Curr Treat Options Cardio Med (2019) 21: 7
DOI 10.1007/s11936-019-0715-6

Coronary Artery Disease (D Feldman and V Voudris, Section Editors)

Renal Artery Denervation

for Hypertension

Lauren S. Ranard, MD*"
Rajesh V. Swaminathan, MD"?

Address

“1Duke University Medical Center, 2301 Erwin Rd, Durham, NC, 27710, USA
Email: las104@duke.edu

2Duke Clinical Research Institute, Durham, NC, USA

Published online: 14 February 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

This article is part of the Topical Collection on Coronary Artery Disease

Keywords Renal denervation - Resistant hypertension - Sympathetic nervous system

Abstract

Purpose of review Hypertension (HTN) has a growing impact, already affecting over 1
billion people. An estimated 2-16% of those with HTN have resistant HTN. The sympa-
thetic nervous system (SNS) is a recognized contributor to the pathophysiology of
resistant HTN. Current hypertensive pharmacotherapy has not fully targeted the SNS;
therefore, the SNS has become a prominent research therapeutic target. This review
summarizes the evidence and rationale behind renal denervation (RDN) therapy and the
technology available.

Recent findings Prior to the SYMPLICITY HTN-3 clinical trial, trials found RDN to be an
effective procedure to control resistant hypertension. The failure of SYMPLICITY HTN-3 to
meet its primary efficacy endpoint sparked further studies to address potential shortcom-
ings. The subsequent SPYRAL program trials demonstrated efficacy of RDN therapy in a
controlled manner; however, they were not adequately powered. Ongoing research is
examining new, innovative RDN technology as well as defining appropriate patients to
target for treatment.

Summary The data currently available for RDN in HTN and other states of SNS activation
suffer from potential biases and limitations, highlighting the need for continued explo-
ration. Contemporary studies are more promising and hypothesis-generating. Future trials
and continued device innovation will be crucial for understanding the clinical applications
of RDN therapy.
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Introduction

Epidemiology of hypertension

Hypertension (HTN) impacts over 1 billion adults
worldwide, including more than 30% of the population
over 20 years of age [1-3]. Globally, the number of
individuals with HTN has increased by close to 500
million since 2000, with a majority of this increase in
low and middle income countries [1]. It is projected that
by 2030, ~ 41.4% of US adults will have HTN, defined as
systolic blood pressure (SBP) > 140 mmHg or diastolic
blood pressure (DBP) > 90 mmHg [4]| and higher if
threshold of SBP > 130 mmHg is used.

High blood pressure (BP) is a major cause of mor-
tality, accounting for an estimated 7.6 million deaths
annually worldwide. It is also a significant risk factor for
cardiovascular and cerebrovascular disease and contrib-
utes to ~ 50% of coronary heart disease and stroke [5].
With this knowledge has come the introduction of new
guidelines that incorporates lower blood pressure goals,
with hope that this will translate into a reduction in
cardiovascular and cerebrovascular disease events. In
comparison to prior HTN guidelines, the 2017 Ameri-
can College of Cardiology/American Heart Association
guideline for prevention, detection, evaluation, and
management of high blood pressure in adults recom-
mends treating SBP/DBP to <130/80 mmHg for all
adults [6]. Data from the US National Health and Nu-
trition Examination Surveys (NHANES) from 2011 to
2014 shows the prevalence of HTN to be 45.6% accord-
ing to the new guideline definitions, increasing the num-
ber of US adults with HIN from 72.2 million to 81.9
million [7].

What is resistant hypertension
Resistant HTN is an increasingly common clinical prob-
lem encountered by both primary care physicians and

specialists. The American Heart Association defines re-
sistant HTN as blood pressure above goal despite con-
current use of at least three antihypertensive medication
classes, with one ideally being a diuretic and all agents
prescribed at doses that provide optimal benefit [8].
Estimates on the prevalence of resistant HTN vary be-
tween 2 and 16% of the hypertensive population [4, 9,
10]. According to NHANES, this has increased over time
from 5.5% in 1988 to 1994, 8.5% in 1999 to 2004, and
more recently, 11.8% in 2005 to 2008 [4].

The strongest predictor of lack of BP control is older
age, specifically those greater than 75 years have a four-
fold increased risk of difficult to control pressure [11,
12]. Other risk factors for treatment resistance include
higher baseline SBP, chronic kidney disease (serum cre-
atinine greater than 1.5), obesity, and left ventricular
(LV) hypertrophy [11, 13]. Furthermore, patients with
resistant HTN are at higher risk for future adverse events,
particularly cardiovascular events [9]. The lack of efficacy
of pharmacologic therapy in managing this condition
emphasizes the importance of finding new effective
treatment options.

The underlying cause of resistant HIN is poorly un-
derstood but is almost always multifactorial. In addition
to lifestyle factors, such as obesity, dietary salt, and
alcohol intake, medications such as nonsteroidal anti-
inflammatory medications can also contribute to treat-
ment resistance. Despite appropriate lifestyle and phar-
macologic therapy, there is a subset of patients with
persistent and poorly controlled HTN, thereby renewing
interest in the role of the sympathetic nervous system
(SNS) in this condition.

The rationale for renal denervation

The central SNS effects on BP were understood as early as the 1900s and further
elucidated with testing in both human and animal models [14, 15]. This
“neuroadrenergic hypothesis” of HIN involves the renin-angiotensin system
(RAS), as the SNS and the RAS are closely linked. The renal SNS plays a crucial
role in regulation of sodium excretion, renin secretion, and renal hemody-
namics [16]. The kidneys are innervated by two sets of sympathetic nerves: the
efferent sympathetic nerves from the CNS and the afferent sympathetic sensory
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nerves from the kidneys to hypothalamus. The efferent fibers to the kidney arise
from the second sympathetic ganglion and form a network within the renal
artery adventitia [17]. Increased renal sympathetic nerve activity contributes to
rise in BP through three main mechanisms: (1) tubular reabsorption of urinary
sodium and therefore water, (2) reduction of renal blood flow, and (3) release
of renin, thereby activating the RAS cascade. Most of the actions of the RAS are
executed by Angiotensin II. Angiotensin II acts as a powerful vasoconstrictor in
multiple organs, is involved in regulation of renal sodium and water excretion
directly and indirectly via aldosterone secretion, and participates in vascular,
tubular, and growth-promoting activities in the kidney [18, 19]. The RAS system
has therefore been a prominent therapeutic and research target in HTN over the
past few decades.

Traditional hypertensive pharmacotherapy has been inadequate in targeting
the central SNS [19]. Regional splanchnicectomy was trialed in the mid 1900s
but associated with significant morbidity and mortality [20]. This, however,
provided the basis for further research and investigation of innovative ap-
proaches including percutaneous renal sympathetic denervation.

The renal denervation (RDN) procedure itself is minimally invasive and
involves endovascular access via the femoral artery. A catheter-mounted device
is advanced into the renal artery and uses radiofrequency, ultrasound, or
medications to non-selectively ablate both inbound and outbound neural
fibers causing global renal denervation (Fig. 1). Fluoroscopy with radio-opaque
contrast is used to position the RDN catheter. Intravenous heparin is adminis-
tered during the procedure. The procedure generally takes <1 h with catheter

Energy is transmitted
through the artery wall,
disabling the renal nerves

Renal Nerves @ £

/.z’i/,,

Renal Artery

Fig. 1. Schematic representation of catheter-based renal denervation technique. In this procedure, a specialized catheter is
positioned in the renal artery and utilized to deliver ablative energy to the luminal surface. Reprinted with permission from Rocha-
Singh K. Catheter-based renal denervation for blood pressure reduction. Cath Lab Digest 2009 June;17(6):8-11. Copyright HMP.
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and femoral sheath removal at the end of the case, similar to a cardiac
catheterization.

Initial renal denervation clinical trials

SYMPLICITY HTN-1 was the first proof-of-concept trial to evaluate RDN in a
cohort of 45 patients [21e]. At 12 months, office-based blood pressure (OBP)
measurement was reduced by 27/17 mmHg. Both the initial results of this trial
and subsequent results at 36-month post-intervention showed a significant
reduction in OBP compared with standard medical therapy, thereby triggering
further interest in RDN therapy [22, 23]. A similar beneficial effect of RDN
therapy was seen in the first randomized controlled trial, SIMPLICITY HTN-2.
In a cohort of 106 patients, OBP measurements in the RDN group were reduced
by 32/12 mmHg, with a between-group difference at 6 months of 33/11 mmHg
[24e]. Critics raised multiple concerns about SYMPLICITY HTN-1 and
SYMPLICITY HTN-2 trials including the following: (1) the trial was not blinded,
(2) the absence of a sham-controlled design, (3) the secondary causes of HTN
were not excluded, (4) the medication adherence was not measured in the
control group, (5) the absence of differentiation between OBP and ambulatory
blood pressures (ABP), and (6) the need for further characterization of reno-
vascular safety of RDN therapy. Later trials incorporated ABP, given that ABP is
30-40% lower than OBP [25]. Additionally, there were incomplete data re-
garding optimal vascular sites of ablation and lack of data on procedural
durability. These concerns were the catalyst for the design and execution of
subsequent studies.

SYMPLICITY HTN-3, a randomized, sham-controlled study with 535 pa-
tients, addressed many of the shortcomings of initial RDN trials [24e, 26e, 27].
In addition to having a sham arm, the use of ABP monitoring minimized
measurement error, white-coat effect, and had greater reproducibility of pa-
tients’ BP [27]. Surprisingly, SYMPLICITY HTN-3 failed to demonstrate a BP-
lowering effect of RDN compared to the sham control group at both 6 and 12-
month post-randomization. A between-group difference of 2.4 mmHg and
2.0 mmHg was seen in OBP and 24 h ABP measurements, respectively [26e,
28]. Randomization in this study was also stratified by race (African American
versus non-African American) and by study center. There was a significant
reduction in office SBP in the non-African American subgroup receiving RDN
therapy compared with sham (6.6 mmHg between group difference, P=0.01).
The largest reduction in office SBP (7.1 mmHg) was seen in the non-African
American patients not on vasodilators. Baseline medication prescriptions be-
tween the two subgroups were examined, and African American patients were
more likely to be prescribed vasodilators [29e]. Potential shortcomings in the
execution of this study discussed in post hoc analysis were (1) trial medications
were not standardized or prescribed according to guidelines and (2) lack of
standardization with regard to operator experience, number of ablation per
artery, and ablation location. Additionally, it is noteworthy that 40% of trial
participants required changes in medication regimen for various reasons and it
is unknown the effect of this on the primary efficacy outcome.
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Post hoc analysis of the SYMPLICITY HTN-3 trial identified factors that
should be considered regarding patient cohort selection in future investiga-
tion. One multivariate analysis identified baseline SBP > 180 mmHg, non-use
of vasodilators, and non-use of aldosterone antagonist use as positive predictive
factors of reduction in office SBP at 6 months after RDN therapy. Additionally,
the number of ablations (> 9) and ablation in all four quadrants of the renal
artery was positively predictive for reduction in office SBP. Racial differences in
effectiveness of RDN therapy were also noted as discussed above [29¢]. Another
study by Kario et al. found obstructive sleep apnea patients to be more re-
sponsive to RDN compared to the sham group [30].

The DENERHTN trial, published in 2015, addressed concerns regarding
earlier trials’ lack of antihypertensive standardization [31]. The incremental
benefit of adding RDN to standardized stepped-care antihypertensive treatment
(SSAHT) for patients with resistant HTN was assessed. Patients were placed on a
standardized antihypertensive regimen for 4 weeks to confirm resistant HTN.
After this, patients were randomized to RDN in addition to SSAHT versus
SSAHT alone. Additionally, drug adherence was assessed at every clinic visit
using the Morisky Medication Adherence Scale questionnaire. The results of this
trial were different from the SYMPLICITY HTN-3 and somewhat perplexing.
RDN plus SSAHT was effective at reducing ABP, showing a 6 mmHg greater
reduction in 24 h ABP compared to medication alone. However, there was no
significant difference in OBP between the groups. There was a high degree of
medication noncompliance in this trial, close to 50%; however, there was no
difference in treatment adherence between the groups [32ee]. Table 1 summa-
rizes the initial RDN clinical trials.

SYMPLICITY HTN-3 and DENERHTN trials ignited interest in the technical
aspects of RDN therapy, as well as further analyses to better characterize patient
populations that may be more responsive to RDN. Numerous companies then
began to focus on optimizing novel RDN system and catheter designs and
advanced ablation technologies with the renal nerve anatomy in mind. For
these reasons, SYMPLICITY HTN-4, which was planned to follow SYMPLICITY
HTN-3 to investigate patients with solely moderate uncontrolled HTN (SBP
140-160 mmHg)], was halted early after the negative results of SYMPLICITY-
HTN 3 were released.

Device innovation

Current RDN therapy utilizes energy, either radiofrequency or ultrasound, to
disrupt renal nerves within the renal artery wall, thereby reducing sympathetic
efferent and sensory afferent signaling to and from the kidneys.

Early SYMPLICITY trials (1-3) used a single-node renal denervation catheter
(Symplicity Flex) in the main renal arteries before branch bifurcation. This
catheter delivered multiple ablations; however, it was operator-dependent as
the catheter had to be repositioned for each ablation. Additionally, RDN in only
the main renal artery may have a negative effect on success of ablation, as nerve
density is thought to be greater in the distal portion of the artery [36, 37]. In
animal models, targeted treatment of the renal artery branches or distal segment
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of the main renal artery resulted in a greater reduction in axon density com-
pared to conventional treatment of the main renal artery [38]. This perhaps has
profound clinical implications for reductions in sympathetic activity.

Improved understanding of renal anatomy has led to the innovation of new
technology. The next-generation Symplicity catheter, the Symplicity Spyral
catheter, is a multielectrode, helical catheter that is able to deliver circumfer-
ential ablations to both the renal artery and branch vessels. This catheter also
has a self-expandable design that enables it to be placed in smaller caliber renal
artery branches (3-8 mm in diameter). Additionally, it uses a cooling balloon to
reduce risk of heat-induced tissue damage.

Multiple subsequent multielectrode devices have also emerged (Table 2).
The EnligHTN catheter was designed with an expandable electrode basket,
with the basket coming in two sizes. Each basket activation results in four
ablations. The Vessix Vascular V2 system and OneShot are both balloon
catheters. The Vessix Vascular V2 balloon system minimizes energy loss in
the blood stream by occluding the renal artery. This catheter is available in
multiple sizes, and the electrodes are placed in direct contact with the renal
artery allowing precise treatment. The OneShot catheter is one of the only
irrigated systems. Irrigation with saline is delivered throughout the proce-
dure along the electrode to minimize endothelial tissue damage, facilitating
prolonged contact times. Overall, multielectrode catheters significantly
shorten overall procedure time and deliver RF in a more predictable way.

More recently, ultrasound RDN technologies have been tested. The
Paradise system is a balloon catheter that has cooling fluid within it to
allow simultaneous RDN and cooling. There is no direct contact be-
tween the ablation probe and endothelium, minimizing endothelial
damage. The balloon is positioned in the center of the artery, allowing
energy to be delivered uniformly. It takes 7 s for this system to disrupt
renal nerves at a depth of 1 to 6 mm. Table 2 details the
abovementioned devices.

Innovation of RDN technology is still ongoing. Ultrasound RDN de-
vices are the furthest along in testing and show promise for a non-invasive
method without any known major safety issues. The Kona Medical system
delivers focused energy from an external probe with real-time monitoring
using external imaging [44]. Other techniques less validated are
cryoablation, ionizing radiation, and pharmacologic ablation.
Cryoablation, cooling of tissues to <40 °C resulting in intracellular crystal
formation and death, has shown efficacy in pilot studies for patients who
are non-responders to radiofrequency RDN [45]. Ionizing radiation for
neural ablation using the CyberHeart radiosurgery system has successfully
demonstrated ablation of renal sympathetic nerves in a preclinical porcine
animal model. Norepinephrine levels were evaluated and shown to be
significantly lower post procedure, providing further evidence of neural
destruction [46]. Lastly, pharmacologic ablation technology has the po-
tential to precisely achieve near complete nerve ablation without injury to
surrounding structures. One such system is the Peregrine System. This
device has three microneedles that inject alcohol directly into the adven-
titial and periadventitial space. First-in-human experience with this ap-
proach of chemical neurolysis has shown promising results [47]. Other
neurolytic agents, such as vincristine, are under investigation which will



7 Page 8 of 17 Curr Treat Options Cardio Med (2019) 21: 7

likely lead to the testing and innovation of more chemical-based RDN
technology [48].

Contemporary clinical trials

The SPYRAL research program incorporated many of the lessons learned from
previous trials, including a greater focus on patient selection to create a more
homogenous population and on average, more ablations involving distal artery
and branches compared with SYMPLICITY trials. These studies included 80
patients.

SPYRAL HTN-OFF MED is a sham control RCT that evaluated RDN therapy
in the absence of any antihypertensive medication [33ee]. Prior to randomi-
zation, patients in this study underwent a medication washout period of 3-

4 weeks. RDN therapy was applied using the Symplicity Spyral multi-electrode
catheter (Medtronic Inc.) and the Symplicity G3 (Medtronic Inc.) generator. To
minimize technical variability, the trial restricted the procedure to one physi-
cian per trial center. The SPYRAL HTN-OFF MED trial demonstrated a signifi-
cant and substantial reduction in both office BP and 24-h ABP at 3-month post-
randomization (7.7/4.9 mmHg office BP and 5.0/4.4 mmHg 24-h ABP) [33ee].
This study also eliminated many confounding factors in evaluation of RDN
therapy and provided biologic proof of efficacy of RDN therapy in reducing BP.
Soon after these results, SPYRAL HTN-ON MED showed ongoing efficacy of
RDN therapy in the setting of antihypertensive medication use. In contrast to
SPYRAL HTN-OFF MED, the patients included in SPYRAL HTN-ON MED had
poortly controlled BPs in the setting of up to three standard antihypertensive
medications [34ee]. At 6 months, 24-h ABP and OBP significantly declined in
those who received RDN therapy (7.4/4.1 mmHg 24-h ABP and 7.7/3.5 mmHg
OBP). The characteristics and primary efficacy results of these clinical trials are
detailed in Table 1.

Although SPYRAL HTN-OFF MED and SPYRAL HTN-ON MED both dem-
onstrated efficacy of RDN therapy in a controlled manner, they were not
powered for efficacy endpoints due to their small sample sizes. The use of Spyral
catheters in these studies standardized RDN; however, there remains no prac-
tical method to verify renal nerve destruction. Lastly, the SPYRAL HTN-ON
MED patient population included those with mild to moderate HTN and
excluded those with office SBP > 180 mmHg. This differs from patients in-
cluded in the clinical trials prior to SPYRAL, who had severe resistant HTN, SBP
=160 mmHg.

The RADIANCE-HTN trial was designed to minimize the confounding effect
of antihypertensive medications, medication adherence, and placebo effect.
This study evaluates patients in two cohorts, SOLO in the USA and TRIO in
Europe. In RADIANCE-HTN SOLO, patients with mild to moderate systolic and
diastolic HTN were randomized to either RDN or sham procedure after a 4-
week medication washout period. All patients remained off antihypertensives
until 2 months after randomization unless BP was too high at follow-up, office
BP > 180/110 mmHg or home BP > 170/105 mmHg. Early results from the
RADIANCE-HTN SOLO trial have shown overall reductions in BP in the RDN
group at 2 months, similar to those seen in SPYRAL HTN-OFF MED. The
primary outcome, daytime ambulatory SBP, declined by 8.5 mmHg in the RDN
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group versus 2.2 mmHg in the sham group (P =0.0001) [35e¢]. Only initial 2-
month results have been released, but patients will be followed for 3 years.
Analysis of the RADIANCE-HTN SOLO trial has highlighted the importance of
completeness of ablation. The effect of RDN was approximately halved,
damped BP reduction by 5.5 mmHg, when renal accessory arteries <2 mm were
not treated. This finding will likely lead to further refinement of the procedure
and devices to achieve ablation of smaller arteries [49].

More recently, a three-arm randomized trial, RADIOSOUND-HTN, com-
pared RDN devices and techniques and indicates further promising results for
ultrasound ablation. In this study, patients were randomized to 1 of 3 groups:
(1) RDN of main renal arteries only using Symplicity Spyral catheter, (2) RDN
of main renal arteries and accessories using Symplicity Spyral catheter, or (3)
RDN of main renal arteries using Paradise catheter. Those use received ultra-
sound RDN of the main renal artery had a greater reduction in BP compared to
those who received RF ablation (- 13.2 vs 6.5 mmHg at 3 months, P =0.042).
There was no difference in BP reduction in the patients who received RF
ablation of the main renal artery and accessories compared to either group
[50ee]. Although a starting point, multicenter studies with longer follow-up are
needed for further head-to-head comparisons.

Renal denervation safety

The reporting of complications or adverse effects associated with RDN therapy
is non-standardized, and most published studies include a short duration of
follow-up, between 6 months and 1 year. The composite complication rate is
estimated to be low at <1.5% [51].

An Agency for Healthcare Research and Quality (AHRQ) commissioned
report examined safety of RDN. Approximately, half of randomized controlled
trials and comparative cohort studies reported complications and safety events
[52]. Renal artery injury, such as dissection or stenosis, comprises 0.5% of
complications (range 0-2.3%). In SYMPLICITY HTN-3, there was only one
reported case of re-stenosis [53]. Renal dysfunction following the procedure,
defined as > 50% change in renal function, accounts for 0.3% of complications
(range 0-4.5%). A recent systematic review and meta-analysis demonstrated no
adverse effects of catheter-based RDN on renal function at a mean follow-up of
9.1 months [54]. The true incidence of chronic complications, such as renal
artery stenosis and renal dysfunction, is difficult to determine given there are no
controlled studies performed for direct comparison.

Vascular access site complications involving the femoral artery, including
pseudoaneurysm or hematoma, is estimated to comprise 0.7% of complica-
tions. However, the AHRQ report discussed above had a large range in reported
adverse vascular access site events between studies, ranging from 0.3 to 44.4%
of patients in the study [52]. It is postulated that vascular access site injury
correlates to operator experience and similar to complication rates for femoral
cardiac catheterization and intervention.

Systemic effects of RDN, such as embolization resulting in end organ
damage, are rare. Studies cite a 0.3% risk of embolization as an adverse event
[52]. RDN therapy is associated with a sevenfold increased risk of bradycardia,
although commonly transient and intraprocedural [55]. Hypotensive and



Curr Treat Options Cardio Med (2019) 21: 7 Page 11 0f 17 7

hypertensive episodes have also been described in literature; however, meta-
analysis and pooled data have shown that there is no increased risk compared
to standard treatment [55]. Other less cited adverse events include renal artery
vasospasm, syncope, and flank pain.

Cardiovascular morbidity in those with resistant hypertension

Future directions

The benefits of successful treatment of resistant HTN are substantial. The first
organized data to demonstrate a benefit of BP reduction was from an outcomes
study funded by the Veterans Administration published in 1967. A 96% reduc-
tion in cardiovascular events was seen with the use of triple antihypertensive
therapy compared to placebo in patients with severe HTN, defined by DBP
115-129 mmHg [56]. Confirmation of this has been seen in subsequent
investigation. Post hoc analysis of the Australian National Blood Pressure study
showed a 25% reduction in overall mortality with BP treatment [57]. More
recently, a prospective 4-year observational study corroborated these findings
showing that severe resistant HTN is an independent predictor for cardiovascu-
lar outcome (odds ratio 2.3), even after controlling for established risk factors
[58].

Other benefits of treatment of HTN include improvement in LV hypertro-
phy, diastolic dysfunction, obstructive sleep apnea (OSA) severity, and renal
function. The degree of improvement of these clinical factors with treatment of
HTN varies. Among Systolic Blood Pressure Intervention Trial participants with
baseline LV hypertrophy, those assigned to intensive treatment (target SBP <
120 mmHg) were 66% more likely to show improvement in LV hypertrophy
[59]. Similarly, normalization of diastolic function is associated with good BP
control [60]. With regard to OSA, treatment of HTN confers a reduction in the
apnea-hypopnea index. A systematic review and meta-analysis demonstrated a
mean decrease in apnea-hypopnea index of 5.69 with treatment of HTN. The
effect increased to — 14.52 with the use of diuretics. Unlike LV hypertrophy and
diastolic dysfunction, the mean BP change did not impact the degree of im-
provement in the index [61]. In addition, reduction in BP is renoprotective,
especially in patients with chronic kidney disease. One of the most important
mechanisms is the antiproteinuric effect of a lower BP. The Irbesartan Diabetic
Nephropathy Trial demonstrated that SBP > 149 mmHg is associated with a
2.2-fold elevated risk of doubling serum creatinine or end-stage renal disease
compared to SBP < 134 mmHg [62].

With the current devices and therapy, RDN is a relatively safe procedure. More
recent data show that RDN is also efficacious. Currently, the European Society
of Hypertension and European Society of Cardiology 2013 guidelines confer
RDN a class IIB recommendation for treatment of patients with arterial HTN
[63]. It is possible, and likely, that RDN is more beneficial for specific subgroups
of patients and further data are warranted to identify the cohort of patients that
will benefit the most from therapy. Studies have shown that there is heteroge-
neity in BP response, with predictors of a profound respond to RDN being
younger vascular age, higher baseline BP, and combined diuretic therapy [64].
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Clinical studies and post hoc analyses postulate that RDN many have a greater
effect in non-African Americans [53]. The degree of denervation required needs
further investigation as this may need to be adjusted per patient based on race
and/or other factors.

Development of RDN technology and technique is ongoing. Invasive RDN
catheter design has already advanced regarding precision of denervation and
modifications to minimize endothelial damage. Durability of BP lowering
effect of RDN has been demonstrated up to 3 years; however, long-term
outcomes are unclear. Additionally, there are no head-to-head comparisons of
RDN technologies; therefore, it is difficult to determine which, if any, are
superior.

Several trials are already planned or in progress. In RADIANCE-HTN
TRIO, an ongoing study in Europe, patients with mild-moderate HTN are
prescribed a fixed dose, triple HTN combination pill for 4 weeks prior to
randomization to sham procedure or RDN therapy [43]. REQUIRE is a
similarly designed study to evaluate those with resistant HTN on standard
of care medication regimen in Japan and Korea [43]. The primary endpoint
of this study is reduction in 24-h ambulatory SBP at 3 months. The prom-
ising results of the SYPRAL HTN-OFF MED initiated a subsequent trial
called SPYRAL HTN Pivotal. The SYPRAL HTN Pivotal trial is a large (433
patients), multicenter (50 sites), international (USA, Europe, Australia,
Japan), 1:1 randomized, sham-controlled study that will further investigate
the BP-lowering effect and safety of RDN in the absence of medication.
Recruitement to the SPYRAL HTN-ON MED study is still in progress with an
estimated enrollement of 340 participants [34ee]. Lastly, the RADIANCE-II
trial is underway. RADIANCE-II is a randomized, sham-controlled, blinded
study that will study the safety and efficacy of the Paradise system's ability
to lower BP in patients with moderate HTN.

Outside of the realm of resistant HTN, RDN technology may be applicable
to other states of chronic SNS activation such as heart failure, atrial fibrillation,
OSA, and insulin sensitivity. There are several pilot studies or small RCTs
demonstrating potential benefit in these conditions. In patients with heart
failure with reduced ejection fraction, the REACH study showed improvement
in symptoms and exercise capacity with RDN therapy [65]. Subsequent inves-
tigations demonstrated there is also an improvement in cardiac function with
RDN [66, 67]. RDN has also been shown to improve diastolic function and LV
structure as evidenced by one study showing a decrease in mean interventricular
septal thickness, LV mass index, and LV filling pressures 6 months after RDN
compared to controls [68]. Arrhythmias can often be potentiated by SNS
activation. An RCT randomized patients with atrial fibrillation to pulmonary
vein isolation alone versus pulmonary vein isolation accompanied by RDN and
demonstrated a lower rate of recurrent atrial fibrillation in the RDN group [69].
OSA is a common co-morbid condition seen with HTN. The Wisconsin Sleep
Cohort Study showed a clear relationship between severity of the apnea-
hypopnea index and risk of development of HTN within 4 years [70]. OSA
causes hypoxic stimulation of the SNS. RDN therapy in those with OSA and
resistant HTN has been shown to improve the apnea-hypopnea index and
lowers blood pressure in the absence of weight changes [71]. Lasty, HTN is
closely associated with glucose metabolism and insulin resistance. A pilot study
enrolled 50 patients with therapy-resistant HTN. Patients treated with RDN
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were found to have significant reduction in fasting glucose, insulin, and C-
peptide levels after 3 months compared to controls [72].

Overall, the data currently available for RDN in HTN and other states of SNS
activation suffer from potential biases and highlight the need for continued
exploration. Multiple confirmatory RCTs in progress will hopefully address
these questions, and the results will be crucial for understanding the clinical
application of RDN therapy.

Compliance with Ethical Standards

Conflict of Interest
Lauren S. Ranard and Rajesh V. Swaminathan declare that they have no conflicts of interest.

Human and Animal Rights and Informed Consent
This article does not contain any studies with human or animal subjects performed by any of the authors.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

References and Recommended Reading

-]
Papers of particular interest, published recently, have been
highlighted as:

1.

Of importance
Of major importance

Mills KT, Bundy JD, Kelly TN, Reed JE, Kearney PM,
Reynolds K, et al. Global disparities of hypertension
prevalence and control: a systematic analysis of
population-based studies from 90 countries. Circula-
tion. 2016;134(6):441-50. https://doi.org/10.1161/
circulationaha.115.018912.

Arima H, Barzi F, Chalmers J. Mortality patterns in
hypertension. ] Hypertens. 2011;29(Suppl 1):S3-7.
https://doi.org/10.1097/01.hjh.0000410246.59221.
b1.

Whelton PK, Carey RM, Aronow WS, Casey DE,
Collins KJ, Dennison Himmelfarb C, et al. 2017

2. Fryar CD, Ostchega Y, Hales CM, Zhang G, Kruszon- ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/
Moran D. Hypertension prevalence and control among ASPC/NMA/PCNA guideline for the prevention,
adults: United States, 2015-2016. NCHS data brief. detection, evaluation, and management of high
2017(289):1-8. blood pressure in adults. Hypertension.

3. Kearney PM, Whelton M, Reynolds K, Muntner P, 2017;71:e13-e115. https://doi.org/10.1161/hyp.
Whelton PK, He J. Global burden of hypertension: 0000000000000065.
analysis of worldwide data. Lancet. Muntner P, Carey RM, Gidding S, Jones DW, Taler §J,
2005;365(9455):217-23. https://doi.org/10.1016/ Wright JT, et al. Potential US population impact of the
s0140-6736(05)17741-1. 2017 ACC/AHA high blood pressure guideline. Circu-

4. Benjamin EJ, Virani SS, Callaway CW, Chamberlain AM, lation. 2018;137(2):109-18. https://doi.org/10.1161/

Chang AR, Cheng S, et al. Heart disease and stroke
statistics—2018 update: a report from the American Heart
Assodiation. Circulation. 2018;137(12):e67-e492.
https://doi.org/10.1161/cir.0000000000000558.

circulationaha.117.032582.

Calhoun DA, Jones D, Textor S, Goff DC, Murphy TP,
Toto RD, et al. Resistant hypertension: diagnosis, eval-
uation, and treatment. Circulation.


http://dx.doi.org/10.1161/circulationaha.115.018912
http://dx.doi.org/10.1161/circulationaha.115.018912
http://dx.doi.org/10.1016/s0140-6736(05)17741-1
http://dx.doi.org/10.1016/s0140-6736(05)17741-1
http://dx.doi.org/10.1161/cir.0000000000000558
http://dx.doi.org/10.1097/01.hjh.0000410246.59221.b1
http://dx.doi.org/10.1097/01.hjh.0000410246.59221.b1
http://dx.doi.org/10.1161/hyp.0000000000000065
http://dx.doi.org/10.1161/hyp.0000000000000065
http://dx.doi.org/10.1161/circulationaha.117.032582
http://dx.doi.org/10.1161/circulationaha.117.032582

7 Page 14 of 17

Curr Treat Options Cardio Med (2019) 21: 7

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

2008;117(25):e510-€26. https://doi.org/10.1161/
circulationaha.108.189141.

Daugherty SL, Powers JD, Magid DJ, Tavel HM,
Masoudi FA, Margolis KL, et al. Incidence and
prognosis of resistant hypertension in hyperten-
sive patients. Circulation. 2012;125(13):1635-42.
https://doi.org/10.1161/circulationaha.111.
068064.

Judd E, Calhoun DA. Apparent and true resistant hy-
pertension: definition, prevalence and outcomes. J
Hum Hypertens. 2014;28(8):463-8. https://doi.org/
10.1038/jhh.2013.140.

Lloyd-Jones DM, Evans JC, Larson MG, O'Donnell CJ,
Roccella EJ, Levy D. Differential control of systolic and
diastolic blood pressure—factors associated with lack
of blood pressure control in the community. Hyper-
tension. 2000;36(4):594-9. https://doi.org/10.1161/
01.Hyp.36.4.594.

Zheng L, LiJ, Sun Z, Yu ], Zhang X, Zhang X, et al.
Differential control of systolic and diastolic blood
pressure: factors associated with lack of blood pressure
control in rural Community of Liaoning Province,
China. J Health Sci. 2007;53(2):209-14. https://doi.
01g/10.1248/jhs.53.209.

Cushman WC, Ford CE, Cutler JA, Margolis KL, Davis
BR, Grimm RH, et al. Success and predictors of blood
pressure control in diverse north american settings: The
Antihypertensive and Lipid-Lowering Treatment to
Prevent Heart Attack Trial (ALLHAT). J Clin Hypertens.
2002;4(6):393-404. https://doi.org/10.1111/j.1524-
6175.2002.02045 x.

Smith PA, Graham LN, Mackintosh AF, Stoker JB, Mary
DA. Relationship between central sympathetic activity
and stages of human hypertension. Am J Hypertens.
2004;17(3):217-22. https://doi.org/10.1016j.
amjhyper.2003.10.010.

Simms AE, Paton JF, Pickering AE, Allen AM. Amplified
respiratory-sympathetic coupling in the spontaneously
hypertensive rat: does it contribute to hypertension? J
Physiol. 2009;587(3):597-610. https://doi.org/10.
1113/jphysiol.2008.165902.

Yim HE, Yoo KH. Renin-angiotensin
system—considerations for hypertension and kidney.
Electrolyte Blood Press. 2008;6(1):42-50. https://doi.
org/10.5049/EBP.2008.6.1.42.

Nishi EE, Bergamaschi CT, Campos RR. The crosstalk
between the kidney and the central nervous system: the
role of renal nerves in blood pressure regulation. Exp
Physiol. 2015;100(5):479-84. https://doi.org/10.
1113/expphysiol 2014.079889.

Sata Y, Head GA, Denton K, May CN, Schlaich MP.
Role of the sympathetic nervous system and its mod-
ulation in renal hypertension. Frontiers in Medicine.
2018.

Fisher JP, Fadel PJ. Therapeutic strategies for targeting
excessive central sympathetic activation in human hy-
pertension. Exp Physiol. 2010;95(5):572-80. https://
doi.org/10.1113/expphysiol.2009.047332.

20. Morrissey DM, Brookes VS, Cooke WT. Sympathecto-
my in the treatment of hypertension; review of 122
cases. Lancet. 1953;1(6757):403-8.

Krum H, Schlaich M, Whitbourn R, Sobotka PA,

Sadowski J, Bartus K, et al. Catheter-based renal sym-

pathetic denervation for resistant hypertension: a

multicentre safety and proof-of-principle cohort study.

Lancet. 2009;373(9671):1275-81. https://doi.org/10.

1016/s0140-6736(09)60566-3

This study was the first proof-of-concept trial to evaluate RDN.

The trial demonstrated that catheter-based denervation led to a

substantial BP reduction without serious adverse events.

22. Catheter-based renal sympathetic denervation for re-
sistant hypertension: durability of blood pressure re-
duction out to 24 months. Hypertension.
2011;57(5):911-7. https://doi.org/10.1161/
hypertensionaha.110.163014 Symplicity HTN-1
Investigators.

23. Krum H, Schlaich MP, Sobotka PA, Bohm M, Mahfoud

F, Rocha-Singh K, et al. Percutaneous renal denervation

in patients with treatment-resistant hypertension: final

3-year report of the Symplicity HIN-1 study. Lancet.

2014;383(9917):622-9. htps://doi.org/10.1016/

$0140-6736(13)62192-3.
Esler M, Krum H, Sobotka P, Schlaich M, Schmieder
R, Bohm M. Renal sympathetic denervation in pa-
tients with treatment-resistant hypertension (The
Symplicity HIN-2 Trial): a randomised controlled
trial. Lancet. 2010;376(9756):1903-9. https://doi.
org/10.1016/S0140-6736(10)62039-9

A multicentre RCT examining RDN versus control in patients

with resistant hypertension. Catheter based RDN was demon-

strated to lead to a substantial reduction in BP.

25. Staessen JA, Den Hond E, Celis H, Fagard R, Keary L,

Vandenhoven G, et al. Antihypertensive treatment

based on blood pressure measurement at home or in

the physician's office: a randomized controlled trial.

JAMA. 2004;291(8):955-64. https://doi.org/10.1001/

jama.291.8.955.

Bakris GL, Townsend RR, Liu M, Cohen SA,
D'Agostino R, Flack JM, et al. Impact of renal dener-
vation on 24-hour ambulatory blood pressure: results
from SYMPLICITY HTN-3. ] Am Coll Cardiol.
2014;64(11):1071-8. https://doi.org/10.1016/j.jacc.
2014.05.012

SYMPLICITY HTN-3 was a pivotal, prospective, sham-

controlled study that did not demonstrate any benefit in the

use of RDN for reduction of ambulatory BP compared to sham.

27. Bhatt DL, Kandzari DE, O'Neill WW, D'Agostino R,
Flack JM, Katzen BT, et al. A controlled trial of renal
denervation for resistant hypertension. N Engl ] Med.
2014;370(15):1393-401. https://doi.org/10.1056/
NEJM0a1402670.

28. Bakris GL, Townsend RR, Flack JM, Brar S, Cohen SA,
D'Agostino R, et al. 12-month blood pressure results of
catheter-based renal artery denervation for resistant
hypertension: the SYMPLICITY HTN-3 trial. JACC.
2015;65(13):1314-21. https://doi.org/10.1016/j.jacc.
2015.01.037.

2]1.e

24.0

206.e


http://dx.doi.org/10.1161/circulationaha.108.189141
http://dx.doi.org/10.1161/circulationaha.108.189141
http://dx.doi.org/10.1161/circulationaha.111.068064
http://dx.doi.org/10.1161/circulationaha.111.068064
http://dx.doi.org/10.1038/jhh.2013.140
http://dx.doi.org/10.1038/jhh.2013.140
http://dx.doi.org/10.1161/01.Hyp.36.4.594
http://dx.doi.org/10.1161/01.Hyp.36.4.594
http://dx.doi.org/10.1248/jhs.53.209
http://dx.doi.org/10.1248/jhs.53.209
http://dx.doi.org/10.1111/j.1524-6175.2002.02045.x
http://dx.doi.org/10.1111/j.1524-6175.2002.02045.x
http://dx.doi.org/10.1016/j.amjhyper.2003.10.010
http://dx.doi.org/10.1016/j.amjhyper.2003.10.010
http://dx.doi.org/10.1113/jphysiol.2008.165902
http://dx.doi.org/10.1113/jphysiol.2008.165902
http://dx.doi.org/10.5049/EBP.2008.6.1.42
http://dx.doi.org/10.5049/EBP.2008.6.1.42
http://dx.doi.org/10.1113/expphysiol.2014.079889
http://dx.doi.org/10.1113/expphysiol.2014.079889
http://dx.doi.org/10.1113/expphysiol.2009.047332
http://dx.doi.org/10.1113/expphysiol.2009.047332
http://dx.doi.org/10.1016/s0140-6736(09)60566-3
http://dx.doi.org/10.1016/s0140-6736(09)60566-3
http://dx.doi.org/10.1161/hypertensionaha.110.163014
http://dx.doi.org/10.1161/hypertensionaha.110.163014
http://dx.doi.org/10.1016/S0140-6736(13)62192-3
http://dx.doi.org/10.1016/S0140-6736(13)62192-3
http://dx.doi.org/10.1016/S0140-6736(10)62039-9
http://dx.doi.org/10.1016/S0140-6736(10)62039-9
http://dx.doi.org/10.1001/jama.291.8.955
http://dx.doi.org/10.1001/jama.291.8.955
http://dx.doi.org/10.1016/j.jacc.2014.05.012
http://dx.doi.org/10.1016/j.jacc.2014.05.012
http://dx.doi.org/10.1056/NEJMoa1402670
http://dx.doi.org/10.1056/NEJMoa1402670
http://dx.doi.org/10.1016/j.jacc.2015.01.037
http://dx.doi.org/10.1016/j.jacc.2015.01.037

Curr Treat Options Cardio Med (2019) 21: 7

Page 15 0f 17 7

29.0 Kandzari DE, Bhatt DL, Brar S, Devireddy CM, Esler
M, Fahy M, et al. Predictors of blood pressure re-
sponse in the SYMPLICITY HTN-3 trial. Eur Heart J.
2015;36(4):219-27. https://doi.org/10.1093/
eurheartj/ehu441

This is a post hoc analyses of the SYMPLICITY HTN-3 investi-

gating possible reasons for its’ disparate results. Possible con-

founding factors identified included: baseline office BP, aldo-
sterone antagonist use, number of ablations performed and
non-use of vasodilators.

30. Kario K, Bhatt DI, Kandzari DE, Brar S, Flack JM,
Gilbert C, et al. Impact of renal denervation on patients
with obstructive sleep apnea and resistant
hypertension—insights from the SYMPLICITY HTN-3
trial. CircJ. 2016;80(6):1404-12. https://doi.org/10.
1253/circj.CJ-16-0035.

31. Azizi M, Sapoval M, Gosse P, Monge M, Bobrie G,
Delsart P, et al. Optimum and stepped care
standardised antihypertensive treatment with or with-
out renal denervation for resistant hypertension
(DENERHTN): a multicentre, open-label, randomised
controlled trial. Lancet. 2015;385(9981):1957-65.
https://doi.org/10.1016/S0140-6736(14)61942-5.

32.ee Azizi M, Pereira H, Hamdidouche I, Gosse P, Monge M,
Bobrie G, et al. Adherence to Antihypertensive Treat-
ment and the Blood Pressure Lowering Effects of Renal
Denervation in the Renal Denervation for Hyperten-
sion (DENERHTN) Trial. Circulation. 2016;134:847-
57. https://doi.org/10.1161/circulationaha.116.
022922

A contemporary study examining RDN in addition to stan-

dardized stepped-care antihypertensive treatment. A greater

decrease in BP was seen with RDN plus standardized stepped-
care antihypertensive treatment compared to the medication
treatment regimen alone.

33.ee Townsend RR, Mahfoud F, Kandzari DE, Kario K,
Pocock S, Weber MA. Catheter-based renal denervation
in patients with uncontrolled hypertension in the ab-
sence of antihypertensive medications (SPYRAL HTN-
OFF MED): a randomised, sham-controlled, proof-of-
concept trial. Lancet. etal., 2017;390(10108):2160-70.
https://doi.org/10.1016/s0140-6736(17)32281-x

An international, multicentre, sham-controlled, proof-of-

concept trial examining RDN, using the Symplicity Spyral

catheter, in the absence of antihypertensive medications. This
study provided biological proof of principle for the BP lower-
ing effect of RDN.

34.ee Kandzari DE, Bohm M, Mahfoud F, Townsend RR,
Weber MA, Pocock S, et al. Effect of renal denervation
on blood pressure in the presence of antihypertensive
drugs: 6-month efficacy and safety results from the
SPYRAL HTN-ON MED proof-of-concept randomised
trial. Lancet. 2018;391(10137):2346-55. https://doi.
01rg/10.1016/s0140-6736(18)30951-6

An international, multicentre, sham-controlled, proof-of-

concept trial examining RDN, using the Symplicity Spyral

catheter, in the presence of antihypertensive medications. This
study demonstrated greater reduction in BP at 6 months in the

RDN group compared to sham group.

35.ee  Azizi M, Schmieder RE, Mahfoud F, Weber MA,

Daemen J, Davies J, et al. Lancet. 2018,

2335;391(10137):-45. https://doi.org/10.1016/

s0140-6736(18)31082-1

This study examined RDN using an alternative technology,

endovascular ultrasound, to radiofrequency-based denerva-

tion. In the absence of antihypertensive medications,

endovascular ultrasound RDN reduced ambulatory BP at 2

months compared to sham.

36. Tellez A, Rousselle S, Palmieri T, Rate WR, Wicks J,
Degrange A, et al. Renal artery nerve distribution and
density in the porcine model: biologic implications for
the development of radiofrequency ablation therapies.
Transl Res. 2013;162(6):381-9. https://doi.org/10.
1016/j.trs1.2013.07.002.

37. Sakakura K, Ladich E, Cheng Q, Otsuka F, Yahagi K,
Fowler DR, et al. Anatomic assessment of sympathetic
peri-arterial renal nerves in man. JACC.
2014;64(7):635-43. https://doi.org/10.1016/j.jacc.
2014.03.059.

38. Mahfoud F, Tunev S, Ewen S, Cremers B, Ruwart J,
Schulz-Jander D, et al. Impact of lesion placement on
efficacy and safety of catheter-based radiofrequency
renal denervation. JACC. 2015;66(16):1766-75.
https://doi.org/10.1016/j.jacc.2015.08.018.

39. Ormiston JA, Watson T, van Pelt N, Stewart R, Stewart
JT, White JM, et al. Renal denervation for resistant
hypertension using an irrigated radiofrequency bal-
loon: 12-month results from the Renal Hypertension
Ablation System (RHAS) Trial. EuroIntervention.
2013;9(1):70-4. https://doi.org/10.4244/eijv9ilall.

40. Verheye S, Ormiston J, Bergmann MW, Sievert H,
Schwindt A, Werner N, et al. Twelve-month results of
the rapid renal sympathetic denervation for resistant
hypertension using the OneShotITM ablation system
(RAPID) study. Eurolntervention. 2015;10(10):1221-
9. https://doi.org/10.4244/eijyl14m12_02.

41.  Worthley SG, Tsioufis CP, Worthley MI, Sinhal A,
Chew DP, Meredith IT, et al. Safety and efficacy of a
multi-electrode renal sympathetic denervation system
in resistant hypertension: the EnligHTN I trial. Eur
Heart J. 2013;34(28):2132-40. https://doi.org/10.
1093/eurheartj/eht197.

42, Sievert H, Schofer J, Ormiston J, Hoppe UC, Meredith
IT, Walters DL, et al. Bipolar radiofrequency renal de-
nervation with the Vessix catheter in patients with
resistant hypertension: 2-year results from the
REDUCE-HTN Trial. ] Hum Hypertens.
2017;31(5):366-8. https://doi.org/10.1038/jhh.2016.
82.

43, Mauri L, Kario K, Basile ], Daemen J, Davies J, Kirtane
AJ, et al. A multinational clinical approach to assessing
the effectiveness of catheter-based ultrasound renal
denervation: the RADIANCE-HTN and REQUIRE clin-
ical study designs. Am Heart J. 2018;195:115-29.
https://doi.org/10.1016/j.ahj.2017.09.006.

44, Neuzil P, Ormiston J, Brinton TJ, Starek Z, Esler M,
Dawood O, et al. Externally delivered focused ultra-
sound for renal denervation. JACC Cardiovasc Interv.


http://dx.doi.org/10.1093/eurheartj/ehu441
http://dx.doi.org/10.1093/eurheartj/ehu441
http://dx.doi.org/10.1253/circj.CJ-16-0035
http://dx.doi.org/10.1253/circj.CJ-16-0035
http://dx.doi.org/10.1016/S0140-6736(14)61942-5
http://dx.doi.org/10.1161/circulationaha.116.022922
http://dx.doi.org/10.1161/circulationaha.116.022922
http://dx.doi.org/10.1016/s0140-6736(17)32281-x
http://dx.doi.org/10.1016/s0140-6736(18)30951-6
http://dx.doi.org/10.1016/s0140-6736(18)30951-6
http://dx.doi.org/10.1016/s0140-6736(18)31082-1
http://dx.doi.org/10.1016/s0140-6736(18)31082-1
http://dx.doi.org/10.1016/j.trsl.2013.07.002
http://dx.doi.org/10.1016/j.trsl.2013.07.002
http://dx.doi.org/10.1016/j.jacc.2014.03.059
http://dx.doi.org/10.1016/j.jacc.2014.03.059
http://dx.doi.org/10.1016/j.jacc.2015.08.018
http://dx.doi.org/10.4244/eijv9i1a11
http://dx.doi.org/10.4244/eijy14m12_02
http://dx.doi.org/10.1093/eurheartj/eht197
http://dx.doi.org/10.1093/eurheartj/eht197
http://dx.doi.org/10.1038/jhh.2016.82
http://dx.doi.org/10.1038/jhh.2016.82
http://dx.doi.org/10.1016/j.ahj.2017.09.006

7 Page 16 of 17

Curr Treat Options Cardio Med (2019) 21: 7

45.

46.

47.

48.

49.

50.00

2016;9(12):1292-9. https://doi.org/10.1016/j.jcin.
2016.04.013.

Prochnau D, Figulla HR, Surber R. Cryoenergy is effec-
tive in the treatment of resistant hypertension in non-
responders to radiofrequency renal denervation. Int J
Cardiol. 2013;167(2):588-90. https://doi.org/10.
1016/j.ijcard.2012.09.224.

Bhatt N, Long SA, Gardner EA, Tay ], Ladich E, Cham-
berlain D, et al. Radiosurgical ablation of the renal
nerve in a porcine model: a minimally invasive thera-
peutic approach to treat refractory hypertension.
Cureus. 2017;9(2):e1055. https://doi.org/10.7759/
cureus.1055.

Fischell TA, Ebner A, Gallo S, Tkeno F, Minarsch L, Vega
F, et al. Transcatheter alcohol-mediated perivascular
renal denervation with the Peregrine System: first-in-
human experience. JACC Cardiovasc Interv.
2016;9(6):589-98. https://doi.org/10.1016/j.jcin.
2015.11.041.

Stefanadis C, Toutouzas K, Synetos A, Tsioufis C,
Karanasos A, Agrogiannis G, et al. Chemical denerva-
tion of the renal artery by vincristine in swine. A new
catheter based technique. Int J Cardiol.
2013;167(2):421-5. https://doi.org/10.1016/j.ijcard.
2012.01.002.

Kirtane AJ, Schmieder R, Mahfoud F, Weber M,
Daemen J, Basile J, et al. TCT-29 procedural and
anatomic predictors of response in RADIANCE-
HTN SOLO: a multicenter, randomized, sham-
controlled trial of endovascular ultrasound renal
denervation. JACC. 2018;72(13 Supplement):B13.
Fengler K, Rommel K-P, Blazek S, Besler C, Hartung
P, von Roeder M, et al. A three-arm randomized
trial of Different Renal Denervation Devices and
Techniques in Patients with Resistant Hypertension
(RADIOSOUND-HTN). Circulation. 2018;0(0).
https://doi.org/10.1161/CIRCULATIONAHA.118.
037654

First trial to compare the effectiveness of three different
strategies for RDN: (1) RF ablation of main renal arteries,
(2) RF ablation of main renal arteries, side branches and
accessories, and (3) endovascular ultrasound-based RDN
of main renal artery. The study demonstrated that dener-
vation using the Paradise endovascular ultrasound system
had a greater reduction in ambulatory SBP compared to RF
ablation of main renal artery alone.

51.

52.

53.

Patel HC, Hayward C, Vassiliou V, Patel K, Howard JP,
Di Mario C. Renal denervation for the management of
resistant hypertension. Integ Blood Press Control.
2015;8:57-69. https://doi.org/10.2147/IBPC.S65632.
Shafi T, Chacko M, Berger Z, Wilson LM, Gayleard
J, Bass EB et al. AHRQ Technology Assessments.
Renal Denervation in the Medicare Population.
Rockville (MD): Agency for Healthcare Research
and Quality (US); 2016.

Flack JM, Bhatt DL, Kandzari DE, Brown D, Brar S, Choi
JW, et al. An analysis of the blood pressure and safety
outcomes to renal denervation in African Americans
and non-African Americans in the SYMPLICITY HTN-3

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

trial. ] Am Soc Hypertens. 2015;9(10):769-79. https://
doi.org/10.1016/j.jash.2015.08.001.

Sanders MF, Reitsma JB, Morpey M, Gremmels H, Bots
ML, Pisano A, et al. Renal safety of catheter-based renal
denervation: systematic review and meta-analysis. Ne-
phrology Dialysis Transplantation. 2017;32(9):1440-
7. https://doi.org/10.1093/ndt/gfx088.

Coppolino G, Pisano A, Rivoli L, Bolignano D. Renal
denervation for resistant hypertension. Cochrane Da-
tabase Syst Rev. 2017;2. https://doi.org/10.1002/
14651858.CD011499.pub2.

Effects of treatment on morbidity in hypertension. Re-
sults in patients with diastolic blood pressures averag-
ing 115 through 129 mm Hg. JAMA.
1967;202(11):1028-34.

Ho CLB, Breslin M, Doust J, Reid CM, Nelson MR.
Effectiveness of blood pressure-lowering drug treat-
ment by levels of absolute risk: post hoc analysis of the
Australian National Blood Pressure Study. BMJ Open.
2018;8(3):e017723.

Kasiakogias A, Tsioufis C, Dimitriadis K,
Konstantinidis D, Koumelli A, Leontsinis I, et al. Car-
diovascular morbidity of severe resistant hypertension
among treated uncontrolled hypertensives: a 4-year
follow-up study. ] Hum Hypertens. 2018;32(7):487-
93. https://doi.org/10.1038/s41371-018-0065-y.
Soliman EZ, Ambrosius WT, Cushman WC, Zhang ZM,
Bates JT, Neyra JA, et al. Effect of intensive blood pres-
sure lowering on left ventricular hypertrophy in pa-
tients with hypertension: SPRINT (Systolic Blood
Pressure Intervention Trial). Circulation.
2017;136(5):440-50. https://doi.org/10.1161/
CIRCULATIONAHA.117.028441.

Almuntaser I, Mahmud A, Brown A, Murphy R, King G,
Crean P, et al. Blood pressure control determines im-
provement in diastolic dysfunction in early hyperten-
sion. Am ] Hypertens. 2009;22(11):1227-31. https://
doi.org/10.1038/ajh.2009.173.

Khurshid K, Yabes J, Weiss PM, Dharia S, Brown L,
Unruh M, et al. Effect of antihypertensive medications
on the severity of obstructive sleep apnea: a systematic
review and meta-analysis. J Clin Sleep Med.
2016;12(8):1143-51. https://doi.org/10.5664/jcsm.
6054.

Pohl MA, Blumenthal S, Cordonnier DJ, De Alvaro F,
DeFerrari G, Eisner G, et al. Independent and additive
impact of blood pressure control and angiotensin IT
receptor blockade on renal outcomes in the Irbesartan
diabetic nephropathy trial: clinical implications and
limitations. ] Am Soc Nephrol. 2005;16(10):3027-37.
https://doi.org/10.1681/asn.2004110919.

Mancia G, Fagard R, Narkiewicz K, Redon J, Zanchetti
A, Bohm M, et al. 2013 ESH/ESC guidelines for the
management of arterial hypertension: the task force for
the management of arterial hypertension of the Euro-
pean Society of Hypertension (ESH) and of the Euro-
pean Sodiety of Cardiology (ESC). ] Hypertens.
2013;31(7):1281-357. https://doi.org/10.1097/01.
hjh.0000431740.32696.cc.


http://dx.doi.org/10.1016/j.jcin.2016.04.013
http://dx.doi.org/10.1016/j.jcin.2016.04.013
http://dx.doi.org/10.1016/j.ijcard.2012.09.224
http://dx.doi.org/10.1016/j.ijcard.2012.09.224
http://dx.doi.org/10.7759/cureus.1055
http://dx.doi.org/10.7759/cureus.1055
http://dx.doi.org/10.1016/j.jcin.2015.11.041
http://dx.doi.org/10.1016/j.jcin.2015.11.041
http://dx.doi.org/10.1016/j.ijcard.2012.01.002
http://dx.doi.org/10.1016/j.ijcard.2012.01.002
http://dx.doi.org/10.1161/CIRCULATIONAHA.118.037654
http://dx.doi.org/10.1161/CIRCULATIONAHA.118.037654
http://dx.doi.org/10.2147/IBPC.S65632
http://dx.doi.org/10.1016/j.jash.2015.08.001
http://dx.doi.org/10.1016/j.jash.2015.08.001
http://dx.doi.org/10.1093/ndt/gfx088
http://dx.doi.org/10.1002/14651858.CD011499.pub2
http://dx.doi.org/10.1002/14651858.CD011499.pub2
http://dx.doi.org/10.1038/s41371-018-0065-y
http://dx.doi.org/10.1161/CIRCULATIONAHA.117.028441
http://dx.doi.org/10.1161/CIRCULATIONAHA.117.028441
http://dx.doi.org/10.1038/ajh.2009.173
http://dx.doi.org/10.1038/ajh.2009.173
http://dx.doi.org/10.5664/jcsm.6054
http://dx.doi.org/10.5664/jcsm.6054
http://dx.doi.org/10.1681/asn.2004110919
http://dx.doi.org/10.1097/01.hjh.0000431740.32696.cc
http://dx.doi.org/10.1097/01.hjh.0000431740.32696.cc

Curr Treat Options Cardio Med (2019) 21: 7

Page 17 of 17 7

64.

65.

66.

67.

68.

Fengler K, Rommel KP, Blazek S, von Roeder M, Besler
C, Hartung P, et al. Predictors for profound blood
pressure response in patients undergoing renal sym-
pathetic denervation. ] Hypertens. 2018;36(7):1578-
84. https://doi.org/10.1097/hjh.0000000000001739.
Davies JE, Manisty CH, Petraco R, Barron AJ, Unsworth
B, Mayet J, et al. First-in-man safety evaluation of renal
denervation for chronic systolic heart failure: primary
outcome from REACH-Pilot study. Int J Cardiol.
2013;162(3):189-92. https://doi.org/10.1016/j.ijcard.
2012.09.019.

Gao JQ, Yang W, Liu ZJ. Percutaneous renal artery
denervation in patients with chronic systolic heart
failure: a randomized controlled trial. Cardiol J. 2018.
https://doi.org/10.5603/CJ.a2018.0028.

Chen W, Ling Z, Xu Y, Liu Z, Su L, Du H, et al. Pre-
liminary effects of renal denervation with saline irri-
gated catheter on cardiac systolic function in patients
with heart failure: a prospective, randomized, con-
trolled. Pilot Study Catheter Cardiovasc Interv.
2017;89(4):E153-e61. https://doi.org/10.1002/ccd.
26475.

Schirmer SH, Sayed MM, Reil JC, Ukena C, Linz D,
Kindermann M, et al. Improvements in left ventricular
hypertrophy and diastolic function following renal
denervation: effects beyond blood pressure and heart

69.

70.

71.

72.

rate reduction. ] Am Coll Cardiol. 2014;63(18):1916-
23. https://doi.org/10.1016/j.jacc.2013.10.073.
Pokushalov E, Romanov A, Corbucci G, Artyomenko S,
Baranova V, Turov A, et al. A randomized comparison
of pulmonary vein isolation with versus without con-
comitant renal artery denervation in patients with re-
fractory symptomatic atrial fibrillation and resistant
hypertension. ] Am Coll Cardiol. 2012;60(13):1163-
70. https://doi.org/10.1016/j.jacc.2012.05.036.
Peppard PE, Young T, Palta M, Skatrud J. Prospective
study of the association between sleep-disordered
breathing and hypertension. N Engl ] Med.
2000;342(19):1378-84. https://doi.org/10.1056/
nejm200005113421901.

Warchol-Celinska E, Prejbisz A, Kadziela ], Florczak E,
Januszewicz M, Michalowska I, et al. Renal denervation
in resistant hypertension and obstructive sleep apnea.
Randomized Proof-of-Concept Phase II Trial. Hyper-
tension. 2018;72:381-90. https://doi.org/10.1161/
hypertensionaha.118.11180.

Mahfoud F, Schlaich M, Kindermann I, Ukena C,
Cremers B, Brandt MC, et al. Effect of renal sympathetic
denervation on glucose metabolism in patients with
resistant hypertension: a pilot study. Circulation.
2011;123(18):1940-6. https://doi.org/10.1161/
circulationaha.110.991869.


http://dx.doi.org/10.1097/hjh.0000000000001739
http://dx.doi.org/10.1016/j.ijcard.2012.09.019
http://dx.doi.org/10.1016/j.ijcard.2012.09.019
http://dx.doi.org/10.5603/CJ.a2018.0028
http://dx.doi.org/10.1002/ccd.26475
http://dx.doi.org/10.1002/ccd.26475
http://dx.doi.org/10.1016/j.jacc.2013.10.073
http://dx.doi.org/10.1016/j.jacc.2012.05.036
http://dx.doi.org/10.1056/nejm200005113421901
http://dx.doi.org/10.1056/nejm200005113421901
http://dx.doi.org/10.1161/hypertensionaha.118.11180
http://dx.doi.org/10.1161/hypertensionaha.118.11180
http://dx.doi.org/10.1161/circulationaha.110.991869
http://dx.doi.org/10.1161/circulationaha.110.991869

	Renal Artery Denervation for Hypertension
	Abstract
	Introduction
	Epidemiology of hypertension
	What is resistant hypertension

	The rationale for renal denervation
	Initial renal denervation clinical trials
	Device innovation
	Contemporary clinical trials
	Renal denervation safety
	Cardiovascular morbidity in those with resistant hypertension
	Future directions
	Compliance with Ethical Standards
	Section114
	References and Recommended Reading




