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aBstRact

The role of renal sympathetic denervation (RDN) has been the topic of ongoing debate 
ever since the impressive initial results. The rationale of RDN is strong and supported by 
non-clinical studies, which lies in uncoupling the autonomic nervous crosstalk between 
the kidneys and the central nervous system. Since we know that cardiovascular diseases, 
such as hypertension, atrial, ventricular arrhythmias and heart failure (HF) are related 
to sympathetic (over)activity, modulation of the renal nerve activity appears to be a 
reasonable and attractive therapeutic target in these patients. This review will focus on 
the existing evidence and potential future perspectives for RDN as treatment option in 
cardiovascular disease.
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intRodUction

The role of renal sympathetic denervation (RDN) in hypertension and other cardiovascular 
disease has been the topic of ongoing debate ever since the impressive initial results 
(1). The pathophysiological rationale of RDN lies in uncoupling the autonomic nervous 
crosstalk between the kidneys and the central nervous system, which are connected 
through the renal efferent and afferent sympathetic nerve fibers. Activation of efferent renal 
sympathetic signals elicits changes in renal vascular resistance, the renin-angiotensin-
aldosterone system and sodium reabsorption. Increased renal afferent signaling enhances 
sympathetic outflow and affects, besides the kidneys, also other organs as the heart and 
peripheral blood vessels. The complex interaction between afferent sensory signaling 
from the kidney and efferent sympathetic outflow is schematically presented in Fig. 
1. Against these backgrounds, modulation of the renal nerve activity by RDN appears 
to be a reasonable and attractive therapeutic target in patients with cardiovascular 
disease triggered by sympathetic (over)activity such as hypertension, atrial or ventricular 
arrhythmias and heart failure (HF). All clinical conditions for which RDN is used are 
summarized in Table 1. This review will firstly address the most important hypertension 
studies; secondly focus on the current literature on recent insights in technical and 
procedural aspects of the RDN procedure and thirdly address the clinical implications for 
RDN in cardiovascular disease beyond hypertension.

hypeRtension stUdies

In the past, surgical RDN as treatment option for hypertension has been studied well, 
albeit with varying results and these methods were associated with high perioperative 
morbidity and mortality and long-term complications. Thus, soon after the emergence of 
antihypertensive medications, surgical RDN became obsolete (2). Since the introduction 
of catheter based RDN, a novel non-pharmacological treatment option became available. 
In 2009, the first patient with drug-resistant hypertension who underwent RDN showed 
substantially reduced blood pressure (BP) and whole-body norepinephrine concentrations 
as a parameter of decreased sympathetic outflow (3). Subsequently, single center and 
non-sham controlled experiences showed impressive results on office BP decrease after 
RDN [4]. However, the first randomized and sham-controlled trial on RDN in hypertensive 
patients failed to demonstrate a benefit of RDN on reduction in 24-hour ambulatory BP 
compared to optimal medical therapy (5). Several procedural and patient related factors, 
such as lack of a well-defined procedural end point regarding denervation efficacy, 
poor patient drug compliance, a patient population including patients with isolated 
systolic hypertension or substantial vascular stiffness that might be difficult do reverse, 
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Technical and procedural aspects: 

- Number of ablations 
- Catheter type 
- Renal nerve anatomy 
- Denervation technique (radio frequency, 

cyro-energy, ultrasound or chemical) 
- Procedural end point (RNS) 

Clinical conditions: 

- (Treatment-resistant) Hypertension 
- Atrial fibrillation 
- Ventricular arrhythmia  
- Heart failure 
-  

figure 1. Schematic image of the cardio-renal axis. Technical and procedural factors concerning RDN and 
the clinical implications of RDN.
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table 1. Clinical conditions for which RDN is applied to, with the highlights of the important studies.

clinical 
condition

studies year study design study population highlights

hypertension Symplicty HTN- 3 
trial (5)

2014 Sham-controlled, 
multicenter RCT
RDN:sham, 2:1

Resistant 
hypertension
Office SBP ≥ 
160 mmHg and 
ambulatory SBP 
≥135 mmHg

No benefit of RDN 
on reduction SBP 
compared with 
sham control.

HTN off med (9) 2017 Single-blind, 
sham-controlled, 
multicentre RCT.
RDN:sham, 1:1
(n=80)

Drug-naïve or 
discontinuation of 
antihypertensive 
medication. Office 
SBP ≥150 mmHg 
and ≤180 mmHg, 
DBP ≥90 mmHg, 
ambulatory SBP 
≥140 mmHg ≤ 170 
mmHg

At 3 months 
follow-up RDN 
significantly 
reduced BP 
compared to sham 
control.

HTN on med (8) 2018 Single-blind, 
sham-controlled, 
multicentre RCT.
RDN:sham, 1:1
(n=80)

Office SBP ≥150 
mmHg and 
≤180 mmHg, 
DBP ≥90 mmHg, 
ambulatory SBP 
≥140 mmHg ≤ 170 
mmHg

At 6 months 
follow-up 
significant reduced 
BP in RDN group 
compared to sham 
control.

RADIANCE HTN-
SOLO (10)

2018 Single-blind, 
sham-controlled, 
multicentre RCT. 
RDN:sham, 1:1
(n=146)

Combined 
systolic-diastolic 
hypertension. 
Ambulatory BP 
≥135/85 mmHg 
and ≤ 175/105 
mmHg.

At 2 months 
follow-up 
ultrasound RDN 
significantly 
reduced 
ambulatory BP.

arrhythmia Pokushalov et al. 
(46)

2012 RCT
RDN:RDN+PVI
1:1
(n=27)

Symptomatic 
paroxysmal or 
persistent AF and 
drug resistant 
hypertension 
(SBP ≥160 mmHg 
despite 3 drugs)

RDN reduced BP 
and reduces AF 
recurrences when 
combined with 
PVI at 12 months 
follow-up

Ukena et al. (45) 2012 Case series
(n=2)

Therapy resistant 
electrical storm 
due to chronic HF.

Significantly 
reduced VT tachy-
arrhytmias.

Hoffmann et al. 
(55)

2013 Case report
(n=1)

Patient with 
ventricular storm 
with STEMI

RDN was effective 
and safe to reduce 
episodes of VT at 6 
months follow-up



Chapter 6

96

placebo effect, and/or regression to the mean, have been widely discussed as potential 
explanations for these disappointing results (6,7). It is important to note that possibly the 
Symplicity HTN-3 trial was underpowered, since the standard error of the effect size of 
the trial is huge, but the confidence intervals from the trial are completely compatible 
with a meta-analysed effect side of the other blinded trials (8-10). After the publication 

table 1. Clinical conditions for which RDN is applied to, with the highlights of the important studies. 
(continued)

clinical 
condition

studies year study design study population highlights

Scholz et al. (56) 2015 Case report
(n=1)

Patient with 
dilated CMP and 
recurrent VT

RDN is safe in 
emergency setting 
in an electrically 
instable patient.

Remo et al. (57) 2014 Case series
(n=4)

Patients with 
CMP (ischemic 
and nonischemic) 
with recurrent 
VT despite 
antiarrhythmic 
therapy and 
ablation
RDN + VT ablation

RDN is safe and 
effective as 
adjunctive therapy 
in treatment of 
recurrent VT

Ukena et al. (58) 2016 Pooled case series
(n=13)

Patients with 
heart failure with 
refractory VT

RDN is safe 
and associated 
with reduced 
arrhythmic burden

heart failure REACH-pilot stuy 
(62)

2013 First-in-man
(n=7)

Chronic 
symptomatic HF 
(NYHA III or IV) on 
OMT.

RDN is safe 
and associated 
with improved 
symptoms and 
exercise capacity 
at 6 months 
follow-up.

Chen et al. (63) 2017 Prospective, 
randomized 
controlled pilot 
study
(n=60)
1:1; 
RDN+OMT:OMT

Symptomatic HF 
on OMT for at least 
half a year

At 6 months 
follow-up 
significant 
improvement in 
ejection fraction, 
NYHA-class, 
NTproBNP, heart 
rate and functional 
capacity.

Abbreviations: AF: atrial fibrillation, BP: blood pressure, CMP: cardiomyopathy, DBP: diastolic blood 
pressure, HF: heart failure, OMT: optimal medical therapy, PVI: pulmonary vein isolation, RCT: 
randomized controlled trial, RDN: renal sympathetic denervation, SBP: systolic blood pressure, VT: 
ventricular tachycardia
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of the Symplicity HTN-3 trial, several other small randomized controlled trials have been 
published, usually demonstrating a subtle but significant effect on BP compared to 
medication (11,12). A recent meta-analysis by Agasthi et al. (13) found a modest benefit 
of RDN over medical therapy in reducing ambulatory blood pressure in patients with 
resistant hypertension in sham controlled randomized trials and no benefit in other 
studies. Of note, proof of principle for the BP lowering effect have been demonstrated in 
three sham-controlled studies (8-10). First, the HTN-OFF med study was published (9). This 
study differed from previous RDN studies because of several reasons regarding patient 
selection and procedural and operator related aspects. They included patients with mild 
to moderate hypertension, patients were drug-naïve or discontinued their medication, 
and for all patients a pre-specified denervation plan was used, involving a standardized 
approach to target all accessible renal arteries including larger side branches. Eighty 
patients were randomly assigned to the RDN group (n = 38) or the sham control group 
(n = 42). At 3 months follow-up, the RDN group showed a significant decrease of 5.5 [−9.1, 
−2.0]/4.8 [−7.0, −2.6] mmHg on 24-h ABPM at 3 months follow-up, whereas the BP in the 
control group remained unchanged. No major adverse events were reported. Secondly, 
the HTN-ON med study showed also that RDN in the main renal arteries and branches 
significantly reduced BP (24-hour BP −7.4/−4.1 mmHg, p = 0.01/0.03) compared with sham 
control in patients with uncontrolled hypertension with 1 to 3 antihypertensive drugs (8). 
Medication adherence varied throughout the study and was around 60%. The last recent 
study used another ablation technique and will be discussed later in this review, but also 
showed a significant BP lowering effect of RDN [10]. So these recent studies showed a 
positive effect of RDN in hypertensive patients but more importantly these studies 
emphasized again the importance of proper patient selection and a uniform RDN protocol. 
Summarizing, there still seems to be a place for RDN in the treatment of hypertension; 
however a uniform ablation technique and a clear procedural end point is still an unmet 
need in this field.

technical and pRocedURal aspects

The neutral results of the Symplicity-HTN-3 trial can possibly be explained by a high 
procedural variability of the use of the first generation single-tip electrode radiofrequency 
(RF) ablation catheter, which required significant operator manipulation with point by 
point ablation resulting in an unpredictable and potentially incomplete circumferential 
denervation. Patients with a higher number of ablations were found to have better results 
after RDN (14). In the first RDN studies, 4–8 ablations per renal artery were placed, whereas 
in the latest SPYRAL ON MED study an average of 45.9 ablation points was placed. Apart 
from the number of ablations, the catheter design also has been improved. Second 
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generation RF ablation catheters were multi-electrode and geometrically adequately 
organized in order to achieve, as much as possible, good lesions and these catheters 
required less manipulation. Apart from the number of ablations and catheter design, the 
renal nerve anatomy has also played an important role in the development of the RDN 
technique. In most of the RDN studies the sites of energy delivery were poorly specified. 
Tzafiri et al. showed that BP linearly tracks with the number of degenerative nerves 
in maximal ablation zones. Therefore the efficacy of RDN seems to be dependent, not 
only on the nerve abundance near the multiple treatments sites, but also on the renal 
nerve anatomy in each individual (15). Animal studies have shown that the renal nerve 
distribution is homogenous throughout the artery length and renal artery nerves are more 
frequently found in the proximal segment of the renal artery and decreased gradually 
distally, where they were closer to the arterial wall (16). Sakakura et al. (17) investigated 
the anatomic distribution of per-arterial sympathetic nerves around human renal arteries 
in human autopsy subjects. They concluded that although there were fewer nerves in 
the distal segments of the arteries, they are closer to the lumen and therefore may be 
an attractive target for RDN. Subsequently, it has become important to denervate all 
catheter-accessible branches (18,19).
Since recent studies have suggested that it may be difficult to achieve complete RDN 
with RF energy due to inconsistent circumferential denervation and a lack of adequate 
depth to cause irreversible nerve injury (20-22), other catheter-based RDN approaches 
have been investigated; ultrasound, cryogenic or chemical. Data on effectiveness and 
safety of these approaches are scarce. Firstly, the ultrasound-based system is most 
vigorously investigated (10, 23-26). The ultrasound device delivers ultrasound energy to 
thermally ablate the renal sympathetic nerve fibers and is able to secure a uniform, full 
circumferential energy delivery. Pre-clinical data suggest a higher procedural reliability 
compared to RF energy (23) and feasibility studies have shown that it effectively reduces 
BP and it is safe (24-26). As mentioned earlier, recently the RADIANCE-HTN SOLO has 
been published, a multicenter, international, single-blind, randomized sham-controlled 
trial (10). This is the first study comparing ultrasound with a sham procedure. The study 
included 146 patients with ambulatory BP >135/85 mmHg and less than 170/105 mmHg 
after a 4-week discontinuation of up to two antihypertensive medications. Patients were 
to remain off antihypertensive medication throughout follow-up. After two months follow-
up, the RDN group had a significantly greater reduction in ambulatory systolic BP than 
the sham control group (−8.5 ± 9.3 mmHg vs. −2.2 ± 10.0 mmHg). No major adverse events 
were reported. So, also compared with a sham procedure endovascular ultrasound RDN 
reduced BP in patients with combined systolic-diastolic hypertension in the absence of 
medication. These data on ultrasound RDN is promising; however follow-up duration was 
very short and with this method still no well-defined acute procedural efficacy end point 
is available. Secondly, the use of a cryogenic balloon has been studied; this balloon also 
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achieves circumferential ablation. In a swine model using the cryoballoon, SBP reduced 
significantly compared to control ones and histology of the renal arteries demonstrated 
complete renal nerve damage in connective tissue around the renal artery 28-day after 
cyroablation (27,28). In humans, the cryoablation has been investigated as second-line 
therapy in lowering BP in non-responders to RDN with RF ablation (29). Ten patients 
with resistant hypertension were included; only 6 completed 12 months follow-up and 
the ambulatory BP decreased with 52/18 mmHg, p = 0.043. An advantage of the use of 
cryoablation instead of RF is less pain, as we know from treatment of supraventricular 
arrhythmia that cryoenergy resulted in significant reduction of pain and discomfort 
during ablation (30). Of course the major limitation of this study is the small sample 
size and larger multicenter trials are needed to explore these findings further. Thirdly, 
the use of a peri-adventitial injection of ethanol has been studied as novel approach to 
perform a chemical RDN (31,32). In a small study of 18 patients, the mean office systolic BP 
decreased significantly with 24 mmHg at 6 months follow-up. The possible advantages of 
ethanol are that tissue injury is limited to the adventitia and perivascular space, uniformly 
circumferential nerve damage is routinely achieved with ethanol injection providing 
more consistent and probably complete denervation. Moreover, there is less procedural 
pain sensation due to absence of medial injury and no limitations in length and only few 
limitations in diameter of renal artery.
Apart from these new catheter-based approaches, other researchers have chosen 
a different path in order to improve the RDN procedure. Electrical high frequency 
renal nerve stimulation (RNS) has been developed to ensure a more physiological and 
electrophysiological approach to RDN. The goal of RNS is to map the renal artery and 
localize sympathetic nerve tissue by eliciting an electrical stimulation induced BP response 
to identify sympathetic nerves as target sites for subsequent ablation. If RNS induced BP 
increase was abolished after RDN, RF application was deemed effective, which can be used 
as an acute end point for the RDN procedure. Animal models, mainly using dogs, have 
provided supportive evidence that RNS can be used to localize sympathetic nerves before 
RDN and RNS-induced BP effects were blunted after RDN (33,34). In a feasibility clinical 
study, RNS elicited a systolic BP response of +43±15 mmHg before RDN compared with 
+9 ± 10.5 mmHg after RDN p = 0.0002. Also the sinus cycle length significantly shortened 
before RDN, and this effect was blunted after RDN (35). This feasibility was followed 
by another study aiming to correlate RNS response to BP responses at follow-up. They 
showed that RNS-induced systolic BP rise before RDN at the site of maximum response 
was significantly correlated with changes in systolic ambulatory BP at a median follow-up 
of 4.5 months (R = 0.610, p = 0.020) (36). RNS was also able to identify parasympathetic 
nerves and prevented for inadvertent ablation (37). These results showed the potential 
of using RNS as a functional test to evaluate the efficacy and predict the clinical outcome 
of the RDN procedure. The same research group reported that RNS in non-denervated 
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accessory arteries was associated with an unchanged BP increase both before and after 
RDN (19). The last study emphasizes again the importance of a complete denervation of 
all arteries and taking into account the renal nerve distribution among the arteries. All 
technical and procedural aspects are summarized in Fig. 1.

Renal deneRvation and its clinical implications Beyond Bp contRol

Arrhythmia

It is well accepted that the autonomic nervous system plays an important role in the 
genesis and maintenance of atrial (38,39) as well as ventricular arrhythmias (40). Moreover, 
proven therapies are based on autonomic modulation, such as beta-receptor blockade 
for preventing AF after successful cardioversion (41) and cervicothoracic sympathectomy 
in patients with refractory ventricular tachycardia (VT) in the setting of structural heart 
disease and channelopathies (42-44). Besides the pathophysiological interest for RDN as a 
treatment option for arrhythmia, several clinical RDN studies reported that patients with 
sympathetically induced (supra)ventricular arrhythmias were free of arrhythmias after 
RDN, which was performed for the treatment of their drug-resistant hypertension (45,46). 
The mechanism underlying the potential anti-arrhythmic effects of RDN is not fully 
delineated yet. Nammas et al. (47) described that the potential mechanism underlying 
the initiation of arrhythmias through activation of the cardiorenal axis may be elicited 
by activation of the mechanoreceptors in the renal pelvic wall and chemoreceptors in 
the renal interstitium with stimuli, such as ischemia, hypoxia or intrinsic renal disease. 
Stimulation of these receptors may lead to renal afferent sympathetic signaling through 
the hypothalamus, followed by increased central sympathetic outflow and efferent 
sympathetic nerve signaling to the heart, which may lead to enhanced automaticity 
and triggered activity. Deleterious effects of chronically increased sympathetic tone 
on the cardiorenal axis are well known (48). However, neural connections between 
the central and peripheral autonomic system remain very complex. Tsai et al. (49) 
provided histopathological proof of damage to nerves in the stellate ganglion and 
medulla in healthy dogs in the weeks following RDN and besides the histological proof, 
functional measurements with radio transmitters on the stellate ganglia and vagal nerve 
demonstrated decreased stellate ganglion activity and a significant reduction of both 
duration and frequency of atrial tachyarrhythmia episodes after RDN. Other animal 
models provided also proof for RDN as treatment option for arrhythmia and the results 
are summarized in Table 2. Until now, little clinical evidence exists for the efficacy of 
RDN in treating AF. RDN has been shown to prevent or even reverse atrial remodeling 
determined by echocardiography (50) or by electro-anatomical mapping (51). Pokushalov 
et al. (46) compared pulmonary vein isolation (PVI) alone versus PVI combined with RDN 
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in patients with a history of symptomatic AF and drug-resistant hypertension referred 
for PVI. At 1-year follow-up, 69% patients undergoing combined PVI and RDN were free 
of AF compared to 29% in the PVI only group. Also in chronic kidney disease patients 
with paroxysmal AF PVI + RDN is a safe treatment that seems to be superior to PVI alone 
(52). However, this study of Pokushalov and colleagues has been intensively criticized 
in literature regarding changes in the protocol, sponsoring, suboptimal description of 
methods, possibly differences in applied and described methods (53). The study reported 
an effect size of the RDN of −25/−10 mmHg that is inappropriate compared to following 
sham controlled trials. Therefore, results of the latter study should be interpreted with 
caution and no firm conclusions can be drawn from this study for the efficacy of RDN. Even 
RDN without PVI attenuated the paroxysmal AF episodes in a patient with symptomatic 
drug resistant AF (54). Clinical data on RDN and treatment of VT (storm) are only based on 
several case reports or small case series with ischemic or non-ischemic cardiomyopathy 
and in all these reports, RDN was safe and effectively reduced the VT episodes (45, 55-58).

table 2. Animal studies proving RDN as treatment option for arrhythmia.

studies year study design highlights

Zhao et 
al.(65)

2013 Canine model of pacing-
induced HF
Randomization: control: HF: 
HF+RDN
(n=19)

Animals that underwent RDN had no significant 
decrease of atrial effective refractory period, no 
increase in atrial dimensions, fewer episodes of AF 
with a shorter duration of episodes, less atrial fibrosis 
and less neuro-humoral activation compared to 
animals that underwent pacing without RDN.

Wang et 
al.(66)

2014 Canine model of pacing-
induced HF
Randomization: control: HF: 
HF+RDN
(n=22)

RDN was associated with less P-wave dispersion, 
shorter window of vulnerability and higher voltage 
threshold for AF.

Wang et al. 
(67)

2015 Canine-model with long 
term atrial pacing
Randomization: RDN:sham, 
1:1
(n=19)

Fewer episodes of spontaneous AF at long-term

linz et al. 
(68)

2013 Ischemia model of 
anesthetized pigs, 
randomized to RDN or sham
(n=13)

RDN reduced occurrence of VT/VF and attenuated the 
rise in left ventricular end-diastolic pressure during 
left ventricular ischemia without affecting infarct 
size, changes in ventricular contractility, BP and 
reperfusion arrhythmias.

Guo et 
al.(69)

2014 Canine model of pacing 
induced HF
(n=19)

RDN significantly decreased QT interval, dispersion of 
QT interval, ventricular effective refractory period and 
the VF inducibility.
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Heart failure

Enhanced sympathetic tone is a hallmark in patients with systolic HF. Plasma 
norepinephrine increases in patients with HF and in a multivariable model cardiac 
norepinephrine spillover was the most potent prognostic marker of poor outcome in 
patients with congestive HF (59,60). Experimental animal studies demonstrated beneficial 
effects of RDN in HF with reduced ejection fraction, i.e. increased natriuresis, improved 
cardiac remodeling and function, improved hemodynamics, decreased neurohormonal 
activation and less fibrosis (61). Clinical studies regarding RDN and HF are scarce. The 
REACH-pilot study was a first-in-man study designed to explore safety of RDN in HF 
patients, i.e. RDN was safe and associated with improved symptoms and exercise capacity 
at 6 months follow-up (62). However, the small sample size of only 7 patients makes it 
hard to draw any definite conclusions. Furthermore, one randomized study included 60 
patients with symptomatic HF and randomized to RDN or control group. At 6 months 
follow-up, the patients in the RDN group showed a significant improvement in ejection 
fraction, NYHA-class, NTproBNP, heart rate and functional capacity. BP and renal function 
remained unchanged (63).

conclUsion and fUtURe peRspectives

In conclusion, RDN still has a place in the treatment of hypertension and possibly in other 
cardiovascular diseases. Even though serious concerns were raised after publication of the 
results of the first sham controlled trial on the efficacy of RDN in resistant hypertension, 
recent sham-controlled randomized studies again provided proof of the BP lowering 
effect of RDN. After the initial studies, the RDN procedure has been definitely improved 
by more ablations per artery and by the use of a multi-electrode catheter, all taking into 
account the distribution of the sympathetic nerves among the renal arteries. Apart from 
the procedural improvements, researchers have become more aware of proper patient 
selection, resulting in the last studies of the inclusion of patients with mild to moderate 
hypertension and not the patients with isolated systolic hypertension or patients with 
advanced vascular stiffness that might be too difficult to reverse. Also lack of adherence 
to chronic use of antihypertensive medication is a very serious issue. Apart from these 
improvements, new technologies are up and coming. The preliminary results of sham-
controlled studies using endovascular ultrasound based RDN have showed the first sham-
controlled promising results; however larger studies are needed. In the future maybe 
RF will not be used and ultrasound, or even chemical or cyroballoon approaches will be 
used. A major lack of the RDN procedure is a procedural end point; only small studies have 
shown that RNS can possibly be used as procedural end point.
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Regarding RDN and arrhythmia, there is strong experimental evidence provided supporting 
the rationale for the use of RDN in controlling atrial arrhythmias; however clinical evidence 
is scarce and based on small sized studies. Currently, there are several ongoing trials 
comparing PVI versus combination of PVI and RDN in patients with AF. Recently, a design 
paper has been published of the ASAF-trial that is a multi-center international trial which 
will probably provide the answer on the clinical aspects of this topic (64). Only case reports 
are available that assessed the potential role of RDN in ventricular arrhythmias. The same 
concerns apply to HF and RDN; there is little evidence RDN has some beneficial effects in 
patients with chronic HF. Therefore, further research is needed in these fields.



Chapter 6

104

RefeRences

 1. H. Krum, M.P. Schlaich, P.A. Sobotka, M. Böhm, F. Mahfoud, K. Rocha-Singh, et al. Percutaneous 
renal denervation in patients with treatment-resistant hypertension: final 3-year report of the 
Symplicity HTN-1 study. Lancet, 383 (9917) (2014), pp. 622-629

 2. D.M. Morrisey, V.S. Brookes, W.T. Cooke, Sympathectomy in the treatment of hypertension; review 
of 122 cases, Lancet, 1 (6757) (1953), pp. 403-408

 3. M.P. Schlaich, P.A. Sobotka, H. Krum, E. Lambert, M.D. Esler, Renal sympathetic-nerve ablation for 
uncontrolled hypertension. N Engl J Med, 361 (9) (2009), pp. 932-934

 4. M.D. Esler, H. Krum, P.A. Sobotka, M.P. Schlaich, R.E. Schmieder, M. Böhm Renal sympathetic 
denervation in patients with treatment-resistant hypertension (The Symplicity HTN-2 Trial): a 
randomised controlled trial. Lancet, 376 (9756) (2010), pp. 1903-1909

 5. D.L. Bhatt, D.E. Kandzari, W.W. O’Neill, R. D’Agostino, J.M. Flack, B.T. Katzen, et al.A controlled trial 
of renal denervation for resistant hypertension. N Engl J Med, 370 (15) (2014), pp. 1393-1401.

 6. R.L. de Jager, E. de Beus, M.M.A. Beeftink, M.F. Sanders, E-J Vonken, M. Voskuil, et al. Impact of 
medication adherence on the effect of Renal Denervation; The SYMPATHY trial. Hypertension, 69 (4) 
(2017), pp. 678-684

 7. F. Mahfoud, R.E. Schmieder, M. Azizi, A. Pathak, H. Sievert, C. Tsioufis, et al. Proceedings from the 
2nd European Clinical Consensus Conference for device-based therapies for hypertension: state of 
the art and considerations for the future. Eur Heart J, 38 (44) (2017), pp. 3272-3281.

 8. D.E. Kandzari, M. Böhm, F. Mahfoud, R.R. Townsend, M.A. Weber, S. Pocock, 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, 391 (10137) 
(2018), pp. 2346-2355

 9. R.R. Townsend, F. Mahfoud, D.E. Kandzari, K. Kario, S. Pocock, M.A. Weber, et al. Catheter-based 
renal denervation in patients with uncontrolled hypertension in the absence of antihypertensive 
medications (SPYRAL HTN-OFF MED): a randomised, sham-controlled, proof-of-concept trial. 
Lancet, 390 (10108) (2017), pp. 2160-2170

 10. M. Azizi, R.E. Schmieder, F. Mahfoud, M.A. Weber, J. Daemen, J. Davies, et al. Endovascular ultrasound 
renal denervation to treat hypertension (RADIANCE-HTN SOLO): a multicentre, international, 
single-blind, randomised, sham-controlled trial. Lancet, 391 (10137) (2018), pp. 2335-2345

 11. F.E.M. Fadl Elmula, Y. Jin, W-Y Yang, L. Thijs, Y-C Lu, A.C. Larstorp, et al. Meta-analysis of randomized 
controlled trials of renal denervation in treatment-resistant hypertension. Blood Press, 24 (5) 
(2015), pp. 263-274

 12. M. Azizi, M. Sapoval, P. Gosse, M. Monge, G. Bobrie, P. Delsart, et al.Optimum and stepped 
care standardised antihypertensive treatment with or without renal denervation for resistant 
hypertension (DENERHTN): a multicentre, open-label, randomised controlled trial. Lancet, 385 
(9981) (2015), pp. 1957-1965.

 13. P. Agasthi, J. Shipman, R. Arsanjani, M. Ashukem, M.E. Girardo, C. Yerasi, et al. Renal denervation for 
resistant hypertension in the contemporary era: a systematic review and meta-analysis. Sci Rep, 9 
(1) (2019), p. 6200

 14. M. Gasparini, F. Regoli, C. Ceriotti, P. Galimberti, R. Bragato, S. De Vita, et al. Remission of left 
ventricular systolic dysfunction and of heart failure symptoms after cardiac resynchronization 
therapy: temporal pattern and clinical predictors. Am Heart J, 155 (3) (2008), pp. 507-514



105

Is renal denervation still a treatment option in cardiovascular disease?

6

 15. A.R. Tzafriri, J.H. Keating, P.M. Markham, A-M Spognardi, J.R. Stanley, G. Wong, et al. Arterial 
microanatomy determines the success of energy-based renal denervation in controlling 
hypertension. Sci Transl Med, 7 (285) (2015) 285ra65

 16. K. Steigerwald, A. Titova, C. Malle, E. Kennerknecht, C. Jilek, J. Hausleiter, et al. Morphological 
assessment of renal arteries after radiofrequency catheter-based sympathetic denervation in a 
porcine model. J Hypertens, 30 (11) (2012), pp. 2230-2239.

 17. K. Sakakura, E. Ladich, Q. Cheng, F. Otsuka, K. Yahagi, F. Kolodgie, et al. Anatomical distribution of 
human renal sympathetic nerves: pathologic study. J Am Coll Cardiol, 63 (12) (2014), p. A2151

 18. F. Mahfoud, S. Tunev, S. Ewen, B. Cremers, J. Ruwart, D. Schulz-Jander, et al.Impact of lesion 
placement on efficacy and safety of catheter-based radiofrequency renal denervation. J Am Coll 
Cardiol, 66 (16) (2015), pp. 1766-1775

 19. M.R. de Jong, A.F. Hoogerwaard, P. Gal, A. Adiyaman, J.J.J. Smit, P.P.H.M. Delnoy, et al. Persistent 
increase in blood pressure after renal nerve stimulation in accessory renal arteries after sympathetic 
renal denervation. Hypertension, 67 (6) (2016), pp. 1211-1217

 20. E.E. Vink, R. Goldschmeding, A. Vink, C. Weggemans, R.L.A.W. Bleijs, P.J. Blankestijn. Limited 
destruction of renal nerves after catheter-based renal denervation: results of a human case study. 
Nephrol Dial Transplant, 29 (8) (2014), pp. 1608-1610

 21. A.R. Tzafriri, F. Mahfoud, J.H. Keating, P.M. Markham, A. Spognardi, G. Wong, et al. Innervation 
patterns may limit response to endovascular renal denervation. J Am Coll Cardiol, 64 (11) (2014), 
pp. 1079-1087

 22. K. Sakakura, E. Ladich, Q. Cheng, F. Otsuka, K. Yahagi, D.R. Fowler, et al. Anatomic assessment of 
sympathetic peri-arterial renal nerves in man. J Am Coll Cardiol, 64 (7) (2014), pp. 635-643

 23. S. Rong, H. Zhu, D. Liu, J. Qian, K. Zhou, Q. Zhu, et al. Noninvasive renal denervation for resistant 
hypertension using high-intensity focused ultrasound. Hypertens, 66 (4) (2015), pp. e22-e25

 24. K. Sakakura, A. Roth, E. Ladich, K. Shen, L. Coleman, M. Joner, et al. Controlled circumferential renal 
sympathetic denervation with preservation of the renal arterial wall using intraluminal ultrasound: 
a next-generation approach for treating sympathetic overactivity. EuroIntervention, 10 (10) (2015), 
pp. 1230-1238

 25. K. Fengler, R. Höllriegel, T. Okon, T. Stiermaier, K-P Rommel, S. Blazek, et al. Ultrasound-based 
renal sympathetic denervation for the treatment of therapy-resistant hypertension: a single-center 
experience. J Hypertens, 35 (6) (2017), pp. 1310-1317

 26. T. Mabin, M. Sapoval, V. Cabane, J. Stemmett, M. Iyer. First experience with endovascular ultrasound 
renal denervation for the treatment of resistant hypertension EuroIntervention, 8 (1) (2012), pp. 
57-61

 27. M. Ji, L. Shen, Y-Z Wu, Z-F Yao, J-S Yin, J-H Chen, et al.Short-term safety and efficiency of cryoablation 
for renal sympathetic denervation in a swine model. Chin Med J (Engl), 128 (6) (2015), pp. 790-794

 28. Pathak, L. Coleman, A. Roth, J. Stanley, L. Bailey, P. Markham, et al. Renal sympathetic nerve 
denervation using intraluminal ultrasound within a cooling balloon preserves the arterial wall and 
reduces sympathetic nerve activity. EuroIntervention, 11 (4) (2015), pp. 477-484

 29. D. Prochnau, S. Heymel, S. Otto, H-R Figulla, R. Surber. Renal denervation with cryoenergy as 
second-line option is effective in the treatment of resistant hypertension in non-responders to 
radiofrequency ablation. EuroIntervention, 10 (5) (2014), pp. 640-645

 30. Deisenhofer, B. Zrenner, Y-H Yin, H-F Pitschner, M. Kuniss, G. Grossmann, et al. Cryoablation versus 
radiofrequency energy for the ablation of atrioventricular nodal reentrant tachycardia (the CYRANO 
Study): results from a large multicenter prospective randomized trial. Circulation, 122 (22) (2010), 
pp. 2239-2245



Chapter 6

106

 31. T.A. Fischell, A. Ebner, S. Gallo, F. Ikeno, L. Minarsch, F. Vega, et al. Transcatheter alcohol-mediated 
perivascular renal denervation with the peregrine system. JACC Cardiovasc Interv, 9 (6) (2016), pp. 
589-598

 32. T.A. Fischell, D.R. Fischell, V.E. Ghazarossian, F. Vega, A. Ebner. Next generation renal denervation: 
chemical ``perivascular” renal denervation with alcohol using a novel drug infusion catheter. 
Cardiovasc Revasc Med, 16 (4) (2015), pp. 221-227

 33. M. Chinushi, D. Izumi, K. Iijima, K. Suzuki, H. Furushima, O. Saitoh, et al. Blood pressure and 
autonomic responses to electrical stimulation of the renal arterial nerves before and after ablation 
of the renal artery. Hypertension, 61 (2) (Mar 2013), pp. 450-456.

 34. M. Chinushi, K. Suzuki, O. Saitoh, H. Furushima, K. Iijima, D. Izumi, et al. Electrical stimulation-based 
evaluation for functional modification of renal autonomic nerve activities induced by catheter 
ablation. Heart Rhythm, 13 (8) (2016), pp. 1707-1715.

 35. P. Gal, M.R. de Jong, J.J.J. Smit, A. Adiyaman, J.A. Staessen, A. Elvan. Blood pressure response 
to renal nerve stimulation in patients undergoing renal denervation: a feasibility study. J Hum 
Hypertens, 29 (5) (2015), pp. 292-295

 36. M.R. de Jong, A. Adiyaman, P. Gal, J.J.J. Smit, P.P.H.M. Delnoy, J-E Heeg, et al. Renal nerve 
stimulation–induced blood pressure changes predict ambulatory blood pressure response after 
renal denervation. Hypertension, 68 (3) (2016), pp. 707-714

 37. M.R. de Jong, A.F. Hoogerwaard, A. Adiyaman, J.J.J. Smit, J-E Heeg, B.A.A.M. van Hasselt, et al. 
Renal nerve stimulation identifies aorticorenal innervation and prevents inadvertent ablation of 
vagal nerves during renal denervation. Blood Press, 27 (5) (2018), pp. 271-279

 38. R. Arora, J. Ng, J. Ulphani, I. Mylonas, H. Subacius, G. Shade, et al. Unique autonomic profile of the 
pulmonary veins and posterior left atrium. J Am Coll Cardiol, 49 (12) (2007), pp. 1340-1348.

 39. Leenhardt, V. Lucet, I. Denjoy, F. Grau, D.D. Ngoc, P. Coumel, et al. Catecholaminergic polymorphic 
ventricular tachycardia in children: a 7-year follow-up of 21 patients. Circulations, 91 (5) (1995), pp. 
1512-1519

 40. D.P. Zipes, M. Rubart. Neural modulation of cardiac arrhythmias and sudden cardiac death. Heart 
Rhythm, 3 (1) (2006), pp. 108-113

 41. V. Kühlkamp, A. Schirdewan, K. Stangl, M. Homberg, M. Ploch, O.A. Beck. Use of metoprolol CR/XL 
to maintain sinus rhythm after conversion from persistent atrial fibrillation: a randomized, double-
blind, placebo-controlled study. J Am Coll Cardiol, 36 (1) (2000), pp. 139-146

 42. D.P. Zipes, B. Festoff, S.F. Schaal, C. Cox, W.C. Sealy, A.G. Wallace. Treatment of ventricular 
arrhythmia by permanent atrial pacemaker and cardiac sympathectomy. Ann Intern Med, 68 (3) 
(1968), pp. 591-597

 43. T. Bourke, M. Vaseghi, Y. Michowitz, V. Sankhla, M. Shah, N. Swapna, et al. Neuraxial modulation for 
refractory ventricular arrhythmias: value of thoracic epidural anesthesia and surgical left cardiac 
sympathetic denervation. Circulation, 121 (21) (2010), pp. 2255-2262

 44. P.J. Schwartz, E.H. Locati, A.J. Moss, R.S. Crampton, R. Trazzi, U. Ruberti. Left cardiac sympathetic 
denervation in the therapy of congenital long QT syndrome. A worldwide report. Circulation., 84 (2) 
(1991), pp. 503-511

 45. C. Ukena, A. Bauer, F. Mahfoud, J. Schreieck, H-R Neuberger, C. Eick, et al. Renal sympathetic 
denervation for treatment of electrical storm: first-in-man experience Clin Res Cardiol, 101 (1) 
(2012), pp. 63-67.

 46. E. Pokushalov, A. Romanov, G. Corbucci, S. Artyomenko, V. Baranova, A. Turov, et al. A randomized 
comparison of pulmonary vein isolation with versus without concomitant renal artery denervation 



107

Is renal denervation still a treatment option in cardiovascular disease?

6

in patients with refractory symptomatic atrial fibrillation and resistant hypertension. J Am Coll 
Cardiol, 60 (13) (2012), pp. 1163-1170

 47. W. Nammas, J.K.E. Airaksinen, T. Paana, P.P. Karjalainen. Renal sympathetic denervation for 
treatment of patients with atrial fibrillation: reappraisal of the available evidence. Heart Rhythm, 
13 (12) (2016), pp. 2388-2394

 48. A. Elvan, D.P. Zipes. Right ventricular infarction causes heterogeneous autonomic denervation of 
the viable peri-infarct area. Circulation, 97 (5) (1998), pp. 484-492

 49. W-C Tsai, Y-H Chan, K. Chinda, Z. Chen, J. Patel, C. Shen, et al.Effects of renal sympathetic denervation 
on the stellate ganglion and brain stem in dogs. Heart Rhythm, 14 (2) (2017), pp. 255-262

 50. S.H. Schirmer, M.M.Y.A. Sayed, J-C Reil, D. Lavall, C. Ukena, D. Linz, et al. Atrial Remodeling following 
catheter-based renal denervation occurs in a blood pressure-and heart rate-independent manner. 
JACC Cardiovasc Interv, 8 (7) (2015), pp. 972-980

 51. A.J.A. McLellan, M.P. Schlaich, A.J. Taylor, S. Prabhu, D. Hering, L. Hammond, et al. Reverse cardiac 
remodeling after renal denervation: atrial electrophysiologic and structural changes associated 
with blood pressure lowering. Heart Rhythm, 12 (5) (2015), pp. 982-990

 52. M.G. Kiuchi, S. Chen, G.R. E Silva, L.M. Rodrigues Paz, T. Kiuchi, A.G. de Paula Filho, et al.The addition 
of renal sympathetic denervation to pulmonary vein isolation reduces recurrence of paroxysmal 
atrial fibrillation in chronic kidney disease patients. J Interv Card Electrophysiol, 48 (2) (2017), pp. 
215-222.

 53. J.A. Staessen, Y. Jin, L. Thijs, A. Persu, M. Azizi, S. Kjeldsen. First-in-man randomized clinical trial 
of renal denervation for atrial arrhythmia raises concern. J Am Coll Cardiol, 62 (21) (2013), pp. 
e445-e446

 54. D. Vollmann, S. Sossalla, M.R. Schroeter, M. Zabel. Renal artery ablation instead of pulmonary vein 
ablation in a hypertensive patient with symptomatic, drug-resistant, persistent atrial fibrillation. 
Clin Res Cardiol, 102 (4) (2013), pp. 315-318

 55. B.A. Hoffmann, D. Steven, S. Willems, K. Sydow. Renal sympathetic denervation as an adjunct to 
catheter ablation for the treatment of ventricular electrical storm in the setting of acute myocardial 
infarction.J Cardiovasc Electrophysiol, 24 (10) (2013), pp. 1175-1178.

 56. E.P. Scholz, P. Raake, D. Thomas, B. Vogel, H.A. Katus, E. Blessing. Rescue renal sympathetic 
denervation in a patient with ventricular electrical storm refractory to endo- and epicardial catheter 
ablation. Clin Res Cardiol, 104 (1) (2015), pp. 79-84

 57. B.F. Remo, M. Preminger, J. Bradfield, S. Mittal, N. Boyle, A. Gupta, et al. Safety and efficacy of renal 
denervation as a novel treatment of ventricular tachycardia storm in patients with cardiomyopathy. 
Heart Rhythm, 11 (4) (2014), pp. 541-546.

 58. C. Ukena, F. Mahfoud, S. Ewen, A. Bollmann, G. Hindricks, B.A. Hoffmann, et al. Renal denervation 
for treatment of ventricular arrhythmias: data from an International Multicenter Registry. Clin Res 
Cardiol, 105 (10) (2016), pp. 873-879

 59. G.S. Francis, C. Benedict, D.E. Johnstone, P.C. Kirlin, J. Nicklas, C.S. Liang, et al. Comparison of 
neuroendocrine activation in patients with left ventricular dysfunction with and without congestive 
heart failure. A substudy of the Studies of Left Ventricular Dysfunction (SOLVD). Circulation., 82 (5) 
(1990), pp. 1724-1729

 60. D.M. Kaye, G.W. Lambert, J. Lefkovits, M. Morris, G. Jennings, M.D. Esler Neurochemical evidence of 
cardiac sympathetic activation and increased central nervous system norepinephrine turnover in 
severe congestive heart failure. J Am Coll Cardiol, 23 (3) (1994), pp. 570-578

 61. W. Nammas, J. Koistinen, T. Paana, P.P. Karjalainen. Renal sympathetic denervation for treatment of 
patients with heart failure: summary of the available evidence. Ann Med, 49 (5) (2017), pp. 384-395.



Chapter 6

108

 62. J.E. Davies, C.H. Manisty, R. Petraco, A.J. Barron, B. Unsworth, J. Mayet, et al. First-in-man safety 
evaluation of renal denervation for chronic systolic heart failure: primary outcome from REACH-
Pilot study. Int J Cardiol, 162 (3) (2013), pp. 189-192

 63. W. Chen, Z. Ling, Y. Xu, Z. Liu, L. Su, H. Du, et al.Preliminary effects of renal denervation with 
saline irrigated catheter on cardiac systolic function in patients with heart failure: a prospective, 
randomized, controlled, pilot study. Catheter Cardiovasc Interv, 89 (4) (2017), pp. E153-E161.

 64. M.R. de Jong, A.F. Hoogerwaard, A. Adiyaman, J.J.J. Smit, A.R. Ramdat Misier, J-E Heeg, et 
al.Treatment of atrial fibrillation in patients with enhanced sympathetic tone by pulmonary vein 
isolation or pulmonary vein isolation and renal artery denervation: clinical background and study 
design. Clin Res Cardiol (2018)

 65. Q. Zhao, S. Yu, H. Huang, Y. Tang, J. Xiao, Z. Dai, et al. Effects of renal sympathetic denervation on the 
development of atrial fibrillation substrates in dogs with pacing-induced heart failure. Int J Cardiol, 
168 (2) (2013), pp. 1672-1673

 66. X. Wang, Q. Zhao, H. Deng, X. Wang, Z. Guo, Z. Dai, et al. Effects of renal sympathetic denervation on 
the atrial electrophysiology in dogs with pacing-induced heart failure. Pacing Clin Electrophysiol, 
37 (10) (2014), pp. 1357-1366.

 67. X. Wang, C. Huang, Q. Zhao, H. Huang, Y. Tang, Z. Dai, et al. Effect of renal sympathetic denervation 
on the progression of paroxysmal atrial fibrillation in canines with long-term intermittent atrial 
pacing. Europace, 17 (4) (2015), pp. 647-654

 68. D. Linz, K. Wirth, C. Ukena, F. Mahfoud, J. Pöss, B. Linz, et al. Renal denervation suppresses 
ventricular arrhythmias during acute ventricular ischemia in pigs. Heart Rhythm, 10 (10) (2013), pp. 
1525-1530

 69. Z. Guo, Q. Zhao, H. Deng, Y. Tang, X. Wang, Z. Dai, et al. Renal sympathetic denervation attenuates 
the ventricular substrate and electrophysiological remodeling in dogs with pacing-induced heart 
failure. Int J Cardiol, 175 (1) (2014), pp. 185-186






	Chapter 6

