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General introduction and outline of the thesis

1
GeneRal intRodUction

Renal sympathetic denervation (RDN) has been developed as a potential treatment 
modality for patients with hypertension, and the initial results of its blood pressure 
lowering effects were impressive (1). The underlying rationale of RDN is to disconnect 
the autonomic nervous intermodulation between the central nervous system and the 
kidneys, and consequently reducing sympathetic tone. Against this background, RDN 
seemed to be a plausible therapeutic option in patients with hypertension and other 
cardiovascular disease characterized by sympathetic overdrive. However, after the neutral 
results of the SYMPLICITY HTN-3 trial (2), RDN was characterized by a chequered past and 
experts stated “we have seen the rise and fall of RDN and we hope that we shall witness 
the resurrection” (3), to boost the moods of the researchers in this field. Since then, the 
hope for RDN as treatment option in cardiovascular disease has been translated into 
over 1,500 publications on the topic of RDN, including the articles in this thesis. All these 
publications aimed to improve patient selection, procedural techniques, and other related 
factors from previous RDN research. The introduction chapter of this thesis describes the 
rationale underlying the RDN approach, provides a brief overview of the most relevant 
RDN hypertension studies as well as its clinical impact in cardiovascular disease beyond 
hypertension, and related contemporary literature on the added value of renal nerve 
stimulation (RNS), followed by the aim and outline of this thesis.

Rationale underlying renal sympathetic denervation

The sympathetic efferent and afferent renal nerves in the vascular wall of the arteries 
form the connection between the kidney and autonomic nervous system, and constitute 
a crucial component of the autonomic crosstalk between the heart and the kidneys: the 
cardio-renal axis (4). Under physiological conditions the renal efferent nerves regulate 
the renal blood flow, sodium and water homeostasis, glomerular filtration rate, and 
renin release which regulates blood pressure and renal perfusion. However, under 
pathophysiological circumstances, (over)stimulation of the efferent renal sympathetic 
nerves leads to hypertension or volume overload in heart failure due to increased 
activation of the renin-angiotensin-aldosterone, and subsequently increased water 
retention, and sodium reabsorption, resulting in a higher intravascular volume. The 
afferent renal neural pathways including the sympathetic nerve fibres connect the 
kidneys to the dorsal roots and provide neural feedback to regions of the brainstem 
involved in the autonomic regulation of cardiovascular physiology. Activation of afferent 
sympathetic nerves can occur as a result of increased signalling from renal sensory 
fibres due to several pathophysiological stimuli such as ischemia, hypoxia and oxidative 
stress, resulting in enhanced sympathetic outflow to the kidneys. This increased renal 
afferent signalling directly influences sympathetic activity and affects among others 
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renal and cardiovascular systems, and results in increased systemic vascular resistance 
and hypertension (4–8). A schematic picture of the interaction between the renal aff erent 
signalling and eff erent sympathetic activity is illustrated in figure 1. Beyond the role in the 
development of hypertension, it is well known that the sympathetic nervous system is 
important in the initiation, progression, and maintenance of cardiac arrhythmias (9–13), 
and heart failure (14,15). The cardio-renal axis may trigger arrhythmias by stimulation of 
the mechano- and chemoreceptors in the renal wall and interstitium due to the previously 
described pathophysiological stimuli. Activation of these receptors in the kidneys may 
result in increased renal aff erent sympathetic signaling, subsequently leading to enhanced 
central sympathetic outflow and eff erent sympathetic eff ects to the heart, which leads 
subsequently to increased automaticity and triggered activity (4). Since RDN was initially 
developed for the treatment of hypertension and the main patient population of this thesis 
are hypertensive patients, the underlying pathophysiological mechanisms of sympathetic 
overdrive in other cardiovascular disease are not discussed in detail here.

Renal injury
Renal ischemia 

↑ Renin release → ↑ RAAS activation
↑ Sodium retention → hypervolaemia
↓ Renal blood flow
Proteinuria
Glomerulosclerosis

Hypertrophy
Arrhythmia
↑ O2 consumption
Heart Failure

Vasoconstriction
Fluid shifts
Atherosclerosis

↑ 
R
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er
en

t s
ig

na
lli

ng

↑ E
fferent sym

pathetic activity

figure 1 - A global overview of the eff erent sympathetic activity to the kidney, aff erent sensory signaling 
from the kidney, and the eff ects on heart and blood vessels.
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It is well known that patients with hypertension benefit from drugs that inhibit central 
release of catecholamines or inhibition of the catecholamine receptors (16). Furthermore, 
before the introduction of the current antihypertensive drugs, radical surgical methods 
for thoracic, abdominal, or pelvic sympathetic denervation had successful lowered 
blood pressure and mortality. However, these methods were associated with high 
perioperative morbidity and severe long-term complications, including autonomic 
system impairment (17,18). Once antihypertensive medications were available the use 
of surgical sympathectomy disappeared. However, intolerance and non-adherence to 
antihypertensive drugs is a major limitation of pharmacological therapy (19,20). In the 
search for novel strategies to offer non-drug treatment options for patients with resistant 
hypertension, endovascular RDN techniques were developed in the last decades.

Renal sympathetic denervation

Hypertension
The first patient with drug resistant hypertension was treated by RDN in 2009, and 
afterwards he had significant reduced blood pressure and norepinephrine serum 
concentrations, as parameters of decreased sympathetic activity (21). Thereafter, several 
non-blinded clinical studies reported tremendous reductions in office systolic blood 
pressure of > 30 mmHg compared to control (22,23). The ESC/ESH Management of Arterial 
Hypertension Guidelines of 2013 recommended to consider the use of RDN only in case 
of ineffectiveness of drug treatment in patients with resistant hypertension (class IIb, 
level of evidence C), and the guidelines stated that until more evidence is available on the 
long-term efficacy of RDN, these procedure should remain in the hands of experienced 
operators (class I, level of evidence C) (16). However, the first blinded, randomized, and 
sham-controlled SYMPLICITY HTN-3 trial failed to show a benefit of RDN on lowering 24-
hour ambulatory blood pressure during follow-up in 535 patients with treatment resistant 
hypertension (2,24). Subsequently, both patient and procedural related factors have been 
intensively discussed as clarifications for the disappointing outcomes of the SYMPLICITY 
HTN-3 trial (25). This introduction will highlight a few of the most important factors that 
potentially contributed to the neutral results. First of all, the single monopolar electrode 
radiofrequency ablation catheter, Medtronic Symplicity Flex was designed to deliver 
point by point ablations and therefore required enhanced operator skills in catheter 
manipulation to achieve circumferential ablation. Of note, part of the participating 
centres in the trial were not experienced in performing RDN which may have resulted in 
unpredictable and incomplete RDN (26). Secondly, the role of the renal artery anatomy 
has been potentially underestimated in the first trials (27): non-denervated accessory 
arteries may result in residual sympathetic over-activity still causing hypertension at 
follow-up (28–30). Histological studies demonstrated that at the distal segments of the 
renal artery the nerves were closer to the lumen compared to the proximal segments, 
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so lesion depth has potentially not been sufficient at the proximal segments to ensure 
complete denervation (31–33). Moreover, side branches of the renal arteries were not 
treated with the first generation RDN catheters. And a procedural endpoint was not 
available. Thirdly, patient related factors, such as drug non-adherence (34), and a study 
population including patients with substantial vascular stiffness or isolated systolic 
hypertension may, at least in part, explain the negative results (35). Of note, after the 
neutral results of the SYMPLICITY HTN-trial, the current ESC/ESH Management of Arterial 
Hypertension Guidelines of 2018 states that the use of RDN is not recommended for routine 
treatment of hypertension (class III, level of evidence B), unless in the context of clinical 
studies and randomized controlled trials, until further evidence regarding their safety 
and efficacy becomes available (36). The manufacturers and clinical scientists responded 
to the physicians’ requests to address, at least part of the discussed issues, to improve 
outcome of RDN procedures. Further research showed that patients with ablations in 
the distal branches and higher number of ablations had better results after RDN (37). 
Furthermore, the design of the second-generation radiofrequency denervation catheters 
included multi-electrodes with a geometrical orientation aiming to obtain improved 
circumferential ablation of the renal artery wall without extensive catheter manipulation. 
Besides that, electrical high frequency renal nerve stimulation (RNS) has been developed 
as an eventual procedural endpoint for the RDN procedure. RNS is characterized by a 
functional approach, involving electrical RNS guided mapping and targeted ablation of 
the sympathetic nerve fibres, comparable to electro-anatomical guided mapping and 
ablation of cardiac arrhythmias (38). The RNS technique will be extensively described 
in the chapters of this thesis. Besides RNS-guided RDN, other denervation techniques 
have been tested. Ultrasound energy based ablation resulted in a more uniform, and full 
circumferential energy delivery creating ablation points with greater depth in the main 
arteries compared with ablation using radiofrequency energy (39–42). However, blood 
pressure lowering effects of ultrasound based RDN were similar to RDN with radiofrequency 
ablation of the main arteries, accessories, and side branches (43). In small studies RDN 
with cryo-balloon (44) or chemical RDN (45,46) have been successfully tested. Apart 
from the procedural improvements, patient related factors have also been studied. The 
prospective, open-label randomised controlled DENERHTN-trial, compared standardized 
antihypertensive drug therapy with or without RDN in patients with resistant hypertension 
to deal with the aspect of drug non-adherence. Both groups showed statistically and 
clinically significant blood pressure reductions at follow-up; mean change in daytime 
24-h systolic blood pressure was -16 mmHg in the RDN group, and -10 mmHg in the 
antihypertensive treatment alone group. Moreover irrespective of drug adherence, RDN 
plus standardized antihypertensive drug therapy had a significantly better blood pressure 
lowering effect compared to standardized antihypertensive drug therapy alone (47). The 
SPYRAL HTN randomised, single-blind, sham-controlled trials focused also on the patient 
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related issues, and included a different subset of patients, namely patients with mild to 
moderate hypertension instead of drug resistant hypertension, and moreover patients 
were medication-naïve or stopped their antihypertensive drugs (48). Both the SPYRAL 
HTN-OFF and the HTN-ON med studies provided clinical evidence supporting the clinical 
efficacy of RDN; i.e. significantly reduced blood pressure compared to sham-control at 6 
months follow-up after RDN (49,50).

Clinical applications beyond hypertension
Initially, several clinical RDN case series and non-randomized trials reported that the 
included patients with resistant hypertension had improved blood pressure at follow-up, 
but were on top of that free of sympathetically induced (supra)ventricular arrhythmia 
(51). Up to know, a number of six randomized controlled studies, including 689 patients 
have investigated the effect of RDN as adjunctive treatment to pulmonary vein isolation in 
patients with hypertension and symptomatic atrial fibrillation. In a meta-analysis the mean 
odds ratio for atrial fibrillation recurrence for pulmonary vein isolation with RDN compared 
with pulmonary vein isolation alone was 0.43% (95% confidence interval 0.32-0.59) after 1 
year, with also significant blood pressure reduction in the RDN group (52). Clinical evidence 
on RDN and the treatment of ventricular arrhythmias in both ischemic and non-ischemic 
cardiomyopathy is only based on small case series and case reports. Although in all these 
series, RDN seemed to be safe and effective in a selected subset of patients (53–56). 
Patients with heart failure are another group of patients with cardiovascular disease 
characterized by sympathetic overactivity (14,15). RDN in systolic heart failure resulted 
in improved hemodynamics, improved cardiac function and remodeling, increased 
natriuresis, and decreased neurohormonal activation in experimental animal studies (57). 
Up to now, only a few small clinical studies are available and demonstrated improved 
symptoms, exercise capacity, and biochemical and echocardiographic parameters at 
follow-up after RDN in patients with chronic systolic heart failure (58,59). Besides RDN, 
other approaches in treating heart failure through device-based autonomic modulation 
have been investigated, such as spinal cord stimulation, baroreflex activation therapy, 
and vagal nerve stimulation. In non-sham controlled studies these device-based therapies 
showed neutral or beneficial effects on heart failure symptoms (60–64), but advantage 
on cardiovascular mortality or heart failure hospitalizations has not been demonstrated 
yet. So, RDN looks promising in treating heart failure, however it remains to be seen and 
further investigations providing solid evidence are mandatory prerequisites before these 
new modalities can be recommended in the general practice.

Renal nerve stimulation

At the Isala Heart Centre in Zwolle, the RDN procedures are performed by cardiac 
electrophysiologists and these procedures are characterized by using RNS-guided 
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mapping and targeted ablation of the sympathetic nerve fibres. RNS was developed to 
potentially create a functional physiological intermediate endpoint for the RDN procedure. 
In animal models, RNS resulted in increased blood pressure, heart rate, and (nor) 
epinephrine concentrations before RDN. Whereas, after RDN these RNS-induced effects 
were significantly blunted (65–67). It has also been histologically demonstrated that the 
RDN induced suppressed effects on RNS-induced blood pressure increase may be related 
to the severity of tissue injury (68). In 2015, results on safety and proof of principle of the 
use of RNS in humans was reported (38). RNS induced a systolic blood pressure response 
of +43 mmHg before RDN compared to +9 mmHg after RDN. Later, we demonstrated in 14 
patients that the acute RNS-induced blood pressure changes were positively correlated 
with 24-h ambulatory blood pressure decrease at a short-term follow-up compared to 
baseline (69), while the RNS-induced effects in non-denervated accessory arteries were 
both before and after RDN similar (28). Thus, there is proof from small clinical studies with 
short-term follow-up that RNS may be used to localize the optimal denervation points in 
the renal artery, in order to achieve complete denervation and adequate blood pressure 
lowering at follow-up in hypertension patients undergoing RDN.

aim and oUtline

The rationale of RDN remains attractive and reasonable based on the existing historical 
evidence, physiological knowledge and proof from animal models of sympathetic 
modulation. Moreover, since the publication of the first-in-man RDN procedure, the 
technique and patient selection has been improved in various ways as described in the 
general introduction. However, the added clinical value in treating hypertension on 
top of optimal medical therapy in drug-adherent hypertensive patients is disputable 
since it has not yet been proven in large randomized sham-controlled trials, the same 
restraints apply to clinical applications in cardiovascular disease beyond hypertension. 
Moreover, the exact underlying mechanisms of both RDN and RNS are not yet completely 
understood, and regarding RNS only small and short-term effects have been investigated. 
Of note, the latest randomized, sham-controlled SPYRAL HTN studies shined a new 
positive light on RDN as treatment option for hypertension. However, in the latest ESC/
ESH guidelines of arterial hypertension RDN is no longer recommended for the routine 
management of hypertension, and further research is still needed. Figure 2 represents 
a visual overview of the introduction on RDN; statements on existing evidence, topics 
still under debate and the aspects of this thesis are highlighted in the figure. The aim of 
the present thesis is firstly to further elucidate the acute underlying mechanisms of the 
RNS-induced cardiovascular effects during RDN, secondly to investigate the medium-term 
blood pressure lowering effects of RDN, and finally to discuss the future role of RDN in 
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1
cardiovascular disease. The current thesis consists of six chapters which are divided in 
three parts. In part I, including chapter 2 and 3, the acute RNS-induced cardiovascular 
effects underlying RDN are investigated. Previous publications have only reported on 
blood pressure as acute cardiovascular effect of RNS. To further elucidate the underlying 
mechanism and RNS-induced effects both before and after RDN, we investigated the RNS-
induced changes on arterial pressure hemodynamics (chapter 2), and heart rate variability 

(chapter 3). After the acute RNS-induced cardiovascular effects in part I, the medium-term 
blood pressure lowering effects of RDN are described in part II of this thesis. In chapter 4, 
the blood pressure lowering effects of the use of RNS during RDN and its additional value 
for the RDN procedure in patients with treatment resistant hypertension are reported. 
Subsequently, we evaluated if patients with advanced vascular calcification should be 
excluded from RDN in chapter 5. From acute RNS-induced cardiovascular effects (part I), 
to medium-term blood pressure lowering effects (part II), to the final part III of this thesis, 

figure 2 – A visual overview of the brief introduction on RDN organized around four important topics: 
hypertension, procedural aspects, clinical applications beyond hypertension, and RNS. The aspects 
discussed in the articles of this thesis are highlighted in orange. (RDN: renal sympathetic denervation, RNS: 
renal nerve stimulation).
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in which the long-term future perspectives on RDN and RNS in cardiology are described. 
An invited review (chapter 6) discusses the question if RDN is still a treatment option in 
cardiovascular disease and the last chapter 7 could be considered as a concrete step 
towards the future, by presenting the background and rationale of the currently ongoing 
international multicenter ASAF trial in which patients with atrial fibrillation and signs of 
sympathetic overdrive are randomized to pulmonary vein isolation with or without RDN.
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aBstRact

Background: Renal nerve denervation (RDN) is developed as a potential treatment for 
hypertension. Recently, we reported the use of renal nerve stimulation (RNS) to localize 
sympathetic nerve tissue for subsequent selective RDN. The effects of RNS on arterial 
pressure dynamics remain unknown. The current study aimed to describe the acute 
changes in arterial pressure dynamics response to RNS before and after RDN.

methods and results: Twenty six patients with drug-resistant hypertension referred for 
RDN were included. RNS was performed under general anesthesia before and after RDN. 
We continuously monitored heart rate (HR) and invasive femoral blood pressure (BP). 
Augmentation pressure (AP) and index (Aix), pulse pressure (PP), time to reflected wave, 
maximum systolic BP and dicrotic notch were calculated. Systolic and diastolic BP at 
site of maximum response significantly increased in response to RNS (120 ± 16/62 ± 9 to 
150 ± 22/75 ± 15 mmHg) (p < 0.001/< 0.001), whereas after RDN no RNS-induced BP change 
was observed (p > 0.10). RNS increased Aix (29 ± 11 to 32 ± 13%, p = 0.005), PP (59 ± 14 to 
75 ± 17 mmHg, p < 0.001), time to reflected wave (63 ± 18 to 71 ± 25 ms, p = 0.004) and time 
to maximum systolic pressure (167 ± 36 to 181 ± 46 ms, p = 0.004) before RDN, whereas no 
changes were observed after RDN (p > 0.18). All changes were BP dependent. RNS had no 
influence on HR or the time to dicrotic notch (p > 0.12).

conclusion: RNS induces temporary rises in Aix, PP, time to maximum systolic pressure 
and time to reflected wave. These changes are BP dependent and were completely 
blunted after RDN.
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intRodUction

Hypertension is characterized by increased arterial stiffness, dysregulation of the 
autonomic nervous system and is associated with an elevated risk of cardiovascular events 
(1, 2). Previous studies have shown that different antihypertensive drug classes are effective 
in reducing arterial stiffness (2-7). Besides changes in arterial stiffness, dysregulation of 
the autonomic nervous system, particularly imbalance between sympathetic and vagal 
tone, has been implicated in the development of hypertension. In this context, renal nerve 
denervation (RDN) has emerged as a potential therapy for resistant hypertension; its 
rationale originates in denervating the renal sympathetic efferent and afferent coupling 
with the central autonomic nervous system (8). It is thought that by denervating the renal 
arteries, general sympathetic tone is reduced by decreasing norepinephrine spillover and 
muscle-sympathetic nerve activity (8,9). Recently, we reported the feasibility of renal 
nerve stimulation (RNS) to localize sympathetic nerve tissue for subsequent selective 
RDN (10). RNS can potentially be used to map nerve bundles and guide selective ablation 
of sympathetic nerve fibers and on the other hand prevent inadvertent ablation of 
parasympathetic nerve fibers during RDN (11). RNS induces profound rises in arterial 
blood pressure (BP) when sympathetic nerves are stimulated. We have shown that RNS is 
strongly associated with BP changes after RDN (12). The exact influence of RNS on arterial 
blood pressure dynamics remains to be elucidated. Therefore, in this study we aimed 
to describe the acute changes in arterial pressure dynamics and derivatives of arterial 
stiffness, in response to RNS both before and after RDN.

methods

At the Isala Hospital, Zwolle, The Netherlands between May 2013 and October 2016 
RDN was performed with the use of RNS in 41 patients, of which 26 were included for 
further analysis in this study because of available pressure wave form data. All patients 
had drug-resistant hypertension and were referred to RDN. Drug-resistance was defined 
as a baseline office systolic BP ≥ 140 mmHg or diastolic BP ≥ 90 mmHg and 24-h systolic 
ambulatory blood pressure measurements (ABPM) ≥ 130 mmHg or diastolic ABPM ≥ 80 
mmHg despite stable antihypertensive treatment of at least three antihypertensive drugs 
(preferably including a diuretic) for at least 1 month or intolerant for antihypertensive 
drugs. Patients were eligible if they were aged between 18 and 80 years. Patients were 
screened for eligibility for RDN by a multi-disciplinary team, including: cardiologists, 
internists with hypertension subspecialty and a radiologist. Glomerular filtration rate 
had to be > 45 ml/min/1.73 m2 according to the MDRD formula. Patients with secondary 
causes of hypertension, a history of renal artery stenosis or abnormal renal artery 
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anatomy (assessed by CT-angiography), diabetes mellitus type 1, chronic oxygen use, or 
contraindication to anticoagulation therapy or heparin were excluded. Patients enrolled in 
another investigational drug or device study were also excluded. All patients were willing 
and able to comply with the protocol and had provided written informed consent. The 
study was approved by the local medical ethical committee (ABR No. 47172) and was 
conducted according to the declaration of Helsinki.

Procedure

The RDN procedure was performed by experienced cardiac electrophysiologists. All 
patients were under general anesthesia induced by propofol and received intravenous 
opioids (Fentanyl in all of our patients) to ensure effective analgesia. The anesthesia was 
supervised by a cardiac anesthesiologist. Throughout the RDN procedure, no changes were 
made in the use of vasoactive medication and no inotropic medication was necessary. The 
depth of anesthesia was monitored by the bispectral index. Two sheaths were placed in 
the right femoral artery, one for continuous BP measurement and another for catheter 
access. A total of 5000 IU of heparin were administered during the procedure. In addition, 
in patients not previously on acetylsalicylic acid, we administered 500 mg of acetylsalicylic 
acid intravenously. Aorto-renal angiography was performed using a pigtail catheter. Two 
types of catheters were used. Initially, a conventional quadripolar catheter (EP-XT, C. R. 
Bard, Inc., Murray Hill, NJ, USA) was used in combination with the single-electrode ablation 
catheter (Symplicity Flex Renal Denervation Catheter, Medtronic, Minneapolis, MN, USA). 
Later patients were ablated with the multi-electrode basket catheter (EnligHTN, St Jude 
Medical, Saint Paul, MN, USA), enabling bipolar stimulation by delivering electrical pulses 
through the electrodes of this multi-electrode basket catheter, with bipolar stimulation 
from pole 1–2 and 3–4. The first renal artery to undergo RNS was alternated between 
left and right among consecutive patients. RNS was performed at multiple sites with a 
minimum of four sites in each artery, ensuring that different quadrants of the arterial 
circumference were stimulated in proximal and distal areas of the renal artery, in which 
ablations are usually performed. Per renal artery, we structurally stimulated at two sites 
proximally and at two sites distally. Two of the stimulation sites were towards the roof 
of the artery of which one anteriorly and one posteriorly. Two were towards the bottom 
of the artery of which one anteriorly and one posteriorly. With this protocol we tried to 
ensure that different sites within each artery were tested for reaction. Pacing frequency 
was set at 20 Hz, pacing output at 20 mA with a pulse duration of 2 ms, based on earlier 
research (10). Stimulation duration was 60 s, or shorter when systolic BP increased beyond 
180 mmHg. We chose this as a cut-off point as we experienced additional BP rises up to 
> 200 mmHg after stopping stimulation in previous research (10). We waited for the BP to 
return to baseline values before proceeding to a next stimulation site. After RNS in both 
arteries (total of at least eight stimulation sites) a standard RDN procedure was performed. 
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Normally the catheter is designed for ablation only, however, through the ablation 
electrodes stimulation is possible through a standard electrophysiology system (Bard, 
Boston Scientific, Murray Hill, NJ, USA). We therefore, developed in cooperation with our 
electrophysiology laboratory technicians a switch box with connection to radio frequency 
generator for ablation or to the electrophysiology system for stimulation. In each renal 
artery, depending on the renal artery anatomy, 4 up to 28 ablation points were performed 
by subsequent sets of radiofrequency (RF) energy applications. All accessible branches 
were denervated. During RF energy application, tip temperature and impedance were 
monitored. After the RDN procedure RNS was repeated at the site of maximum systolic 
BP response before RDN. Heart rate and BP were continuously invasively monitored by a 
femoral artery line during the RDN procedure, and BP curves were stored.

Arterial pressure dynamics

After the procedure the site of maximum systolic blood pressure response was assessed 
at four moments: (1) before RNS before RDN, (2) after RNS before RDN, (3) before RNS 
after RDN, (4) after RNS after RDN. At each point heart rate, systolic and diastolic blood 
pressure, augmentation pressure, time to reflected wave, time to maximum systolic blood 
pressure, and time to dicrotic notch were assessed from three consecutive pressure wave 
forms. Subsequently, the average of the three wave forms was used for the analysis and 
calculation of the augmentation index (Aix), pulse pressure and mean arterial pressure 
(MAP) (13). As Aix directly increases with MAP (14) and is inversely related to heart rate 
(15,16), arterial pressure indices were corrected for these parameters. In a sample of seven 
patients all outcome variables were tested for inter-observer variability.

Statistical analysis

Statistical analysis was performed using IBM SPSS statistics version 20 (IBM inc., Armon, NY, 
USA). Continuous variables were expressed as mean ± standard deviation (SD) or standard 
error of the mean (SEM) or median with range when appropriate. Categorical variables 
were reported by frequencies and percentages. Variables were tested for normality of 
distribution. For the comparison of normally distributed variables a paired t test was used 
to compare the means before and after RDN, for the non-normally distributed variables 
the non-parametric variant (Wilcoxon signed ranked test) was used. To correct Aix and 
other variables of the pressure waveform for the time varying variables (HR and MAP) a 
repeated measures ANOVA with time-dependent covariate was used (17). In a sample of 
seven patients (27%) the interclass correlation coefficient (ICC) estimates and their 95% 
confident intervals (CI) were calculated based on consistency, two-way mixed effects 
model to describe inter-observer variability (18). A P-value of < 0.05 was considered 
statistically significant.
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ResUlts

Baseline characteristics

Forty-one patients underwent RDN with the use of RNS in the period from May 2013 
and October 2016 at the Isala Hospital. 26 patients were included in the analysis for this 
study; the other 12 patients were excluded because of blunted pressure waves, poor 
quality registration of the arterial pressure wave, or missing pressure wave forms. The 
mean age of the patients was 64 years, 46% of the population was male, mean daytime 
ABPM at baseline was 148 ± 15/83 ± 11 mmHg and patients were using an average of 
four antihypertensive drugs. Further demographic and clinical characteristics, BP 
measurements, and antihypertensive drugs at baseline are presented in Table 1. In the 
first 10 patients the single-electrode ablation catheter (Symplicity Flex Renal Denervation 
Catheter, Medtronic, Minneapolis, MN, USA) was used, in the following 16 patients the 
multi-electrode basket ablation catheter (EnligHTN, St Jude Medical, Saint Paul, MN, USA) 
was used. A median of 10 (range 4–28) RF applications per renal artery was performed. 
Bispectral index did not change during the procedure.

Pressure wave form analysis before and after RDN

Before RDN, systolic and diastolic BP at site of maximum response significantly increased 
in response to RNS (120 ± 16/62 ± 9 to 150 ± 22/75 ± 15 mmHg, p < 0.001/< 0.001). After 
RDN, both systolic and diastolic BP did not change in response to RNS (125 ± 23/61 ± 11 to 
127 ± 22/62 ± 8 mmHg, p = 0.13/0.09). Based on these parameters the pulse pressure also 
significantly increased during RNS before RDN (59 ± 14 to 75 ± 17, p < 0.001), and this effect 
was blunted after RDN (64 ± 19 to 64 ± 17, p = 0.18). RNS-induced a significantly longer time 
to reflection (63 ± 18 to 71 ± 25 ms, p = 0.004) and time to maximum systolic BP (167 ± 36 to 
181 ± 46 ms, p = 0.004) before RDN, whereas after RDN no significant change was observed 
(respectively 63 ± 14 to 64 ± 18 and 157 ± 37 to 160 ± 40 ms, p > 0.45). Time to dicrotic notch 
did not significantly change before (327 ± 40 to 326 ± 40 ms) and after (311 ± 44 to 306 ± 47 
ms) RDN (p > 0.60). Figure 1 presents an example of the described pressure wave form 
changes in a patient undergoing RNS and RDN.
MAP was significantly increased in response to RNS before RDN, from 82 ± 10 to 100 ± 15 
mmHg, p < 0.001. After RDN, the MAP did not significantly change in response RNS (82 ± 13 
to 83 ± 12 mmHg, p = 0.11). The heart rate did not significantly change in response to RNS 
both before and after RNS (51 ± 7 to 52 ± 7/56 ± 11 to 56 ± 11, p > 0.12). RNS-induced before 
RDN a significantly decrease in the sinus cycle length (from 1182 ± 35 ms to 1152, p = 0.05) 
and after RDN the sinus cycle length remained unchanged (1111 ± 47 to 1108 ± 48 ms, 
p = 0.68). The Aix increased significantly from 29 ± 11 to 32 ± 13 before RDN in response 
to RNS. After RDN, RNS-induced no change in Aix (29 ± 11 to 28 ± 11, p = 0.81). Data are 
presented in Table 2 and Fig. 2.
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table 1. Baseline characteristics

characteristics all patients (n = 26)

Age (years) 63.7±9.1

Sex (male) 12 (46%)

Body-mass index (kg/m2) 28.6±3.4

Current smokers 0 (0%)

Medical history

Hypercholesterolemia 16 (62%)

Type 2 diabetes mellitus 26 (23%)

Coronary heart disease 5 (19%)

Atrial fibrillation 7 (27%)

Number of antihypertensive medications 4±1

Type of antihypertensive medication

Diuretic 16 (62%)

Aldosterone receptor blocker 5 (20%)

Beta-blocker 16 (62%)

Calcium channel blocker 17 (65%)

ACE- inhibitor 9 (35%)

Angiotensin receptor blocker 15 (58%)

Aliskiren 1 (4%)

Centrally acting α2-sympatholytics 2 (8%)

Α1-receptor blockers 8 (31%)

eGFR (ml/min/1.73m2) 87 [44 – 150]

Ambulatory BP (mm Hg)

24 – hours systolic 147±15

24 – hours diastolic 82±11

Daytime systolic 148±15

Daytime diastolic 83±11

Night-time systolic 132±15

Night-time diastolic 72±12

Office BP (mm Hg)

Systolic 171±23

Diastolic 96±14

Heart rate (bpm) 65±10

ACE angiotensin-converting enzyme; eGFR: estimated glomerular filtration rate according to the 
Cockcroft-Gault formula; BP, blood pressure; bpm: beats per minute. Data are presented as number of 
patients (percentage) or mean ± SD, or range where appropriate.
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Pressure wave form analysis before and after RDN corrected for MAP and heart rate

The heart rate did not significantly change in response to RDN both before and after RDN 
(51 ± 7 to 52 ± 7/56 ± 11 to 56 ± 11, p > 0.12). When corrected for MAP, RNS-induced changes 
in pulse pressure (66 ± 3 to 68 ± 3 mmHg), time to reflected wave (67 ± 4 to 66 ± 5 ms), time 
to maximum systolic BP (176 ± 7 to 171 ± 8 ms), time to dicrotic notch (325 ± 8 to 331 ± 9 ms) 
and Aix (29 ± 2 to 31 ± 3%) were no longer significant (p > 0.43) (Table 3), indicating a BP-
dependent change. After RDN, none of the parameters changed significantly in accordance 
with the non-corrected data (p > 0.41).

figure 1. Example of described pressure wave form changes in a patient undergoing RNS and RDN

table 2. Pressure wave form analysis

Variables

Before Rdn after Rdn

Before RNS After RNS p-value Before RNS After RNS p-value

SBP (mmHg) 120±16 150±22 <0.001 125±23 127±22 0.13

DBP (mmHg) 61±9 75±15 <0.001 61±11 62±8 0.09

PP 59±14 75±17 <0.001 64±19 64±17 0.18

Time to reflected wave (ms) 63±18 71±25 0.004 63±14 64±18 0.89

Time to maximum SBP (ms) 167±36 181±46 0.004 157±37 160±40 0.45

Time to dicrotic notch (ms) 327±40 326±41 0.60 311±44 306±47 0.86

AP (mmHg) 16±7 24±13 <0.001 20±12 19±10 0.47

Aix (%) 29±11 32±13 0.005 29±11 28±11 0.81

MAP (mmHg) 82±10 100±15 <0.001 82±13 83±12 0.11

HR (bpm) 51±7 52±7 0.12 56±11 56±11 0.39

Sinus cycle length (ms) 1182±35 1155±36 0.05 1111±47 1108±48 0.68

SBP: systolic blood pressure; DBP: diastolic blood pressure; PP: pulse pressure; AP: augmentation pressure; 
Aix: augmentation index; MAP: mean arterial pressure; HR: heart rate. Data are presented as estimated mean 
and standard error.
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Inter-observer variability

The ICC and CI are presented in Table 4. For all parameters the ICC indicates a good 
reliability with an ICC > 0.92 and CI between 0.63 and 1.0.

discUssion

In this study we observed changes in femoral arterial pressure characteristics in response 
to RNS before and after RDN in patients with drug-refractory hypertension. RNS before 
RDN resulted in a higher systolic and diastolic BP, pulse pressure, MAP, Aix and longer time 
to reflected wave and time to maximum systolic BP compared to RNS-induced effects after 
RDN. No influence on heart rate and time to dicrotic notch was observed. RNS-induced 
changes were BP dependent. All effects were blunted after RDN.

figure 2. Aix response to RNS both before and after RDN. The Aix increased significantly from 29 ± 11 (1) to 
32 ± 13 (2) before RDN in response to RNS (p = 0.005). After RDN, during RNS no significant change in Aix was 
observed; 29 ± 11 (3) to 28 ± 11 (4), p = 0.81.

table 3. Pressure wave form analysis corrected for mean arterial pressure

Variables

Before Rdn after Rdn

Before RNS After RNS p-value Before RNS After RNS p-value

PP 66±3 68±3 0.46 64±3 64±3 0.58

Time to reflected wave (ms) 67±4 66±5 0.91 63±3 64±3 0.56

Time to maximum SBP (ms) 176±7 171±8 0.47 157±7 160±7 0.41

Time to dicrotic notch (ms) 325±8 331±9 0.46 310±8 308±9 0.56

Aix (%) 29±2 31±3 0.43 29±2 27±2 0.61

Data are presented as estimated mean and standard error. SBP: systolic blood pressure; DBP: diastolic blood 
pressure; PP: pulse pressure; AP: augmentation pressure; Aix: augmentation index; MAP: mean arterial 
pressure; HR: heart rate.
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Chinushi et al. reported in dogs the use of RNS before and after RDN. Electrical stimulation 
of the renal arterial autonomic nerves increased BP most likely via increased central 
sympathetic nervous activity, in this study measured by increased serum catecholamines 
and changes in heart rate variability. After RDN, RNS-induced BP rise was attenuated when 
the ablated artery was stimulated (19). The magnitude of the reduction was shown to be 
related to the severity of tissue injury measured by histological study of the arterial wall 
(20). Lu et al. assessed in a canine model the efficacy of RNS-guided RDN and showed that 
RNS-guided targeted ablation can achieve apparent BP reduction (21).

To our knowledge, we were the first assessing the feasibility of RNS in humans with drug-
resistant hypertension, undergoing RDN. We showed a significant temporary rise in BP 
due to RNS, and a large reduction of RNS-induced BP rise after RDN (10). Furthermore, we 
reported earlier that the magnitude of reduction of RNS-induced BP changes after RDN 
were strongly associated with reductions of BP measured with 24-h ABPM during follow-
up after RDN (12). On top of that, we recently reported on the different patterns of BP and 
HR responses elicited by RNS prior to RDN. Most RNS sites (62%) showed a BP increase 
(> 10 mmHg) in response to RNS; however, also a part (respectively 30 and 4.5%) showed 
indifference (≤ 10 mmHg) or vagal response to RNS. So, RNS can potentially be used to 
identify sympathetic and parasympathetic nerve tissue in the renal arteries (11).

The underlying pathophysiological mechanism of RNS and the effects on arterial blood 
pressure dynamics remain to be elucidated. In our present report, we again proved that 
acute rises in BP, without a rise in heart rate, can be induced by high frequency stimulation 
through the renal arteries. We observed a marked increase in pulse pressure, the time to 

table 4. Intercorrelation coefficient (ICC) and 95% confidence intervals, n = 7

Variables Before Rdn after Rdn

Before RNS After RNS Before RNS After RNS

SBP 1.0 
(1.0 – 1.0)

1.0 
(0.99 – 1.0)

0.99 
(0.99 – 1.0)

0.99 
(0.99 – 1.0)

DBP 0.99 
(0.99 – 1.0)

0.99 
(0.99 – 1.0)

0.98 
(0.82 – 1.0)

0.98 
(0.98 – 1.0)

Time to reflected wave 0.92 
(0.63 – 0.99)

0.95 
(0.72 – 0.99)

0.97 
(0.78 – 0.99)

0.96 
(0.70 – 0.99)

Time to maximum SBP 0.98
 (0.91 – 0.99)

0.99 
(0.96– 0.99)

0.99 
(0.97 – 1.0)

0.99 
(0.98 – 1.0)

Time to dicrotic notch 0.97 
(0.80 – 0.99)

0.95 
(0.73 – 0.99)

0.97 
(0.75 – 0.99)

0.96 
(0.70 – 0.99)
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maximum BP and time to reflected wave, whereas the time to dicrotic notch remained 
similar. Furthermore, the Aix was significantly increased by RNS before RDN.

A longer ejection period, probably accompanied by a rise in left ventricular ejection fraction 
(LVEF), could lead to an increased time to maximum systolic BP. However, physiological 
rises in LVEF alone are by no means explanatory for the magnitude of the observed RNS-
induced BP rises. As MAP is a product of heart rate, stroke volume and systemic vascular 
resistance, due to RNS additional increases in systemic vascular resistance should have 
occurred since heart rate was similar before and after RNS. Systemic vascular resistance 
changes due to vasoconstriction and vasodilation or due to alterations in the intrinsic 
vessel wall characteristics. As the intensity of reflection is correlated with systemic 
vascular resistance (22,23), and in our study the increase in the time to reflected wave was 
BP dependent, this was most probably caused by vasoconstriction in response to RNS, 
and not due to acute changes in intrinsic vessel wall characteristics. (Sub)Acute changes in 
intrinsic vessel wall characteristics are possible, and were induced by different classes of 
intravenous beta-blockers in previous studies (24-26). As changes in nitric oxide synthesis 
can produce these (sub)acute changes, remodeling of the vessel wall is a process of longer 
duration, and is induced by changes in matrix metalloproteinase levels (27,28). Future 
study is warranted to measure the exact changes in stroke volume, LVEF and systemic 
vascular resistance, to give more insight into the pathophysiological mechanism of RNS 
and RDN. Subsequently, aiming to create a definite end point for the RDN procedure and 
hereby improving clinical results after RDN.

Limitations of our study are the single-center design and limited number of patients, partly 
due to lacking or poor quality registrations of pressure wave form data. It is known that 
drug non-adherence is a major issue in patients with treatment-resistant hypertension 
(29). Although our patients were treated by dedicated internists with hypertension 
subspecialty, we did not systematically assess drug adherence which is a limitation of the 
study. Another limitation is the potential selection bias due to exclusion of 12 RNS patients 
because of blunted pressure waves, poor quality registration of the arterial pressure wave, 
or missing pressure wave forms. However, from our previous research we know that only 
two patients (who finally did not underwent RDN) showed a vagal response to RNS at all 
stimulated sites. All other patients exhibited an increase in BP in response to RNS (11). 
Ongoing research will focus on whether an RNS-guided RDN procedure will result in better 
BP control compared to a RNS-checked procedure; in the RNS-checked approach RNS 
will only serve as a check and will not change the amount of ablation points while in the 
RNS-guided approach, ablation will be performed only when RNS results in an increase 
in BP. Strong aspect, however, is the rigorous and standardized protocol used for the 
RNS and RDN procedure which were performed by experienced electrophysiologists. All 
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procedures were supervised by a cardiac anesthesiologist, patients were under general 
anesthesia and no changes in vasoactive medication were made. During the procedure 
bispectral index, to monitor the depth of anesthesia, remained stable. Furthermore, the 
inter-observer reliability of a sample of the pressure wave form analysis was assessed and 
good, supporting the reliability of the analysis of the entire study population.

conclUsion

Our study provides, to our knowledge, for the first time some insight into the 
pathophysiological mechanism of RNS. We showed that RNS-induced BP dependent 
changes in arterial hemodynamics, probably reflecting changes in ventricular ejection 
period and arteriolar tone, and not intrinsic alterations in arterial stiffness. All effects were 
blunted after RDN. In the future RNS can potentially identify to locate sympathetic and 
parasympathetic nerve fibers and serve as a procedural end point for the RDN procedure. 
Future study is warranted to give more insight in the pathophysiological mechanism of 
RNS and RDN, subsequently aiming to create a definite end point for the RDN procedure 
and hereby improving clinical results after RDN.
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aBstRact

Background: Renal nerve stimulation (RNS) is used to localize sympathetic nerve tissue for 
selective renal nerve sympathetic denervation (RDN). Examination of heart rate variability 
(HRV) provides a way to assess the state of the autonomic nervous system. The current 
study aimed to examine the acute changes in HRV caused by RNS before and after RDN.

methods and results: 30 patients with hypertension referred for RDN were included. RNS 
was performed under general anesthesia before and after RDN. Heart rate (HR) and blood 
pressure (BP) were continuously monitored. HRV characteristics were assessed 1 min 
before and after RNS and RDN. RNS before RDN elicited a maximum increase in systolic BP 
of 45 (± 22) mmHg which was attenuated to 13 (± 12) mmHg (p < 0.001) after RDN. RNS before 
RDN decreased the sinus cycle length from 1210 (± 201) ms to 1170 (± 203) ms (p = 0.03), after 
RDN this effect was blunted (p = 0.59). The LF/HF ratio in response to RNS changed from 
∆ + 0.448 (± 0.550) before RDN to ∆ − 0.656 (± 0.252) after RDN (p = 0.02). Selecting patients 
off beta-blockade (n = 11), the RNS-induced changes in HRV components before versus 
after RDN were more pronounced (LF/HF ratio ∆ + 0.900 ± 1.171 versus ∆ − 0.828 ± 0.519, 
p = 0.01), whereas changes in HRV parameters in patients on beta-blockade (n = 19) were 
no longer significant. In patients with diabetes mellitus (n = 7), RNS induced no changes in 
HRV parameters (LF/HF ratio ∆ − 0.039 ± 0.103 versus ∆ − 0.460 ± 0.491, p = 0.92).

conclusion: RNS induces changes in HRV suggesting increased sympathetic activity. 
Conversely, after RDN, the RNS-induced changes in HRV suggesting a lower sympathetic 
autonomic balance. These changes were most pronounced in beta-blocker naïve patients 
and not present in patients with diabetes mellitus. These findings could support RNS-
guided RDN to optimize results.
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intRodUction

Dysregulation of the autonomic nervous system, particularly imbalance between 
sympathetic and vagal tone, has been implicated in the development of hypertension. In 
this context, renal sympathetic denervation (RDN) has emerged as a potential treatment 
for resistant hypertension (1-3). By denervating the renal arteries, general sympathetic 
tone is reduced by decreased norepinephrine spillover and muscle-sympathetic nerve 
activity (1,4). The efficacy of RDN remains a topic of debate after the Symplicity HTN-3 
trial, in which RDN did not meet its primary efficacy endpoint (2). Issues such as the lack 
of a procedural endpoint for denervation were pointed out as a potential reason for this 
(5). Recently, we reported the use of renal nerve stimulation (RNS) to localize sympathetic 
nerve tissue for selective RDN and demonstrated that RNS-induced BP changes were 
strongly correlated with clinical outcome 3–6 months after RDN (6,7). Analysis of heart rate 
variability (HRV) has been widely used as a non-invasive assessment tool for autonomic 
nervous system function (8,9). Hypertension is associated with a higher autonomic 
sympathetic tone (10-13), and decreased HRV is a predictor of all-cause cardiac mortality 
(14-19). The acute effects of RNS and RDN on HRV remain to be elucidated. Therefore, in 
our present study, we aimed to describe the acute changes in HRV caused by RNS both 
before and after RDN.

methods

All patients undergoing RNS-guided RDN in the Isala Hospital in the Netherlands, between 
May 2013 and October 2016 were analyzed. The indication for RDN was drug-resistant 
hypertension. Patients were eligible if they were aged between 18 and 80 years, had a 
baseline office systolic blood pressure (SBP) ≥ 140 mmHg or diastolic blood pressure 
(DBP) ≥ 90 mmHg and a mean SBP ≥ 130 mmHg or DBP ≥ 80 mmHg on 24-h ambulatory 
blood pressure measurements (ABPM), despite stable antihypertensive treatment 
with at least three antihypertensive drugs (preferably including a diuretic) for at least 1 
month or intolerant for antihypertensive drugs. Patients were screened for eligibility for 
RDN by a multi-disciplinary team, including cardiologists, internists with hypertension 
subspeciality, and a radiologist. Glomerular filtration rate had to be > 45 mL/min/1.73 m2 
according to the MDRD formula. Patients with secondary causes of hypertension, a history 
of renal artery stenosis or abnormal renal artery anatomy (assessed by CT-angiography), 
diabetes mellitus type 1, chronic oxygen use, or contraindication to anticoagulation 
therapy or heparin were excluded. Atrial fibrillation (AF) or frequent premature ventricular 
or atrial beats during the procedure was an exclusion criterion as well, because HRV cannot 
be reliably assessed during arrhythmias. Insufficient quality of the arterial BP curves was 
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an exclusion criterion for the analysis. Patients enrolled in another investigational drug 
or device study were also excluded. All patients were willing and able to comply with the 
protocol and had provided written informed consent. The study was approved by the 
local medical ethical committee (ABR number 47172) and was conducted according to the 
Declaration of Helsinki.

Procedure

The procedure was performed by experienced cardiac electrophysiologists. All patients 
were under general anesthesia, induced by propofol and the procedure was supervised 
by a cardiac anesthesiologist. Throughout the RDN procedure, no changes were made in 
the use of vasoactive medication and no use of inotropic medication was necessary. Two 
sheaths were placed in the right femoral artery, one for continuous BP measurement and 
another for catheter access. A total of 5000 IU of heparin were administered during the 
procedure. In addition, in patients not previously on acetylsalicylic acid, we administered 
500 mg of acetylsalicylic acid intravenously. The RNS protocol has been described in 
detail previously (6). Aorto-renal angiography was performed using a pigtail catheter. 
Two types of catheters were used. Initially, a conventional quadripolar catheter (EP-XT, 
C.R. Bard, Inc., Murray Hill, NJ, USA) was used in combination with the single-electrode 
ablation catheter (Symplicity Flex Renal Denervation Catheter, Medtronic, Minneapolis, 
MN, USA). Subsequently, patients were ablated with the multi-electrode basket ablation 
catheter (EnligHTN, St Jude Medical, Saint Paul, MN, USA), enabling both ablation and 
high-frequency stimulation by delivering electrical pulses through the electrodes of 
this multi-electrode basket catheter, with bipolar stimulation from electrodes 1–2 and 
3–4. For a more detailed description of the RNS procedure, we refer to our previous 
report, elaborating in detail on pacing and output settings (6). The use of two different 
catheter types can potentially introduce bias, so we compared the RNS-induced BP and 
HR increases for both groups. After RNS-guided mapping was performed in both arteries 
(total of at least eight stimulation sites), a standard RDN procedure was performed. In 
each renal artery, depending on the renal artery anatomy, 4–28 ablation points were 
delivered by subsequent sets of RF energy applications. All side branches were denervated 
if diameters allowed catheter passage. During radiofrequency (RF) energy application, 
tip temperature and impedance were monitored. Heart rate (HR) and blood pressure 
(BP) were continuously monitored (LabSystem Pro, Bard, USA) during RNS and the RDN 
procedure by a femoral artery line.

HRV analysis

HRV frequency domains were assessed 1 min before and after RNS both before and after 
RDN using the Kubios HRV 2.2 Software. The software used the fast Fourier transform to 
calculate the frequency domains. The total power was calculated by the sum of the very 



45

Renal sympathetic denervation and changes in heart rate variability

3

low-frequency (VLF), low-frequency (LF), and high-frequency (HF) components. The LF 
component was defined as frequency ranging from 0.04 to 0.15 Hz and the HF component 
ranging from 0.15 to 0.4 Hz. The VLF component will not be described as short-term 
recordings (≤ 5 min) that do not reliably reflect this component of HRV caused by changes 
in sympathetic tone [9]. The mean RR interval (ms) and its total variance of power (ms2) 
were calculated. The LF and HF powers were expressed in both absolute units (ms2) and 
normalized units (n.u.) (%). Normalized or relative LF and HF power is the absolute power 
divided by the partial power as defined as the power between 0.04 and 0.5 Hz. In addition, 
the LF:HF power content ratio was calculated. Since beta-blocker use affects the HRV, 
baseline and HRV data are presented for the entire group and separately for the patients 
with and without the use of beta-blockers (20,21). HRV was also separately assessed in 
patients with and without diabetes mellitus, since we know that diabetes mellitus type 
2 is associated with an overall decrease in the HRV caused by altered autonomic balance 
due to neuropathy (22).

Statistical analysis

Statistical analysis was performed using IBM SPSS statistics version 20 (IBM inc., Armon, NY, 
USA). Continuous variables were expressed as mean ± standard deviation (SD) or standard 
error of the mean (SEM) or median with range when appropriate. Categorical variables 
were reported by frequencies and percentages. Variables were tested for normality of 
distribution. For the comparison of normally distributed variables, a paired t test was used 
to compare the means before and after RDN, for the non-normally distributed variables 
the non-parametric variant (Wilcoxon signed ranked test) was used. A p value of ≤ 0.05 was 
considered statistically significant.

ResUlts

42 patients underwent RDN with the use of RNS in the period from May 2013 to October 
2016. 30 patients were included in the analysis for this study; the other 12 patients were 
excluded because of non-analyzability of the acute HR data (n = 9) or presence of AF (n = 3). 
Mean age was 63 (± 7) years and half of the population was male. Mean ABPM at baseline 
was 145 (± 12)/82 (± 13) mmHg and patients were using an average of four antihypertensive 
drugs. Further demographic and clinical characteristics, BP measurements, renal artery 
anatomy, and antihypertensive drugs at baseline are presented in Table 1. Eight patients 
had a history of AF but no anti-arrhythmic drugs were used; patients were only using 
beta-blockers. The baseline characteristics of the patients on (n = 19) and off (n = 11) beta-
blockade are separately presented in Table 1. Patients using beta-blockers had more often 
a medical history of hypercholesterolemia (79 versus 36%, p = 0.02) and were using the 
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table 1. Baseline characteristics

characteristics all patients
(n = 30)

on beta-blockade
(n = 19)

off beta-blockade
(n = 11)

Age (years) 63 ± 7 62 ± 10 64 ± 6

Sex (male) 15 (50%) 12 (63%) 8 (73%)

Body-mass index (kg/m2) 29.1 ± 4.3 29.5 ± 5 28.4 ± 3

Current smokers 1 (3%) 1 (5%) 0 (0%)

Medical history

Hypercholesterolemia* 19 (63%) 15 (79%) 4 (36%)

Type 2 diabetes mellitus 7 (23%) 6 (32%) 1 (9%)

Coronary heart disease 5 (17%) 5 (26%) 0 (0%)

Atrial fibrillation 8 (26.7%) 5 (26%) 3 (27%)

Number of antihypertensive medications 4 ± 1 4 ± 1 4 ± 2

Type of antihypertensive medication

Diuretic 19 (63%) 11 (58%) 8 (73%)

Aldosterone receptor blocker 4 (13%) 2 (11%) 2 (18%)

Beta-blocker* 21 (70%) 19 (100%) 3 (27%)

Calcium channel blocker* 20 (67%) 10 (53%) 10 (90%)

ACE- inhibitor 10 (33%) 6 (32%) 4 (36%)

Angiotensin receptor blocker 18 (60%) 11 (58%) 7 (64%)

Aliskiren 1 (3%) 1 (5%) 0 (0%)

Centrally acting α2-sympatholytics 1 (3%) 1 (5%) 0 (0%)

Α1-receptor blockers 10 (33%) 5 (26%) 5 (45%)

eGFR (ml/min/1,73m2) 91 [44 – 113] 93 [44 – 214] 90 [63 – 112]

Ambulatory BP (mm Hg)

24 – hours systolic 145 ± 13 144 ± 13 148 ± 13

24 – hours diastolic 82 ± 12 79 ± 12 87 ± 10

Daytime systolic 146 ± 13 145 ± 14 148 ± 11

Daytime diastolic 83 ± 11 81 ± 11 87 ± 11

Night-time systolic 132 ± 14 132 ± 15 131 ± 12

Night-time diastolic 72 ± 13 69 ± 12 78 ± 11

Office BP (mm Hg)

Systolic 168 ± 23 165 ± 22 172 ± 26

Diastolic 95 ± 15 91 ± 16 102 ± 11

Heart rate (bpm) 66 ± 11 64 ± 12 68 ± 7

Abbreviations: ACE, angiotensin-converting enzyme; BP, blood pressure. eGFR estimated glomerular 
filtration rate calculated by using the Cockcroft Gault formula. Data are presented as number of 
patients (percentage) or mean ± SD, or range where appropriate. * Significantly different P<0.05 in the 
group on versus off beta-blockade
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same number of antihypertensives. Both the office and ambulatory BP measurements at 
baseline did not significantly differ between the groups on and off beta-blockers. In the 
first ten patients, the single-electrode ablation catheter (Symplicity Flex Renal Denervation 
Catheter, Medtronic, Minneapolis, MN, USA) was used; in the following 20 patients, the 
multi-electrode basket ablation catheter (EnligHTN, St Jude Medical, Saint Paul, MN, USA) 
was used. A median of ten (4–28) RF applications per renal artery was performed.

Blood pressure and heart rate response to RNS

The mean BP response to RNS at the site of maximum response was + 45 (± 22)/25 
(± 12) mmHg before RDN, compared with + 12 (± 13)/7 (± 7) mmHg (p < 0.001) after RDN, 
as presented in Fig. 1. In the first ten patients, the single-electrode ablation catheter 
(Symplicity Flex Renal Denervation Catheter, Medtronic, Minneapolis, MN, USA) was 
used, and these patients had a RNS-induced BP increase of 50.2 ± 14 mmHg before RDN 
and 12.1 ± 14.7 mmHg after RDN. In the following 20 patients, the multi-electrode basket 
ablation catheter (EnligHTN, St Jude Medical, Saint Paul, MN, USA) was used, and these 
patients had a RNS-induced 44.0 ± 26 before RDN and 12.6 ± 11.6 mmHg after RDN. 
These effects were not statistically different, with before and after RDN with a p value of, 
respectively, 0.48 and 0.93. The sinus cycle length decreased significantly from 1210 (± 201) 
ms to 1170 (± 203) ms in response to RNS before RDN (p = 0.03). After RDN, RNS induced no 
significant change in the sinus cycle length (991 ± 590 versus 986 ± 588 ms, p = 0.58).

figure 1. RNS-induced SBP increase at site of maximum response before RDN (∆ + 45 (± 22) mmHg) and 
after RDN (∆ + 12 (± 13) mmHg), p < 0.001.
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HRV responses to RNS in the entire study population

Frequency domain measurements of HRV are presented in Table 2, respectively, before and after 
RNS before RDN and after RDN. The total powers are listed in Table 2 and their corresponding 
LF and HF components have been calculated and are displayed in Figures 2 and 3. Before RDN, 
RNS did not affect the LF component (from 0.421 ± 0.043 to 0.437 ± 0.037 Hz, p = 0.59) and the HF 
component (from 0.580 ± 0.043 to 0.563 ± 0.038 Hz, p = 0.59). The LF/HF ratio was not significantly 
affected due to RNS before RDN (from 1.142 ± 0.213 to 1.590 ± 0.547, p = 0.704). After RDN, RNS 
induced a significant increase in HF component (from 0.522 ± 0.048 to 0.602 ± 0.041, p = 0.02), 
and a significant decrease in LF component (from 0.478 ± 0.048 to 0.398 ± 0.041, p = 0.02). The 
RNS-induced LF/HF ratio was significantly reduced (1.607 ± 0.364 to 0.945 ± 0.174, p = 0.01). To 
compare the RNS-induced HRV changes before and after RDN, we used the delta before versus 
delta after. The RNS-induced change in LF component was ∆ + 0.017 (± 0.044) Hz prior to RDN 
compared to ∆ − 0.080 (± 0.031) Hz after RDN (p = 0.03). RNS-induced change in HF component 
was ∆ − 0.017 (± 0.044) Hz before RDN compared to ∆ + 0.080 (± 0.031) Hz after RDN (p = 0.03) (see 
Fig. 2). Furthermore, the mean LF/HF ratio response to RNS also significantly changed from 
∆ + 0.448 (± 0.550) before RDN, compared to ∆ – 0.656 (± 0.252) after RDN (p = 0.02) (Fig. 3).

table 2. HRV frequency domain measurements before and after RNS both before and after RDN.

Variables

Before Rdn after Rdn

Before RNS After RNS Before RNS After RNS

RR-interval (ms) 1210 ± 201 1170 ± 203* 991 ± 590 986 ± 588

Ln Total power (ms2) 8.9 ± 2.3 8.6 ± 2.3 8.7 ± 2.4 7.8 ± 2.2

Ln LF power (ms2) 6.9 ± 1.4 7.3 ± 1.5 8.0 ± 1.8 6.0 ± 1.4

Ln HF power (ms2) 8.5 ± 1.8 8.1 ± 1.7 8.3 ± 1.8 7.5 ± 1.7

LF power (n.u.) 0.42 ± 0.04 0.44 ± 0.04 0.48 ± 0.05 0.43 ± 0.04*

HF power (n.u.) 0.57 ± 0.04 0.56 ± 0.04 0.52 ± 0.05 0.57 ± 0.04*

LF/HF-ratio (%) 1.14 ± 0.21 1.59 ± 0.55 1.67 ± 0.39 1.04 ± 0.19*

*Significantly different (p < 0.05) before versus after RNS. Data are represented as a mean and standard 
deviation for heart rate, and as ln of the mean and standard errors of the mean for other variables.
LF: low frequency, HF: high frequency, n.u: normalized unites

figure 2. RNS-induced change in LF and HF component before and after RDN.
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HRV responses to RNS in patients with or without beta-blockers

Nineteen patients were using beta-blockers during the RNS/RDN procedure and eleven 
patients were beta-blocker naïve. In the patients without beta-blocker use (n = 11), the 
RNS-induced change in LF component was significantly different before versus after 
RDN (∆ + 0.055 ± 0.056 versus ∆ − 0.090 ± 0.053 Hz, p = 0.02), as well as the HF component 
(∆ − 0.055 ± 0.056 versus ∆ + 0.090 ± 0.053 Hz, p = 0.02) and the LF/HF ratio (∆ + 0.900 ± 1.171 
versus ∆ − 0.828 ± 0.519, p = 0.01). In the patients using a beta-blocker (n = 19), the RNS-
induced change in LF component did not differ before versus after RDN (∆ − 0.056 ± 0.063 
versus ∆ − 0.074 ± 0.038 Hz, p = 0.38), as well as the HF component (∆ + 0.056 ± 0.063 versus 
∆ + 0.074 ± 0.038 Hz, p = 0.38) and the LF/HF ratio (∆ + 0.186 ± 0.565 versus ∆ − 0.538 ± 0.245, 
p = 0.38). See Fig. 4.

HRV responses to RNS in patients with and without diabetes mellitus

Seven in the total 30 patients had diabetes mellitus. In the patients without diabetes 
mellitus (n = 23), the RNS-induced change in LF component was significantly different 
before versus after RDN (∆ + 0.034 ± 0.049 versus ∆ − 0.100 ± 0.031 Hz, p = 0.01), as well as 
the HF component (∆ − 0.034 ± 0.049 versus ∆ + 0.100 ± 0.031 Hz, p = 0.01) and the LF/HF 
ratio (∆ + 0.678 ± 0.708 versus ∆ − 0.712 ± 0.297, p = 0.01). In the patients with diabetes 
mellitus (n = 7), the RNS-induced change in LF component did not differ before versus after 
RDN (∆ − 0.039 ± 0.104 versus ∆ − 0.009 ± 0.085 Hz, p = 0.47), as well as the HF component 
(∆ + 0.039 ± 0.104 versus ∆ + 0.009 ± 0.085 Hz, p = 0.47) and the LF/HF ratio (∆ − 0.039 ± 0.103 
versus ∆ − 0.460 ± 0.491, p = 0.92).

figure 3. RNS-induced change in the LF/HF ratio before and after RDN, presented as mean and SD. The mean 
LF/HF ratio response to RNS was + 0.45 (± 3.0) before RDN, compared to − 0.66 (± 1.3) after RDN (p = 0.021).
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discUssion

The current study investigated the effect of RNS on HRV, both before and after RDN. 
RNS induced changes in HRV suggesting an increased sympathetic tone before RDN. 
Conversely, after RDN, the RNS-induced changes in HRV suggesting a lower sympathetic 
autonomic balance. These changes were most pronounced in beta-blocker naïve patients. 
These findings could support RNS-guided RDN to optimize results.

The aim of the present study was to look for additional evidence supporting the role of 
RNS and RDN in diminishing sympathetic overdrive. To our knowledge, we are the first 
reporting about RNS-induced changes in HRV. Previous studies have only investigated the 
effects of RDN on HRV, such as the study of Verloop et al. who described the effects of RDN 
in a drug-naïve population with metabolic syndrome, and have used HRV as secondary 
end point as measurement of sympathetic activity. They showed in 26 patients at 12 
months after treatment that there was no significant difference in HRV measurements. 
However, we believe this study is completely different compared to the study of Verloop et 
al., since we are using RNS as procedural end point of the RDN procedure (23).

First of all, in accordance with our previous studies (6,7, 24), we showed a marked effect 
of RNS on BP and this BP effect was blunted after RDN (Fig. 1). Second, in addition to 

figure 4. RNS-induced change in the LF and HF components before versus after RDN in patients with the 
use and without the use of beta-blockers.
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these large RNS-induced BP effects, we showed a moderate, although significant effect 
on sinus cycle length and this effect was also blunted after RDN. Third, before RDN no 
significant changes due to RNS in HRV components were observed. However, after RDN 
the LF/HF ratio decreased significantly due to a decrease in the LF component and an 
increase in the HF component reflecting a change in the sympathovagal balance toward 
a higher parasympathetic tone after RDN. Also the change in HRV components (LF, HF, 
and LF/HF ratio) before RDN was significantly different versus after RDN; showing before 
RDN a more sympathetic drive and after RDN a more parasympathetic drive (Figs. 2, 3). 
Finally, patients using beta-blockers during the procedure showed no significant changes 
in any of the parameters measuring the difference in HRV before versus after RDN, while 
in the group of patients off beta-blockade the described significant RNS-induced changes 
in HRV components before versus after RDN were still present consistent with the entire 
population albeit more pronounced (Fig. 4). Also patients with diabetes mellitus showed 
no significant RNS-induced changes in HRV components before versus after RDN.

Changes in sinus rate are controlled by the autonomic nervous system and there is a linear 
relationship between HR and the vagal or sympathetic tone within the physiological range 
of beat to beat sinus rate variations (25). HRV analysis has been used as a non-invasive 
tool to study these changes in sympathetic and vagal tone, as a reflection of alterations of 
both limbs in the autonomic nervous system (9). Among the components of HRV, the LF 
component of HRV is widely recognized to reflect a mixture of both the sympathetic and 
parasympathetic tone, whereas HF component is linked to vagal mediation of HRV and 
the LF/HF ratio is recognized as an index of sympathovagal balance (26). Changes in HRV 
depend on the level and sort of sympathetic and vagal stimuli. The onset of alterations 
in HR elicited by vagal nerve activity is relatively fast, whereas time delay is much longer 
between onset of increased sympathetic neural activity and subsequent changes in HR 
(27,28). These differences are secondary to differences in conduction time of the nerve 
fibers, synaptic cleft properties, receptor kinetics, and post receptor intracellular signaling 
pathways. Of note, the magnitude of sympathetic stimulation plays an important role in 
HRV. Mild enhancement of sympathetic tone is associated with an increase of HRV indices. 
However, if the sympathetic stimulation is intense or prolonged, an overall decrease in 
HRV without correlation with the reduction in sympathetic activity would be seen (29).
In our study, the described BP changing effects of RNS are much more pronounced 
compared to the alterations in HR. The sympatho-excitatory renal afferent reflex most likely 
causes the rise in BP induced by electrical stimulation, because the rise in BP was observed 
15–30 s after starting electrical stimulation which is comparable with effects induced by 
an enhanced sympathetic nervous activity through stellate ganglion stimulation in canine 
studies as reported previously. Given the above described pathophysiology, we believe 
that the acute RNS-induced HR oscillations are most likely derived from a combination of 
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afferent renal sympathetic nerve signaling enhancing the central sympathetic tone and 
baroreflex, vagally mediated response to changes in BP. As the onset of HR response due to 
increased sympathetic activity is associated with a long time constant and we only present 
the acute RNS-induced changes. Of note, a limitation of our study is that HRV has only 
been assessed 1 min before and after both before and after RDN. Nonetheless, the analysis 
of the different HRV components supports the idea of RNS influencing the autonomic 
nervous system both before and after RDN. The RNS-induced change in LF/HF ratio before 
RDN was significantly different versus the change in LF/HF ratio after RDN. Before RDN, 
we observed an increase in the LF/HF ratio versus a decrease after RDN; reflecting before 
RDN a more sympathetic tone of the sympathovagal balance and after RDN predominance 
of the vagal tone. We observed no changes in the relative components of the HRV before 
RDN, we believe these changes were most likely prevented by beta-adrenergic blocker 
administration (20.21). Of note, this has influenced our results since 63% of the study 
population was using a beta-blocker during the RDN procedure. However, in our study, 
we did not exclude patients on beta-blockade since discontinuation is not always safe in 
the population with resistant hypertension referred for RDN. Influence of beta-blocker use 
on our results was confirmed by studying the group of patients using a beta-blocker, in 
this group none of the parameters (RNS-induced change in LF, HF, and LF/HF ratio before 
versus after RDN) measuring the difference in HRV before versus after RDN appeared to 
differ significantly. On the contrary, in the patients off beta-blockade, the change in LF, 
HF, and LF/HF ratio before and after RDN remained statistically significant. Comparing 
these results to the entire group suggests even an almost 1.5 times stronger effect of RNS 
in patients without beta-blockade. The modulating effect of beta-blockade is an extra 
argument why RNS influences the autonomic nerve system. So, HRV responses elicited by 
RNS were more pronounced in patients without beta-blockade, while the effects of RNS 
were blunted if the patient was on beta-blockade. Another explanation for the different 
results in patient on versus off beta-blockers could be that patients on beta-blockade and 
general anesthesia are already well protected and RDN may not be quite useful as in those 
not on beta-blockers.
Furthermore, patients on beta-blockade seem had a tendency to higher frequency of 
diabetes mellitus and coronary heart disease. This could also have slightly influenced 
the results since we know that patients with diabetes mellitus and coronary artery 
disease have decreased HRV (16, 22, 30). This suggestion is confirmed by our analysis 
of the patients with diabetes mellitus who showed no significant changes in any of the 
HRV parameters. Of note, 7 of the in total 30 patients had diabetes mellitus, so we cannot 
draw firm conclusions based on this limited number of patients with diabetes mellitus. 
However, it is an interesting finding with possible implications for the patient selection for 
RDN. Future research will collect data from a larger group of RDN patients with diabetes to 
provide a more definite answer to this important question.
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Interestingly, after RDN, RNS not only elicited a significant decrease in sympathetic tone, 
but we observed also an increase in parasympathetic tone. From beta-blockers and 
centrally acting sympatho-inhibitory drugs, it is known that they are able to improve the 
baroreflex control of HR, possibly through vagal facilitation (31, 32). In our opinion, this 
supports the rationale of RDN with a reduced sympathetic and increased parasympathetic 
outflow after denervating sympathetic nerves of the renal arteries. Given our results we 
hypothesize an indirect effect of RDN on HR via the afferent route whereas the BP effects 
of RDN are probably due to both an afferent effect via the central nervous system and 
efferent route directly to the kidneys.

Limitations of the study are the small study population and the lack of the use of any 
measurement of drug adherence, since we know that drug non-adherence is a major 
problem in patients with treatment-resistant hypertension (33). Furthermore, the use 
of two different types of catheters could have influenced our results. However, we 
have demonstrated that the RNS-induced BP responses before and after RDN were not 
significantly different in the different catheter groups. So, we believe that the observed 
effects on HRV have not been influenced by the different catheter use. Another possible 
limitation of the study is the use of general anesthesia during the procedure, which could 
have inhibited the sympathetic nervous system and diminished the RNS-induced blood 
pressure and HRV changes. Of note, we maintained stable depth of anesthesia during the 
entire RDN procedure guided by the continuous bispectral index monitoring during the 
procedure. Therefore, it is not likely that the anesthesia had a pronounced effect on the 
RNS-induced change in blood pressure changes before and after RDN.

conclUsion

In conclusion, this study shows significant RNS-induced changes in the power spectrum 
of HRV after RDN compared to before RDN. The changes suggest alterations in the 
sympathovagal balance with increased vagal and reduced sympathetic outflow influencing 
the heart after RDN in patients with drug-resistant hypertension; which is the aim of the 
RDN treatment.
Since this study only represents acute RNS-induced changes in HRV both before and 
after RDN, further research regarding long-term HRV changes after RNS-guided RDN in 
patients with treatment-resistant hypertension is needed as this may predict long-term 
cardiovascular outcome.
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aBstRact

Background: Blood pressure (BP) reduction after renal sympathetic denervation (RDN) 
is highly variable. Renal nerve stimulation (RNS) can localize sympathetic nerves and 
may potentially serve as an endpoint of the ablation procedure. The current study aimed 
to investigate the medium-term BP lowering effects of the use of RNS during the RDN 
procedure, and moreover further explore if RNS can distinguish between a complete and 
incomplete RDN procedure.

methods and results: 44 hypertensive patients who were referred for RDN were included 
in the analysis of this prospective, single centre RNS trial. RNS was performed both before 
and after RDN. Before RDN, the maximum RNS-induced systolic BP rise was 43(±21) mmHg, 
and decreased to 9(±12) mmHg after RDN (p<0.001). Mean 24-h BP decreased significantly 
from 147(±12)/82(±11) mmHg at baseline to 135(±11)/76(±10) mmHg (p<0.001/<0.001) at 
a median follow-up of 10 months, with 3(±1) antihypertensive drugs compared to 4(±1) 
at baseline (p<0.001). 24 (55%) of the 44 patients had a mean 24-h systolic BP decrease 
at 6-12 months follow-up of more than 10 mmHg. The RNS-induced BP increase before 
versus after RDN, and the decrease in 24-h BP at follow-up were correlated both for 
systolic (R=0.44, p=0.004) and diastolic (R=0.48, p=0.003) BP. The patients with ≤ 0 mmHg 
residual RNS-induced BP response after RDN had a significant lower mean 24-h systolic BP 
at follow-up compared to the patients with > 0 mmHg residual RNS-induced BP response 
(126±4 mmHg versus 135±10 mmHg, p=0.04). And 83% of the patients with ≤ 0 mmHg 
residual RNS-induced BP response had normal 24-h BP at follow-up, compared to 33% in 
the patients with > 0 mmHg residual RNS-induced BP response (p=0.023).

conclusion: The use of RNS during RDN leads to clinically significant and sustained 
lowering of 24-h BP with fewer antihypertensive drugs at medium-term follow-up. 
RNS-induced BP changes were correlated with 24-h BP changes at follow-up. Moreover, 
patients with complete denervation, i.e. no residual RNS-induced BP response after RDN 
had significant lower BP compared to the patients with incomplete denervation.
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intRodUction

Catheter-based renal sympathetic denervation (RDN) is a potential treatment option for 
hypertension. Its rationale originates in denervating the renal sympathetic efferent and 
afferent coupling with the central autonomic nervous system (1). Several randomized 
controlled trials have reported the efficacy of RDN on lowering blood pressure (BP) 
(1–3). However, responses have been variable, ranging from non-response to major 
BP reduction (4,5). Moreover, office based BP reductions were larger than 24-hour 
ambulatory blood pressure monitoring (ABPM) based BP changes. Particularly, after the 
first sham-controlled Symplicity HTN-3 trial failed to show a significant decrease in BP 
in the RDN group compared to optimal medical therapy (6), increased focus was set on 
procedural aspects related to the effects of RDN. Recently, the BP lowering effect of RDN 
compared to sham-control has been demonstrated again in hypertensive patients with 
or without antihypertensive drug therapy (7–10). Variability in procedural methods and 
the lack of a procedural endpoint might have diminished the BP lowering effects of the 
RDN procedures (11). Baseline BP and number of ablations appeared to be important 
predictors of response to RDN (14,15). To address, at least part of, the procedural issues 
electrical high frequency renal nerve stimulation (RNS) was developed. RNS aimes to 
ensure a more electrophysiological approach to RDN (12,13) and may potentially serve 
as a procedural endpoint (14). The current RNS-trial aimed to investigate the medium-
term BP lowering effects of the use of RNS during RDN, and further explore if RNS can 
distinguish between complete and incomplete denervation and thus investigate if RNS 
can serve as a procedural endpoint.

methods

Study design and patients

The RNS trial was a prospective, single-center study. Patients referred for RDN in the Isala 
Hospital in the Netherlands, between May 2013 and July 2018 were screened for inclusion. 
The indication for RDN was resistant hypertension. Patients were included in this study if 
they were aged between 18 and 80 years, had a mean baseline office systolic BP ≥140 mmHg 
or diastolic BP ≥90 mmHg or a 24-h ambulatory blood pressure measurements (ABPM) 
of systolic ≥130 mmHg or diastolic ≥80 mmHg, despite stable antihypertensive treatment 
with at least 3 antihypertensive drugs (preferably including a diuretic) for at least 1 month 
or intolerant for antihypertensive drugs. Patients were screened for eligibility for RDN by a 
multi-disciplinary team, including cardiologists, internists with hypertension subspecialty 
and a radiologist. Glomerular filtration rate had to be >45 mL/min/1.73m2 according to the 
MDRD formula. Secondary causes of hypertension were excluded by a rigorous protocol 
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excluding hyperaldosteronism, pheochromocytoma, renal artery stenosis (>50% stenosis 
in one or both arteries on CT-angiography), drug or substance induced hypertension when 
appropriate, according to the European guidelines for the management of hypertension 
(15). Patients with an unsuitable anatomy for RDN assessed by CT-angiography (main 
renal artery lumen ≤ 3 millimeter, or a total length < 20 millimeter of the main arteries), 
type 1 diabetes mellitus, chronic oxygen use, primary pulmonary hypertension, or 
contraindication to anticoagulation therapy or heparin were excluded. Patients enrolled in 
another investigational drug or device study were also excluded. All patients were willing 
and able to comply with the protocol and had provided written informed consent. The 
study was approved by the local medical ethical committee (ABR number 47172) and was 
conducted according to the declaration of Helsinki.

Procedure and intervention

The RDN procedure was performed by experienced cardiac electrophysiologists. All 
patients were under general anesthesia, induced by propofol and the procedure was 
supervised by a cardiac anesthesiologist. Throughout the RDN procedure, no changes 
were made in the use of vasoactive medication and no use of inotropic medication was 
necessary. Two sheaths were placed in the right femoral artery, one for continuous BP 
measurement and another for catheter access. Heart rate and BP were continuously 
monitored (LabSystem Pro, Bard, USA) during RNS and the RDN procedure by a femoral 
artery line. A total of 5000 IU of heparin were administered during the procedure. In 
addition, in patients not previously on acetylsalicylic acid, we administered 500 mg 
of acetylsalicylic acid intravenously. Aorto-renal angiography was performed using a 
pigtail catheter. Three types of catheters were used. Initially, a conventional quadripolar 
catheter (EP-XT, C.R. Bard, Inc., Murray Hill, NJ, USA) was used for high frequency electrical 
stimulation in combination with the single-electrode ablation catheter Symplicity Flex 
(Medtronic, Minneapolis, MN, USA). Subsequently, the multi-electrode basket ablation 
catheter (EnligHTN, Abbott, Saint Paul, MN, USA) was used with a custom made switch 
box, enabling both ablation and high frequency stimulation by delivering electrical pulses 
through the electrodes of this multi-electrode basket catheter, with bipolar stimulation 
from electrodes 1-2 and 3-4. Abbott stopped providing the multi-electrode basket 
catheters for RDN during the course of the RNS study. Therefore, the last patients were 
ablated with a commercially available alternative, i.e. multi-electrode renal denervation 
catheter Symplicity Spyral (Medtronic, Minneapolis, MN, USA).
The procedure started by performing RNS at multiple sites, with a minimum of 4 sites in 
each renal artery, ensuring that different quadrants of the arterial circumference were 
stimulated in proximal and distal areas of the renal arteries. Pacing frequency was set at 
20 Hz, pacing output at 20 mA with a pulse duration of 2 milliseconds, based on previous 
research (16). To guard safety during RNS we set the maximum RNS-induced BP response 
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at 180 mmHg, at which point RNS was immediately discontinued. Stimulation duration 
was 60 seconds, or shorter when systolic BP increased beyond 180 mmHg. We waited 
for the BP to return to baseline values before proceeding to the next stimulation sites. 
After RNS in both renal arteries, a standard RDN procedure was performed: in each renal 
artery, depending on the renal artery anatomy, 4 to 28 ablation points were delivered 
by subsequent sets of radiofrequency (RF) energy applications. All side branches were 
denervated if diameters allowed catheter passage. During RF energy application, tip 
temperature and impedance were monitored. RDN was considered successful when 
sufficient number of RF applications was delivered to reach denervation of the renal 
arteries, in accordance with standard RDN protocol. After RDN, we repeated the RNS 
procedure by fluoroscopically placing the pacing electrodes at the sites exhibiting the 
highest RNS-induced BP response prior to RDN. We chose to check the site of maximum 
BP response to ensure that the difference between patients that still showed an increase 
in BP after RDN and patients that no longer showed an increase in RNS-induced BP would 
become clear.

Follow-up

Patients were followed and monitored at the outpatient clinic of the division of vascular 
medicine at the Isala Hospital. The vascular internist was informed that RDN was 
successfully performed, but was unaware of the results of the RNS-induced BP responses 
before and after RDN. In all patients a validated 24-h ABPM with 30 minutes BP measuring 
intervals was obtained (Spacelabs, Snoqualmie, WA, USA) at 6 to 12 months after the 
procedure to assess the effect of RDN. Office BP measurements were executed either by 
repeated oscillometry measurements (intrinsically blinded) or by sphygmomanometry 
during outpatient contacts. BP measurements by sphygmomanometry were performed 
by technicians not involved in the analysis of the study and were regarded blinded. 
Antihypertensive drug therapy was left unchanged, unless symptomatic hypotension or 
out of range hypertension (> 180 mm Hg systolic BP) warranting immediate control.

Endpoints

The primary study endpoint was change in mean 24-h BP at 6-12 months follow-up after 
RDN. The secondary study endpoints were the acute procedural RNS-induced BP response 
before and after RDN; number of antihypertensive drugs at 6-12 months follow-up; and the 
correlation between the RNS-induced BP increase before versus after RDN (so called delta 
(∆) RNS-induced BP). Moreover, to further explore the use of RNS as potential procedural 
endpoint, patients were divided into three groups based on their residual RNS-induced 
systolic BP response after RDN; more or less than 10 mmHg (group 1), 5 mmHg (group 2), 
or 0 mmHg (group 3). Within groups the 24-h systolic BP decrease at 6-12 months follow-
up was compared.
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Statistical analysis

Continuous variables were expressed as mean ± standard deviation (SD) or standard 
error of the mean (SEM) or median with range when appropriate. Categorical variables 
were reported by frequencies and percentages. Variables were tested for normality of 
distribution. For the comparison of normally distributed variables a paired t test was used 
to compare the means before and after RDN, for the non-normally distributed variables 
the non-parametric variant (Wilcoxon signed ranked test) was used. Pearson’s correlation 
was used to assess the relation of RNS-induced BP changes and BP measurements at 
follow-up. Additional partial correlation was performed to explore the relationship 
between RNS-induced BP changes and BP measurements at follow-up, while controlling 
for baseline ambulatory BP. Statistical analysis was performed using IBM SPSS statistics 
version 20 (IBM inc., Armon, NY, USA).

ResUlts

In the period from May 2013 to July 2019, 48 of the screened 61 eligible patients, were 
included in the RNS trial. We excluded 13 patients based on the in- and exclusion criteria 
and 4 patients were lost to follow-up after RDN. A total of 44 patients were included in the 
analysis for this study and the median follow-up duration was 10 [range: 6-12] months. 
Mean age was 65(±8) years, 57% of the population was male, mean 24-h BP at baseline was 
147(±12)/82(±11) mmHg and patients were using an average of 4 antihypertensive drugs. 
Further demographic and clinical characteristics, BP measurements, and antihypertensive 
drugs at baseline are presented in Table 1.

Procedural characteristics and acute RNS-induced BP responses

In the first 7 patients (16%) the Symplicity Flex catheter (Medtronic, Minneapolis, MN, USA) 
was used for the RDN procedure, in the following 24 patients (55%) the EnligHTN catheter 
(Abbot, Saint Paul, MN, USA) and 12 patients (27%) were ablated with the Symplicity 
Spyral catheter (Medtronic, Minneapolis, MN, USA). In 1 patient (2%) both the EnligHTN 
catheter and Symplicity Spyral catheter were used. A median of 12 [4–28] RF applications 
in the right renal artery and 11[3-32] in the left renal artery was performed. A total of 6 
(14%) of the 44 patients had a complication after the RDN procedure requiring a visit to 
the emergency department or short hospitalization; 3 patients had a groin hematoma, 
2 patients an iatrogenic femoral aneurysma spurium requiring thrombin injection and 1 
patients had a deep vein thrombosis.
Before RDN, the mean maximal RNS-induced systolic BP rise was 43(±21) mmHg, and 
significantly decreased after RDN to 9(±12) mmHg (p<0.001). A wide range in RNS-induced 
BP response was observed. Before RDN, the systolic RNS-induced BP response ranged 
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table 1 - Baseline characteristics

characteristics patients
(n=44)

Age (years) 65 ± 8

Sex (male) 25 (57%)

Body-mass index (kg/m2) 29 ± 4

Current smokers 1 (2%)

Medical history

Hypercholesterolemia 24 (55%)

Type 2 diabetes mellitus 10 (23%)

Coronary heart disease 5 (11%)

Atrial fibrillation 14 (32%)

Accessory artery 14 (32%)

Number of antihypertensive medications 4 ± 1

Type of antihypertensive medication

Diuretic 28 (64%)

Aldosterone receptor blocker 11 (25%)

Beta-blocker 31 (71%)

Calcium channel blocker 30 (68%)

ACE- inhibitor 14 (32%)

Angiotensin receptor blocker 30 (68%)

Centrally acting α2-sympatholytics 5 (11%)

Α1-receptor blockers 14 (32%)

eGFR (ml/min/1,73m2) 76 ± 19

Ambulatory BP (mm Hg)

24 – hours systolic 147 ± 12

24 – hours diastolic 82 ± 11

Daytime systolic 149 ± 12

Daytime diastolic 84 ± 11

Night-time systolic 133 ±13

Night-time diastolic 72 ± 12

Nightly dipping (%)

Systolic 9.9 ± 7.2

Diastolic 14 ± 8

Office BP (mm Hg)

Systolic 166 ± 23

Diastolic 94 ± 16

Heart rate (bpm)* 69 ± 12

Abbreviations: ACE, angiotensin-converting enzyme; BP, blood pressure. eGFR estimated glomerular 
filtration rate calculated by using the Cockcroft Gault formula. Data are presented as number of 
patients (percentage) or mean ± SD, or median [minimum-maximum] where appropriate.
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from a minimal increase of 13 mmHg to a maximum of 118 mmHg. After RDN, the RNS-
induced systolic BP response varied from a decrease of 9 mmHg to an increase of 45 
mmHg. Further procedural data are presented in table 2.

Follow-up

The mean 24-h BP decreased significantly from 147(±12)/82(±11) to 135(±11)/76(±10) 
mmHg at follow-up compared to baseline (p<0.001/<0.001) (figure 1). A total of 28 (64%) 
of 44 the patients showed more than 5 mmHg decrease in mean 24-h systolic BP at follow-
up, and 24 (55%) of the 44 patients had a mean 24-h systolic BP decrease at 6-12 months 
follow-up of more than 10 mmHg. Besides, 17 (39%) of the 44 patients had a normal 24-h 
mean (<130/80 mmHg), daytime (< 135/85 mmHg) and nighttime (<120/70 mmHg) ABPM 
at follow-up . At 6-12 months follow-up the number of antihypertensive drugs decreased 
significantly compared to baseline from 4±1 to 3±1 (p<0.001).

table 2 – Procedural data

all patients
(n=44)

Catheter type

Medtronic Symplicity Flex 7 (16%)

Medtronic Spyral 12 (27%)

St.Jude EnligHTN 24 (55%)

Both 1 (2%)

Stimulation catheter

EPXT 16 (36%)

Ablatie catheter 28 (64%)

Procedure time (min) 185 ± 51

Number of ablations

Right renal artery 12 ± 6

Left renal artery 11 ± 6

Complications 6 (14%)

Maximum RNS-induced BP

systolic/diastolic BP (mmHg)

Pre-RDN 40 [13-118]/ 22 [2-55]

Post-RDN * 6 [-9 – 45] / 3 [-5 – 20]

Delta RNS-induced BP

Systolic 35 ± 19

Diastolic 20 ± 14

Data are presented as number of patients (percentage) or mean ± SD, or median [minimum –maximum] 
where appropriate. * p < 0.05 compared to pre-RDN
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Correlation between RNS-induced blood pressure changes and 24-h blood pressure 
decrease at follow-up

The ∆ RNS-induced BP increase, and decrease in 24-h BP at 6-12 months follow-up were 
correlated both for systolic (R=0.44, p=0.004) and diastolic (R=0.48, p=0.003) BP. The 
maximum RNS-induced BP increase before RDN had a correlation of R=0.44 (p=0.004) 
for systolic and R=0.55 (p<0.001) for diastolic BP changes. Figure 2 depicts the diff erent 
correlations. Aft er controlling for baseline ambulatory BP, the partial correlation between 
the ∆ RNS-induced BP increase, and decrease in 24-h BP at 6-12 months follow-up was 
R=0.50 (p=0.002) for systolic and R=0.43 (p=0.010) for diastolic BP. The maximum RNS-
induced BP increase before RDN had a partial correlation of R=0.47 (p=0.002) for systolic 
and R=0.09 (p=0606) diastolic BP changes.

Complete versus incomplete RDN

The RNS-induced systolic BP response aft er RDN varied from a decrease of 9 mmHg to 
an increase of 45 mmHg. As described in the Methods section, patients were divided into 
three groups based on their residual RNS-induced systolic BP response aft er RDN; more 
or less than 10 mmHg (group 1), 5 mmHg (group 2), or 0 mmHg (group 3). The acute RNS-
induced BP increases before and aft er RDN were available for 36 (82%) patients, a total of 8 
(18%) acute RNS-induced BP measurements were missing. In figure 3 the diff erent groups 
and mean 24-h systolic BP response at follow-up are presented.
In group 1, the mean 24-h systolic BP at 6-12 months follow-up did not significantly diff er 
between the patients with ≤ 10 mmHg (n=24, 67%) or > 10 mmHg (n=12, 33%) residual 
RNS-induced BP response; respectively 132±12 mmHg and 136±8 mmHg (p=0.30). In 
group 2, the mean 24-h systolic BP at 6-12 months follow-up did also not significantly 

figure 1. Mean 24-h blood pressure decrease at 6-12 months follow-up compared to baseline.
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diff er between the patients with ≤ 5 mmHg (n=17, 47%) or > 5 mmHg (n=19, 53%) residual 
RNS-induced systolic BP response, respectively 131±8 mmHg versus 136±11 mmHg 
(p=0.12). In group 3, the mean 24-h systolic BP at 6-12 months follow-up did significantly 
diff er between the patients with ≤0 mmHg (n=6, 17%) or > 0 mmHg (n=30, 83%) residual 
RNS-induced systolic BP response. Patients without residual RNS-induced BP response 
had a significant lower mean 24-h systolic BP at 6-12 months follow-up compared to the 
patients with residual RNS-induced BP response, respectively 126±4 mmHg versus 135±10 
mmHg, p=0.04 (figure 4). The mean decrease in 24-h systolic BP at 6-12 months follow-up 
in group 1 did not reach statistical significance, i.e. – 23±17 mmHg versus -11±14 mmHg, 
p=0.07. Patients without residual RNS-induced systolic BP response had more oft en 
normal 24-h systolic BP (<130/80 mmHg) during follow-up than patients with residual 

figure 2 - Pearson’s correlation coeff icients for acute procedural RNS-induced BP responses and 24-h BP 
response at 6-12 months follow-up.
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figure 3. Mean 24-h systolic BP at 6-12 months follow up in three groups based on their residual RNS-
induced systolic BP response after RDN; more or less than 10 mmHg (group 1), 5 mmHg (group 2), or 0 
mmHg (group 3). * p = 0.04.

figure 4. Mean 24-h systolic BP at 6-12 
months follow-up in patients with < 0 mmHg 
or > 0 mmHg residual RNS-induced systolic BP 
response, respectively 126±4 mmHg versus 
135±10 mmHg, (* p=0.04).
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RNS-induced systolic BP response (83% vs. 33%, p=0.02). The range of 24-h BP was 121-
131 mmHg in patients without residual RNS- induced BP increase, versus 113-162 mmHg 
in patients with residual RNS-induced BP increase. No significant differences in baseline 
24-h BP, catheter type, total number of ablation, RNS-induced BP before RDN were found 
between the two groups with and without residual RNS-induced BP after RDN.

discUssion

The RNS-trial demonstrates the clinical utility of RNS during RDN and its association 
with blood pressure during follow-up in hypertensive patients. RDN with RNS resulted 
in blunting of the RNS-induced BP increase after RDN. With less use of antihypertensive 
drugs, the 24-h BP was significantly reduced at follow-up.
In our present study, RDN with RNS, resulted in clinically relevant reductions of 24-h 
ABPM. Of note, the majority of patients (83%) with complete denervation, i.e. no increase 
or decrease of RNS-induced BP after RDN, were normotensive during follow-up whereas 
a significant proportion of patients (67%) with a residual RNS-induced BP response 
remained hypertensive at follow up. Furthermore, the RNS-induced BP changes before 
RDN were correlated with 24-h BP changes at follow-up. These findings underline the idea 
that RNS can be used to check if the denervation is complete or incomplete and thereby 
serve as an important potential functional procedural endpoint.

The exact mechanism underlying RNS-induced BP changes has not been fully delineated 
yet. The renal sympathetic nervous system has two components: an efferent network 
supplying the kidneys with noradrenergic sympathetic fibers and increasing BP by a 
direct effect on the kidney, promoting salt and water retention, and an afferent network 
of sympathetic fibers returning signals to the central nervous system. Both efferent and 
afferent nerve fibers are located in the same autonomic nervous plexus in the adventitia 
of the renal arteries, making them a potentially modifiable target. Electrical stimulation 
of the sympathoexcitatory renal afferent reflex is a likely cause of the RNS-induced BP 
rise (19). We think that this RNS-induced BP response is based on norepinephrine release 
for the following reasons: the effect is observed after tens of seconds but lasts for up to 
ten minutes. The same pattern can be observed after a mental stress test as described 
by Kjeldsen et al. (20,21). It is likely that the afferent effect of RNS causes an increase in 
central sympathetic tone, accounting for an increase in systemic vascular resistance (SVR) 
and thereby causing an instant rise in BP. BP is the result of cardiac output multiplied 
by SVR, and cardiac output is composed of heart rate and stroke volume. We know that 
stroke volume can increase only up to 20%. As reported previously, the heart rate changed 
marginally during RNS (22,23). Therefore, it is likely that the BP increase due to RNS is 
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caused mainly by a rise in SVR due to general vasoconstriction, and besides that probably 
a small attribution of RNS induced renal vasoconstriction due to local effect on the 
efferent sympathetic nerves in the renal arteries. Either way, both afferent and efferent 
renal neurovascular pathways contribute to hypertension, and both should be targeted 
for ablation. As the afferent nerves increase the central sympathetic tone, peripheral RDN 
leads to a peripheral sympatholytic effect and changes the level of activation of central 
noradrenergic pathways. However, it is thought that the efferent renal nerve function 
does not play a major role in the maintenance of this form of hypertension, because it is 
demonstrated that peripheral RDN does not cause alterations in sodium or water intake 
or excretion, plasma renin activity or creatinine clearance. Selective targeting of the 
renal afferent nerves attenuates the development of hypertension, thus providing direct 
evidence that the renal afferent nerves, at least in part, participate in the pathogenesis 
of renovascular hypertension (24). High frequency electrical stimulation induced BP rise 
provides an insight into where the exact renal nervous fibers are located and whether these 
fibers are eliminated after RF energy application. Therefore, targeted ablation of these 
nerve fibers is likely to eliminate both the efferent and afferent pathways. Differences in 
RNS evoked BP rise are attributed to the differences in distribution of sympathetic nerve 
fibers in the tunica adventitia of the renal artery. The between-patient differences herein 
account for differences in RNS response. One might argue that pain sensation invokes the 
increase in BP, but we observed only a marginal increase in heart rate and no increase in 
the level of consciousness, as measured continuously by the bispectral index as measure 
of the depth of anesthesia, and kept at appropriate levels during general anesthesia, 
besides other measures such as short acting opioid infusion supervised by a cardiac 
anesthesiologist. Since the BP lowering effects are sustained 6-12 months post-ablation, it 
is very unlikely that this can be related to the ablation of pain fibers surrounding the renal 
arteries.

The acute RNS-induced procedural BP increases before RDN, and the significant lower 
RNS-induced BP change after RDN are in line with our previous research in a smaller study 
population (22,25). Furthermore, our results confirm the findings of animal models on both 
histological (13), and clinical parameters (12,26) that functional RDN can be performed 
with the guidance of RNS. However, the results of medium term BP follow-up after the use 
of electrical stimulation-guided mapping of the renal arteries during RDN have not been 
reported previously. After the randomized, sham-controlled Symplicity HTN-3 trial failed 
to meet its primary efficacy endpoint (6), results of the BP lowering effect of RDN have 
been topic of debate and both patient as well as procedural factors have been investigated 
and, at least part of it, improved. These include the importance of denervating all catheter-
accessible main and side-branches of the renal arteries (27), which has been established in 
both our study population and the recent published positive RDN studies (7,8,10). The most 
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recent randomized, sham-controlled SPYRAL HTN-OFF MED trial showed a superiority of 
RDN compared with a sham procedure; i.e. the treatment difference between the two 
groups for 24-h BP was -4/-3 mmHg (p=0.0005/p<0.0001) with a 24-h BP reduction of -5/-4 
mmHg in the RDN group at follow-up in hypertensive patients off antihypertensive drugs 
(7). In the current study, the use of RNS during RDN resulted in a pronounced 24-h BP 
reduction of -12/-6 mmHg follow-up, however in a non-sham controlled study population. 
Therefore, the RNS study provides strong data indicating improved RDN with clinically 
substantial BP reduction with fewer drugs in a difficult to manage hypertensive cohort of 
patients. Moreover, this study confirms the results of our pilot study (25), in a larger cohort, 
with a prospective design, and with a prespecified endpoint, again demonstrating the 
strong correlation between the procedural RNS-induced BP changes and the decrease in 
24h ABPM at 6-12 months follow-up post-ablation. Another new finding of this study is that 
the patients without any residual RNS-induced BP response after RDN have a clinically 
relevant 9 mmHg lower 24-h systolic BP at follow-up compared to the patients with RNS-
induced BP response after RDN. Moreover, the majority of patients (83%) without residual 
RNS-induced BP response after RDN had normal mean 24-h BP at follow up, as compared 
to patients with residual RNS-induced BP response after RDN. Besides that, in the group 
patients with residual RNS-induced BP response after RDN the 24-h systolic BP still ranged 
enormously. These results are both clinically and prognostically important and confirm the 
idea and potential of RNS to serve as a procedural endpoint to check the completeness of 
the denervation procedure. (14). The variable results of RDN in previous studies underline 
the importance of complete denervation, because ever since the neutral results of the 
Symplicity HTN-3 trial (6) the lack of a procedural endpoint has been topic of debate (28).
On top of that, achieving normal BP values with one antihypertensive drug less after 
an invasive procedure is a desired outcome for these difficult to manage hypertensive 
patients. Especially, since hypertension is a leading risk factor for the global burden of 
disease (29) and a major risk factor for other cardiovascular diseases such as stroke, 
myocardial infarction, heart failure, chronic kidney disease and premature death (30). 
Moreover, reduction in BP leads to significant lower cardiovascular risk (31).

The current study has several limitations. The lack of randomization and lack of a sham-
control group are major limitations of our study. Nevertheless, the use of RNS during RDN 
substantially decreased 24-h ABPM values and these beneficial effects were maintained 
at 6-12 months of follow-up. Our data support the use of RNS as a procedural endpoint 
and as a tool to better predict clinical response to RDN. However, we did not include a 
control group with RDN without RNS. Such control group without RNS would have made 
more clearly what the contribution is of RNS during RDN in hypertension. The results 
on the acute RNS-induced BP increases were potentially attenuated by the continued 
use of beta-blockers in 71% of the patients, since we previously reported that the RNS-
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induced effects increase by approximately 50% in patients without beta-blockade (23). 
However, this might also be an extra argument why why RNS modulates the autonomic 
nerve system. We did not exclude patients on beta-blockade since discontinuation was 
not always safe in this patient population with resistant hypertension referred for RDN. 
Although the current study cohort was larger than previous clinical studies using RNS, 
the sample size is still relatively small, warranting confirmation of our results in larger 
multicenter randomized sham controlled studies (22,25,32). The results may have been 
affected by various patient- and physician related biases. The use of 24-h ABPM at follow-
up however has limited the impact of the white coat effect on the BP lowering effect of RDN. 
Although the study patients were closely followed at the outpatient clinic of the division 
of the vascular medicine, we cannot exclude the potential issue of drug non-adherence 
in patients with treatment resistant hypertension since we did not perform objective 
measurements of the use of prescribed antihypertensive drugs (33). Finally, the inclusion 
of our study was based on either office and/or ABPM; i.e. baseline office systolic BP ≥140 
mmHg or diastolic BP ≥90 mmHg and/or a 24-h ABPM of systolic ≥130 mmHg or diastolic 
≥80 mmHg. The study population had relatively low baseline 24-h BP, and 3 patients were 
included based on the office BP criterium and had a baseline 24-h BP of less than 130/80 
mmHg. During the inclusion period time of the current study, research has shown that 
office BP measurements are less reliable and baseline 24-h ABPM is an important predictor 
of the degree of response after RDN (5). Of note, 3 of our patients that were included based 
on office BP, had 24-h ABPM <130/80 mmHg, were regarded as white coat hypertension 
at baseline and they were non-responders to RDN at 6-12 months follow-up. Importantly, 
RDN induced BP lowering endpoints were based on 24 ABPM in the current study.

conclUsion

In conclusion, this study provides evidence supporting the use of RNS during RDN with 
clinically significant and sustained reduction of 24-h BP at medium-term follow-up 
with fewer antihypertensive drugs. RNS has added value in discriminating complete 
and incomplete RDN, thereby improving the success of the RDN procedure resulting in 
substantial lowering of BP. The majority of patients with complete RDN, i.e. no BP response 
to RNS post ablation, were normotensive at follow-up. Therefore, RNS provides insight into 
the completeness of RDN and may potentially serve as an important procedural endpoint. 
Further research is needed to compare RDN with and without RNS in a sham-controlled 
study with a larger study population.
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aBstRact

Background: Renal sympathetic nerve denervation (RDN) is accepted as a treatment 
option for patients with resistant hypertension. However, results on decline in ambulatory 
blood pressure (BP) measurement (ABPM) are conflicting. The high rate of nonresponders 
may be related to increased systemic vascular stiffness rather than sympathetic overdrive.

methods and results: A single center, prospective registry including 26 patients with 
treatment resistant hypertension who underwent RDN at the Isala Hospital in the 
Netherlands. Renal perivascular calcium scores were obtained from noncontrast computed 
tomography scans. Patients were divided into 3 groups based on their calcium scores 
(group I: low 0–50, group II: intermediate 50–1000, and group III: high >1000). The primary 
end point was change in 24-hour ABPM at 6 months follow-up post-RDN compared to 
baseline. Seven patients had low calcium scores (group I), 13 patients intermediate (group 
II), and 6 patients had high calcium scores (group III). The groups differed significantly at 
baseline in age and baseline diastolic 24-hour ABPM. At 6-month follow-up, no difference 
in 24-hour systolic ABPM response was observed between the 3 groups; a systolic ABPM 
decline of respectively −9 ± 12, −6 ± 12, −12 ± 10 mm Hg was found. Also the decline in diastolic 
ambulatory and office systolic and diastolic BP was not significantly different between the 
3 groups at follow-up.

conclusion: Our preliminary data showed that the extent of renal perivascular calcification 
is not associated with the ABPM response to RDN in patients with resistant hypertension.
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intRodUction

Renal sympathetic nerve denervation (RDN) has been accepted as a treatment option for 
patients with resistant hypertension (1,2). However, the first, large, randomized, sham-
controlled trial failed to demonstrate a benefit of RDN on reduction in 24-hour ambulatory 
blood pressure (BP) measurement (ABPM) at follow-up (3). Furthermore, even in the positive 
studies, 15% to 30% of treated patients were nonresponders to RDN (4-6). Therefore, it is 
thought that only a subgroup of patients will benefit from RDN. Studies have attempted 
to identify patient profiles likely to benefit from RDN. However, apart from baseline BP, no 
reliable predictor of response has yet been identified (7). Response to RDN in patients with 
resistant hypertension associated with stiff calcified arteries is not completely delineated. 
Studies have shown that isolated systolic hypertension is associated with increased 
calcium deposition in the aorta, and this is most marked in individuals who are resistant 
to antihypertensive therapy (8). Media calcification of the aorta leads to increased pulse 
wave velocity, elevated pulse pressure, and systolic hypertension (9-11). Furthermore, 
arterial stiffness is an independent predictor of total and cardiovascular morbidity and 
mortality (12). In this study, we aimed to explore whether the amount of aortic-renal 
vascular calcification, measured by the renal perivascular calcium score, affects the ABPM 
response to RDN. We hypothesized that nonresponse to RDN may be, at least in part, 
related to the extent of systemic vascular calcification rather than sympathetic overdrive.

methods

Patient population, in- and exclusion criteria

We used our single center, prospective registry of 78 patients with treatment resistant 
hypertension who underwent RDN in the period of April 2012 till January 2015 at the 
Isala Hospital in the Netherlands. RDN was performed as an accepted treatment option 
for patients with resistant hypertension. Collection of data for this study was approved 
by the institutional board of the Isala Hospital. Computed tomography (CT) scans were 
performed as standard clinical work up before RDN. Patients in this registry were included 
and underwent RDN if they were aged between 18 and 80 years, had baseline systolic 
ABPM ≥ 140 mm Hg or diastolic ABPM ≥ 90 mm Hg despite stable antihypertensive treatment 
of at least 3 antihypertensive drugs (preferably including a diuretic) for at least 1 month. 
Patients were screened for eligibility for RDN by a multidisciplinary team, including: 
cardiologists, internists specialized in hypertension treatment, and a radiologist. 
Glomerular filtration rate had to be >45 mL/min/1.73 m2 according to the modification of 
diet in renal disease formula. Patients with secondary causes of hypertension, a history of 
renal artery stenosis or abnormal renal artery anatomy (assessed by CT—angiography), 
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diabetes mellitus type 1, chronic oxygen use, or contraindication-to-anticoagulation 
therapy or heparin were excluded. Only in the last 26 patients in our registry, a noncontrast 
CT-scan was performed in order to determine the renal perivascular calcium scores for this 
study.

Renal perivascular calcium score

The renal perivascular calcium score was used as a measurement to quantify the extent 
of vascular calcification. The calcium scores were obtained from noncontrast CT scans by 
dedicated radiology technicians of the radiology department at the Isala Hospital. These 
scans were performed before RDN before the CT angiography as part of the standard 
clinical work up to determine whether the patients’ renal artery anatomy was suitable for 
RDN. Quantitative calcium scores were calculated according to the method described by 
Agatson et al.(13) The scores were determined using 8 cm of the perirenal abdominal aorta 
as depicted in  Fig.1.1. Eight centimeters were chosen, because the ostia of the left and right 
renal arteries had to be included in the part of the abdominal aorta. None of the screened 
patients had more than 8 cm in between the ostia of the 2 renal arteries. The patients were 
empirically divided into 3 groups based on their calcium scores: group I low calcium scores 
(0–50), group II intermediate calcium scores (50–1000), and group III high calcium scores 
(>1000). Figure  Figure 2 represents the CT-angiography reconstruction of the renal arteries 
and part of the aorta of 3 patients with respectively a low (I), intermediate (II), or high 
calcium score (III).

figure 1. Renal perivascular calcium score assessment. cm = centimeters.
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End points

The primary end point was decline in 24-hour systolic ABPM at 6-month follow-up post-
RDN compared to baseline. Secondary end point was decline in diastolic ABPM, systolic 
and diastolic office BP at 6-month follow-up post-RDN.

RDN procedure and follow-up

To obtain access to the renal arteries, the right femoral artery was punctured, and via 
a Seldinger technique a guide wire was introduced. A pigtail catheter was introduced 
through the sheath, and a contrast angiography of the abdominal aorta was performed 
depicting the renal arteries. Subsequently, the renal artery was selectively cannulated 
with the renal ablation catheter (Symplicity, Medtronic, Minneapolis, MN or EnligHTN, 
St. Jude, Medical, St. Paul, MN), through a guiding sheath. The ablation catheter was 
introduced up to the first bifurcation and radiofrequency ablation lasting up to 2 minutes 
each and <8 W were applied in a spiral pattern, with 4 to 12 ablations within each renal 
artery, and 0.5-cm distance between ablation points. During the procedure heparin was 
given intravenously to obtain an activated clotting time 250 to 300 seconds. The patients 
were hospitalized for 1 night observation post intervention and were discharged the next 
day if no medical problems were observed. Follow-up after RDN at 6 months consisted 
of repeated blood tests, evaluation of antihypertensive medication, ABPM and office BP 
measurements performed at the outpatient clinic of the division of the vascular medicine at 
the Isala Hospital. Antihypertensive drug therapy was left unchanged, unless symptomatic 
hypotension or out of range hypertension (> 180 mm Hg systolic BP) warranting immediate 
control were present.

figure 2. Computed tomography-angiography reconstruction of the renal arteries and part of the aorta of 
three patients with respectively a low (A), intermediate (B), or high calcium score (C). The ambulatory blood 
pressure measurements response for these patients six months post-RDN was respectively: −17 mmHg (A), 
−25 mmHg (B), and −13 mmHg (C).
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Statistical analysis

Statistical analysis was performed using IBM SPSS statistics version 20 (IBM inc., Armon, 
NY). Continuous variables were expressed as mean ± standard deviation or median 
with range when appropriate. Categorical variables were reported by frequencies and 
percentages. Response to RDN is defined as a decline of ≥5 mm Hg ABPM at 6-month 
follow-up. To compare the baseline characteristics and follow-up data of the 3 groups 
a Fisher exact test was used for the categorical variables and one-way between-groups 
analysis of variance (ANOVA) with post-hoc tests was used for the continuous variables. A 
P value of ≤0.05 was considered statistically significant.

ResUlts

Baseline characteristics

Twenty-six patients with resistant hypertension were included in this study (Fig.3). 
Seven patients had low calcium scores (0–50), 13 patients had intermediate calcium 
scores (50–1000), and 6 patients had high calcium scores (>1000). The baseline clinical 
characteristics, BP levels, and antihypertensive treatment of the three groups are shown 
in  Table1. A one-way between-groups ANOVA was conducted to explore the differences 
in continuous clinical variables. The groups differed statistically significant at baseline in 
age (group I: 54 ± 7, group II: 61 ± 9, group III: 69 ± 5, P = 0.005). Post-hoc comparisons using 
the Tukey’s honest significant difference test indicated that the mean age of group I was 
significantly different from group III. Group II did not differ significantly from either group 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

60 patients included in the RDN registry 
 

78 patients underwent RDN 

26 patients included in this study 

- From 26 patients only CT angiography were available 
- 3 non-contrast CT-scans were excluded because of too 

much noise to determine the calcium scores 
 

17 patients were lost to follow-up 

figure 3. Flowchart. Inclusion of our study population.
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table 1. Baseline clinical characteristics of patients with low (group I), intermediate (group II), or high 
(group III) calciumscores.

Group i
calcium score
0–50
n = 7

Group ii
calcium score
50 – 1000
n = 13

Group iii
calcium score
> 1000
n = 6

Age (years)* 53.6 ± 6.9 60.5 ± 8.9 69.3 ± 5.4

Sex (male) 6 (86%) 8 (61.4%) 6 (86%)

Body-mass index (kg/m2) 28 ± 3 30 ± 4 30 ± 4

Current smokers 0 (0%) 1 (7.7%) 0 (0%)

Medical history

Type 2 diabetes mellitus 3 (43%) 1 (7.7%) 1 (17%)

Coronary heart disease 0 (0%) 3 (23.1%) 1 (17%)

Stroke 1 (14%) 1 (7.7%) 1 (17%)

Peripheral vascular disease 0 (0%) 5 (28.5%) 1 (33%)

Number of antihypertensive medications 4.3 ± 2.1 4.4 ± 1.3 3.7 ± 0.8

Type of antihypertensive medication

Diuretic 6 (86%) 10 (77%) 4 (67%)

Aldosterone receptor blocker 2 (29%) 1 (8%) 0 (0%)

Beta-blocker 3 (43%) 7 (54%) 4 (67%)

Calcium channel blocker 3 (43%) 11 (85%) 5 (83%)

ACE- inhibitor 5 (71%) 4 (31%) 3 (50%)

Angiotensin receptor blocker 5 (71%) 10 (77%) 4 (67%)

Aliskiren 0 (0%) 3 (23%) 0 (0%)

Central acting α2-sympatholytics* 3 (43%) 1 (8%) 0 (0%)

Α1-receptor blockers 1 (29%) 9 (70%) 2 (33%)

eGFR (ml/min/1,73m2) 94.2 [52.0 – 
141.8]

75.9 [50.4 – 
116.8]

80.6 [43.2 – 116.9]

Ambulatory BP (mm Hg)

24 – hours systolic 159 ± 15 156 ± 10 156 ± 3

24 – hours diastolic* 103 ± 12 89 ± 13 86 ± 12

Daytime systolic 166 ± 12 159 ± 8 159 ± 6

Daytime diastolic* 108 ± 11 93 ± 14 89 ± 11

Night-time systolic 145 ± 20 144 ± 80 148 ± 13

Night-time diastolic 91 ± 15 80 ± 11 81 ± 19

Office BP (mm Hg)

Systolic 166 ± 23 162 ± 18 165 ± 30

Diastolic 101 ± 13 94 ± 15 84 ± 21

Data are expressed as mean (± SD), median [range], or number (%). ACE = angiotensin converting 
enzyme. eGFR = estimated glomerular filtration rate. BP = blood pressure.* p < 0.05 – difference between 
group I, II and III.
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I or III. The three groups did not differ significantly in proportion males, body-mass index, 
and medical history or for the number and type of medication used. The baseline diastolic 
24-hour ABPM differed significantly in the three groups; respectively group I, II, and III: 
103 ± 12, 89 ± 13, 86 ± 12 mm Hg (P = 0.03) as well as the baseline daytime diastolic ABPM 
(108 ± 11, 92 ± 14, 88 ± 11 mm Hg, P = 0.01). Again post-hoc comparison showed that group I 
differed significantly from group III for these baseline BP variables, and group II did not 
differ significantly from the other groups.

Ambulatory blood pressure response at six months follow-up post-RDN

In Fig.4, the decline in ABP response at six months follow-up post-RDN is presented. At 
6-month follow-up 16 (61.5%) of the 26 patients were responders to RDN. Six months 
post-RDN group I had a systolic ABP of 150 ± 10 mm Hg, group II 150 ± 9 mm Hg, and group III 
144 ± 11 mm Hg. This represents a systolic ABP decline in the mentioned groups compared 
to baseline of respectively −9 ± 12 (P = 0.08), −6 ± 12 (P = 0.11), −12 ± 10 mm Hg (P = 0.03). A 
one-way between-groups ANOVA was conducted to compare the impact of the calcium 
scores on the decline in 24-hour systolic BP six months post-RDN. The 24-hour systolic 
ABP response was not statistically significant different between the 3 groups (P = 0.36) 
(Fig.  (Fig.4).4). The decline in diastolic ABPM (respectively group I, II, and III: −6 ± 9, −5 ± 6, 
−9 ± 6 mm Hg, P = 0.61) (Fig.  (Fig.4)4) was neither statistically significantly different between 
the three groups at six months follow-up.

Office blood pressure response at six months follow-up post-RDN

The secondary end point was change in office BP measurements post-RDN. The decline 
in office systolic (group I: −17 ± 31, group II: −17 ± 19, group III: −25 ± 39 mm Hg, P = 0.78) as 

figure 4. Ambulatory blood pressure response at 6 months of follow-up post-RDN in three patient groups 
based on their calcium scores (I: low, II: intermediate, and III: high).
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well as the decline in office diastolic BP (DBP) (group I: −5 ± 10, group II: −12 ± 12, group III 
−9 ± 18 mm Hg, P = 0.59) (Fig.5) was not statistically significantly different between the three 
groups at six months follow-up.

discUssion

We report for the first time on the extent of vascular calcification and 24-hour ABPM 
response to RDN in patients with resistant hypertension. We hypothesized that patients 
with advanced vascular calcification will respond less to RDN due to vascular stiffness 
contributing more to maintaining hypertension rather than enhanced sympathetic 
tone. Our three groups of patients with various levels of vascular calcification differed 
significantly at baseline in age, that is, patients in the high calcium score group were 
significantly older compared to the low calcium score group. This in line with the literature 
describing aging as a major cause of vascular calcification (10). The baseline difference 
in DBP can be explained by increased vascular stiffness leading to lower DBP. In contrast 
to our hypothesis, based on the limited number of patients in this study, the extent of 
vascular calcification does not seem to be associated with either ambulatory or office 
BP response to RDN. Therefore, aiming to identify the patient’s profile that will or will 
not benefit from RDN, we believe that patients with advanced vascular calcification do 
not have to be excluded from renal denervation therapy. Of note, a major limitation of 
this study is the small number of patients in all three groups and the very broad range 
in renal perivascular calcium scores (from 0 till above 1000) that we divided empirically 
into three groups. However, the wide range in calcium scores underlines our idea that 
different pathophysiological mechanisms are involved in maintaining hypertension and 

figure 5. Office blood pressure response at six months of follow-up post-RDN in three patient groups based 
on their calcium scores (I: low, II: intermediate, and III: high).
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moreover in the ABPM response to RDN. In our study, at six months follow-up 16 (61.5%) 
of the 26 patients were responders to RDN. The systolic ABPM response six months post-
RDN varied tremendously and ranged from + 8 to −22 mm Hg. We showed that some of 
these patients have clear calcified arteries (Fig.2C), while others have no (Fig.2A) or less 
(Fig.2B) calcifications even though they have the same range of systolic hypertension 
before RDN (mean systolic ABPM at baseline group I: 166 ± 12, II: 159 ± 8, III: 159 ± 3 mmHg, 
P = 0.69). While other methods exist to score renal artery calcification, none have been 
compared head-to-head or have been validated in a larger cohort (14). Theoretically, 
arterial stiffness due to atherosclerosis might still be a predictor of nonresponse to 
RDN, but we did not find significant differences in our three defined groups of calcium 
score. We postulate that advanced vascular calcification may lead to incomplete RDN 
due to inadequate catheter electrodes to perivascular renal nerve contact (15,16). Or it 
could be the other way around those patients with low calcium scores will not respond 
to RDN because of inadequate catheter – renal nerve tissue contact due to for example 
noncalcified atherosclerotic plaques or large distance from endovascular wall to the nerve 
tissue in the adventitia which might lead to inadequate ablations (17). Vink et al. (18) have 
shown that RDN does not always result in circular lesions completely destroying the renal 
nerves. These considerations highlight, apart from exploring predictors of response, the 
need for a clear procedural end point of RDN. Chinushi et al. (19) showed in eight dogs 
that electrical autonomic nerve stimulation of the renal artery leads to increased systemic 
BP, and simultaneously to changes in serum catecholamine and heart rate variability 
suggesting that the induced increase in BP was due to sympathetic nervous activity. On 
top of that, these effects to electrical stimulations were blunted after RDN. Gal et al. (20) 
confirmed these observations in patients undergoing RDN for resistant hypertension and 
demonstrated that high-frequency electrical renal nerve stimulation is feasible and results 
in acute, temporary increase in BP, which was blunted after RDN.

conclUsion

In conclusion, based on our preliminary data, the extent of vascular calcification is not 
associated with the ABPM response to RDN, and retrospectively apart from baseline 
24-hours systolic ABPM, no other predictor of response was found in our study population. 
Future research should be directed in identifying predictors of response to RDN and 
creating a procedural end point for RDN. Furthermore, the role of vascular calcification in 
patients with resistant hypertension undergoing RDN needs to be investigated in a larger 
group of patients.
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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
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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.
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aBstRact

Background: Hypertension is an important, modifiable risk factor for the development 
of atrial fibrillation (AF). Even after pulmonary vein isolation (PVI), 20–40% experience 
recurrent AF. Animal studies have shown that renal denervation (RDN) reduces AF 
inducibility. One clinical study with important limitations suggested that RDN additional 
to PVI could reduce recurrent AF. The goal of this multicenter randomized controlled study 
is to investigate whether RDN added to PVI reduces AF recurrence.

methods and results: The main end point is the time until first AF recurrence according to 
EHRA guidelines after a blanking period of 3 months. Assuming a 12-month accrual period 
and 12 months of follow-up, a power of 0.80, a two-sided alpha of 0.05 and an expected 
drop-out of 10% per group, 69 patients per group are required. We plan to randomize 
a total of 138 hypertensive patients with AF and signs of sympathetic overdrive in a 1:1 
fashion. Patients should use at least two antihypertensive drugs. Sympathetic overdrive 
includes obesity, exercise-induced excessive blood pressure (BP) increase, significant 
white coat hypertension, hospital admission or fever induced AF, tachycardia induced AF 
and diabetes mellitus. The interventional group will undergo PVI + RDN and the control 
group will undergo PVI. Patients will have follow-up for 1 year, and continuous loop 
monitoring is advocated.

conclusion: This randomized, controlled study will elucidate if RDN on top of PVI reduces 
AF recurrence.
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intRodUction

Atrial fibrillation (AF) is the most common arrhythmia and its prevalence rises 
exponentially after the age of 60 years. It is expected that the prevalence of AF will increase 
in the ageing population of Europe in the upcoming years. Besides its disabling symptoms, 
AF is associated with serious morbidity (e.g. thromboembolism, CVA, heart failure) and 
increased mortality.1 Results of medical therapy to prevent AF are very modest, and 
reported as 30% success in achieving long term sinus rhythm. Catheter ablation of AF 
(i.e. pulmonary vein isolation, PVI) is significantly more successful in obtaining and 
maintaining sinus rhythm with a success rate of 60-80% after one or more interventions. 
The rationale of PVI for AF lies in the fact that arrhythmogenic foci arising from the 
pulmonary veins induce fibrillatory electrical activity in the left atrium, hereby initiating 
and perpetuating AF. It is hypothesized that this mechanism is most important in patients 
with paroxysmal AF. If AF recurs more than once but terminates spontaneously within 
seven days, the term paroxysmal AF is used. This is also used when the episode is less than 
48 hours in duration and is terminated with electrical or pharmacological cardioversion. 
Persistent AF is defined as recurrent AF that is sustained for more than seven days. A 
patient who is electrically or pharmacologically cardioverted after more than two days is 
also diagnosed with persistent AF. The AF recurrence rates are even higher in patients with 
persistent AF (40-50%). Experimental and clinical research have shown that the autonomic 
nervous system has an important role in the induction and persistence of AF, and on the 
histopathological and electrical substrate in the atria (fibrosis, functional conduction 
blocks).2,3 This has drawn the attention of cardiac electrophysiologists to the treatment 
of modifiable factors in order to prevent AF episodes.4 Is has been reported that patients 
with sympathetically induced (supra)ventricular arrhythmias in the setting of resistant 
hypertension remained free of arrhythmias after renal artery denervation (RDN).2,5-7 It is 
hypothesized that by applying ablational therapy in the renal arteries, the connection of 
the sympathetic nervous system within the renal arterioles is at least partially severed.8 
See Figure 1 for a summary of the mechanisms between the central nervous system, the 
kidneys and the heart that initiate arrhythmia. By applying this new interventional therapy 
in patients with therapy resistant hypertension, it was demonstrated in several reports 
that the sympathetic overdrive inducing hypertension was prevented, and significant 
reductions in blood pressure were achieved.6,8-13 Furthermore a beneficial effect on cardiac 
(diastolic) function was shown.14 Pre-clinical trials carried out by Liang et al demonstrate 
that RDN prevents AF inducibility in a dog model.15 Similar results have been found in a 
rabbit heart failure model.16 Furthermore, in a small clinical study, 27 patients with AF 
were randomized to PVI or PVI + RDN. Patients who underwent PVI + RDN had significantly 
less episodes of AF than those undergoing PVI alone.17 This report however involved a 
very limited number of patients, had important study limitations rendering its results 
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less reliable, and consisted of a very selected group. Loop recorder data of these patients 
demonstrated a lower AF burden in patients that underwent RDN.18 We hypothesize that 
patients who have paroxysmal or persistent AF, with hypertension (systolic >140 mmHg 
or >130/80 mmHg in diabetics and patients with chronic renal disease according to the 
ESC guideline on arterial hypertension19) and signs of sympathetic overdrive, will benefit 
from RDN on top of the standard ablative therapy (PVI). Therefore, we have initiated a 
randomized controlled trial that will assess the effects of PVI and RDN+PVI on the success 
of preventing AF recurrence. Furthermore we will assess the effect of these therapies on 
several aspects of the cardiovascular system and the autonomic nervous system. The 
study is listed at clinicaltrials.gov (NCT02115100).

methods

Primary aim

To investigate if renal artery denervation in combination with pulmonary vein isolation, 
prevents AF recurrence significantly better in patients with out of range hypertension and 
signs of sympathetic overdrive.

figure 1. Mechanism of arrhythmia triggering through the reno-cardiac axis (re-use courtesy of Heart 
Rhythm).
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Secondary aim(s)

Investigate the effects of renal artery denervation on the sympathetic innervation of the 
heart and the general sympathetic drive and the effects of RDN on arterial stiffness and 
hemodynamic parameters.

Study design

The ASAF trial is a prospective, randomized, controlled, multicenter, international clinical 
trial. Patients are not blinded for their procedure.

Patient population, inclusion and exclusion criteria

The target group of patients are subjects aged <75 years, with paroxysmal or persistent 
AF, who have out of range hypertension (systolic >140 or >130/80 mmHg in diabetics and 
patients with chronic renal disease) and signs of sympathetic overdrive. Sympathetic 
overdrive is defined when patients show one or more of the following features: obesity 
(BMI >30), excessive blood pressure rise (peak systolic blood pressure >250 mmHg) on 
exercise stress testing, white coat hypertension (normal ambulatory blood pressure 
measurements despite hypertension in a clinical setting which is associated with an 
increase in sympathetic drive20), raised serum cortisol during illness or admission, 
hospital admission or fever induced AF, tachycardia induced AF during Holter monitoring 
or telemetry and/or diabetes mellitus. Patients should use at least 2 antihypertensive 
drugs or should be intolerant for medication. The following medication is seen as 
antihypertensive medication: angiotensin II blocker, ACE inhibitor, alpha blocker, beta 
blocker, calcium antagonist, diuretics, central acting agents and renin inhibitors. Apparent 
secondary causes for hypertension and/or AF should be excluded by a vigorous protocol. 
We hypothesize that the proportion of AF free survival after a single procedure of PVI will 
be 60% after one year compared to 80% in the PVI + RDN group. We will perform a log-rank 
test to test a hazard ratio of 0.437 (RDN + PVI versus PVI). 69 patients per group are required 
for a log-rank test to test a hazard ratio of 0.437, with a power of 0.80, a 2-sided alpha of 0.5 
and an expected drop-out of 10% per group assuming a 12 month accrual period and 12 
months follow-up. For the sample size calculation the approach of Schoenfeld and Richter 
was used.
In order to be eligible to participate in this study, a subject must meet all of the following 
criteria: 1. The patient is willing and able to comply with the protocol and has provided 
written informed consent. 2. The patient falls within the target group as stated earlier. 
3. Patient is an acceptable candidate for renal denervation treatment. 4. Patient is < 75 
year of age. A potential subject who meets any of the following criteria will be excluded 
from participation in this study: 1. Documented left atrial diameter on trans thoracic 
echocardiography (PLAX > 4.5 cm). 2. Contraindication to chronic anticoagulation 
therapy or heparin. 3. Previous left heart ablation procedure for AF. 4. Acute coronary 
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syndrome, cardiac surgery, PCI or stroke within 3 months prior to enrolment. 5. Untreated 
hypothyroidism or hyperthyroidism. 6. More than grade 1/3 valvular regurgitation and/
or significant valve stenosis (modest or severe). 7. LVEF <45% and/or grade 3/4 diastolic 
dysfunction. 8. Enrolment in another investigational drug or device study. 9. Woman 
currently pregnant or breastfeeding or not using reliable contraceptive measures 
during fertile age. 10. Mental or physical inability to participate in the study. 11. Planned 
cardiovascular intervention. 12. Life expectancy ≤ 12 months. 13. Renal artery stenosis 
>50% of the arterial lumen, or renal artery lumen ≤3 mm. 14. Dual or triple ipsilateral renal 
artery ostia not suitable for RDN. 15. Obvious secondary cause of hypertension.
Patients who satisfy the entry criteria will be randomized by an automated system in 
order to minimize bias based on patient selection and baseline characteristics. The 
randomization will be generated with random permuted blocks with a 1:1 allocation of 
treatments.
The control group will be the group that underwent pulmonary vein isolation. See figure 2 
for the randomization into the two arms of this study.

Interventional group (1)

These patients will undergo renal artery denervation and pulmonary vein isolation. Renal 
artery denervation will be performed by femoral arterial catheterization, and cannulation 
of the renal arteries. A number of ablations will be performed in the left and right renal 
artery according to our previously described protocol. In a subset of patients, renal 

 

Patients should use at least 2 antihypertensives

or should be intolerant for medication

Patients with paroxysmal or persistent atrial fibrillation
with out of range hypertension 

(systolic > 140 mmHg or > 130/80 mmHg in diabetics and patients with 
chronic renal disease) 

or signs of sympathetic overdrive

Interventional group

PVI + RDN (N = 69)

Control group

PVI (N = 69)

figure 2. Each arm of the study contains 69 patients. The investigational groups will receive PVI + RDN. The 
control group will receive PVI only.
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nerve stimulation (RNS) will be used to assess the completeness of ablation. Pulmonary 
vein isolation will be performed by femoral vein cannulation, transseptal puncture, and 
circular antral radiofrequency or cryo-ablation of the pulmonary veins, with confirmation 
of isolation.

Control group (2)

These patients will undergo pulmonary vein isolation. Pulmonary vein isolation will be 
performed as stated above. No other sham procedure will be performed in the control 
group.

Pre procedural measurements

Pre-treatment: 24 hour Holter monitoring or cardiac rhythm monitoring with a loop 
recorder (AF burden), lab tests, number of antihypertensives, 24-h ambulatory blood 
pressure monitoring, office blood pressure measurement. An internist with a special 
interest in hypertension treatment assesses the patients prior to randomization.

Procedure

Shortly the procedure is as follows. A complete workup including CT or MRI scan of 
the renal arteries is performed before the intervention and eligible candidates with 
symptomatic AF are included. The right femoral artery is punctured, and via a Seldinger 
technique a guiding wire is introduced. Afterwards a sheath is introduced. A pigtail catheter 
is introduced through the sheath and a contrast angiogram of the abdominal aorta is 
made depicting the renal arteries. Subsequently, the renal artery is cannulated with the 
multi-electrode Symplicity Spyral catheter through a guiding sheath. This catheter has 
the advantage of activating up to 4 electrodes to simultaneously deliver radio frequency 
energy, reducing the ablation time to 2 minutes. The ablation catheter is introduced up 
to the first bifurcation and extensive ablations according to our previously described 
protocol in both renal arteries, with 0.5 cm distance between ablation points. In a subset 
of patients the renal nerve stimulation (RNS) technique is used to assess completeness 
of renal denervation, providing us with more data and stimulation properties in a non-
resistant hypertensive population21-23.

Periprocedural measurements

Blood pressure measurement before and after intervention. Periprocedural blood pressure 
before intervention and after intervention.

Follow up

Post treatment and follow up (3, 6 and 12 months): 24 hour Holter monitoring or cardiac 
rhythm monitoring with a loop recorder, lab and urine tests, number of antihypertensive 
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drugs, 24 hour ambulatory blood pressure measurement, office blood pressure 
measurements. Specific drug adherence testing was not included in the ASAF study 
protocol. Although very important, this drug adherence issue is beyond the scope of our 
current study. A drug up-titration scheme is not part of the ASAF study, most patients 
with atrial fibrillation who suffer from hypertension referred for treatment do not have 
uncontrolled or resistant hypertension.

Main study end point

Time to first detection of AF >30 seconds, with the monitoring period starting 3 months 
after the intervention.

Secondary end points

1. AF burden after 12 months of follow-up, expressed in % of the monitoring period, in 
patients with continuous rhythm monitoring. The monitoring period starts 3 months after 
the intervention. 2. Blood pressure at 3, 6, 12 months after the intervention, and change in 
blood pressure compared to measurement before the intervention.

Other endpoints

The other end points include laboratory measurements, ambulatory blood pressure 
monitoring, Holter monitoring, rhythm assessments (AF burden) from implantable 
continuous loop recorder and exercise stress tests.

Use of co-intervention

In all groups, Vaughan-Williams class 1c, class II, class III (only sotalol) and/or class 
IV antiarrhythmics can be used. The goal is to stop class 1c or class III antiarrhythmic 
medication after 3 months after the intervention. The physician can re-initiate these 
antiarrhythmics when needed, with proper documentation of these changes in medication. 
If used, amiodarone should be stopped at least 3 months before the intervention. 
Antihypertensive medication should not be changed, unless grade 3 hypertension 
(office BP >180/110 mmHg) persists, or symptomatic orthostatic hypotension is present. 
Physicians are expected to use only antihypertensive drugs of the following classes: 
angiotensin II blocker, ACE inhibitor, beta blocker, calcium antagonist and diuretics.

Early termination of the study

The study will be terminated if safety data indicate that treatment is associated with 
important AEs or in case of unacceptable patient risk exposure. In that case an unscheduled 
interim analysis will be performed and the decision to stop the trial will be at the discretion 
of the DSMB.
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statistical analysis

Intention-to-treat (ITT) population

The ITT population consists of patients who have met the study entry criteria and have 
granted informed consent to participate in this study. These criteria are a prerequisite 
to randomization. This analysis population is also referred to as the all Randomized 
Subjects Set (RSS), or Enrolled Set. All analyses will be based on this population if there 
is post-randomization data for every patient. All baseline characteristics (e.g. summary of 
demographics) will be summarized on this analysis set. All results listings will be based on 
the ITT population.

Full Analysis Set (FAS)

The FAS consists of patients from the ITT population who have treatment-related data 
post randomization. This analysis set is as complete as possible and as close as possible to 
the ITT population. If the FAS population is not, in practice identical to the ITT population, 
the FAS will be used for all non-baseline analyses.

Per Protocol Set (PPS)

The PPS population consists of all subjects from the FAS set with evaluable data and 
who have demonstrated full compliance with the study protocol (i.e. there is absence 
of any major protocol violations including the violation of entry criteria). Minor protocol 
deviations would be judged at the Data Review Meeting and deemed as such, before 
subjects can be retained in this population. The problems that lead to the exclusion 
of subjects to create the PPS, and other protocol violations, will be fully identified and 
summarized per treatment group, indicating frequencies, date and time of occurrence, 
where applicable.

Description of Statistical Analysis

We will perform an intention-to-treat analysis, if data permits. Otherwise the next most 
exhaustive study population (FAS) will be used. The eventual study population used will 
be explicitly stated for all results tables and figures generated. All line listings will be based 
on the ITT population and the study population would not need to be specified in the 
listings.
Descriptive statistics will be provided for all variables considered in the analysis. 
Continuous variables will be summarized descriptively providing, where applicable, 
the number of patients (N), mean, standard deviation (SD), median, minimum (min) 
and maximum (max), and interquartile range. Categorical variables will be expressed as 
counts and percentages (%). Percentages will be calculated according to the number of 
patients for whom data are available. P-values and accompanying Effect Size (Eta-squared 
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values) statistics will be presented where applicable. The former will be used as a flag to 
filter for subsets of statistically significant results during comparison of treatment groups, 
if required. Unless otherwise stated, calculations will be performed per treatment group.

Primary endpoints

For key results changes (and percentage change, if deemed appropriate) from baseline 
will be summarized descriptively providing, the N, Nmiss (number missing), mean, SD, 
median, min and max; where applicable. The primary study endpoint is time to first 
detection of AF >30 seconds, with the monitoring period starting 3 months after the 
intervention. The primary objectives are to investigate (I) if RDN in combination with PVI 
prevents AF; (II) if there is superiority of the RDN procedure in combination with the PVI 
procedure in contrast to the PVI procedure alone. The primary outcome measure will be 
tested by Kaplan Meier curves and log-rank tests. The Kaplan Meier curves will indicate 
freedom of AF >30 seconds after 1 year of follow-up with the monitoring period starting 3 
months after the intervention.
For the first part of the primary objective, we will test the absolute outcome values 
(incidence of success vs incidence of non-success for the PVI+RDN group) statistically by 
using Pearson’s chi-squared test. In case of rare events (the expected number per cell 
lower than 5 in more than 20% of the cells) the Fisher Exact test will be used. Two-sided 
95% confidence intervals of the difference in percentages between the incidence groups 
will be calculated using exact methods. For the second part of the primary objective, we 
will test for significance of differences between PVI+RDN versus PVI. We will compare the 
survival distributions of PVI+RDN versus PVI using a log-rank test.
Differences in secondary endpoint absolute outcome values (incidences) will be 
statistically tested between groups by using Fisher’s exact test or Pearson’s chi-squared 
test. Differences in means of continuous data will be statistically tested by performing 
Student’s t-test or, in case the data are not normally distributed, the Mann-Whitney-
Wilcoxon test. Changes in continuous secondary endpoints compared to measurements 
before the intervention (blood pressure and heart rate response, heart rate variability, 
biomarkers, arterial stiffness measures) will be tested by paired t-tests. If the normality 
assumption is not met we will perform Wilcoxon Signed Rank Tests.
For blood pressure (systolic and diastolic) effects over time a two way repeated measures 
ANOVA will be performed. If the normality assumption is not met we will transform the 
data. We will test the interaction between treatment (PVI+RDN versus PVI) and time.
ANOVA assumes sphericity (compound symmetry), i.e. all the correlations of the outcome 
variable between repeated measurements are equal and all the variances of the outcome 
variable at each of the repeated measurements are equal. If the sphericity assumption is 
violated we will perform ANOVA with a Greenhouse and Geisser correction.
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discUssion

This study is a multicenter randomized controlled trial in which RDN on top of PVI is 
one of the arms as a therapeutic procedure for AF. This study will elucidate the added 
benefit of renal denervation to standard AF ablation in the prevention of AF recurrence in 
hypertensive patients with signs of sympathetic overdrive.

In animal studies, renal denervation resulted in less inducibility of AF with aggressive 
programmed electrical stimulation. Furthermore, it resulted in less persistent AF when AF 
was still inducible in dogs. Besides, in post myocardial infarction rats, renal denervation 
resulted in a higher left ventricular ejection fraction, significantly improved hemodynamic 
indicators, and lower NT-pro-BNP, as compared with controls.24-26

In a small sample of patients with paroxysmal and/or persistent AF and resistant 
hypertension, renal denervation in addition to pulmonary vein isolation, resulted in 
significantly less patients with AF episodes, compared to patients undergoing pulmonary 
vein isolation only.17 This study however, had very important limitations, i.e. the small 
number of patients included, the changes that have been made to the design of the study 
and the change in end points. Most of these issues have been addressed by Staessen 
et al.27 Apart from one change in the study design, dropping the RDN only arm, none of 
the mentioned limitations are present in the ASAF study. In several studies, including 
randomized controlled trials, it was shown that renal denervation resulted in a significant 
and durable reduction of blood pressure and less need for antihypertensive medication 
use and a higher proportion of patients reaching blood pressure goals. Renal denervation 
resulted in a reduced renal resistive index and incidence of albuminuria without 
adversely affecting glomerular filtration rate or renal artery structure. In all studies, renal 
denervation appeared to be a safe, with a <1% complication rate (renal artery dissection, 
groin bleeding, etc.), without any development of renal artery stenosis.28-30 Importantly, 
there was zero mortality associated with the intervention.

The Symplicity HTN-3 trial however, a sham controlled randomized blinded study, failed 
to meet both its primary (office systolic blood pressure reduction) and its secondary 
(mean 24-h ambulatory blood pressure) endpoints.31 One of the most important concerns 
raised after this trial, was the lack of an acute endpoint. Our group assessed the feasibility 
of renal nerve stimulation (RNS) before and after the procedure to assess this endpoint.21 
Recently we demonstrated that RNS can be used to predict the outcome to RDN in a small 
cohort.22 RNS also elicited an increase in BP in accessory renal arteries after denervation 
of the main arteries, underlining a proof of concept.23 Question remains whether a RDN 
without a procedural endpoint will be effective, but that is beyond the scope of this trial.
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We have chosen different inclusion criteria than the classic one for resistant hypertensive 
patients, since our primary goal is to prevent AF, rather than treating resistant hypertension. 
If higher sympathetic tone is present through the renal nervous system, a rise in peripheral 
resistance and thus hypertension should be present. We therefore include patients who 
use two or more antihypertensives and have out of range hypertension.
Additionally, we chose to target patient groups in which previously a higher sympathetic 
tone was proven, such as diabetics, hypertensive patients with significant white coat 
effect, patients with tachycardia or illness mediated AF and patients with excessive blood 
pressure rise on exercise testing.

Our primary endpoint will be recurrence of AF/AFL/AT post-ablation, after a blanking 
period of 3 months after the interventional procedure, which is a frequently used and 
well known endpoint. Recurrence of AF/AFL/AT after ablation will be defined according to 
EHRA guidelines. In patients with continuous loop monitors, we will assess AF burden as a 
secondary endpoint. Treating AF by RDN can be mediated through different mechanisms. 
First, one of the most important risk factors for incident AF, but also for recurrent AF after 
treatment by ablation, is hypertension. We expect that after an added RDN procedure, both 
resting and stress blood pressure will be lower. Furthermore, RDN resulted in improved 
diastolic function and thus less atrial pressure and stretch, which is associated with less 
inducible AF in different studies.32 Finally, a reduction of sympathetic tone by RDN resulted 
in less atrial and ventricular ectopic beats, and even less ventricular tachycardia. By the 
reduction of ectopic beats, fewer trigger moments for the initiation of AF could be present, 
aiding in the prevention of recurrent AF.30 A single blind study is currently investigating the 
effect of RDN on AF burden compared to anti arrhythmic drug regiments.33 This study will 
contribute to assessing the effect of RDN on AF, but does not cover the additional effect 
of RDN on PVI. Another interesting trial currently recruiting patients is the Symplicity AF.34 
The main goal of the Simplicity AF trial is to test the feasibility and safety of performing 
both renal denervation and pulmonary vein isolation. ASAF is an investigator initiated trial. 
The primary endpoint of ASAF trial is AF free survival after a combination of pulmonary 
vein isolation and renal denervation compared to pulmonary vein isolation only. The 
most important difference between the Symplicity AF trial and the ASAF is the emphasis 
on hypertension in the Symplicity AF trial. Hypertension is a modifiable risk factor 
contributing in many patients who suffer from atrial fibrillation. By including patients 
with office systolic BP >150 mmHg whilst on a drug regimen with 3 antihypertensives, 
this study automatically targets a truly hypertensive population. ASAF trial focuses 
on the enhanced sympathetic drive in patients with atrial fibrillation. Independent of 
hypertension, other conditions are accompanied by sympathetic overdrive. We test the 
hypothesis that sympathetic overdrive can be targeted by RDN. In addition to blood 
pressure lowering effect, RDN may have anti-arrhythmic effects. Since the publication 
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of the Simplicity HTN 3 trial, several other important trials have been published. These 
studies partly restore the efficacy of RDN in lowering BP. For example the DENERHTN trial 
by Azizi et al.35 demonstrate the additive effect of RDN on top of stepped care standardized 
antihypertensive treatment. Another more fundamental randomized trial (SPYRAL HTN 
OFF-MED) took resistant hypertensive patients off their drug regimen and divided them 
between RDN and sham procedures. RDN significantly lowered BP in the RDN arm.36 In the 
light of these recent landmark studies we are confident that RDN is still a viable option to 
interfere with possibly multiple factors influencing and maintaining AF.

conclUsion

Concluding, our present trial is the first multicenter randomized, controlled trial, 
assessing the effect of RDN as adjunct therapy on top of standard AF ablation therapy, in 
the prevention of recurrent AF.
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sUmmaRy and GeneRal discUssion

The role of renal sympathetic denervation (RDN) in the treatment of hypertension and 
other cardiovascular disease is still a topic under debate, as described in chapter 1 of 
this thesis. The current scope of RDN is narrow since in the current ESC/ESH guidelines 
on the Management of Arterial Hypertension (1), RDN is only considered as an option to 
treat hypertension in the context of clinical studies. However, recently sham-controlled 
randomized trials provided evidence supporting the proof-of-concept with promising data 
regarding the efficacy and safety of RDN in lowering blood pressure in selected patients (2). 
Moreover, within the research field of RDN several patient and procedural related aspects 
have been addressed and significantly improved. Electrical renal nerve stimulation (RNS) 
has been developed in order to map the renal artery and localize sympathetic nerve tissue 
for subsequent ablation, and RNS may potentially serve as a functional denervation 
endpoint. However, the added value of RNS during RDN is only demonstrated in small 
populations with short-term follow-up (3,4), and the underlying mechanism of both RDN 
and RNS are not yet completely understood. The current thesis described in chapter 2 
the RNS-induced changes in arterial pressure wave forms, in order to further explore the 
acute underlying mechanisms of RNS-induced cardiovascular effects during RDN. RNS 
induced temporary changes in augmentation index, pulse pressure, time to maximum 
systolic pressure and time to reflected wave. Furthermore, in chapter 3 it is demonstrated 
that RNS induced alterations in heart rate variability reflecting increased sympathetic 
activity, whereas after RDN the RNS-induced changes suggested a lower sympathetic 
and higher parasympathetic activity. Part II of this thesis described the blood pressure 
lowering effects of RDN. In chapter 4, the results of the RNS-trial showed that the use of 
RNS during RDN leads to clinically significant and sustained lowering of 24-hour blood 
pressure with fewer antihypertensive drugs at medium-term follow-up and moreover, that 
RNS can check the completeness of the RDN procedure. The study in chapter 5 assessed 
that the amount of vascular calcification is not related with the blood pressure response 
to RDN in patients with resistant hypertension. The last part III of this thesis discusses the 
future perspectives of RDN. The review in chapter 6 concludes that RDN still has a place 
in the management of hypertension and potentially in other cardiovascular diseases. The 
randomized-controlled ASAF-study, of which the design is presented in chapter 7, will 
hopefully illuminate if patients with atrial fibrillation and signs of sympathetic overdrive 
who are treated by RDN on top of pulmonary vein isolation have less atrial fibrillation 
recurrence compared to patients treated by pulmonary vein isolation alone. The current 
chapter provides a general discussion of the main findings of this thesis.



Chapter 8

132

Understanding the underlying pathophysiological mechanism

We will provide some contemplations on the potential underlying pathophysiological 
mechanism of RDN and RNS, based on the current scientific knowledge and the articles 
incorporated in this thesis. Our studies clearly demonstrated that RNS induces marked 
increases in blood pressure, whereas heart rate remained stable. Mean arterial pressure 
is the product of stroke volume, heart rate, and systemic vascular resistance. A longer left 
ventricular ejection period with or without an increase in left ventricular ejection fraction 
could lead to a RNS-induced blood pressure increase. However, the magnitude of the 
blood pressure rise could not be only explained by changes in stroke volume. So, since 
heart rate remained stable, changes in systemic vascular resistance should have occurred. 
It is conceivable that, at least part of, the described RNS-induced blood pressure changes 
are based on norepinephrine release caused by an enhanced central sympathetic tone 
through an afferent mechanism. It is conceivable that this latter is caused by an afferent 
mechanism because the blood pressure increase begins several seconds after the initiation 
of RNS and lasts for up to ten minutes. The followed rise in central sympathetic tone leads 
subsequently to the increase in systemic vascular resistance, conceivably in combination 
with renal vasoconstriction. Activation via the efferent renal neuronal pathways would take 
more time to increase blood pressure, and studies have shown that creatinine clearance 
and renin activity were not affected by RDN. Thus, during RNS potentially a general rise in 
systemic vascular resistance and a general vasoconstriction is taking place.
Although heart rate remained stable during RNS, our study on heart rate variability, as 
described in chapter 3, and the initial RNS feasibility study (3) have shown that RNS 
induces slight oscillations in sinus cycle length. Before RDN, RNS induced changes in heart 
rate variability suggesting alterations in the autonomic balance resulting in an increased 
sympathetic tone. Moreover, the RNS-induced changes in heart rate variability reflected a 
lower sympathetic tone and higher parasympathetic tone after RDN. These changes were 
1.5 times greater in patients off-beta-blockade, and no longer significant in patients on-
beta-blockade, and in a small group of patients with diabetes mellitus. Modulation of heart 
rate through the sympathetic nervous system are slow, and a time delay is observed after 
the initiation to the subsequent changes in heart rate. On the other hand, vagally elicited 
changes in heart rate are relatively fast (5,6). We suggest that the mild heart rate changes 
are due to the increased central sympathetic tone, as described above, but are also caused 
by the baroreflex mediated response to blood pressure changes. Moreover, our study on 
heart rate variability demonstrated that after RDN not only decreased sympathetic tone 
was observed, but also an increased parasympathetic outflow. Potentially, the effects of 
RDN on blood pressure are caused by an afferent effect via the central nervous system and 
an efferent route directly to the kidneys. In figure 1 the potential underlying mechanism of 
the RNS-induced effects are visually presented.
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Effects of RDN on the crosstalk between the central autonomic nervous system and the 
renal nerves have also been demonstrated in previous studies. In our editorial on the 
study of Tsai et al., we discussed our view in the light of the current insights regarding 
this mechanism. The authors of the latter study showed in a canine model that the nerves 
of parts of the central nervous system (stellate ganglion and medulla) were destroyed 
after RDN. Apart from the provided histopathological evidence, functional measurements 
showed that the central nervous system activity was decreased as well as the atrial 
tachyarrhythmia burden (7,8). So, incremental experimental and clinical evidence is 
becoming available regarding the underlying pathophysiological mechanism of RDN 
and effects of this treatment modality on cardiovascular parameters. However, the exact 
mechanism of the RDN induced cardiovascular and neural effects is not fully delineated 
yet.

figure 1 - A schematic overview of the potential underlying mechanism of the RNS-induced effects on 
cardiovascular parameters. (RNS: renal nerve stimulation).
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Clinical and procedural implications of RNS and RDN

Part II of this thesis described the results of our research regarding the added value of 
RNS during RDN in lowering blood pressure and providing further insights into the clinical 
response to RDN at follow-up. Of note, response to RDN in previous studies has been 
variable, ranging from non-response, marginal response to tremendous blood pressure 
reductions. There is a scarcity of data regarding identification of (hyper-)responders 
and non-responders. It is important to clearly define predictors of successful RDN with 
a powerful functional procedural endpoint and explore the best energy source to ensure 
complete denervation in order to overcome the unpredictability and variability in 
outcomes of RDN and to pave the way for RDN as a potentially potent treatment modality 
in hypertension management. Therefore, technical, procedure, and patient related factors 
need to be further explored in order to improve outcome of RDN. The variable blood 
pressure lowering response at follow-up clearly highlighted the strong need for improved 
patient selection and periprocedural refinements for RDN including a functional check to 
find the right denervation points and a procedural endpoint. RNS in the setting of RDN 
has been developed and extensively studied at the Isala Heart Centre in Zwolle, The 
Netherlands. Of note, our prior research demonstrated that blood pressure response to 
RNS is associated with clinical outcome and was supportive of the idea that RNS provides 
important information to further optimize RDN procedures (3,4). The results of the RNS-
trial are described in chapter 4. The RNS-trial was the first, prospective, clinical study 
demonstrating the beneficial effects of RNS during RDN on 24-hour blood pressure reduction 
in 44 pharmacologically treatment-resistant hypertensive patients. We showed that the 
use of RNS during RDN resulted in a mean reduction of 12 mmHg at 24-hour systolic blood 
pressure measurement at a medium-term follow-up with one antihypertensive drug less. 
This reported reduction is much greater compared to the 7 mmHg blood pressure decline 
published in the recent SPYRAL HTN studies (2,9). It is crucial to note that an important 
limitation of our RNS-trial was the non-sham controlled design. However, the RNS study 
provided important data regarding the potential of RNS serving as potential procedural 
endpoint for the RDN procedure. We showed that patients with complete denervation, 
i.e. no residual RNS-induced BP response after RDN had significant lower blood pressure 
compared to the patients with incomplete denervation. Moreover, nearly all patients (83%) 
with complete denervation reached normal blood pressure levels at follow-up, whereas 
a significant proportion of patients (67%) with a residual BP response to RNS after RDN 
remained hypertensive at follow up. This study provided evidence supporting the use 
of RNS as functional (intermediate) endpoint for RDN. Another important limitation of 
our RNS study is the lack of monitoring drug adherence in the study patient population, 
since non-adherence is a large issue in the hypertensive population (10,11) since we 
know that previous non-sham controlled RDN studies were significantly influenced by the 
Hawthorne effect (12). Important strength of the RNS study, however, is that the reported 
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blood pressure changes were based on reliable 24-hour blood pressure measurements. 
And, up to now no other potential procedural endpoints are available. Based on these 
results, we conclude that a small step forward has been made in the research regarding 
RNS as potential procedural endpoint for the RDN procedure.
The studies of this thesis included treatment-resistant hypertensive patients, whereas 
the most recent positive SPYRAL HTN trials specifically included non-treatment resistant 
hypertension patients (13). It is known that particularly treatment-resistant hypertensive 
patients have increased vascular calcification, and one of the potential explanations 
for the previous neutral RDN studies was the inclusion of a patient population with 
substantial vascular stiffness due to advanced vascular calcification that is considered 
to be difficult to reverse. In chapter 5, we therefore hypothesized that patients with 
hypertension and advanced vascular calcification, would be marginal or non-responders 
to RDN due to vascular stiffness as the main driver of the uncontrolled hypertension rather 
than enhanced sympathetic tone. Moreover, advanced vascular calcification may cause 
inadequate contact between the catheter and the renal nerves, subsequently leading to 
incomplete RDN. However, in our small retrospective study of 26 patients who were divided 
into three groups based on a non-validated renal perivascular calcium score, the extent of 
aortic-renal vascular calcification, was not associated with blood pressure response at six 
months follow-up after RDN. A major limitation of the study was the limited number of 
patients, retrospective design and the non-validated renovascular calcium score. These 
limitations may have led to our negative results on our hypothesis. However, it also 
possible that the patients with a low calcium score had an incomplete RDN procedure due 
inadequate catheter contact with the renal nerves caused by noncalcified atherosclerotic 
plaques. So, many factors may have potentially influenced our results. Nevertheless, 
we conclude that the amount of vascular calcification should not on forehand decide 
if patients should be excluded from RDN. A recent analysis of high-risk subgroups in 
the Global prospective registry for RDN were in line with our results indicating that the 
decrease in blood pressure reduction after RDN was not different in patients with several 
baseline atherosclerosis cardiovascular disease risk scores and high-risk co-morbidities, 
such as diabetes mellitus (14).
As described in the introduction of this thesis (chapter 1), denervation catheters have 
been improved and new techniques have been developed. Currently, the catheters have 
multiple electrodes with a geometrical orientation, and a more circumferential ablation 
of the renal artery is obtained without extensive catheter manipulation compared to the 
first generation single-electrode RDN catheters. However, it is still unknown if the current 
generation of catheters make adequate wall contact and lesions of sufficient depth to 
achieve a complete denervation. Alternative energy sources for ablation, i.e. ultrasound, 
chemical or cryo-balloon, are potentially promising, however compared to radiofrequency 
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energy-based denervation these techniques are far less advanced and have probably a 
long way of improvements ahead before it can be implemented in daily practice.
In chapter 2 till 5 of this thesis, we provided evidence supporting the added value of RNS 
during RDN in treating resistant hypertension patients. However, it is important to note 
that our studies were small sized, non-randomized, and non-sham controlled. So, before 
the widespread use of RNS during RDN in this group of patients in which the current 
available pharmacological options are not sufficient in reaching blood pressure treatment 
goals, larger sham-controlled studies are needed. Since RDN is only available in the 
context of clinical studies and randomized trials, it is interesting and important to identify 
the most ideal subset of patients who might benefit most from RDN induced improved 
blood pressure control and reduced cardiovascular risk on the long term. Solid data on the 
RDN induced long-term cardiovascular risk reduction are not available yet.

fUtURe peRspectives

The final part III of this thesis describes the potential future perspectives of RDN in 
treating cardiovascular disease. Our studies provided insight into the underlying 
pathophysiological mechanisms of both RNS and RDN, however further research is 
necessary to improve outcomes after RDN. In line with the arterial wave form analysis, it 
would be interesting to evaluate the exact invasively measured changes in stroke volume, 
systemic vascular resistance and left ventricular ejection fraction. Besides that, we have 
only presented the acute RNS-induced changes in heart rate variability. Since decreased 
heart rate variability is a known predictor of all-cause mortality it would be interesting 
to investigate the long-term effects of the use of RNS during RDN and its effect on heart 
rate variability. As mentioned before, our studies have brought us a small step forward 
to RNS as a potential endpoint for RDN. However, further research is needed to randomly 
compare RDN with RNS to a sham-control group in a larger study population.
Our contemplations on the question if RDN is still a treatment option in cardiovascular 
disease have been summarized in the review in chapter 6; the most important RDN 
studies on hypertension are described, recent insights into the procedural aspects are 
discussed, and the potential applications of RDN in other cardiovascular disease than 
hypertension are highlighted. We conclude and expect that RDN will have a role in the 
management of hypertension in the future, since its blood pressure lowering effects have 
been demonstrated well. However, further research is needed to identify: 1. the ideal 
hypertensive patient who will benefit from RDN considering blood pressure reduction at 
follow-up but also considering the impact on cardiovascular risk reduction; 2. the perfect 
catheter to achieve complete circumferential denervation with lesions from adequate 
depth; and 3. a technique to define the completeness of the procedure, which potentially 
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could be RNS. Possibly RDN will also have a role in the treatment of other cardiovascular 
diseases beyond hypertension. Experimental evidence is supporting the role of RDN in 
treating arrhythmias and heart failure, however clinical evidence is scarce and further 
research is needed. The recent published ERADICATE-AF study has shown that among 
patients with atrial fibrillation and hypertension, RDN on top of catheter ablation leads to 
significantly decreased atrial fibrillation recurrence compared to catheter ablation alone 
(15). This study leaves the question if the freedom of atrial fibrillation is due to improved 
blood pressure control or due to the potential anti-arrhythmic effects of RDN. The last 
chapter 7 is the beginning of the currently ongoing international multi-centre ASAF-trial in 
which patients with atrial fibrillation and hypertension and signs of sympathetic overdrive 
are randomized to pulmonary vein isolation with or without RDN. We hope that this study 
will provide solid data regarding the role of RDN as a meaningful adjunctive therapy to 
pulmonary vein isolation in the treatment of patients with sympathetically driven atrial 
fibrillation.
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conclUsion

In conclusion, the RNS-induced changes in arterial hemodynamics and heart rate 
variability have given us more insight into the potential underlying mechanisms of both 
RDN and RNS, as summarized in figure 2. The RNS-trial demonstrated the clinical utility of 
the use of RNS during RDN, its association with blood pressure during follow-up, and its 
potential to check the completeness of the denervation procedure. Our study on the extent 
of renovascular calcification have underlined our view that several pathophysiological 
mechanisms are responsible for the maintenance of hypertension and furthermore in the 
blood pressure response to RDN. It is conceivable that in the future RDN with the use of 
RNS still has a place in hypertension management, and possibly in other cardiovascular 
diseases. However, large randomized sham-controlled trials are needed to further define 
the role of RNS during RDN, improve the RDN technique and catheters, and investigate 
clinical indications for RDN beyond hypertension. Furthermore, RNS and RDN could still 
be improved by enhancing the knowledge of the underlying physiological mechanisms. 
Of note, after a long way of improvements, we have potentially seen the first signs on 
the horizon of the resurrection of RDN in treating hypertension and probably other 
cardiovascular disease characterized by sympathetic overdrive (figure 2).

figure 2- A schematic overview of the conclusions of this thesis.
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nedeRlandse samenvattinG

Renale denervatie (RDN) is ontwikkeld als potentiële behandeling voor patiënten met 
hypertensie. Echter, de resultaten van de eerste grote, gerandomiseerde, dubbelblinde 
studie waren teleurstellend wat betreft bloeddrukdaling in de RDN groep vergeleken met 
de controlegroep. Dit heeft ervoor gezorgd dat er veel discussie is over de plaats van RDN 
in de behandeling van hypertensie, dit wordt beschreven in hoofdstuk 1 van deze thesis. 
In de laatste Europese richtlijnen betreffende de behandeling van hypertensie, welke 
gepubliceerd zijn in 2018, wordt RDN niet aanbevolen als standaardbehandeling voor 
hypertensie en mag RDN alleen worden aangeboden in de context van wetenschappelijke 
onderzoek. Recent hebben sham-gecontroleerde, gerandomiseerde trials echter opnieuw 
de effectiviteit en veiligheid van RDN aangetoond bij patiënten met hypertensie die 
geen antihypertensiva gebruikten. Daarnaast zijn verschillende patiënt- en procedure 
gerelateerde factoren, die mogelijk een verklaring waren voor de eerdere teleurstellende 
resultaten, onderzocht en verbeterd de laatste jaren. In het Isala ziekenhuis in 
Zwolle wordt de RDN procedure gedaan door elektrofysiologen en aldaar is renale 
zenuwstimulatie (RNS) ontwikkeld om de RDN procedure te verbeteren. Het doel van RNS 
is om de sympathische zenuwen te lokaliseren om deze vervolgens doelgericht te kunnen 
denerveren. Daarnaast zou RNS potentieel na denervatie gebruikt kunnen worden als 
tool om te checken of de denervatie compleet is geweest. Aangezien er tot op heden geen 
procedureel eindpunt beschikbaar is voor de RDN procedure is, zou dit mogelijk voor een 
verbeterde slagingskans van de procedure kunnen zorgen. In eerder onderzoek hebben 
wij aangetoond dat het gebruik van RNS tijdens RDN veilig is. Daarnaast leidde RNS tot 
acute bloeddrukstijging vóór RDN welke niet meer aanwezig was ná RDN. Tot slot was in 
een kleine populatie, de acute RNS-geïnduceerde bloeddruk voor RDN geassocieerd met 
bloeddrukdaling bij follow-up na RDN. Echter, de toegevoegde waarde van het gebruik van 
RNS tijdens RDN is alleen nog onderzocht in kleine populaties met een korte follow-up 
en het onderliggende mechanisme van zowel RDN als RNS is nog niet helemaal duidelijk.
De doelstelling van deze thesis is het verder toelichten van de onderliggende mechanismen 
van RDN en RNS, het onderzoeken van de middellange termijn bloeddrukverlagende 
effecten van het gebruik van RNS tijdens RDN en tot slot het bediscussiëren van de 
toekomstige rol van RDN in de behandeling hart- en vaatziekten.

Deel I – Renale zenuwstimulatie geïnduceerde cardiovasculaire effecten die ten grondslag 
liggen aan renale denervatie

Het eerste deel van deze thesis onderzocht de RNS-geïnduceerde cardiovasculaire 
effecten die ten grondslag liggen aan RDN, om zo het onderliggende mechanisme van 
de acute effecten van RNS en RDN beter te begrijpen. Ons eerdere onderzoek heeft 
laten zien dat RNS leidt tot een significante bloeddrukstijging vóór RDN en dat dit effect 
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ná RDN niet meer aanwezig is. De invloed van RNS op de arteriële hemodynamiek is 
beschreven in hoofdstuk 3. We vonden dat voorafgaand aan RDN, RNS resulteerde in 
een tijdelijke: verhoogde systolische en diastolische bloeddruk, gemiddelde bloeddruk, 
augmentatie index, langere terugkeertijd van de polsgolf en een langere tijd tot het 
ontstaan van de maximale systolische bloeddruk. Wij concludeerden uit deze studie dat 
de RNS-geïnduceerde veranderingen in de arteriële hemodynamiek mogelijk werden 
veroorzaakt door veranderingen in vaattonus en linkerventrikel ejectietijd, en niet door 
intrinsieke veranderingen in arteriële vaatstijfheid. In hoofdstuk 4, zijn de acute effecten 
van RNS op hartslagvariabiliteit gemeten. Hartslagvariabiliteit is de verandering in tijd 
tussen opeenvolgende hartslagen en wordt beschouwd als een maat voor de functie 
van het autonome zenuwstelsel. RNS, voorafgaand aan RDN, leidde tot veranderingen 
in hartslagvariabiliteit suggestief voor aanpassingen in de autonome balans naar een 
hogere sympathische tonus. Na RDN waren de RNS-geïnduceerde veranderingen in 
hartslagvariabiliteit suggestief voor een lagere sympathische tonus en een hogere 
parasympatische tonus. Deze veranderingen in hartslagvariabiliteit waren 1.5 keer groter 
bij de patiënten die geen bètablokker gebruikten, niet langer aanwezig bij patiënten 
die bètablokker gebruikten en tevens niet aanwezig in een kleine groep patiënten 
met diabetes mellitus. Concluderend, RNS induceerde significante veranderingen in 
hartslagvariabiliteit ná RDN vergeleken met vóór RDN. Deze studie bevestigde de rationale 
dat RDN leidt tot veranderingen in autonome balans met verhoogde vagale en verlaagde 
sympathische signalering naar het hart.

Part II – Bloeddrukverlagend effect van het gebruik van renale zenuwstimulatie tijdens 
renale denervatie

Deel II van de thesis beschrijft de resultaten van ons onderzoek naar de toegevoegde 
waarde van RNS tijdens de RDN procedure en geeft verder inzicht in de bloeddrukdaling 
na RDN gedurende de follow-up. Bloeddrukrespons na RDN varieerde in eerdere studies 
van geen tot zeer indrukwekkende bloeddrukdalingen. De variabele bloeddrukrespons na 
RDN benadrukte het belang van verbeterde patiëntselectie en procedurele verbeteringen. 
Zoals eerder beschreven is RNS in het Isala ziekenhuis te Zwolle ontwikkeld met als 
doel de RDN procedure te verbeteren. Onze eerdere onderzoeken hebben laten zien 
dat de bloeddrukreactie op RNS geassocieerd is met klinische uitkomst, dit bevestigde 
onze hypothese dat RNS van toegevoegde waarde is tijdens de RDN procedure. Echter, 
follow-up in eerdere studies was kort en de patiëntenpopulatie was klein. Zodoende is 
de RNS-studie verricht. De resultaten van de RNS-studie zijn beschreven in hoofdstuk 5. 
De RNS-studie was de eerste prospectieve klinische studie die het zinvolle effect van RNS 
tijdens RDN op bloeddrukdaling liet zien in 44 therapieresistente hypertensie patiënten. 
We toonden aan dat het gebruik van RNS tijdens RDN leidt tot een klinische significante en 
blijvende bloeddruk reductie van 12 mmHg 6-12 maanden na RDN. Patiënten gebruikten 



145

Nederlandse samenvatting

9

bij follow-up ook 1 antihypertensivum minder dan voor de RDN procedure. Daarnaast 
toonden we aan dat patiënten met complete denervatie (i.e. geen residuele RNS-
geïnduceerde bloeddrukrespons na RDN) een significant lagere bloeddruk hadden dan 
patiënten met een incomplete denervatie. Bovendien hadden bijna alle patiënten (83%) 
met een complete denervatie normale bloeddrukken bij follow-up, terwijl een significante 
proportie van de patiënten (67%) met nog residuele RNS-geïnduceerde bloeddrukstijging 
na RDN hypertensief bleef bij follow-up. Deze studie heeft aanvullend bewijs geleverd dat 
RNS mogelijk gebruikt kan worden als functioneel eindpunt voor de RDN procedure.
De studies in deze thesis hebben patiënten geïncludeerd met therapieresistente 
hypertensie, terwijl de recente positieve RDN studies juist patiënten includeerden 
zonder therapieresistente hypertensie. We weten dat hypertensie is geassocieerd met 
een verhoogde calcium depositie in de aorta, vooral bij patiënten met therapieresistente 
hypertensie. Eén van de mogelijke verklaringen voor de eerdere neutrale RDN studies 
is dat het een patiëntenpopulatie betrof met geïsoleerde systolische hypertensie en 
substantiële vaatstijfheid dat dit niet meer kon reageren op behandeling met RDN, omdat 
de voornaamste onderhoudende factor van de hypertensie dan vaatstijfheid is en niet de 
verhoogde sympathische tonus welke wordt behandeld met RDN. In hoofdstuk 5, hebben 
we vervolgens de hypothese opgesteld dat patiënten met hypertensie en gevorderde 
vasculaire calcificatie non-responders zijn op RDN en om die reden moeten worden 
geëxcludeerd van RDN therapie. In onze kleine retrospectieve studie van 26 patiënten, 
die in drie groepen werden verdeeld op basis van een niet-gevalideerde peri-renale 
vasculaire calciumscore, was de mate van vasculaire calcificatie niet geassocieerd met 
bloeddrukdaling op 6 maanden follow-up na RDN. Hieruit concludeerden wij dat patiënten 
met gevorderde vasculaire calcificatie niet bij voorbaat al moeten worden uitgesloten van 
RDN therapie.

Part III – Toekomstperspectief van renale denervatie binnen de behandeling van hart- en 
vaatziekten

Het derde en laatste deel van deze thesis beschrijft de toekomstige rol van RDN binnen 
de behandeling van diverse hart- en vaatziekten. Onze reflecties op de vraag of RDN nog 
een plaats heeft binnen de behandeling van cardiovasculaire ziekten, is samengevat in het 
review in hoofdstuk 7. Daarin zijn de belangrijkste studies betreffende RDN en hypertensie 
beschreven, recente inzichten in de technische en procedurele aspecten van de RDN 
procedure zijn bediscussieerd en de klinische implicaties van RDN in cardiovasculaire 
aandoeningen buiten hypertensie zijn aangestipt. We concludeerden dat RDN in de 
toekomst nog steeds een plaats heeft in de behandeling van hypertensie, en mogelijk in de 
behandeling van andere cardiovasculaire aandoeningen. Hoewel grote gerandomiseerde 
en sham-gecontroleerde studies nodig zijn om dit verder te bewijzen.
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Het laatste hoofdstuk 8, is het begin van de internationale multicenter ASAF-trial, waarin 
patiënten met atriumfibrilleren en hypertensie en tekenen van verhoogde sympathische 
activiteit worden gerandomiseerd naar pulmonaal vene isolatie met of zonder RDN. De 
studie includeert momenteel patiënten en in de thesis wordt het design beschreven. We 
hopen dat deze studie bewijs gaat leveren over de rol van RDN als aanvullende behandeling 
naast pulmonaal vene isolatie in de behandeling van patiënten met sympathisch gedreven 
atriumfibrilleren.

conclUsie

Concluderend, de RNS-geïnduceerde veranderingen in arteriële hemodynamiek en 
hartslagvariabiliteit hebben ons meer inzicht gegeven in de potentiële onderliggende 
mechanismen van zowel RDN als RNS. De RNS-studie toonde de klinische bruikbaarheid 
van het gebruik van RNS tijdens RDN aan, de associatie met bloeddruk tijdens de 
follow-up en de mogelijkheid van RNS om de volledigheid van de denervatieprocedure 
te controleren. Onze studie naar de mate van renovasculaire calcificatie heeft onze 
hypothese bevestigd dat verschillende pathofysiologische mechanismen betrokken zijn 
bij het handhaven van hypertensie en belangrijker bij de bloeddrukrespons na RDN. Het 
is denkbaar dat RDN met gebruik van RNS nog een plaats heeft bij de behandeling van 
hypertensie en mogelijk bij andere cardiovasculaire aandoeningen. Er zijn echter grote 
gerandomiseerde, sham-gecontroleerde onderzoeken nodig om de rol van RNS tijdens 
RDN verder te definiëren, de RDN-techniek en katheters te verbeteren en de klinische 
indicaties voor RDN buiten hypertensie te onderzoeken. Bovendien kunnen RNS en 
RDN nog verder worden verbeterd door de kennis van de onderliggende fysiologische 
mechanismen te vergroten. Belangrijk om te noemen is dat we na een lange weg van 
verbeteringen mogelijk de eerste tekenen aan de horizon hebben gezien van de terugkeer 
van RDN in de behandeling van hypertensie en waarschijnlijk andere hart- en vaatziekten 
die worden gekenmerkt door sympathische overdrive.
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