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Abstract
Background  Catheter-based renal sympathetic denervation (RDN) can reduce sympathetic activity and blood pressure (BP) 
in patients with hypertension. The present study aimed at investigating the effects of RDN on heart rate (HR), number of 
premature captions, and heart rate variability (HRV).
Methods  A total of 105 patients (67% male, age 63.5 ± 10 years) with resistant hypertension (BP 169 ± 22/89 ± 14 mmHg) 
underwent bilateral RDN using a radiofrequency catheter (Symplicity Flex, Medtronic). 24-h Holter monitoring was per-
formed at baseline and after 6 months. Besides HR profile, the number of premature atrial (PAC) and ventricular captions 
(PVC), time and frequency domain-based HRV were analyzed. Data are presented as mean ± standard deviation or median 
(interquartile range).
Results  Office systolic and diastolic BP were reduced after RDN by 21.8 ± 25.2 mmHg and 8 ± 18.7 mmHg (p < 0.001 for 
both), respectively. Twenty-eight (27%) patients had a reduction of < 10 mmHg in systolic BP. At baseline, mean 24-h HR 
was 65.7 ± 9.9 bpm. The prevalence of PAC [median 1.2 (0.3–6.2)] and PVC [median 1.2 (0.1–13.9)] was low and values of 
HRV were within normal limits and not different between responders and non-responders. After 6 months, patients with a 
baseline HR > 72 min had a significant reduction in HR by 2.3 ± 7.1 bpm. Parameters of HRV did not significantly change 
during follow-up. In patients with ≥ 6 PAC per hour at baseline, a significant median reduction of − 12.4 (− 37.4 to − 2.3) 
PAC after 6 months was documented (p = 0.002), which occurred independently from BP effects. The number of PVC was 
not significantly altered after RDN.
Conclusion  In patients with resistant hypertension and elevated HR or high burden of PACs, RDN was associated with a 
reduction of HR and number of PAC. Parameters of HRV were not changed after RDN nor were predictive of response to 
RDN.
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Introduction

The multifactorial pathophysiology of hypertension involves 
the sympathetic and parasympathetic nervous system [1]. 
Alterations of heart rate variability (HRV) can indicate 
imbalance of the autonomic nervous system in patients 
with hypertension [2]. In particular, the power in the high-
frequency range (HF) is regarded as an indicator of vagal 
tone, while the ratio between powers in the low- and high-
frequency ranges (LF/HF ratio) has been suggested as indi-
cator of sympathovagal balance [3]. Catheter-based renal 
sympathetic denervation (RDN) can reduce activity of the 
sympathetic nervous system (SNS) and decrease blood 
pressure (BP) in hypertensive patients [4–7]. Furthermore, 
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different electrophysiological effects, such as reduction in 
heart rate (HR) [8, 9] and alteration in ventricular refracto-
riness, occurrence of ventricular premature beats, reduced 
inducibility and complexity of atrial and ventricular arrhyth-
mias have been documented following RDN in both experi-
mental settings and humans [10–12]. In a study by Tsioufis 
et al., a reduction of the burden of supraventricular and ven-
tricular premature captions extra beats as well as normaliza-
tion of parameters of HRV was described in a small number 
of patients following RDN [11]. The present study aimed 
at investigating the effects of RDN on HR and HRV in a 
larger population of patients with resistant hypertension and 
to investigate different Holter parameters as possible predic-
tors of BP response after RDN.

Methods

Study subjects

Eligible patients were ≥ 18 years and fulfilled the criteria of 
resistant hypertension defined as office systolic blood pres-
sure of ≥ 160 mmHg (≥150 mmHg for type 2 diabetics), 
despite treatment with ≥ 3 antihypertensive drugs (includ-
ing a diuretic), with no changes in medication for a mini-
mum of 2 weeks prior to enrolment. Patients were included 
if they were not pregnant and had a glomerular filtration 
rate ≥ 45 mL/min/1.73 m2. Patients with renal artery anat-
omy ineligible for treatment (main renal arteries < 4 mm in 
diameter or < 20 mm in length, abnormality or stenosis in 
either renal artery, a history of prior renal artery interven-
tion including balloon angioplasty or stenting, multiple main 
renal arteries in either kidney), type 1 diabetes, myocardial 
infarction, unstable angina pectoris, cerebrovascular acci-
dent within the last 6 months, or hemodynamically signifi-
cant valvular disease were excluded from the study.

Study procedures

Office SBP, diastolic BP (DBP), and ambulatory BP moni-
toring (ABPM) readings were obtained at baseline and after 
6 months. Office BP readings were taken in a seated position 
with an automatic oscillometric Omron HEM-705 monitor 
(Omron Healthcare, Vernon Hills, IL) after 5 min of rest. 
ABPM was performed using an oscillometric Spacelabs 
90207 monitor (Spacelabs Healthcare, Issaqua, WA) with 
readings taken every 15 min at daytime and every 30 min 
at nighttime. 24-h Holter monitoring was performed at 
baseline and after 6 months after procedure. All Holter 
monitoring were performed in an out-of-hospital setting. 
Further examinations included complete history and physi-
cal examination, assessment of office and 24-h ambulatory 
blood pressure, recording of a resting electrocardiogram, 

review of medication, and blood chemistry. Bilateral RDN 
was analyzed using the single-electrode radiofrequency (RF) 
Symplicity Flex© catheter (Medtronic, Mountain View, Cali-
fornia) as previously described [13]. All procedures were 
performed by interventionists with an operative experience 
of at least 50 RDN procedures. Holter recordings were ana-
lyzed by two independent investigators (IK, TS) using the 
software Pathfinder© (Spacelabs Healthcare, Washington). 
From Holter recording, heart rate profile (mean, daytime, 
nighttime), the number of premature atrial (PAC) and ven-
tricular captions (PVC), as well as time and frequency 
domain-based HRV were analyzed according to the recom-
mendations by the task force [14]. All analyses were per-
formed by two investigators, who were blinded to patient 
characteristics.

Statistical analysis

Data are presented as mean ± standard deviation (SD), 
median (interquartile range) or number (%) unless other-
wise specified. Comparisons within groups were performed 
using the Pearson Chi-square test for categorical variables 
and the Wilcoxon rank sum test, the Kruskal–Wallis H test, 
or a paired t test for continuous variables where appropriate. 
Repeated-measures analysis of variance model was used for 
between-group changes, and Pearson’s test was used for cor-
relations of continuous variables unless otherwise specified. 
Multivariable linear regression analyses were performed to 
assess the association of clinical, anatomical, and procedural 
parameters and change in SBP at 6 months. A two-tailed 
p value of < 0.05 was regarded as statistically significant. 
All statistical analyses were performed with SPSS statistical 
software (version 21.0, SPSS Inc., Chicago, IL).

Results

Baseline characteristics of the 105 patients are depicted 
in Table 1. Mean age was 63.5 ± 10 years and 67% were 
male. Despite an intake of 5.3 ± 1.6 antihypertensive agents, 
mean BP at baseline was 171.1 ± 24.6/91.5 ± 15 mmHg. 
Office and 24-h BP after 6 months were both significantly 
reduced: office SBP by 21.8 ± 25.2 mmHg, office DBP 
by 8 ± 18.7 mmHg, and PP by 11.7 ± 19.9 mmHg (p for 
all < 0.001). 24-h SBP and DBP were reduced by 7.8 ± 18.6 
(p < 0.001) and 3.7 ± 11.1 (p = 0.001) mmHg, respectively. 
Non-response was defined as a reduction of 24-hour SBP 
of < 5 mmHg. This criterion was fulfilled by 44 (42%) 
patients.

Non-responders differed from other patients by a signifi-
cant lower baseline office and 24-hour BP (Table 1).

Holter parameters at baseline are summarized in Table 2. 
At baseline, mean 24-h heart rate was 65.7 ± 9.9 bpm. In 
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Table 1   Baseline characteristics 
and blood pressure changes

Values are means ± SD or numbers (%)
CAD coronary artery disease, GFR glomerular filtration rate, SBP systolic blood pressure, DBP diastolic 
blood pressure, No. number, ACE-I angiotensin-converting enzyme inhibitors, ARB angiotensin receptor 
blockers, CCB calcium channel blockers

All Responders Non-responders

Value n Value n Value n p

Demographics
 Age (years) 63.5 ± 10 105 64.5 ± 10.2 61 62 ± 9.5 44 0.213
 Male gender 70 (67%) 105 40 (66%) 61 30 (68%) 44 0.836
 Type II diabetes 49 (47%) 105 30 (49%) 61 19 (43%) 44 0.559
 CAD 28 (27%) 105 17 (28%) 61 11 (25%) 44 0.825

Blood pressure measurements
 Office SBP (mm Hg) 171.1 ± 24.6 105 174.7 ± 25.5 61 166.2 ± 22.5 44  < 0.001
 Office DBP (mm Hg) 91.5 ± 15 105 93.9 ± 12.8 61 88.3 ± 17.2 44 0.001
 Pulse pressure (mm Hg) 79.6 ± 20.7 105 80.9 ± 22 61 77.9 ± 18.8 44 0.474
 ABPM SBP (mm Hg) 148.3 ± 20.4 105 155.6 ± 20.7 61 138.1 ± 14.9 44  < 0.001
 ABPM DBP (mm Hg) 84.3 ± 13.4 105 88.1 ± 12.6 61 79.1 ± 13 44 0.001

Antihypertensive treatment
 Antihypertensive agents 5.3 ± 1.6 105 5.2 ± 1.7 61 5.3 ± 1.6 44 0.745
 ACE-I/ARB/Aliskiren 95 (91%) 105 55 (90%) 61 40 (91% 44 1.0
 Beta-blockers 87 (83%) 105 48 (79%) 61 39 (88%) 44 0.203
 Diuretics 81 (77%) 105 47 (77%) 61 34 (77%) 44 1.0
 Aldosterone antagonists 20 (19%) 105 12 (20%) 61 8 (18%) 44 1.0
 CCB 87 (83%) 105 51 (84%) 61 36 (82%) 44 0.8
 Central sympatholytics 58 (55%) 105 37 (61%) 61 21 (48%) 44 0.234
 Alpha-blockers 21 (20%) 105 11 (18%) 61 10 (23%) 44 0.624

Table 2   Baseline Holter parameters in blood pressure responder and non-responder

Values are means ± SD, median (interquartile range), or numbers (%)
PAC premature atrial contractions, PVC premature ventricular contractions
* p value for comparison between responder and non-responder

All Responder Non-responder p*

Value n Value n Value n

Heart rate measurements
 Total (min−1) 65.7 ± 9.9 105 66 ± 10.2 61 65.4 ± 9.6 44 0.772
 Daytime (min−1) 67.3 ± 10.5 64 67.3 ± 10.8 38 67.1 ± 10.4 26 0.933
 Night (min−1) 59.2 ± 9 64 59.1 ± 9 38 59.3 ± 9.1 26 0.922

Premature contractions
 PAC/h 1.2 (0.3–6.2) 77 1.4 (0.4–10) 44 0.7 (0.2–4.4) 33 0.240
 PVC/h 1.2 (0.1–13.9) 77 0.7 (0.1–13.8) 44 2.3 (0.2–13.7) 33 0.52

Heart rate variability
 SDNN (ms) 127.2 ± 39 93 125.5 ± 40.1 56 129.7 ± 37.8 37 0.61
 SDANN (ms) 104.9 ± 36.1 65 107.2 ± 38.2 39 104 ± 33.3 26 0.425
 RSMSSD 35.5 (22.5–61.8) 93 35 (21–55) 56 37 (23–79) 37 0.405
 ULF (ms2) 8389 (5898–15,402) 68 8446 (5919–15,871) 39 8297 (5211–14,875) 30 0.333
 VLF (ms2) 1500 (1000–2431) 68 1396 (979–2273) 41 1546 (984–3191) 27 0.246
 LF (ms2) 438 (256–866) 68 378 (209–843) 41 558 (294–918) 27 0.281
 HF (ms2) 216 (126–395) 68 209 (117–389) 41 220 (140–720) 27 0.603
 LF/HF (ms2) 1.79 (1.19–2.9) 68 1.57 (1.21–2.67) 41 2.09 (1.18–3.38) 27 0.495
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median, the prevalence of PAC and PVC was low and values 
of HRV were within normal limits. No significant differences 
existed between 24-h BP responders and non-responders. 
Patients were grouped according to 24-h HR (≥74 bpm = 4th 
quartile) and to SDNN (≤100 ms = 1st quartile) as possible 
indicators of elevated sympathetic activity (Fig. 1). Changes 
in office and ambulatory SBP were comparable in all groups 
independently of baseline 24-h HR and SDNN. No Holter 
parameters including HRV measurements were associated 
with change in office and 24-h BP.

Additionally, the changes in Holter parameters after 
6 months were analyzed in the whole cohort (Table 3). Aver-
age heart rate did not change significantly during follow-up. 
However, patients in the fourth quartile of baseline 24-h HR 
(>72 bpm) showed a significant reduction by 2.31 ± 7.1 bpm 
after 6 months (Fig. 2). The prevalence of premature con-
tractions significantly decreased after 6 months. Given the 
overall low prevalence of premature contractions, subgroup 
analyses of patients in the fourth quartile at baseline were 
conducted. In patients with ≥ 6 PAC (n = 20) per hour at 
baseline (Fig. 3), a significant reduction of PAC burden after 
6 months was documented [median change − 12.4 (− 37.4 
to − 2.3)]. Changes of PAC were not associated with blood 
pressure changes in this subgroup (r = − 0.234; p = 0.335) 
neither were the number of PVC per hour significantly 
changed in this subgroup.Fig. 1   Office and ambulatory systolic blood pressure grouped 

according to baseline 24-h heart rate (a) and baseline SDNN (b). 
bpm = beats per minute

Table 3   Changes in heart rate 
and HRV

Values are means ± SD, median (interquartile range), or numbers (%)
PAC premature atrial contractions, PVC premature ventricular contractions
* p value for comparison between baseline and 6 months

Baseline 6 months p*

Value n Value n

Heart rate measurements
 Total (min−1) 65.7 ± 9.9 105 65.3 ± 10 105 0.772
 Daytime (min−1) 67.3 ± 10.5 71 68.3 ± 10.6 71 0.480
 Night (min−1) 59.2 ± 9 71 60.1 ± 9.2 71 0.701

Premature contractions
 PAC/h 1.2 (0.3–6.2) 77 1.2 (0.2–4.2) 77 0.201
 PVC/h 1.2 (0.1–13.9) 77 0.9 (0.1–10.5) 77 0.619

Heart rate variability
 SDNN (ms) 127.2 ± 39 93 125.4 ± 42 93 0.227
 SDANN (ms) 105.9 ± 36.1 71 104.9 ± 36.1 71 0.513
 RSMSSD 35.5 (22.5–61.8) 93 32 (22–55) 93 0.268
 ULF (ms2) 8389 (5898–15,402) 68 8560 (5158–13,191) 68
 VLF (ms2) 1500 (1000–2431) 68 1231 (712–2210) 68 0.038
 LF (ms2) 438 (256–866) 68 352 (191–723) 68 0.082
 HF (ms2) 216 (126–395) 68 215 (84–430) 68 0.602
 LF/HF (ms2) 1.79 (1.19–2.9) 68 1.6 (1.1–2.8) 68 0.561
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Discussion

We investigated the effects of a sympatho-modulatory 
treatment by RDN on HR and HRV in patients with resist-
ant hypertension. Beside significant reduction in office and 
ambulatory BP, a modest reduction in HR in patients with 
a heart rate > 72 bpm at baseline was observed. The num-
ber of PAC reduced as well in those with an elevated PAC 
burden at baseline. Time and frequency domain-based 
HRV parameters were not significantly altered and were 
not associated with BP change. Besides baseline SBP and 
use of an aldosterone antagonist, no other parameter—in 
particular no Holter-derived parameter— predicted future 
BP changes.

Recent sham-controlled trials (SPYRAL OFF, SPYRAL 
ON, RADIANCE SOLO) demonstrated a significant 
reduction of BP by catheter-based RDN in hypertensive 
patients with and without antihypertensive drugs [15–17], 
though with quite some variability in response. Indeed, 
even in these recently published sham-controlled studies, 

about 30% all patients showed minor or no reduction in 
blood pressure. In the present study, changes in BP (24-
hour ABP − 7.8/− 3.7 mmHg after 6 months) and rate of 
non-response (27%) are in line with the aforementioned 
trials. Several reasons such as inappropriate patient selec-
tion and ineffective RDN procedure have been discussed 
as possible reasons for non-response to the procedure [18, 
19]. The identification of patient characteristics associ-
ated with improved outcome following RDN is of utmost 
importance. Herein, neither standard HRV measures nor 
other Holter-derived parameters could predict future BP 
changes in our study.

An increased HR above 80 bpm is regarded as a factor 
identifying an elevated cardiovascular risk in recent guide-
lines [20]. While pharmacological HR reduction with beta-
blockers or ivabradine has been shown to improve outcome 
in heart failure, randomized controlled trials showing similar 
effects by reducing HR in patients with hypertension are 
lacking [21]. Sympathetic activity increases HR and facili-
tates atrioventricular conduction, whereas parasympathetic 
activity counterbalances these effects [22]. RDN has been 
shown to reduce resting HR in patients with resistant hyper-
tension most likely by modulation of sympathetic activity [8, 
23]. Interestingly, the degree of HR change is related to the 
height of baseline HR. Heart rate in patients with lower base-
line values remained unchanged, whereas in patients with 
higher HR a pronounced reduction was documented. These 
findings were in line with the present study, as patients with 
a mean 24-h-HR > 72 bpm showed a significant reduction 
of HR after RDN, while in the other patients HR remained 
unchanged. The prognostic value of permanent reduction of 
HR in certain hypertensive patients with initial elevated HR 
remains unclear and deserves future investigations.

Related to the high prevalence, HTN is the most relevant 
risk factor for the development of atrial fibrillation (AF) 
[24]. Pharmaceutical therapies for treatment of HTN, in par-
ticular renin–angiotensin system (RAS) blockers, have been 
shown to reduce the incidence of AF [25]. Frequent PAC are 

Fig. 2   Changes of heart rate (HR) according to baseline 24-h HR. 
Q1–4 = first to fourth quartile. bpm = beats per minute

Fig. 3   Number of premature atrial contractions (PAC) per hour in patients with ≥ 6 PAC per hour at baseline (= fourth quartile). Potential mech-
anisms leading to the observed cardiac effects and potential impact on atrial fibrillation
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acute triggers of AF [26, 27]. Moreover, an excessive atrial 
ectopy defined as > 30 PAC/hour or runs of > 20 PAC have 
been associated with an increased stroke risk [28]. In the pre-
sent study, RDN was associated with a reduction of PAC in 
those patients with a high PAC burden at baseline (≥ 6 PAC 
per hour). Interestingly, in this relatively small subgroup 
of 20 patients, no correlation with BP changes after RDN 
was found. Smaller studies have shown beneficial effects on 
recurrence of AF after RDN, in particular in adjunction to 
pulmonary vein isolation in patients with resistant hyperten-
sion [29–34]. In these trials, patients had uncontrolled HTN 
at baseline and a relevant reduction of BP was observed in 
the PVI plus RDN group, while BP remained unchanged 
in the PVI-only groups. Potential mechanisms may include 
BP-related effects such as reduced atrial stretch, or neuro-
humoral effects such as reduced sympathetic activity and 
alterations in RAS activity (see Fig. 3). Larger multi-cente 
randomized trials with standardized PVI and RDN proce-
dures as the SYMPLICITY-AF study (ClinicalTrials.gov 
Identifier: NCT02064764) are currently enrolling patients.

Measurements of HRV, in particular frequency domain 
measurements, are used as non-invasive tools for assess-
ment of autonomic activity [2, 3]. While LF may be related 
to sympathetic activity, the HF component represents vagal 
tone [35]. The ratio of LF/HF is regarded as an index of 
overall autonomic balance. In the present study, HRV was 
measured in an outpatient setting before and after RDN 
without any provocation or external stimuli. Furthermore, 
the proportion of patients taking medications influencing 
HR and thereby HRV such as beta-blockers (83%) or cen-
tral sympatholytics (55%) was reasonably high. This may 
explain why HRV parameters were within normal ranges 
in the investigated hypertensive patients at baseline and 
did not alter significantly after RDN. These findings are in 
line with previously published trials, e.g., the ReSET or the 
DREAMS study [36, 37]. Another way of looking at renal 
sympathetic nerve system-induced myocardial changes is 
renal nerve stimulation (RNS). A recent study documented 
a decreased LF/HF ratio induced by RNS after RDN indicat-
ing lower sympathetic tone [38]. Interestingly, these RNS-
induced changes during the procedure were less pronounced 
in patients taking beta-blockers. In our study, the proportion 
of patients not taking either beta-blockers or central sym-
patholytics was too low to investigate the effects of RDN 
on HRV in these patients separately. These issues need to 
be clarified in ongoing studies in drug-naïve patients [15, 
16]. Herein, neither significant changes of HRV after RDN 
were observed nor any predictive HRV parameter for BP 
response after RDN was identified, in line with previously 
published evidence [36, 37]. Based on our and other recent 
findings, the value of HRV as an indicator of autonomous 
nervous system activity and predictor of response to RDN 
treatment in hypertensive patients may be limited. Further 

investigations, in particular in the context of external stimuli 
such as RNS and other patient conditions such as heart fail-
ure, are needed.

Limitations

The study might have some limitations. First, it is a non-
randomized study without a control group. Therefore, pla-
cebo or Hawthorne effect cannot be completely ruled out. 
Changes of blood pressure may be party influenced by a 
regression to the mean effect, which means that an extreme 
value on the first measurement tends to a lower value when 
measured again. But this effect was yet not confirmed for 
repetitive measurements such as Holter ECG or ABPM, on 
which the present analysis focused on. Furthermore, RDN 
was performed with the unipolar Symplicity Flex RDN 
system (Medtronic). Significant advances in knowledge 
on renal anatomy as well as developments in multipolar 
ablation systems have been made [39, 40]. In the present 
study, RDN was performed by experienced operators who 
have performed > 50 RDN procedures. The effectiveness of 
RDN in the present study can be estimated by the signifi-
cant BP drop, which is in line with current studies [15–17]. 
Finally, HRV assessment was done in an ambulatory setting, 
which might not reflect HRV assessed during standardized 
conditions.

Conclusions

RDN leads to a reduction of BP and HR mediated by a 
decreased sympathetic activity in patients with resist-
ant hypertension. Additionally, the number of PACs was 
reduced. Holter measurements were not predictive of BP 
response to RDN. These findings support the idea of anti-
arrhythmic effects of RDN. Further studies are needed to 
investigate RDN for treatment of atrial arrhythmias and to 
clarify the predictive value of RNS-induced changes of HRV 
for long-term BP response.
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