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Hypertension remains a leading cause of cardiovascular morbidity and mortality world-
wide. It is estimated that 12.8% of hypertensive adults have resistant hypertension. The 
sympathetic nervous system is a well-known contributor to the pathophysiology of resis-
tant hypertension. Renal denervation has emerged as an effective procedure to treat 
resistant hypertension by blocking the sympathetic nervous system. The medical device 
industry has developed various catheters in an effort to achieve better denervation in 
the absence of available testing to document adequate denervation. By adding a sham 
control group to the study design, researchers found that the results of the Renal Dener-
vation in Patients With Uncontrolled Hypertension study (SYMPLICITY HTN-3) showed 
that renal denervation was not superior to placebo in decreasing systolic blood pressure. 
Although SYMPLICITY HTN-3 successfully addressed many issues that might have biased 
the previously published data, incomplete denervation caused by limited operator experi-
ence, catheter design, and the radiofrequency ablation technology may have accounted 
for the discrepancy of the results. This, along with differences in the study design and 
population, should direct future renal denervation studies. This article reviews the avail-
able literature and proposes future directions for renal denervation studies. It also pro-
vides a detailed comparison of the available catheters and their respective clinical data. 
[Rev Cardiovasc Med. 2015;16(2):114-124 doi: 10.3909/ricm0755]
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Hypertension remains a leading cause of major 
cardiovascular diseases worldwide. It is esti-
mated that 26.4% of adults, approximately 

972 million, had hypertension in 2000. This num-
ber is predicted to increase to a total of 1.5 billion 

in 2025.1 The data from the National Health and 
Nutrition Examination Survey from 2003 through 
2008 estimates that 12.8% of hypertensive adults 
have resistant hypertension, defined by blood pres-
sure (BP) $ 140/90 mm Hg while using at least 
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evidence also supports the use of 
RDN in patients with heart failure, 
atrial fibrillation, and metabolic 
syndrome. This review summarizes 
the evidence behind use of RDN, 
discusses employment of RDN in 
patients with conditions other than 
uncontrolled hypertension, and 
summarizes the currently available 
technology for RDN. 

RDN and Available 
Evidence for its Use
Krum and colleagues3 published 
one of the first case reports about 
RDN, describing its use in a 59-year-

old man with a long-standing his-
tory of hypertension despite being 
on seven different antihypertensive 
medications. RDN resulted in a sig-
nificant and sustained drop in BP 

sympathetic nerves to the central 
nervous system. Activation of this 
afferent arm results in vasocon-
striction and fluid retention. The 
splanchnicectomy procedure was 
developed to test the hypothesized 
utility of sympathetic denervation 
to treat hypertension. The proce-
dure, comprising denervation of 
thoracic and abdominal organs, was 
effective in decreasing BP; however, 
given the high rate of complica-
tions, including refractory postural 
hypotension, this procedure was 
abandoned. Renal denervation 
(RDN) using intra-arterial catheter-
based radiofrequency (RF) ablation 

was developed to simulate surgical 
splanchnicectomy. The procedure 
has emerged as an effective and safe 
procedure to control BP in patients 
with resistant hypertension. Some 

three different classes of medica-
tion or using four different classes 
of medication regardless of BP.2 
The sympathetic nervous system 
is now a well-known contribu-
tor to the initiation, maintenance, 
and progression of hypertension. 
The kidneys receive efferent sym-
pathetic nervous signals from the 
central nervous system through 
the preganglionic nerves located 
in the spinal cord, then through 
the splanchnic nerves to the mes-
enteric ganglia, from which sig-
nals are relayed again through the 
renal artery adventitia to inner-
vate all structures of the kidneys. 
Activation of the efferent sympa-
thetic system results in an increase 
in sodium and water retention, 
renin release and activation of the 
renin-angiotensin-aldosterone sys-
tem, and renal arteriolar vasocon-
striction. The kidneys also monitor 
their hydrostatic pressure and inter-
stitial chemical compositions and 
relay signals through the afferent 

Renal denervation using intra-arterial catheter-based  
radiofrequency ablation was developed to simulate surgical 
splanchnicectomy.

Figure 1. Renal denervation devices. (A) Medtronic Symplicity™ Flex catheter (Image provided courtesy of Medtronic, Minneapolis, MN). (B) 
EnligHTN™ Renal Artery Ablation Catheter (EnligHTN and St. Jude Medical are trademarks of St. Jude Medical, Inc. or its related companies. 
Reprinted with permission of St. Jude Medical, St. Paul, MN. © 2014. All rights reserved.). (C) Boston Scientific Vessix™ Vascular V2 system bal-
loon catheter (Image provided courtesy of Boston Scientific, Marlborough, MA. © 2014 Boston Scientific Corporation or its affiliates. All rights 
reserved.). (D) ReCor Medical PARADISE™ catheter (Image used with permission of ReCor Medical, Ronkonkoma, NY). (E) CardioSonic TIVUS 
system (Image used with permission of CardioSonic, Tel Aviv, Israel). 
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office BP but normal readings 
throughout their usual daily activi-
ties.9 White coat hypertension, as 
defined by an office SBP $ 140 mm 
Hg and/or DBP $ 90 mm Hg, and 
a mean awake SBP # 135 mm Hg 
and DBP # 90 mm Hg, carries a 
significantly lower risk for cardio-
vascular events than that seen for 
patients who have true hyperten-
sion.10,11 Nonetheless, white coat 
hypertension may be a risk factor 
for the development of sustained 
hypertension. 11 

Although it was available 
only in 20 patients (, 50%) in 
Renal Denervation in Patients 
With Uncontrolled Hypertension 
(SYMPLICITY HTN-2), ambu-
latory BP changed in parallel 
with office-based SBP by a mean 
decrease of 11/7 mm Hg. In a recent 
large, prospective study recruiting 
346 patients with resistant hyper-
tension as defined by the original 

criteria, patients were separated 
into true (n 5 303) and pseudo (n 5 
43) resistant hypertension, defined 
by a mean ambulatory 24-hour 
SBP , 130 mm Hg. Although RDN 
achieved a comparable decrease in 
office SBP/DBP in both groups, it 
was effective in reducing ambula-
tory BP only in patients with true 
resistant hypertension at 3-, 6-, and 
12-month follow-up (changes in SBP 
and DBP of 210.1/210.2/211.7 mm 
Hg and 24.8/24.9/27.4 mm Hg, 
respectively).12

Although these discrepancies 
between office and ambulatory 
BP response to RDN might simply 
be due to white coat hypertension, 
there are other factors that might 
explain this finding, including the 
design of the studies and bias effect. 
In a recent meta-analysis of 31 
drug trials enrolling 4121 patients, 
the authors found that pressure 

period, up to 36 months.4 Response 
to RDN, as defined previously,3 
increased from 69% at 1 month fol-
low-up to 93% at 36 months.4

Because it was an open-label 
study, the SYMPLICITY HTN-1 
was subject to many factors that 
might have biased its results. The 
SYMPLICITY investigators then 
performed the first RDN random-
ized controlled trial, randomizing 
106 patients to either RDN or obser-
vation after 2 weeks of compliance 
with antihypertensive medica-
tions. The study found a decrease 
in office SBP/DBP by 32/12 mm 
Hg at 6 months from a baseline of 
178/96 mm Hg (P , .0001), com-
pared with a change of 11/0 mm 
Hg in the control group (P 5 NS),6 
that persisted at 12-month follow-
up with a 28.1/29.7 mm Hg drop 
in SBP/DBP compared with base-
line (P , .001).7 RDN was effective 
in decreasing SBP by $ 10 mm Hg 

in 83.7% and 78.7% of patients at 
6- and 12-month follow-up, respec-
tively.6,7 At 6 months, patients in 
the control group were given the 
option to receive RDN, which was 
successful in reducing SBP/DBP by 
23.7/8.4 mm Hg after 6 months in 
eligible patients (n 5 35; P , .001).7

The results of the recently pub-
lished meta-analysis (12 studies, 
561 patients) were consistent with 
these findings. Analyzing three 
controlled studies, the meta-anal-
ysis found a significant change in 
mean SBP/DBP by 228.9/211.0 
mm Hg at 6 months compared 
with medical therapy alone 
(P , .0001). Conversely, the mean 
change in SBP/DBP at 6 months 
was 225.0/210.0 mm Hg in uncon-
trolled studies.8

White coat hypertension, first 
described in 1988, is used to 
describe patients who have elevated 

from 161/107 mm Hg at baseline to 
140/91 mm Hg and 127/81 mm Hg 
at 1 and 12 months, respectively. 
RDN also resulted in a reduction 
in norepinephrine spillover by 48% 
from the left kidney and by 75% 
from the right kidney, along with 
a halving of renin activity and a 
reduction in muscle sympathetic 
nerve activity.

The first in-human, proof-of-
concept study of RDN use was a pro-
spective cohort study that enrolled 
50 patients, of whom 45 underwent 
RDN. Mean BP decreased from a 
mean baseline of 177/101 mm Hg 
by 14/10 mm Hg, 21/10 mm Hg, 
22/11 mm Hg, and 27/17 mm Hg, 
at 1, 3, 6, and 12 months, respec-
tively. Only 6 of the 45 patients 
(16%) showed a decrease in systolic 
BP (SBP) by , 10 mm Hg and were 
defined as nonresponders.3 These 
promising results, with no com-
plications directly related to the 
RDN procedure, led to the Renal 
Denervation in Patients With 
Refractory Hypertension study 
(SYMPLICITY HTN-1), which was 
the first open-label study to evalu-
ate the long-term efficacy of RDN. 

SYMPLICITY HTN-1 explored 
whether anatomic regrowth of renal 
nerves led to functional renervation. 
The study recruited 153 patients 
with resistant hypertension, employ-
ing an initial follow-up period of 
24 months,4 followed by an extended 
follow-up period of 36 months.5 By 
36 months, data were available for 
88 patients (94% of patients who 
consented to be followed for up to 
36 months). Reductions in SBP and 
diastolic BP (DBP), which were seen 
by 12 months, persisted and were 
progressively increased at 36 months 
(mean change of SBP/DBP from 
baseline was 226.5/213.5 mm Hg 
and 232.0/214.4 mm Hg at 12 and 36 
months, respectively).4,5 The propor-
tion of patients who achieved target 
SBP , 140 mm Hg increased pro-
gressively over the study follow-up 

… white coat hypertension may be a risk factor for the develop-
ment of sustained hypertension.
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in previous SYMPLICITY stud-
ies. A subgroup analysis from 
SYMPLICITY HTN-3 showed that 
approximately 35 operators did 
only one procedure. With no avail-
able test to confirm procedural suc-
cess, operator experience may have 
accounted for the discrepancy of 
results. 

Was Denervation Adequate  
in This Trial? 
Recent studies have delineated ana-
tomic renal nervous systems in por-
cine models16 and in humans.17 As 
the nerves travel distally along the 
renal arteries, they are less abun-
dant and closer to the lumen. There 
is also a difference in circumferen-
tial distribution, with the nerves 
more abundant in the ventral 
regions. Sakakura and colleagues17 
found, in human autopsies, that 
the nerves are distributed as much 
as 10 mm from the vessel lumen. 
In the proximal regions, 75% of 
nerves are located within 4.67 mm 
of the lumen, whereas in the distal 
regions, they are located within 
3.24 mm of the lumen. In the cur-
rently available RF ablation cath-
eters, the average depth of ablations 
extends only to 3 to 4 mm; thus, 
these catheters will theoretically 
miss at least 30% of nerves, and 
even more if intimal hyperpla-
sia or atherosclerotic plaques are 
present. These findings were con-
firmed when Vink and colleagues18 
reported limited destruction of 
renal nerves in a postmortem study 
of a patient who underwent RDN 

with the SymplicityTM catheter 
(Medtronic, Minneapolis, MN).18 
Although nerve bundles were 
seen at distances between 1 and 
4 mm from the luminal surface, RF 

and the Hawthorne effect, by add-
ing a sham procedure, there are a 
few points that should be addressed 
before moving forward with this 
technology. 

Was There a Problem With 
Trial Design? 
The study required patients to be 
on a stable antihypertensive regi-
men for 2 weeks prior to enroll-
ment, which was the case in 
approximately 80% of the study 
population. Interestingly, 39% of 
the patients underwent medication 
changes after inclusion and ran-
domization into the study group, 
with one-third of these patients 
having at least two medications 
changed, most often (70%) switch-
ing to maximally tolerated doses. 
This raises the question of whether 
2 weeks is a sufficient duration 
to achieve maximal BP-lowering 
effects from a given antihyperten-
sive regimen. It also highlights the 
importance of optimizing medical 
therapy in the treatment of resis-
tant hypertension. In line with 
these findings, optimizing medi-
cal therapy was superior to RDN 
in a small randomized trial of 20 
patients with true resistant hyper-
tension.15 This should be kept in 
mind when designing future RDN 
trials. 

Was This Due to Limited  
Operator’s Experience? 
Physicians involved in the 
SYMPLICITY HTN-3 trial were 
among the first practitioners to per-

form RDN in the United States. In 
comparison, physicians in Europe 
had performed more than 30 pro-
cedures in the SYMPLICITY 
Registry, and most had participated 

reductions were 5.6 mm Hg greater 
on office measurements than 
ambulatory BP monitoring (P , 
.0001), and, by randomization and 
blinding, office BP reductions were 
identical to ambulatory BP reduc-
tions. Because there was no ran-
domized blinded RDN trial at that 
time, the authors predict that, as 
RDN trial designs improve, office 
and ambulatory pressure drops will 
converge.13

Most recently, SYMPLICITY 
investigators reported the results 
of the first randomized sham-con-
trol trial of RDN, SYMPLICITY 
HTN-3. The study was carefully 
designed to overcome the draw-
backs of the previous RDN studies, 
specifically by adding a sham pro-
cedure and excluding patients with 
white coat hypertension by adding 
mean ambulatory BP . 135 mm 
Hg as one of the inclusion criteria.14 
A total of 535 patients underwent 
randomization in a 2:1 ratio. The 
study showed a reduction in SBP 
at 6 months of 14.13 ± 23.93 mm 
Hg in the RDN group compared 
with 11.74 6 25.94 mm Hg reduc-
tion in the sham-procedure group, 
for a difference of 22.39 mm Hg 
between groups (P 5 .26 for supe-
riority with a margin of 5 mm Hg); 
24-hour ambulatory systolic BP 
decreased by 6.75 6 15.11 mm Hg 
in the denervation group and by 
4.79 6 17.25 mm Hg in the sham-
procedure group (P 5 .98 for supe-
riority with a margin of 2 mm Hg). 
Both groups had significant reduc-
tions of BP compared with baseline 
(P , .001).14 RDN was an effective 
procedure by the original defini-
tion in 58% of those enrolled, com-
pared with 84% in SYMPLICITY 
HTN-2.6

Future Directions
Although SYMPLICITY HTN-3 
effectively addressed many factors 
that may have biased previous RDN 
studies, such as regression to mean 

In the currently available RF ablation catheters, the average depth 
of ablations extends only to 3 to 4 mm; thus, these catheters will 
theoretically miss at least 30% of nerves, and even more if intimal 
hyperplasia or atherosclerotic plaques are present.
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in response to sham procedure 
compared with those who were not 
African American (17.8 mm Hg vs 
8.6 mm Hg, respectively), which 
could be due to unmeasured fac-
tors, such as socioeconomic status. 
Baseline medications were also 
associated with different responses 
to RDN. Being on an aldosterone 
antagonist was associated with a 
positive response whereas being 
on a direct vasodilator was asso-
ciated with an increase in SBP at 
6 months.20

Plasma renin and aldosterone 
activity also decline with age; thus, 
the renin-aldosterone system will 
have less implication in the patho-
genesis of hypertension in elderly 
patients.24 A subgroup analysis of 
SYMPLICITY HTN-3 showed that 
RDN significantly decreased SBP 

in patients , 65 years old com-
pared with sham procedure (16.7 
mm Hg vs 10.9 mm Hg, respec-
tively). Although SYMPLICITY 
HTN-3 was not powered to detect 
differences in each predefined sub-
group, it does appear that RDN 
might be effective in certain popu-
lations, and we believe that further 
evaluation of these subgroups is 
warranted. 

Current Technology
Different technologies have 
been developed to achieve RDN 
(Figure  1). Regardless of the spe-
cific technology being used, the 
device should be able to achieve a 
maximal and irreversible destruc-
tion of the renal nerves, in a pre-
dictable pattern, while minimizing 
injury to the renal artery. The two 
technologies that have been used in 
humans thus far are the RF abla-
tion-based RDN and the ultrasound 

methodology and found a reduc-
tion by 47% at 1 month after RDN.3 
Applying this test to a large number 
of patients in a clinical trial would 
be hard to implement. 

These factors taken together, 
notwithstanding the pain associ-
ated with the procedure that might 
limit the achievement of a suffi-
cient number of ablations, raise the 
question of inadequate denervation 
as the main cause of the failure of 
SYMPLICITY HTN-3 and suggest 
the need for more preclinical data 
and a better understanding of the 
ablative procedure before moving 
forward with RDN. 

Was the Study Population 
Inappropriate?
The multifactorial pathophysiol-
ogy of essential hypertension is 

now well known. Several factors 
affect the development and main-
tenance of hypertension in differ-
ent patient populations. Blacks are 
known to have more severe and 
resistant hypertension and are 
more prone to have earlier onset 
of end-organ damage. Blacks more 
commonly have a repressed renin-
aldosterone system22 and, there-
fore, are expected to have a lower 
response to therapies that directly 
act on the renin-angiotensin- 
aldosterone system for BP con-
trol. This explains the decreased 
response to enalapril in blacks (on 
either a low- or high-sodium diet) 
when compared with patients of 
European descent.23 Interestingly, 
the reduction in SBP in response to 
RDN was similar between African 
Americans and those who were 
not African American (15.5 mm 
Hg vs 15.2 mm Hg, respectively). 
Conversely, African Americans 
showed a marked reduction in SBP 

ablation did not penetrate deeper 
than 2 mm. The patient expired 
only 12 days after RDN due to 
aortic dissection, which limited 
the evaluation of effect of RDN on 
BP. Furthermore, when reduction 
in renal norepinephrine level was 
studied in a pig model to evaluate 
effectiveness of an RDN proce-
dure, efficacy was seen in only one 
artery where ablation involved all 
four quadrants, reached a depth 
of 9.1 mm, and affected 50% of the 
nerves.19 In fact, in SYMPLICITY 
HTN-3, greater BP decreases 
occurred when more than eight 
ablations were performed, which 
was the case in only 163 (, 50%) 
patients.20 

The Symplicity catheter requires 
the operator to perform the abla-
tion while pulling and rotating the 
catheter to perform circumferential 
ablations in different quadrants of 
the renal artery to achieve at least 
four ablations. In SYMPLICITY 
HTN-3, only 25% of patients had 
four-quadrant ablations (inferior, 
superior, anterior, and posterior) 
in at least one renal artery with 
progressive reduction in SBP in 
patients who had four-quadrant 
ablations achieved neither one or 
both renal arteries.20 This supports 
the hypothesis that a circumferen-
tial ablation that is deep enough to 
knock out sufficient nerves is nec-
essary to achieve effective dener-
vation. Whether circumferential 
ablation can be achieved with RF 
catheters has been brought into 
question by demonstrations of 
thermal ablation limited to 20% 
circumferential extension.21 This 
circumferential limitation, when 
added to the limited penetration of 
RF ablation, results in a high rate 
of unaffected renal nerves, render-
ing the denervation incomplete 
and the procedure ineffective. In 
SYMPLICITY HTN-1, investiga-
tors measured norepinephrine spill-
over in 10 patients by a radiotracer 

Plasma renin and aldosterone activity also decline with age; thus, 
the renin-aldosterone system will have less implication in the 
pathogenesis of hypertension in elderly patients.
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Symplicity Spyral™. The Sym-
plicity Spyral (Medtronic) has four 
RF ablation electrodes mounted 
on a spiral catheter that delivers 
RF energy simultaneously to the 
electrodes at 60-second intervals 
for a 21-minute procedural time. 
The catheter has a self-expandable 
design that enables treating renal 
arteries ranging from 3 to 8 mm. 
Once the catheter is positioned 
inside the renal artery, the stiff 
wire is retracted, which allows the 
electrodes to shape like a corkscrew 
facing the luminal surface in a heli-
cal pattern. Its first-in-human study 
showed a decrease in office BP at 
6 months by 19.9/7.3 mm Hg from a 
baseline of 181/95 mm Hg.25 

eter is attached to a generator that 
can provide a maximum energy 
of 8W to achieve a temperature 
between 40°C and 75°C, which is 
required to cause irreversible nerve 
damage. The generator shuts off 
automatically after 2 minutes or if 
either the impedance or tempera-
ture exceeds the programmed lim-
its. The first RF ablation is applied 
distally in the renal artery, and the 
catheter is then retracted by 5 mm 
and rotated before the energy is 
reapplied. The process is repeated 
for four to six 2-minute treatments. 
This procedure is limited by achiev-
ing adequate arterial wall contact 
that is essential for effective dener-
vation and is operator dependent.

energy-based RDN. Table 1 sum-
marizes the major published RDN 
studies. Table 2 summarizes the 
differences between the available 
RF catheters. Table 3 summarizes 
the available RDN technologies. 

Radiofrequency Ablation 
Technology
Symplicity Flex™. The Sym-
plicity Flex Renal Denervation 
System (Medtronic) was the first 
and most commonly used system 
to utilize RF ablation to achieve 
RDN. After local anesthesia, the 
6F SymplicityTM catheter (which 
has a single monopolar electrode 
attached to its tip) is delivered to the 
level of the renal artery. The cath-

Study Type Device
Patients 

(N)
Baseline BP
(mm Hg)

Outcome
Mean Reduction in Office BP 

6 mo 

Longest Follow-up 
(mo, Pts)

Symplicity 
HTN-13,5 

Prospective 
cohort 

Symplicitya 153 175 6 17/
98 6 15

225/211 232/14.4 (36, 88)

Symplicity 
HTN-24

RCT Symplicity 52 178 6 18/
97 6 16

232/212 228/210 (12, 47) 

Control 54 178 6 16/
98 6 17

11/0 224/28 (6 post- 
crossover RDN , 35)

Symplicity 
HTN-314

RCT Symplicity 364 179.7 6 16.1/
96.5 6 16.6

214.13 6 23.93/
26.6 6 11.9

Sham  
procedure

171 180.2 6 16.8/
98.9 6 15.8

211.74 6 25.94/
24.6 6 13.6

Pokushalov E 
et al.39

RCT Navistar  
THERMOCOOLb

13 181 6 7/
97 6 6

228/210 225/210 (12, 13)

Control 14 178 6 8/
96 6 4

EnligHTN-126,27 Prospective
cohort 

EnligHTNc 46 176/96 226/210 227/211 (12, 45)

REDUCE-HTN Prospective
Cohort

V2d 146 183.2 6 18.1/
98.6 6 17.1

227.6/212.7 228.4/211 (12, 10)

BP, blood pressure; Pts, patients; RCT, randomized controlled trial; REDUCE-HTN, Treatment of Resistant Hypertension Using a Radiofrequency Percutaneous 
Transluminal Angioplasty Catheter; RDN, renal denervation. aManufactured by Medtronic, Minneapolis, MN. bManufactured by Biosense Webster, Diamond Bar, 
CA. cManufactured by St. Jude Medical, St. Paul, MN. dManufactured by Boston Scientific, Marlborough, MA.

TABLe 1

Major Renal Denervation Studies
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Technique Device Manufacturer Notes

Radiofrequency ablation Symplicity Flex Medtronic (Minneapolis, MN) First randomized sham 
 controlled trial

Symplicity Spyral Medtronic
Enlighten St. Jude (St. Paul, MN)
Vessix Boston Scientific  

(Marlborough, MA)
Ultrasound ablation TIVUS Cardiosonic (Tel Aviv, Israel) First-in-human 3-month result 

presented at TCT
Surround Sound System Kona Medical (Bellevue, WA) External ultrasound waves
Paradise ReCor Medical  

(Ronkonkoma, NY)
Transcatheter ultrasound-
based denervation

Chemical ablation Peregrine Ablative Solutions 
 (Kalamazoo, MI)

First-in-man ongoing

Bullfrog catheter Mercator MedSystems 
 (Emeryville, CA)

Preclinical data using 
 guanethidine is available

Northwind denervation Northwind Medical  
(San Jose, CA)

Catheter based delivery of 
neurotropic agent

TCT, Transcatheter Cardiovascular Therapeutics; September 13-17, 2014; Washington, DC.31 

Symplicity 
Flex Symplicity Spyral EnligHTN Vessix OneShot

Manufacturer Medtronic  
(Minneapolis, 
MN)

Medtronic St. Jude  
(St. Paul, MN)

Boston Scientific 
(Marlborough, 
MA) 

Covidien 
 (Dublin, Ireland)

Design Catheter 
 electrode

Monorail Basket Over-the-wire 
balloon 

Over-the-wire 
balloon

Electrodes 1 4 4 8 (helical fashion) 1 (spiral)

Technology Monopolar RF Monopolar RF Monopolar RF Bipolar RF Monopolar RF

Maximum power (W) 8 8 6 2 25

Maximum  
temperature (C)

75 Real-time tempera-
ture monitoring

75 68 60

Irrigated No No No No Yes

Size 6F, one size 
fits all

6F, one size fits all 8F, 16 and 
18 mm baskets

8F, 4, 5, 6, 7 mm 
balloon

7F, 5, 6, 7 mm 
balloon

Procedure 4-8 ablations, 
2 min each

Electrodes fire 
simultaneously,  
4 ablations, 1 min 
total

Electrodes fire 
sequentially,  
8 ablations,  
90 sec each

Electrodes fire 
simultaneously, 8 
ablations,  
, 1 min total

1 ablation, 
2 min

RF, radiofrequency.

TABLe 2

Available Radiofrequency Ablation Catheters

TABLe 3

Different Denervation Technologies
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than-expected development in the 
RDN market.30 

Ultrasound Ablation  
Technology

Ultrasound-based RDN was 
developed to achieve more pre-
dictable nerve ablations while 
minimizing injury to renal arter-
ies. Ultrasound ablation technolo-
gies being tested in humans include 
the TIVUSTM System (Cardiosonic, 
Tel Aviv, Israel),31 the PARADISETM 
Percutaneous Denervation System 
(ReCor Medical, Ronkonkoma, 
NY), and Kona Surround Sound sys-
tem (Kona Medical, Bellevue, WA). 

PARADISE™. The PARADISE 
Percutaneous Denervation System 
(ReCor Medical) is an ultrasound-
based system that consists of a 6F 
compatible balloon catheter with 
a cylindrical transducer that emits 
ultrasound energy circumferen-
tially. The balloon catheter has a 
cooling fluid to allow simultaneous 
denervation and cooling. There is 
no need for direct contact between 
the probe and the endothelium, and 
this device causes minimal thermal 
damage to the renal artery. The bal-
loon also positions the ultrasound 
in the center of the renal artery, 
delivering the energy uniformly 
and circumferentially. Results of 
the REDUCE-HTN trial using the 
PARADISE ablation catheter found 
a significant reduction in office BP 
by 30/15, 32/14, and 36/17 mm Hg 
from a baseline of 180/109 mm Hg 
at 1, 2 and 3 months, respectively.32 
The more recent, multicenter, 
nonrandomized Transcatheter 
Intravascular Ultrasound Energy 
Delivery for Renal Denervation 
(ACHIEVE) study showed a change 
in office BP by 217/26 mm Hg 
from a baseline of 177/95 mm Hg 
at 6 months. The study showed a 
65% response rate to RDN based on 
original criteria.33 

trodes are placed in direct contact 
with the renal artery, allowing 
simultaneous and precise treat-
ment in 30-second intervals per 
renal artery. This catheter is avail-
able in different sizes (4, 5, 6, and 
7 mm) and can be used to treat 
renal arteries as small as 3 mm, 
which provides the potential for 
use in patients with accessory renal  
arteries. According to the Treatment 
of Resistant Hypertension Using 
a Radiofrequency Percutane-
ous Transluminal Angioplasty 
Catheter (REDUCE-HTN) post-
market clinical study that included 
146 patients treated with the Vessix 
system, RDN showed a change 
in BP by 227.6/212.7 mm Hg at 
6 months, and 228.4/211.0 mm Hg 
at 12 months when compared with 
baseline (183.2/98.6 mm Hg).28 

OneShot™. OneShot (Covidien, 
Dublin, Ireland) is an over-the-wire 
balloon-based irrigated catheter 
that has one monopolar electrode 
arrayed in a 360° spiral fashion, 
capable of delivering 25W RF abla-
tions in one 2-minute treatment 
per artery at a maximum tem-
perature of 60°C. Irrigation with 
saline throughout the procedure is 
delivered through eight holes pres-
ent along the electrode in order 
to create consistently deep lesions 
while minimizing endothelial tis-
sue damage. The catheter is avail-
able in three sizes (5, 6, and 7 
mm) for renal arteries from 4 to  
7 mm. Interim results from the Rapid 
Renal Sympathetic Denervation for 
Resistant Hypertension Using the 
OneShot Ablation System Study 
(RAPID), a prospective cohort study 
that enrolled 50 patients with resis-
tant hypertension showed a signifi-
cant reduction in the office BP from 
a baseline of 181.6/95.5 mm Hg by 
-17/-7 mm Hg at 1 month.29 Of note, 
Covidien announced in January 
2014 that they are eliminating the 
OneShot program due to slower-

EnligHTN™. The EnligHTN 
Ablation Catheter (St. Jude Medical, 
St. Paul, MN) was designed with 
an expandable electrode basket 
with four ablation electrodes that 
allow the operator to deliver abla-
tions for 90 seconds per electrode, 
sequentially. After the catheter is 
positioned distally, the basket is 
expanded and the first denerva-
tion is performed. The catheter is 
then pulled and rotated by 90° and 
the process is repeated. The basket 
comes in two sizes, small (16 mm) to 
accommodate renal arteries of 4 to 
6 mm, and large (18 mm) for renal 
arteries of 5.5 to 8 mm. Compared 
with the Symplicity Flex, this cath-
eter shortens the  procedure period 
and delivers the RF in a more 
predictable way. The Safety and 
Efficacy Study of Renal Artery 
Ablation in Resistant Hypertension 
Patients (EnligHTN-1) trial, which 
recruited 46 patients with resistant 
hypertension, found a reduction of 
average office SBP/DBP at 6 months 
by 26/10 mm Hg,26 and remained 
consistent at 12 months with a 
reduction of 27/11 mm Hg from 
the baseline of 176/96 mm Hg.27 As 
with previous studies, ambulatory 
SBP/DBP were reduced by 10/6 mm 
Hg at 6 months. RDN was effective 
in 80% of patients, with up to 41% 
of patients achieving an office SBP 
, 140 mm Hg. 

Vessix™ Vascular V2. The 
Vessix Vascular V2 system 
(Boston Scientific, Marlborough, 
MA) consists of a low-pressure  
(3 atm) balloon catheter with four, 
six, or eight RF bipolar electrodes 
mounted on its surface in a heli-
cal fashion that deliver therapy of  
, 1W at 68°C, in addition to the 
V2 Bipolar RF Generator. The bal-
loon gives this system the advan-
tage of occluding the renal artery 
and therefore minimizing energy 
loss into the blood stream. Once 
the balloon is inflated, all RF elec-
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Left Ventricular Hypertrophy 
and Cardiac Function
In a study of 64 patients with resis-
tant hypertension, 46 patients 
were treated with RDN and the 
other 18 patients served as a con-
trol group. Along with decreasing 
BP at 6 months from a baseline of 
180.8/95.8 mm Hg to 152.9/88.6 mm 
Hg, RDN decreased left ventricular 
mass index, reduced interventricu-

lar septum thickness, decreased 
end-systolic volume, improved 
ejection fraction, and improved 
diastolic function.38

To better evaluate the effect of 
RDN on patients with heart fail-
ure, two randomized clinical tri-
als are ongoing. The Denervation 
of the Renal Sympathetic Nerves 
in Heart Failure With Normal LV 
Ejection Fraction (DIASTOLE) 
trial will look at the effect of RDN 
on E/E9 ratio (ratio of mitral veloc-
ity to early diastolic velocity of the 
mitral annulus) as measured by 
echocardiography (ClinicalTrials.
gov Identifier NCT01583881), and 
the Renal Denervation in Patients 
with Heart Failure and Severe Left 
Ventricular Dysfunction will assess 
a decrease in NT-proBNP levels at 
6 and 12 months after RDN as an 
indicator of improvement in heart 
failure (ClinicalTrials.gov Identifier 
NCT01870310).

Atrial Fibrillation
Pokushalov and colleagues39 stud-
ied the effect of RDN on 27 patients 
with a history of drug-resistant 
hypertension and paroxysmal or 
persistent atrial fibrillation refrac-
tory to $ 2 antiarrhythmic medi-
cations. Patients were randomized 
to receive pulmonary vein isolation 
either alone or with RDN. At 12 
months, patients who underwent 

mm. There were no detectable ste-
noses at 45-day follow-up.35 

RDN Safety
Procedural adverse effects that 
have been described in the lit-
erature were not directly related 
to the RDN procedure. These 
included renal artery dissection 
after placement of the RDN cathe-
ter before RF energy delivery, pro-

gression of preexisting renal artery 
stenosis,4 symptomatic hypoten-
sion requiring intravenous fluid 
and reduction in antihypertensive 
medications,7 and hypertensive 
renal disease progression.26 This 
safety profile was confirmed in the 
Global Symplicity Registry from 
preliminary results on the first 
1000 patients showing , 1% expe-
rienced cardiovascular, renal, or 
postprocedural adverse events.36 

Potential Applications of 
RDN Beyond Hypertension
Glucose Metabolism
In a subcohort of the SYMPLICITY 
HTN-2 trial, RDN decreased fast-
ing glucose level, mean 2-hour glu-
cose level during glucose tolerance 
test, insulin level, and C-peptide 
levels. RDN also decreased homeo-
stasis model assessment-insulin 
resistance at 3-month follow-up.37 

The Renal Sympathetic Dener-
vation for Treatment of Metabolic 
Syndrome Associated Hyper-
tension (Metabolic Syndrome 
Study) trial is going to study the 
effect of RDN on insulin resistance 
as determined by the homeostasis 
model assessment-insulin resis-
tance method at 3 months as its 
primary outcome (ClinicalTrials 
.gov Identifier NCT01911078). 

Kona Surround Sound System. 
The Kona Surround Sound sys-
tem (Kona Medical) is designed  to 
deliver low-intensity,  focused, 
ultrasound energy  from an exter-
nal probe with real-time monitor-
ing of the treatment area using an 
external imaging modality. Because 
the technology is noninvasive, this 
allows for repeat sessions while 
monitoring patients’ BP response 
to therapy between sessions. In 24 
patients with resistant hypertension, 
the Renal Denervation Therapy 
for Hpertension (WAVE I) study 
reported a significant decrease in 
SBP by 27 mm Hg at 6-month fol-
low-up. The study involved making 
18 focused lesions over 12.6 minutes 
on each renal artery.34

Pharmacologic Ablation  
Technology
Pharmacologic-based ablative cath-
eters aim to directly affect sympa-
thetic nerves by injecting ablative 
solutions into the adventitial space. 
Pharmacologic ablation has the 
potential advantage of achieving 
nearly complete nerve ablations 
with no injury to intima or media 
and essentially no pain. 

Peregrine System™ Infusion 
Catheter. 
The Peregrine System infu-
sion catheter (Ablative Solutions, 
Kalamazoo, MI) is composed of a 
7F endovascular delivery catheter 
that houses three evenly spaced 
microneedles designed to inject 
alcohol directly into the adventitial 
and periadventitial space. An ani-
mal study of eight cases showed suc-
cessful injection of alcohol by the 
device without serious side effects. 
This was accompanied by a linear 
dose response between alcohol vol-
ume and norepinephrine reduction 
of up to 88% when using 0.60 mL 
of ethanol. Histologic examination 
showed profound, 360° circumfer-
ential nerve injuries as deep as 8 

Procedural adverse effects that have been described in the literature 
were not directly related to the RDN procedure.
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hypertension. More preclinical 
data and development of the dener-
vation technique are warranted. 

The authors report no real or apparent conflicts 
of interest. 
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MAin PoinTs

• Hypertension remains a leading cause of major cardiovascular diseases worldwide. Renal denervation 
(RDN) using intra-arterial catheter-based radiofrequency (RF) ablation was developed to simulate surgical 
splanchnicectomy, which had a high rate of significant complications.

• Different technologies have been developed to achieve RDN. The device should be able to achieve a maximal 
and irreversible destruction of the renal nerves, in a predictable pattern, while minimizing injury to the renal 
artery. The two technologies that have been used in humans thus far are RF ablation-based RDN and ultrasound 
energy-based RDN.

• Although many registries have found RDN to be an effective and safe procedure to control blood pressure in 
patients with resistant hypertension, SYMPLICITY HTN-3,  the first blinded sham-controlled trial, failed to reach 
its primary efficacy endpoint, defined as a change in office systolic blood pressure at 6 months.

• Although SYMPLICITY HTN-3 successfully addressed many issues that might have biased the previously 
published data, incomplete denervation along with differences in the study design and population may have 
accounted for the discordance with prior studies. These factors should direct future renal denervation studies. 

• Studies are underway to examine the effects of RDN on other conditions other than hypertension, such as 
insulin resistance, left ventricular hypertrophy, and atrial fibrillation.
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