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Abstract

Hypertension is a global health epidemic, affecting up to one-third of adults. Despite a plethora of pharmacologic
agents that lower blood pressure and mitigate end-organ damage as well as cardiovascular events, a significant
percentage of patients fail to achieve target reduction. A subset of these patients is considered to have resistant
hypertension with markedly elevated blood pressure despite treatment using at least three agents, including a
diuretic. With significant excess risk, additional treatment options for these patients remain an unmet need.
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Introduction

Hypertension is a global health epidemic, affecting up to one-third
of adults [1]. Despite a plethora of pharmacologic agents that lower
blood pressure and mitigate end-organ damage as well as
cardiovascular events, a significant percentage of patients fail to
achieve target reduction [2]. A subset of these patients is considered to
have resistant hypertension with markedly elevated blood pressure
despite treatment using at least three agents, including a diuretic. With
significant excess risk, additional treatment options for these patients
remain an unmet need.

The sympathetic nervous system (SNS) plays an important role in
the development and maintenance of hypertension, and a pivotal role
in the development of drug-resistant hypertension (Figure 1).
Increased sympathetic outflow is transferred from the brain to the
periphery, though the sympathetic fibers and can increase heart rate
and left ventricular contractility, can affect peripheral vasculature and
peripheral resistance and can also affect metabolic activity in other
organs. Signals are transferred to the kidney through the efferent
sympathetic fibers and can stimulate the production of plasma renin,
can promote absorption of sodium and water and can enhance the
production of renal norepinephrine (NEPI). On the other hand
afferent sympathetic fibers can transfer signals from the kidney to the
brain (particularly in the presence of even minor kidney injury) and
can increase sympathetic outflow. Thus the current thinking is that
signal trafficking through both, efferent and afferent sympathetic
fibers, that course in the adventitia of the renal artery contributes the
development and maintenance of resistant hypertension. Mechanical
interruption of the SNS to treat patients with malignant hypertension
was implemented via surgical transection almost one hundred years
ago, prior to the availability of anti-hypertensive medications, and
included the spectrum of thoracolumbar sympathectomy to renal
nerve resection. These were ultimately abandoned due to significant
mortality, morbidity and side effects with profound orthostatic
hypotension following sympathectomy. The advent of effective
pharmacologic therapy for the treatment of hypertension in the late

50s renders surgical sympathectomy unnecessary for the majority of
patients.

Diagram depicting the influence of efferent and afferent sympathetic fibers in modulating
sympathetic responses of the kidney, the heart, the vasculature, and other target organs.

Figure 1: Influence of efferent and afferent sympathetic fibers in
modulating sympathetic responses of the kidney, the heart, the
vasculature and other target organs.

Developments in trans catheter technologies allowed the
resurrection of this strategy to target the SNS as an adjunct to medical
therapy, currently focused on patients with resistant hypertension and
few options. Catheter-based radiofrequency (RF) ablation to effect
focused tissue destruction has become commonplace in cardiac
electrophysiology, interventional radiology, and tumor therapy. The
prospect of trans vascular catheter-based renal denervation by
radiofrequency ablation captured the imagination of interventionalists
and hypertension specialists alike. Early clinical trial results portended
a safe and highly efficacious therapy for resistant hypertension that
seemed poised to be applied to less severe stages of the disease as well
as to other clinical syndromes characterized by excessive autonomic
activity, including heart failure, chronic kidney disease and obstructive
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sleep apnea. This enthusiasm has been tempered by failure of the
pivotal SYMPLICITY HTN-3 study to meet its primary efficacy
endpoint [3]. In this article, we will briefly explore the pre-clinical and
experimental basis for renal denervation, review the current state of
clinical trial results as well as limitations, and outline future directions
for renal denervation.

Pre-clinical and Experimental Data on Renal Nerves
and SNS Activity in Hypertension

The evidence for sympathetic nervous system activity in the
development and maintenance of hypertension is compelling. In the
mid-19th century, Claude Bernard identified the powerful modulating
force of splanchnic nerve input on renal sodium and volume
homeostasis [4], work that was extended by Bradford to demonstrate
its impact on blood pressure [5]. The kidneys have a bidirectional role
in this exchange. Mechanoreceptors and chemoreceptors in the renal
pelvis generate signals in response to injury and other stimuli that are
carried via afferent fibers to the brain and result in SNS over-activity
[6]. Efferent fibers from the brain travel through the spinal cord and
second sympathetic ganglia to reach the juxtaglomerular apparatus,
glomerular arterioles and renal cortex with a resultant increase in
sodium and water absorption, reduction in renal blood flow, and
decrease in glomerular filtration rates. Campese and Kogosov
demonstrated that resection of afferent renal nerves through ventral
rhizotomy could prevent hypertension in rats with chronic kidney
disease [7]. The importance of efferent activity was shown by O’Hagan
and colleagues in deoxycorticosterone acetate (DOCA) treated
miniswine with established hypertension [8]. Surgical renal
denervation resulted in a normalization of pressure and natriuresis
curves with blood pressure reduction. In a hyperinsulinema-induced
hypertension model in rats, renal denervation prevented the
development of hypertension and even normalized blood pressure
once established [9]. As noted in the Introduction, the first surgical
sympathectomy was performed by Adson in 1925 for treatment of
malignant hypertension [10]. Around this time, others were exploring
renal decapsulation and denervation for treatment of hematuria,
perinephritis, and pain attributed to the kidneys [11]. The first bilateral
renal denervation to treat severe hypertension was presented by Page
and Heuer in 1934 [12]. The staged, bilateral procedure was done
successfully. While no significant reduction in blood pressure was
noted, denervation was shown to be safe and did not affect renal
excretory function. A more radical interruption of sympathetic activity,
thoracolumbar splanchicectomy, was implemented and demonstrated
to be effective in treating malignant hypertension in about two thirds
of the patients [13]. Peri-operative mortality and morbidity, however,
remained high. Many patients suffered intolerable side effects
including limiting postural hypotension, impotence, and bowel
abnormalities. Thousands of patients underwent this treatment until
the availability of oral anti-hypertensive medications in the 1950s.

Six decades later, and despite dozens of pharmacologic options
acting via multiple pathways, resistant hypertension, which affects
about 12% of patients with hypertension-remains a significant
challenge, mirroring the increase in obesity and diabetes. With the
broad emphasis in medicine over the past quarter-century on
minimally-invasive alternatives to surgery, percutaneous catheter
platforms have become mainstay in the treatment of cardiovascular
diseases, from coronary stents to trans catheter valves to electrical
mapping and ablation. The subspecialty of cardiac electrophysiology
has used catheter-based radiofrequency energy delivery for more than

two decades to achieve focused destruction of electrical pathways and
anatomic isolation of abnormal substrate tissues. The technique uses
an electrode tip connected to a generator to deliver RF energy and
cause irreversible thermal injury by heating target tissue to more than
50°C. Depth of tissue injury depends upon electrode-tissue contact,
power delivery and tissue impedance. Schauerte and colleagues
demonstrated the trans vascular application of RF energy for vagal
nerve modification in atrial fibrillation [14]. This insight predicates the
development of a catheter-based approach to SNS disruption via the
renal arteries. Due to high blood flow in arteries, the endothelium and
superficial medial components are sufficiently cooled during RF
application but allow adequate heating to the media through which
course afferent and efferent fibers. Effective implementation of trans
catheter renal denervation would require complete nerve interruption
by energy delivery in circumferential but longitudinally staggered
fashion to avoid the possibility of subsequent renal artery stenosis. The
stage was then set for clinical introduction of this promising technique.

Clinical Renal Denervation Trials and Limitations

The first-in-man SYMPLICITY HTN-1 trial was an uncontrolled,
phase I study of 45 patients with resistant hypertension using the
Simplicity uni-electrode system (Ardian/Medtronic) [15]. The average
baseline blood pressure was 177/101 mmHG (SD 20/15 mmHG), and
subjects were on an average of 4.7 anti-hypertensives with 96% taking a
diuretic. Forty subjects underwent denervation with the Simplicity
(Ardian/Medtronic, California) unipolar radiofrequency ablation
catheter, intended to create circumferential disruption of adventitial
nerve fibers through a series of longitudinal, non-overlapping lesions
along each main renal artery to the ostium. An average of 4.2 and 3.7
ablations were delivered to right and left renal arteries, respectively and
considered optimal, based on then available information and
reinforced by the impressive BP reduction results. The primary
outcomes were safety and change in office blood pressure at 6 months.
Only a small subset had ambulatory blood pressure monitoring (12/45)
or renal norepinephrine (NEPI) spillover measured by isotope dilution
technique (10/45), a surrogate for renal nerve interruption. Six-month
data showed good safety with no change in GFR and, beyond one
intra-procedural  renal artery dissection, no reno-vascular
complications. Office blood pressure were lower at one month and
continued to fall at six months by -14/-10 mmHG and -27/-17 mmHG,
respectively. The subset that underwent ambulatory blood pressure
monitoring had a less robust average SBP reduction of 11 mmHG
compared to baseline, and another subset showed mean reduction in
renal NEPI spillover of 47%, reflecting only partial denervation.

The impressive results led to the SYMPLICITY HTN-2 randomized,
non-blinded study of the same resistant hypertension population on an
average of more than five medications [16]. 106 such patients were
enrolled and followed for the primary efficacy endpoint of reduction in
office blood pressure at six months. The study protocol stipulated that
no changes in anti-hypertensive medications were allowed ‘unless
medically necessary. As in the pilot study, investigators found an
impressive reduction in office blood pressures of 32/12 mmHG in the
RDN group and no change in controls. ABPM was available for fewer
than half of the RDN group and showed a much smaller reduction of
11/7 mmHG.

Several other early phase trials have used one or another of the six
treatment platforms with CE-mark approval and available clinically in
more than 80 countries. Other radiofrequency ablation systems
include the single-electrode Iberis (Terumo) system and the EnligHTN
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(St. Jude), Vessix (Boston Scientific) and OneShot (Covidien) multi-
electrode systems, which use either an expandable basket or balloon to
optimize vessel contact and achieve circumferential disruption. ReCor
Medical's Paradise system uses ultrasound technology to achieve
denervation. Small Phase I studies with these systems showed similar
reductions in office based blood pressure measurements, although
EnligHTN-1 provided systematic ABPM follow-up with a much
smaller magnitude of blood pressure lowering [17]. While consistent
and tantalizing, these studies raised concerns in the hypertension
research community. The SYMPLICITY HTN-2 study did not show a
placebo effect in the control group, which is typical in pharmacologic
trials. The limited ABPM data demonstrated a much smaller effect
compared to office measurements than is typically seen in studies of
anti-hypertensive medications and this raised questions about the
validity of the large reductions seen in office BP [18,19]. Finally, the
absence of true control groups in these studies may have masked
placebo or Hawthorne effects. Furthemore the design of many of thes
single arm uncontrolled studies, allowed for “unintensional
overestimation of the office BP at baseline [20].

The cardiology community learned the critical importance of a
sham-controlled design in certain types of device trials. Almost twenty
years ago, surgical trans myocardial laser revascularization was
evaluated in uncontrolled studies of subjects having limiting angina
but without anatomy suitable for traditional coronary artery bypass
grafting [20,21]. An impressive reduction in Canadian Cardiovascular
Society angina class was demonstrated, leading to FDA approval and
clinical use. When suitable technology was developed to permit the
application of this technique by catheter, this strategy was studied in
the single-blinded sham-controlled DIRECT trial [22], showed no
benefit in this population with angina, and proved to many the value of
sham procedures in non-implant device trials.

With this in mind, the SYMPLICITY HTN-3 investigators devised
and executed a randomized, single-blind, sham-controlled trial of
subjects with resistant hypertension as in prior studies [3]. There was a
2:1 randomization to RDN versus sham-procedure and standard
medical therapy. An assessed blinding index confirmed the
effectiveness of the sham control. Blood pressure assessors were also
unaware of treatment assignment. The primary endpoint was mean
change in office blood pressure at 6 months, and a secondary endpoint
was mean change in ABPM pressure at 6 months. 535 subjects were
enrolled and taking an average of more than five anti-hypertensives at
baseline. The mean change in office BP at follow-up was -14+23
mmHg in the RDN group versus -12+26 mmHg in the control group
(p=0.26 for between group difference). ABPM measures were also
similar with mean reductions of -6.75+15 mmHg versus -4.79+17
mmHg in RDN and control groups, respectively. No differences were
found by subgroup or by baseline SBP.

A number of hypotheses were offered to explain the failure of
SYMPLICITY HTN-3 to meet its primary endpoint. Attenuation of the
placebo effect with sham-treated controls, absence of intra-procedural
feedback or endpoint, a limited role for sympathetic over activity in
some hypertensives, and lack of detailed understanding of peri-renal
neuroanatomical all may have contributed. The most likely explanation
however is incomplete or partial denervation. A large amount odf
evidence from the surgical sympathectomy literature indicate that
complete renal denervation both in animal models and in humans is
needed in order to achieve significant BP reduction. It may not have
been realistic to attempt duplication of complete surgical denervation
with a unipolar catheter given the need to blindly apply radiofrequency

energy of limited depth (3-4 mm) in circumferential but longitudinally
staggered fashion. Subsequent analysis of human and animal data
clearly indicate that for a renal artery of 5-6 mm in diameter more than
6 RF ablation lesions are needed to achieve circumferential, 4 quadrant
and presumamply complete denervation. Furthermore RF ablation
achieves lesioning up to 3-4 mm in depth. Recent data in both human
and animal models indicate that sympathetic fibers are found as deep
as 12 mm from the renal artery lumen. While there had been a paucity
of published pre-clinical data using the device prior to the phase 1 and
2 trials, subsequent anatomic and experimental studies have shed some
light on potential failure modes.

Tellez and colleagues described the peri-renal nerve distribution
and density in miniature swine [23]. They examined renal arteries
from ostia to bifurcation and radially to a depth of 10 millimeters,
more extensive than previously described. About half of identified
fibers were within 2.5 mm of the lumen-wall interface, predominating
in the proximal versus mid or distal segments. Similarly, an autopsy of
20 human subjects showed greater nerve density in the proximal
segments where they were distributed radially at greater depths [24],
and perhaps out of the range of effective RF ablation. A study by
Tzafriri, et al. shed some light on the significance of these descriptions
by studying the effects of multi-electrode RF ablation in miniature
swine [25]. Detailed anatomic studies indicate that sympathetic fibers
are closer to the lumen distally prior to bifurcation of the renal arteries
and into the branches. Experimental data from studies performing
ablations distally and into the branches demonstrate great efficacy
comparable to surgical denervation (reduction in tissue NEPI>90%).

Future Directions

For catheter based renal denervation to be effective close to
complete denervation needs to be achieved. The new information that
emerged from recent studies both in humans and experimental models
about anatomical distribution of sympathetic fibers in the renal artery
adventia, is crucial. First the distribution of fibers in certain animal
models (domestic swine) is very similar to humans. Second this data
indicate that more fibers are found in the proximal segment of the
renal artery but some of them travel to organs other than the kidney.
Third fibers are found as deep as 12 mm from the lumen and fourth
more fibers closer to the lumen are found at the distal segment of the
renal artery and into the branches.

Taking into consideration this new information it becomes
inevitable that RF ablation to be successful need to adopt the technique
so to reach and disrupt most of the fibers. Available ablation systems
can only cause thermal injury up to 4 mm. Thus the RF- based renal
denervation needs to be performed distally and into the branches. Not
surprisingly studies are underway implementing this new approach.
Problems and concerns however are still present with this new
approach: first there may be anatomic variations in patients and in
some fibers may not be reachable even at the distal segment or into the
branches. Furthermore branch ablation (in much smaller vessels) may
predispose to much higher rates of renal artery stenosis. It remains to
be seen whether this new approach is safe and effective in sham,
controlled studies.

More promising approaches are those who can impact sympathetic
fibers at any depth and in a circumferential pattern. Such a technique is
the one tested by ablation solutions. This approach is using a novel
device that is inserted in the renal artery through a guide catheter and
allows the insertion of three 27 gauge needles through the renal artery
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wall into the adventia. Then a small amount of alcohol ( 0.6 ml) can be
infused which can destroy all fibers to a depth of up to 12 mm. Alcohol
is neuro-lytic and fibers are very sensitive to alcohol. This technique is
promising as it can achieve complete denervation and seems safe. Early
results indicate no evidence of renal artery injury, no renal artery
stenosis or change in renal function and remarkable efficacy in BP
reduction and medication discontinuation.

Other techniques that can achieve compete denervation are
underway. So in summary future directions will focus in methods and
techniques that can achieve complete renal denervation and are safe.
Alcohol ablation is the first of these methods and data so far indicate
that it is both safe and effective. Other neurolytic agents are under
investigation and can presumably have similar results. Other sources of
energy such as High Intensity Focus Ultrasound (HIFUS) may have
similar applicability. It is not known if modification to RF ablation can
achieve comparable fiber disruption. In any case we remain optimistic
that technology and science will come together and invent safe and
effective ways to achieve complete renal denervation. We believe that
complete interruption of renal nerves will have dramatic effect on
resistant or difficult to control hypertension and it will at the end of the
day help a lot of these high risk patients.
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