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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 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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