic drive.

Pathophysiology

Renal sympathetic nerves have been identified as key contributors in the multifac-
torial etiology of hypertension and specifically resistant hypertension [10]. Indeed,
several studies show a direct positive relationship between BP and renal, cardiac
and peripheral sympathetic activity in hypertensive patients [11-13].

Postganglionic sympathetic nerve fibres form a dense, neuronal network within
the adventitia of the renal artery [14]. Efferent motor fibres innervate all renal struc-
tures, including the renal vasculature, tubules and the juxtaglomerular apparatus
[15], while afferent sensory nerves connect the kidney with autonomic centres in
the central nervous system [16].

Central sympathetic outflow to the kidneys via efferent sympathetic fibres mod-
ulates BP by stimulating the release of renin, increasing sodium and water reab-
sorption, and inducing renal vasoconstriction with effects on renal blood flow and
glomerular flow rate.

Activation of renal sensory afferent nerve fibres through renal ischemia, injury
or elevated adenosine concentrations [17] alters the activity of central integrative
neuronal circuits that are involved in neuronal control of cardiovascular regulation.
The resulting increase in efferent sympathetic outflow from the central nervous
system to the kidneys and to other highly innervated organs (such as the heart and
vasculature) contributes to the development and/or maintenance of hypertension.

The Sympathetic Nervous System as a Therapeutic Target

Targeting the sympathetic nerves directly to achieve improved BP control is by
no means a new concept. Prior to the availability of antihypertensive medications,
non-selective surgical sympathectomy was used to treat patients with malignant



7 Renal Sympathetic Denervation 71

hypertension in the 1930 and 1940s [18]. Despite impressive reductions in BP
and improved long-term cardiovascular outcomes, the highly invasive procedure
was abandoned since it was associated with high peri-operative mortality rate and
plagued by unwanted and often debilitating side effects such as orthostatic hypoten-
sion, syncope, and erectile, bowel and bladder dysfunction [19].

In contrast, the recently introduced transcatheter based approach for renal sym-
pathetic nerve ablation is a rapid, minimally invasive, percutaneous procedure that
uses radiofreqency (RF) energy to specifically and selectively target the renal effer-
ent and afferent nerves located in the adventitia of the renal arteries. With a guide
catheter positioned in the renal artery via femoral access, the RF ablation catheter
is advanced into the renal artery and connected to a RF generator. A series of RF
ablations is then being delivered along each renal artery from distally to proximally
with longitudinal and rotational separation to achieve circumferential coverage of
the renal artery, thereby targeting the renal nerves located in the adventitia of the
vessel wall. The procedure is carried out bilaterally in one session.

Since publication of the first in-human study in 2009 [20], over 8000 renal de-
nervation procedures have been performed in patients with resistant hypertension
worldwide. Trans-luminal radiofrequency ablation is the most commonly used mo-
dality, however, alternative approaches such as ultrasound, cryoablation and peri-
vascular injection of neurotoxins have been used or are currently being investigated.
More recently, in addition to the use of single-electrode catheters delivering 4-8
discrete RF ablations along the renal artery lumen, multielectrode and balloon-cath-
eter systems have been introduced and may offer potential advantages including
reduction in RF energy delivery time, reduced contrast load, more reproducible
ablation patterns and improved catheter positioning.

Indeed, preliminary findings for these second-generation systems are encourag-
ing, with BP reductions comparable to the initial single-electrode systems [21, 22].
However, long-term safety and efficacy data from larger cohorts are required before
these novel systems can be recommended for general use.

In the past year, The European Society of Cardiology (ECS) and The European
Society of Hypertension (ESH) have released practical recommendations on the use
of renal denervation in clinical practice [23, 24] (Fig. 7.1). The expert committees
state that only patients with (severe) treatment-resistant hypertension, diagnosed
by a hypertension specialist and confirmed with 24-h ambulatory blood pressure
monitoring (ABPM), should be considered for the procedure. Secondary causes
of resistant hypertension such as primary hyperaldosteronism, renal artery stenosis
and obstructive sleep apnoea should also be ruled out or treated accordingly.

To maximise safety, the committees recommend that patients who have previ-
ously undergone renal artery intervention, have evidence of renal artery athero-
sclerosis or impaired kidney function (estimated glomerular filtration rate (¢GFR)
<45 ml/min per 1.73 m?) be exempt. Anatomical contraindications including mul-
tiple renal arteries, one kidney or a main renal artery of <4 mm diameter or length
<20 mm should also exclude a patient from undergoing the procedure.



72 M. P. Schlaich

e First step: Exclude
e False resistant hypertension (peudoresistance) by using 24 h ambulatory
blood pressure monitoring (ABPM) and home BP monitoring.
e Secondary arterial hypertension
e Causes which maintain high BP values and might be removed (obstructive
sleep-apnea, high salt intake, BP raising drugs, severe obesity)

e Second step: Optimize antihypertensive treatment with at least three (or
better four) tolerated drugs including a diuretic and an antialdosterone drug
(if clinically possible, e.g. after re-evaluating renal function and the potential
risk of hyperkaliemia) and check for effective BP control using ABPM before
giving indication for RND

e Third step: Consider anatomic contraindications due to unresolvesd safety
issues (avoid RDN in case of multiple renal arteries, main renal artery
diameter of less than 4 mm or main renal artery length less than 20mm,
significant renal artery stenosis, previous angioplasty or stenting of renal
artery). Likewise, eGFR should be > 45 mb/min/1.73m?

e Overall:
e Perform the procedure in very experienced hospital centers, such as
hypertension excellence centers
» Use devices which have demonstrate efficacy and safety in clinical studies

Fig. 7.1 Practical recommendations for the use of renal denervation in clinical practice according
to the European Society of Hypertension. (Reprinted from Schmieder et al. [23]. With permission
from Wolters Kluwer Health)

Clinical Trial Data on Catheter-Based Renal
Sympathetic Denervation

The long-term safety and efficacy of catheter-based renal denervation to control BP
has, to date, been evidenced by the Symplicity Clinical Trial Program. In 2009, the
first proof-of-principle trial (Symplicity HTN-1) [20] was undertaken in 45 patients
with resistant hypertension with an inclusion systolic BP threshold of > 160 mmHg
(> 150 mmHg for patients with diabetes). Office BP was significantly reduced by
—14/~10 mmHg (SBP/DBP) at 1 month after renal denervation with more pro-
nounced reductions of —22/—11 mmHg and —27/—17 mmHg observed at 6 and 12
months, respectively. Renal sympathetic nerve activity as assessed by renal nor-
adrenaline spillover was reduced on average by 47 %, confirming the impact of
the denervation procedure on renal sympathetic nerve activity. Central sympathetic
outflow, as assessed by microneurography, was also reduced in treated patients [25].
Importantly, no major procedure-related adverse events were reported.

As observed in a larger, extended Symplicity HTN-1 cohort (n=153), the treat-
ment effect on BP was sustained at 24 months [26] and, most recently, at 36 months
[27], suggesting the absence of functionally relevant reinnervation of sympathetic
nerves (Fig. 7.2). Four complications in the cohort included one renal artery dis-
section and three femoral artery pseudo-aneurysms. In 81 patients with magnetic
resonance angiography, CT or duplex renal artery assessment post denervation, no
stenosis was identified at sites where denervation was performed.
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Fig. 7.2 Mean changes in office-based BP after renal denervation with up to 36-month follow-up
in the extended Symplicity HTN-1 cohort (n=153). Error bars represent 95 % confidence intervals
(CIs). Compared to baseline, significant differences in office-based BP were observed for patients
at all reported time points during the 36-month follow-up period (P <0.01). Asterisk denotes num-
ber of patients with data available at time of data-lock

Encouraging results from the initial Symplicity HTN-1 trial led to the conduct of
Symplicity HTN-2, a multicentre, prospective, randomized controlled trial involv-
ing 106 resistant hypertensive patients from 24 centres across Europe, Australia and
New Zealand [28]. Of the 49 patients who immediately underwent renal denerva-
tion, mean office BP at 6 months significantly decreased by —32/—12 mmHg with
no change in BP reported in the control group (n=>51) assigned to standard pharma-
cological therapy (Fig. 7.3).

A subset of patients in the Symplicity HTN-2 trial (20 in the RDN group and 25
in the control group) underwent ABPM at 6 months, and the mean reduction in BP
was 11/7 mmHg in patients with RDN, whereas there was no significant change in
controls. Not surprisingly, the reduction in ABPM was less pronounced than the re-
duction in office BP. Other trials have confirmed that RDN causes greater reductions
in office BP than ambulatory BP; however, the magnitude of the difference between
office BP and ambulatory BP changes appears to be somewhat more pronounced
than that observed in BP-lowering trials using pharmacological approaches.

Renal artery imaging at follow-up (7=43) confirmed the safety of the procedure
with no reported incidence of renal artery stenosis or aneurismal deformation.

Recently, 12-month follow-up data from 47 patients in the Symplicity HTN-2
trial were published [29]; also included were 6-month post-denervation data for 35
control patients who, per-protocol, elected to undergo to the procedure after ran-
domization. Compared to at baseline, there was no additional reduction in patient’s
office BP at 12 months compared to at 6 months (P=0.16; Fig. 7.3).
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Fig. 7.3 Mean change in office-based BP after renal denervation at 6 and 12 months in the Sim-
plicity HTN-2 trial. Both the initial renal denervation group and the crossover group denervated
at 6 months after randomization experienced significant drops in systolic and diastolic BP. RDN
denotes patient group immediately assigned to renal denervation at baseline, crossover denotes
patient group who underwent renal denervation after randomization, DBP diastolic blood pres-
sure, SBP systolic blood pressure. Asterisks denote P<0.001 for SBP and DBP change after renal
denervation; the dagger symbol denotes P=0.026 for SBP change from baseline and P=0.066 for
DBP change from baseline for the crossover group before denervation at 6 months (Reprinted from
Esler et al. 2012. With permission from Wolters Kluwer Health)

The magnitude of SBP reduction at 12 months was, however, consistent with that
observed in the first Symplicity HTN-1 trial (—28 vs. —27 mmHg). Mean change in
office BP at 6 months was also shown to be comparable between patients assigned
to immediate renal denervation and those who underwent the procedure after ran-
domization (P=0.15).

In terms of safety, only two peri-procedural events were reported. One control
patient experienced a femoral artery pseudoaneurysm prior to renal denervation that
was resolved without further sequelae. A second control patient was hospitalised
following renal denervation for a hypotensive episode that was managed with a
reduction in their antihypertensive medication.

In both cohorts, renal denervation preserved kidney function as evidenced by
nonsignificant changes in eGFR, serum creatinine and Cystatin C at 6 and 12
months. The observation supports a recent study of 88 patients with resistant hyper-
tension who had a preserved eGFR 6 months post renal denervation [30].
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Fig. 7.4 Mean change in office systolic BP from baseline to 6-month follow-up in the Symplicity
HTN-3 trial. A significant change from baseline to 6 months in office systolic blood pressure was
observed in both study groups. The between-group difference (the primary efficacy end point) did
not meet a test of superiority with a margin of 5 mmHg.

Symplicity HTN-3 [31] is the largest clinical trial on the safety and efficacy of
renal denervation thus far, comprising a total of 535 patients with resistant hyper-
tension randomized in a 2:1 ratio to receive renal denervation or a sham procedure.
As the US pivotal trial seeking FDA approval, it was rigorously designed taking
into account limitations that have been identified with Symplicity HTN-1 and 2.
As such, patients had to have a systolic office BP of >160 mmHg while being on
full doses of 3 or more antihypertensive drugs, including a diuretic. Ambulatory BP
monitoring was mandatory and the 24-hour average BP had to be >135 mmHg to be
included. Randomization occurred in the catheter lab after confirmation of suitable
anatomy by renal angiogram. Patients were followed up by physicians blinded to
the patient’s randomization status. The primary safety end point was a composite of
major adverse events at 1 month. The primary efficacy end point of the study was
the difference in the reduction of systolic office BP between the renal denervation
and the sham group with a 5S-mmHg superiority margin.

The primary safety end point was met with no difference in the major adverse
event rate between the two groups (1.4 % in the renal denervation group vs. 0.6 %
in the sham-procedure group). However, while there was a significant reduction
in systolic office BP of —14.1+23.9 mmHg (P<0.001) at 6-month follow-up in
the renal denervation group, the difference in the change of BP with a superiority
margin of 5% (—2.39 mmHg; 95% CI, —6.89-2.12; P=0.26) was not statistically
significant from that seen in the sham-procedure group (—11.7+25.9 mmHg; P<
0.001; Fig. 7.4), therefore the primary end point was not met. Similarly, the differ-
ence in the reduction of ABPM between the two groups, a secondary efficacy end
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point was also not met (RDN, —6.75+15.11 mmHg vs. Sham, —4.79+17.25 mmHg;
difference in changes, —1.96 (95 % CI, —4.97-1.06); P=0.98).

The results from this trial were in stark contrast to the results of all other studies
using different denervation systems, most of which were uncontrolled studies, and
were considered by many as a substantial setback for renal denervation as a thera-
peutic approach to resistant hypertension. Indeed, the trial was excellently designed
and the results highlighted the relevance of a sham control in device-based studies.
However, several aspects relating primarily to the conduct of the study have been
criticized and discussed as potential contributors to the failure of the trial to meet its
efficacy end points. These include (i) inexperience of operators (88 centres partici-
pated in the trial with 111 operators performing RDN in 364 patients without previ-
ous experience in RDN); (ii) a substantial number of patients (~40 % in each group)
had medication changes within the first 6 months after the RDN or sham procedure;
(iii) no measures of drug adherence were obtained and (iv) no evidence of the de-
gree of renal denervation achieved during the trial could be obtained. Furthermore,
in contrast to previous studies, ~25 % of participants in Symplicity HTN-3 were of
African American background with subgroup analysis indicating a potential differ-
ence in the BP response in this patient group. Future and more detailed analyses of
Symplicity HTN-3 will have to determine whether or not these factors may have
influenced the results of Symplicity HTN-3. Irrespective of these findings, more
research in form of adequately designed studies will be required to ultimately deter-
mine the role of RDN in the treatment of resistant hypertension.

Possible Utility of Renal Sympathetic Ablation
Beyond Resistant Hypertension

Preliminary studies suggest that catheter-based renal denervation may have thera-
peutic benefits, beyond BP control, in patients at high risk of cardiovascular events.

Excessive sympathetic activation is a hallmark of both chronic kidney disease
(CKD) and end-stage renal disease (ESRD). In the vast majority of patients, chronic
elevation in BP from sympathetic overdrive potentiates the progressive deteriora-
tion of renal function and leads to increased risk for serious cardiovascular events
[32, 33]. Two pilot trials were recently undertaken to assess the feasibility and short-
term safety of renal denervation in patients with CKD [34] and ESRD [35]. To date,
only patients with normal kidney function (eGFR >45 mL/min per 1.73 m?) have
been assessed in large clinical cohorts [28, 29].

In 15 patients with resistant hypertension and stage 3—4 CKD (mean creatinine-
based eGFR 31.2 [SD:8.9] mL/min per 1.73 m?), renal denervation was shown to
safely reduce seated office and night time BP (as measured by 24-h ABPM) by
—32/=15 mmHg and — 10/—3 mmHg, respectively, at 6 months. Importantly, angio-
graphic evaluation after the procedure revealed no compromise of treated arteries or
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disturbances in renal blood flow, electrolytes and eGFR. Improvements in periph-
eral arterial stiffness were also observed at 3 months.

For nine patients with ESRD and uncontrolled BP, a sustained reduction in of-
fice SBP of —18, —16 and —28 mmHg at 3, 6 and 12 months, respectively, was
observed following renal denervation. Patients also demonstrated a reduction in
both sympathetic outflow, as measured by muscle sympathetic nerve activity, and in
renal and whole body noradrenaline release at 3 months (n=2). Anatomical limita-
tions prevented three patients from undergoing renal denervation. Two patients also
developed peri-operative femoral pseudo-aneurysms that resolved without further
sequelae. Larger clinical trials are now warranted to substantiate these initial find-
ings and determine whether renal denervation may represent a useful therapeutic
approach in patients with impaired kidney function.

Chronic activation of the central sympathetic nervous system has also been im-
plicated in the initiation and progression of several cardiovascular conditions that
increase morbidity and mortality, including LVH, cardiac arrhythmias and chronic
heart failure, at times in the absence of elevated BP [36]. Brandt et al. investigated
the impact of renal denervation on LVH in 46 patients with resistant hypertension
[37] and found the procedure significantly reduced LV mass, increased LV ejection
fraction and improved diastolic function at 1 and 6 months.

A recent pilot study [38] evaluated the safety of renal denervation in seven nor-
motensive patients with chronic systolic heart failure. At 6 months, all patients
showed an improvement in their functional capacity (as assessed by a 6-min walk
test) and overall quality of life. Of note, a recent study confirmed a beneficial effect
on health-related quality of life after renal denervation [39]. Importantly, no proce-
dural complications or symptomatic adverse effects were reported. Renal haemody-
namics and function were also preserved.

Atrial fibrillation (AF) is associated with a sustained elevation in BP and rep-
resents the most common clinically significant cardiac arrhythmia. Usual treat-
ment for AF includes catheter ablation to disconnect the pulmonary veins from
the left atrium (known as pulmonary vein isolation; PVI). In patients with re-
sistant hypertension, a combined therapy of PVI and renal denervation (n=13)
significantly lowered office BP and had a salutary effect on AF patterns com-
pared to PVI alone (n=14) [40]. At 12 months, 69 % of patients assigned to PVI
with renal denervation were AF-free compared to 29 % assigned to PVI only.
Patients on combined therapy also demonstrated a significant and sustained BP
reduction of —25/— 10 mmHg and reduction in LV mass of approximately 10 %
at follow-up.

Renal denervation has recently been shown to improve central haemodynamics
in patients with resistant hypertension [41]. In addition to lowering peripheral BP,
the procedure significantly improved heart rate, central aortic BP and arterial stiff-
ness (as measured by pulse wave velocity) in 110 patients at 1 month compared to
controls (n=10) assigned to standard pharmacotherapy.
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Current Limitations and Future Perspectives

Renal denervation has emerged as an appealing therapeutic approach for patients
who are unable to achieve BP control with standard pharmacotherapy. However,
the data from Symplicity HTN-3, which included a sham control, have casted doubt
on the efficacy of RDN in this setting. Further well-designed clinical trials includ-
ing a sham control will be required for regulatory purposes to ultimately proof or
disproof its clinical utility. Furthermore, before this procedure can become part of
routine clinical care several other areas require further investigation.

There is concern that sympathetic reinnervation may occur in patients who un-
dergo the procedure, as seen in animal studies [42] and after heart transplantation
[43]. At present, long-term follow-up data are limited with only one study demon-
strating a sustained BP reduction at 36 months [27]. Additional studies are urgently
needed to confirm the long-term efficacy of the procedure.

It is apparent that renal denervation does not cause universal BP reduction, and
identifying predictors for non-response may help identify patients that will benefit
specifically from the procedure.

A recent study compared the cost-effectiveness of renal denervation compared to
more established medical treatments to lower BP [44], with impressive reductions
in cardiovascular events (21-32 %) over 10 years predicted. The long-term impact
of renal denervation on CV morbidity and mortality is yet to be elucidated and will
not be known for some time.

There is substantial interest in renal denervation as a treatment for less severe
forms of hypertension. Initial data from two studies are conflicting, with one small
case series of 12 patients not showing a significant BP reduction after renal de-
nervation, [45] while a slightly larger study (»=20) demonstrated a BP reduction
of —13.1/—5.0 mmHg at 6 months [46]. Most recently, a report on a cohort of 54
patients with moderate resistant hypertension defined as office BP >140/90 mmHg
and <160/100 mmHg on an average of 5.1 antihypertensive drugs and 24-h ambu-
latory BP >130/80 mmHg demonstrated a reduction of office BP by 13/7 mmHg 6
months after RDN [47]. Office BP was controlled below 140/90 mmHg in 51 % of
the patients and 37 % of patients reduced their antihypertensive medications. In the
patients (n=36) who had ABPM before and 6 months after the procedure, there was
a reduction in average ambulatory BP of 14/7 mmHg.

Clearly, randomized sham-controlled clinical trials in these cohorts will be re-
quired to properly define the usefulness of renal sympathetic denervation.

Conclusions

Resistant hypertension is a clinically important condition that is associated with sig-
nificant cardiovascular risk. The majority of data from the Symplicity Clinical Trials
Program and early-phase studies using various RDN modalities in high-risk patient
cohorts suggest a therapeutic benefit of this approach in regards to BP reduction;
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however, the most rigorous trial conducted thus far clearly failed to demonstrate
a BP reduction beyond that of a sham procedure. Whether the criticisms raised in
regards to the conduct of the study are valid or not will have to be determined.

The potential clinical utility of RDN may extend to other conditions character-
ized by chronic sympathetic overactivity, as indicated by several small but mainly
uncontrolled studies. At this stage, RDN should be performed primarily within ran-
domized controlled clinical trials to identify those patient cohorts that may derive
benefit from RDN.
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