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Ambulatory blood pressure (BP) and central BP are better predictors for overall car-
diovascular risk and mortality than brachial BP. Renal denervation (RDN) has been 
shown to reduce office brachial and central BP as well as brachial ambulatory BP, but 
data on central ambulatory BP are limited. Patients (N = 94) with treatment resistant 
hypertension (TRH) who underwent RDN were included. Ambulatory BP, including 
central pressures, hemodynamics, and arterial stiffness were measured at baseline and 
3, 6, 12 months after RDN by an oscillometric device (MobiloGraph™). At 3, 6, and 12- 
month follow- ups, brachial ambulatory BP was reduced (P for all < .001). Consistently, 
central ambulatory BP was reduced (P for all < .001). Ambulatory assessed averaged 
daytime pulse wave velocity improved after RDN (P < .05). Total vascular resistance 
decreased (P for all < .01). In patients with TRH, RDN improves brachial and central 
ambulatory BP, arterial stiffness, and total vascular resistance, indicating an improve-
ment of cardiovascular outcome.

1  | INTRODUCTION

Arterial hypertension is one of the major modifiable risk factors of car-
diovascular (CV) morbidity and mortality.1,2 Nevertheless, a large pro-
portion of hypertensive patients are not well controlled3 and therefore 
the management of antihypertensive therapy, particularly in patients 
with treatment resistant hypertension (TRH), is a remaining problem. 
Guidelines for management of arterial hypertension recommend am-
bulatory BP monitoring (ABPM) not only to exclude pseudoresistance, 
which is of crucial importance in patients with TRH,2 but also to assess 
CV risk more precisely. The burden of TRH is based on the fact, that 
patients with TRH have an exaggerated CV risk compared to patients 
without TRH, who also have an increased risk of CV.3,4

There is large evidence from meta- analysis of observational stud-
ies as well as pooled individual data that ambulatory BP is superior 
for prediction of clinical CV outcomes compared to office BP. This 
prognostical superiority has been consistently documented in both 
untreated and treated hypertensive patients.2

Moreover, in the attempt for better BP assessment, non- invasive 
estimation of central hemodynamics has been put into focus. 
Pathophysiologically, central pressure in the aorta, which is the per-
fusion pressure to key organs, (rather than the pressure in the arm) 
may provide more relevant prognostic information. Indeed, it has been 
shown in a population- based study5 and in a hypertension trial6 that 
the noninvasively measured central BP is superior to brachial BP in 
predicting CV outcomes. In general, the dissociation between central 
and brachial BP has been observed to be greater at higher baseline BP 
levels, regardless of the treatment strategy used.7

Nowadays, central hemodynamics can also routinely be assessed 
in an ambulatory setting, combining both advantages regarding bet-
ter CV risk prediction.8,9 Catheter- based renal denervation (RDN) has 
been introduced for BP management in TRH and it was repeatedly 
shown that RDN results in a clinical substantial BP reduction (office, 
ABPM, and central),10-12 but data about central BP under ambulatory 
conditions are missing.

Hence, the aim of the present prospective observational study was 
to assess the effect of RDN on central ambulatory BP and hemody-
namic parameters under ambulatory conditions.Christian Ott, Klaas F. Franzen, Michael Reppel and Kai Mortensen contributed equally to the 
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2  | METHODS

2.1 | Study cohort and design

This 2- center observational study included 94 patients in total, 
with true TRH (office BP ≥ 140/90 mm Hg and confirmation by 
averaged daytime ambulatory BP ≥ 135/85 mm Hg, while on at 
least 3 antihypertensive agents including 1 diuretic) on a stable 
drug regimen (ie, without change in dose or medication for at least 
4 weeks prior to baseline) who underwent RDN. In line with the 
recent position papers of the European Society of Hypertension,13 
main exclusion criteria were a renal artery anatomy that is ineligi-
ble for treatment and any cause of secondary hypertension (except 
treated obstructive sleep apnea syndrome). As per protocol, rou-
tine follow- up visits were performed 3, 6, and, 12 months after 
RDN.

The local ethics committees approved the study protocol 
(University of Lübeck and University of Erlangen) and the study was 
performed according to the Declaration of Helsinki and “good clinical 
practice” (GCP) guidelines. Before enrollment, each patient provided 
written informed consent.

2.2 | Catheter- based renal denervation

The femoral artery was punctured with standard endovascular tech-
nique, and a dedicated radiofrequency catheter was advanced in 
each renal artery guided by angiography. At least 4 radiofrequency 
ablations (energy delivery for 120 seconds each), controlled and regu-
lated by a radiofrequency generator, were applied longitudinally and 
rotationally within the lengths of each renal artery to achieve a full 
4- quadrant ablation. All RDN procedures were performed by expe-
rienced operators (≥ 50 RDN procedures), which made the technical 
success of the procedure most likely.

2.3 | Office and 24- hour ambulatory blood pressure

Office BP was initially measured in both arms after 5 minutes of rest 
in a sitting position using an oscillometric device with an appropriate 
cuff size. Subsequent BP measurements were performed on the arm 
with the higher BP readings, and the average of 3 measurements take 
at 2- minute intervals was recorded.

By using a commercially available oscillometric brachial- cuff based 
sphygmomanometer with appropriate cuff size, 24- hour ambulatory 
BP (central and brachial), as well as vascular parameters (eg, pulse 
wave velocity [PWV]) under ambulatory conditions, were determined. 
In brief, after conventional BP and heart rate measurements, the bra-
chial cuff was inflated additionally to the diastolic BP level and held 
for about 10 seconds to record pulse waves. Subsequently, central 
pressure curves were obtained through a transfer function. The tech-
nology has been validated previously.14-16

To estimate PWV, the ARC Solver method was applied utiliz-
ing several parameters of the pulse wave analysis in a mathematical 
model, which was validated against intra- aortic readings,17 magnetic 

resonance imaging,18 and applanation tonometry.19 Stroke volume 
and peripheral resistance were derived by a 3- element Windkessel 
model, which was fitted into the aortic pulse contour. The method was 
successfully compared against catheter, impedance cardiography, and 
Dopper ultrasound.19,20

Readings were recorded every 15 minutes during the day  
(8 am- 10 pm) and every 30 minutes at night (10 pm- 8 am), according to 
current recommendations.21 In the follow- up, 10 patients (6 months) 
and 18 patients (12 months), respectively, refused ABPM or data read-
ings were insufficient (eg, < 80% obtained successful recordings).

2.4 | Statistical analysis

For all statistical analyses IBM SPSS Statistics for Windows, Version 
19.0 was used and graphs were edited with SigmaPlot 8.0 and 
CorelDraw 11.0.

Normal distribution of data was confirmed by Kolmogorow- 
Smirnow tests before further analysis. Data were compared by 
paired student t- tests and Wilcoxon tests where appropriate. 
Multivariate analysis was performed assessing the dependency of 
the change of PWV from potential cofactors. Data are expressed 
as mean ± standard deviation (SD) in the text and tables, and 
mean ± standard error of mean (SEM) or median and interquartile 
range in the figures. A 2- sided P- value of < .05 was considered sta-
tistically significant.

3  | RESULTS

3.1 | Clinical characteristics

In total, 94 patients (34- 88 years) were enrolled into this observational 
study. The clinical characteristics of the study population are depicted 

TABLE  1 Clinical characteristics

Parameter

Age (years) 65.0 ± 11

Gender (m/f) 60/34

BMI (kg/m2) 30.1 ± 4.8

Office SBP (mm Hg) 170 ± 24

Office DBP (mm Hg) 92 ± 16

Heart rate (beats/min) 69 ± 13

24- h ambulatory SBP (mm Hg) 153 ± 14

24- h ambulatory DBP (mm Hg) 89 ± 11

Number of antihypertensives (n) 5.5 ± 1.6

CHD 51 (54)

Diabetes mellitus type 2 43 (46)

eGFR (mL/min/1.73 m2)a 66.8 ± 6

BMI, body mass index; SBP, systolic blood pressure; DBP diastolic blood 
pressure; CHD, coronary heart disease; eGFR, estimated glomerular filtra-
tion rate.
aAccording to MDRD formula.
*Values are mean ± SD or n (%).
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in Table 1. Of note, there was no difference in baseline characteristics 
between whole study cohort (baseline and 3 months after RDN) and 
patients with available ABPM data at 6 (n = 84) or 12 months (n = 76) 
follow- up after RDN (data not shown). Despite patients being treated 
with 5.5 ± 1.6 (3- 10) antihypertensive drugs on average, BP was not 
controlled.

Median of full 120- s ablation points were 5.6 ± 1.4 (left 
side)/6.0 ± 1.6 (right side; with at least 4 at each side), indicating cov-
erage of a full 4- quadrant ablation of both renal arteries. No proce-
dural associated severe adverse event was observed.

3.2 | Office blood pressure

Three months after RDN, office BP was reduced (systolic: 
170 ± 24/92 ± 16 vs 155 ± 22/87 ± 15 mm Hg, both P < .001), with 
further reduction documented at 6 months (148 ± 21/83 ± 14 mm 
Hg, both P < .001) and 12 months (146 ± 17/82 ± 13 mm Hg, both 
P < .001).

3.3 | Brachial ambulatory blood pressure

There was a significant reduction in mean 24- hour brachial ambulatory 
BP at 3 months by 6 ± 13/4 ± 7 (systolic: 153 ± 13 vs 147 ± 15 mm Hg, 
P < .001; diastolic: 89 ± 10 vs 85 ± 11 mm Hg, P = .001), at 6 months 
by 8 ± 15/4 ± 10 (systolic: 153 ± 13 vs 145 ± 15 mm Hg, P < .001; 
diastolic: 89 ± 11 vs 84 ± 11 mm Hg; P < .001), and at 12 months by 
9 ± 16/4 ± 9 mm Hg (systolic: 153 ± 13 vs 144 ± 15 mm Hg, P < .001; 
diastolic: 88 ± 10 vs 84 ± 11 mm Hg; P < .001); Figure 1 and Table 2. 
Likewise, also averaged daytime brachial ambulatory BP and nighttime 
brachial ambulatory BP were reduced at 3, 6, and 12 months after 
RDN (Table 2).

3.4 | Central ambulatory blood pressure

RDN resulted in a reduction of mean 24- hour central ambulatory BP 
at 3 months by 6 ± 12/3 ± 8 (systolic: 138 ± 13 vs 133 ± 13 mm Hg, 
P < .001; diastolic: 91 ± 11 vs 88 ± 11 mm Hg, P < .001), at 6 months 
by 7 ± 15/4 ± 9 (systolic: 138 ± 13 vs 132 ± 14 mm Hg, P < .001; di-
astolic: 91 ± 11 vs 87 ± 11 mm Hg; P < .001), and at 12 months by 
9 ± 15/5 ± 9 mm Hg (systolic: 138 ± 13 vs 129 ± 13 mm Hg, P < .001; 
diastolic: 90 ± 11 vs 85 ± 11 mm Hg; P < .001; Figure 2 and Table 2. In 
accordance, also averaged daytime central ambulatory BP and night-
time central ambulatory BP were reduced at 3, 6, and 12 months after 
RDN (Table 2).

3.5 | Pulse wave velocity under 
ambulatory conditions

There was a numerically reduction of averaged 24- hour PWV assessed 
under ambulatory conditions at 3 months (10.0 ± 1.7 vs 9.8 ± 1.7 m/s, 
P = .037), at 6 months (10.0 ± 1.6 vs 9.9 ± 1.7 m/s, P = .154), and at 
12 months (10.0 ± 1.6 vs 9.9 ± 1.7 m/s, P = .104) after RDN. However, 
averaged daytime PWV assessed under ambulatory conditions was sig-
nificantly reduced at 3 months (10.1 ± 1.7 vs 9.9 ± 1.6 m/s, P = .003), 
at 6 months (10.2 ± 9.9 vs 9.9 ± 1.7 m/s, P = .03), and at 12 months 
(10.2 ± 1.6 vs 10.0 ± 1.7 m/s, P = .018) after RDN (Figure 3), but no 
improvements in nighttime values were observed.

Multivariate analysis revealed that the significantly lowered PWV 
was independent of HR and MAP during follow up (multivariate tests: 
Wilks’s Lambda > 0.05).

3.6 | Total vascular resistance under 
ambulatory conditions

RDN resulted in a significant decrement of averaged 24- hour 
total vascular resistance (TVR) at 3 months by 4.0% (1.67 ± 0.2 vs 
1.60 ± 0.2 mm Hg/min/mL, P = .005), at 6 months by 5.5% (1.67 ± 0.2 
vs 1.58 ± 0.2 mm Hg/min/mL, P < .001), and after 12 months by 
6.7% (1.68 ± 0.2 vs 1.56 ± 0.2 mm Hg/min/mL, P < .001; Figure 4). 
Consistently, TVR was significantly reduced at all pre- specified time- 
points, irrespective whether analyzed for daytime or nighttime data, 
separately (data not shown).

3.7 | Cardiac output under ambulatory conditions

Overall, 24- hour cardiac output remained stable for all follow- up 
time- points (Figure 5). Also, there was no change in cardiac output, ir-
respective whether analyzed for daytime or nighttime data, separately 
(data not shown).

4  | DISCUSSION

It is well accepted that both ambulatory BP and central BP are bet-
ter predictors of CV events compared to office BP.2,5,6 Further 

F IGURE  1 Absolute change in mean 24- h brachial systolic (black 
columns) and diastolic (grey columns) ambulatory blood pressure 
(mm Hg) between before (baseline) and 3, 6, and 12 mo after renal 
denervation, respectively; values are mean ± SEM; P- values are 
comparisons with baseline values



     |  369OTT eT al.

technological developments offer the opportunity for simultaneous 
assessment of conventional ambulatory BP, but also for estimation of 
central hemodynamics under ambulatory conditions.8,9 Recent studies 

have shown that RDN is effective in both the short and long- term to 
lower office, ambulatory brachial, and central BP,10-12 which we were 
able to confirm with our 2- center, at least mid- term, follow- up study. 
However, more importantly, we were able to show for the first time, 
that RDN also results in a clinically significant reduction of central 

TABLE  2 Peripheral and central ambulatory blood pressue before (baseline), 3, 6, and 12 mo after renal denervation

Baseline 3 mo
P- value

6 mo
P- value

12 mo
P- value(N = 94) (N = 94) (N = 84) (N = 76)

Peripheral

24- h

SBP (mm Hg) 153 ± 13 147 ± 15 <.001 145 ± 15 <.001 144 ± 15 <.001

DBP (mm Hg) 89 ± 10 85 ± 11 <.001 84 ± 11 <.001 84 ± 11 <.001

Daytime

SBP (mm Hg) 158 ± 13 150 ± 16 <.001 147 ± 15 <.001 147 ± 15 <.001

DBP (mm Hg) 93 ± 11 88 ± 11 <.001 87 ± 11 <.001 86 ± 11 <.001

Nighttime

SBP (mm Hg) 144 ± 18 139 ± 18 .004 142 ± 19 .099 139 ± 17 .003

DBP (mm Hg) 81 ± 13 78 ± 11 .003 80 ± 13 .362 78 ± 13 .058

Central

24- h

SBP (mm Hg) 138 ± 13 133 ± 13 <.001 132 ± 14 <.001 129 ± 13 <.001

DBP (mm Hg) 91 ± 11 88 ± 11 <.001 87 ± 11 .002 86 ± 11 <.001

Daytime

SBP (mm Hg) 143 ± 13 135 ± 14 <.001 133 ± 13 <.001 132 ± 13 <.001

DBP (mm Hg) 95 ± 11 91 ± 12 <.001 89 ± 12 <.001 88 ± 12 <.001

Nighttime

SBP (mm Hg) 130 ± 17 126 ± 16 .039 129 ± 18 .517 125 ± 16 .015

DBP (mm Hg) 83 ± 13 79 ± 11 .005 82 ± 13 .382 81 ± 14 .034

DBP, diastolic blood pressure; SBP, systolic blood pressure.

F IGURE  2 Absolute change in mean 24- h central systolic (black 
columns) and diastolic (grey columns) ambulatory blood pressure 
(mm Hg) between before (baseline) and 3, 6, and 12 mo after renal 
denervation, respectively; values are mean ± SEM; P- values are 
comparisons with baseline values

F IGURE  3 Averaged daytime pulse wave velocity assessed under 
ambulatory conditions before (baseline), 3, 6, and 12 mo after renal 
denervation; values are median and interquartile range; P- values are 
comparisons with baseline values
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BP assessed under ambulatory conditions, hence, expanding the 
 knowledge of BP reduction after RDN. Moreover, it has to be men-
tioned that findings of central hemodynamics are not based on single 
 (office) measurements, but rather on multiple (ie, up to 76) repetitive 
measurements under ambulatory conditions at each  time- point of 
follow- up.

However, the underlying mechanism of RDN attributing to BP 
reduction is still controversially debated. RDN leads not only to a 
decrease of renal efferent sympathetic activity, but also the afferent 
sensory signaling, arising from the kidneys to the central nervous 
 system and, hence, towards key organs, including the vasculature, 
in particular, the small resistance vessels.22,23 Therefore, it can be 
 assumed that changes in TVR following RDN are related to a reduc-
tion of sympathetic nerve activity (SNA). Indeed, it was shown that  
(at least in part) BP reduction due to RDN is associated with reduction 
in sympathetic nerve activity (assessed by multiple SNA).24 Previously, 
in a single- center study (N = 30) from Ewen et al, it was shown that 
RDN significantly reduces (office) measured TVR, however, inde-
pendently of changes in cardiac output.25 Therefore, our data of a 
significant reduction of TVR being stable over the follow- up, which 
may have been changed, amongst others, by peripheral vasodila-
tion and improvement of endothelial dysfunction, are confirmatory. 
Consistently, as seen in latter study25 the reduction of TVR was inde-
pendently of changes of cardiac output, which remained stable over 
the 12 months follow- up after RDN.

Increment of TVR due to arterial remodeling and endothelial dys-
function add to the burden of cardiac workload by increasing central 
afterload (eg, increase of central systolic pressure and stiffer aorta 
indicated by increased central pulse pressure). However, central aor-
tic pressure parameters and left ventricular (LV) load are determined 
not only by cardiac output and peripheral vascular resistance, but also 
by the stiffness of conduit arteries and the timing and magnitude of 

pressure wave reflections.26,27 Interestingly, arterial stiffness in gen-
eral and aortic stiffness, in particular, are known to be markedly in-
creased in patients with TRH,28 and BP response to RDN is diminished 
in patients with proposed enhanced arterial stiffness.29,30 Even more, 
it was recently proposed that arterial stiffness may be used as selec-
tion criteria for RDN.31 This concept is further supported by an animal 
model, which showed that thoracic sympathetic denervation improved 
both structural and functional remodeling of the aortic wall.32

The gold- standard of arterial stiffness,33 and an acknowledged pa-
rameter of target organ damage (TOD),2 is PWV, which was shown to 
be an independent prognostic indicator of CV events.34 Patients suf-
fering from TRH have an increased risk for TOD compared to well con-
trolled hypertensives.35 As long as studies of RDN on hard end points 
are underway, but results are still missing, the meaning of intermedi-
ate end points like PWV are of crucial importance. It was repeatedly 
shown that RDN has beneficial effects on TOD, like LV hypertrophy36 
and albuminuria.37 In contrast, data on arterial stiffness (eg, PWV) are 
conflicting.38-40

The improvement of the PWV assessed under ambulatory condi-
tions, which could be observed for the daytime measurements during 
the whole follow- up, reflects a reversible level of arterial stiffness. 
Acute changes of PWV are BP- dependent. However, it is reason-
able that in the long- term improvement of PWV may also be BP- 
independent, based on reversible mechanisms attributed by RDN like 
reduction of peripheral vascoconstriction. Hence, we adjusted PWV to 
BP and to heart rate (HR).41 By doing so, multivariate analysis revealed 
that the significantly lowered PWV was independent of HR and mean 
arterial pressure during follow up, suggesting at least a synergistic ac-
tion (BP- reduction per se) as well as further modi of action on PWV 
due to RDN.

One might hypothesize that RDN may predominantly reduce 
daytime values since sympathetic tone is dominant here. Indeed, our 
data unequivocally show that central hemodynamics assessed under 

F IGURE  4 Averaged mean 24- h total vascular resistance assessed 
under ambulatory conditions before (baseline), 3, 6, and 12 mo after 
renal denervation; values are median and interquartile range;  
P- values are comparisons with baseline values

F IGURE  5 Averaged 24- h cardiac output assessed under 
ambulatory conditions before (baseline), 3, 6, and 12 mo after renal 
denervation; values are median and interquartile range; P- values are 
comparisons with baseline values



     |  371OTT eT al.

ambulatory conditions is improved, especially during the daytime. 
Furthermore, our results might suggest that the main effect of RDN is 
reduction of sympathetic drive.

Our study has several limitations. First, central hemodynamics 
were non- invasively assessed, but the validity of the device used has 
been tested against invasive measurements16 and reproducibility 
has been shown in routine ambulatory settings.9 Second, our study 
lacks a control group, but it is still of high quality since we used 
blind end point evaluation, patients had true TRH and ambulatory 
BP was measured. Third, RDN was done with a mono- electrode ra-
diofrequency catheter. However, interventions were performed in 
2 very experienced centers. Moreover, rigorous efforts were done 
to cover a full 4- quadrant ablation of both renal arteries. Fourth, 
TVR and cardiac output was not assessed invasively with right heart 
catheterization. However, used approach showed good agreement 
with measurements of a non- invasive impedance- cardiograph as 
well as assessment with Thermodilution method using a pulmonary 
catheter.42 In general, bias may be diminished by comparing intra- 
individual (same patients) changes.

In summary, our data suggests that RDN improves both peripheral 
and central BP, as well as aortic stiffness and TVR in 24- hour mea-
surements under ambulatory conditions. Hence, RDN may improve CV 
prognosis of patients with true TRH.
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