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Abstract
Aims: A recurrent finding of trials on renal sympathetic denervation is a certain percentage of non-respond-
ers. The aim of this study was to examine the influence of arterial stiffness to predict response.

Methods and results: Eighty-eight patients were included in the study. Arterial stiffness was meas-
ured by invasive pulse wave velocity. Antihypertensive medication had to be unchanged during follow-
up. Ambulatory blood pressure measurement (ABPM) was used to record blood pressure before and six 
months after denervation. Fifty-eight patients without changes in medication were included in the final 
analysis. Responders (n=37; blood pressure reduction –12.8±6.4 mmHg) had a significantly lower pulse 
wave velocity (14.4±4.4 m/s versus 17.7±4.5 m/s; p=0.009) compared to non-responders (n=21; blood pres-
sure reduction +3.0±4.5 mmHg; p<0.001 for comparison with responders). In multivariate analysis, inva-
sive pulse wave velocity was the only significant predictor of blood pressure reduction after denervation 
(odds ratio 1.15, 95% confidence interval [CI] 1.014-1.327; p=0.03). Patients with increased stiffness were 
older (p=0.001), had a higher prevalence of diabetes (p=0.008), more often had isolated systolic hyperten-
sion (p=0.007), and had a higher invasive pulse pressure (p<0.001).

Conclusions: Patients with lower pulse wave velocity showed a significantly better response to denerva-
tion. These findings emphasise that pulse wave velocity might be used as a selection criterion for renal 
denervation.
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Stiffness predicts outcome of renal denervation

Introduction
Over recent years, percutaneous renal sympathetic denervation 
(RSD) has been developed as an interventional treatment option 
for patients with treatment-resistant hypertension. Resistant hyper-
tension is associated with a 50% higher risk of the occurrence of 
cardiovascular events1. Mechanistically, modulation of efferent 
and afferent renal sympathetic nerve fibres is believed to improve 
renal regulatory functions and blood flow as well as to attenuate 
the central sympathetic activity2,3.

Initial enthusiasm over the effectiveness of the therapy4-8 has been 
offset by the negative results of the largest randomised study to date 
(SYMPLICITY HTN-3 trial) and the observation of a certain per-
centage of patients in whom RSD was not followed by a reduc-
tion in blood pressure (BP) (“non-responders”) in nearly all trials9,10.

As the genesis of arterial hypertension is multifactorial, 
a uniform treatment response to RSD in all patients cannot be 
expected11. Given the invasiveness with potential side effects and 
the cost of the therapy, it is highly desirable to identify patients 
who will benefit from RSD prior to the intervention. So far, analy-
ses of markers predicting treatment response have focused mainly 
on such factors as patients’ medical history, technical aspects of 
the procedure and the quantification of sympathetic activity10,12-14.

Another factor influencing the presence and time course of arte-
rial hypertension is arterial stiffness (AS). Reduction in vessel 
distensibility is based on a progressive remodelling of the vascu-
lar wall and predisposes to an increased risk for cardiovascular 
mortality and morbidity15,16. The role of stiffness in the pathogen-
esis of hypertension is controversial as data point to the fact that 
increased AS is not solely a consequence of but a main contributor 
to the development of arterial hypertension17. Pulse wave veloc-
ity (PWV) has been shown to be the most reliable parameter for 
quantification of AS15.

Only few data exist on the role of vascular factors in patients 
treated with RSD, and the value of PWV to predict the response 
to RSD is unclear18-21.

The aim of the present study was therefore to determine the 
clinical characteristics of patients with increased AS undergoing 
RSD and to examine the role of invasive (i) PWV as a surrogate 
for AS in predicting the outcome of RSD.

Methods
STUDY POPULATION AND BLOOD PRESSURE MEDICATION
Consecutive patients who underwent RSD at the University of 
Leipzig – Heart Center between January 2012 and February 2014 
underwent concomitant invasive measurement of PWV. RSD was 
performed on the grounds of resistant hypertension defined as 
mean daytime systolic BP ≥135 mmHg or diastolic BP ≥90 mmHg 
in 24-hr ambulatory blood pressure measurement (ABPM) despite 
the intake of at least three antihypertensive agents, including one 
diuretic22. Antihypertensive medication had to be unchanged dur-
ing the four weeks before RSD and had to remain constant until 
completion of the six-month follow-up. Patients with changes in 
antihypertensive medication during the follow-up period (dosage 

and/or class) were excluded from the analysis. Patients with 
a renal anatomy unsuitable for denervation, severe renal artery 
stenosis, or an estimated glomerular filtration rate (eGFR) <45 ml/
min per 1.73 m² (Modification of Diet in Renal Disease equation) 
were excluded. The study was performed according to the 1975 
Declaration of Helsinki and “good clinical practice” guidelines 
and was approved by the local ethics committee. All patients pro-
vided written informed consent.

AMBULATORY BLOOD PRESSURE MEASUREMENT
ABPM was performed using a validated oscillometric device 
(Spacelabs model 90207; Spacelabs Healthcare GmbH, Feucht, 
Germany). BP recordings were performed every 15 minutes dur-
ing the day (7.00 am-10.00 pm) and every 30 minutes during the 
night (10.00 pm-7.00 am) according to the latest European Society 
of Cardiology (ESC) guidelines22. The software CardioNavigator 
Version 2.4.13 (Del Mar Reynolds Medical, Hertford, UK) was 
used to analyse the BP recordings.

RENAL DENERVATION
RSD was performed with the Symplicity Flex™ catheter 
(Medtronic, Minneapolis, MN, USA) according to a standardised 
protocol, which has been used in large-scale clinical trials and has 
been described previously4. In brief, four to six complete ablation 
runs of two minutes were delivered to each renal artery. The abla-
tion points were placed circumferentially to the renal artery wall. 
All patients received intravenous remifentanil to control pain. All 
procedures were performed by three experienced interventional 
cardiologists (>20 supervised procedures).

MEASUREMENT OF ARTERIAL STIFFNESS
AS was estimated by invasive measurements of PWV as previ-
ously described15. A 6 Fr sheath was placed in the right femoral 
artery and a 4 Fr pigtail catheter (Cordis, Johnson & Johnson, 
Warren, NJ, USA) in the ascending aorta. The foot-to-foot method 
was used to determine invasive PWV (iPWV). The time difference 
between the foot of the pressure waves (located by the intersec-
tion of the manually constructed tangent to the maximum systolic 
upstroke and a horizontal line through the minimum of the wave-
form) in the ascending aorta and the femoral artery was meas-
ured (Figure 1). The pulse waves were recorded at 200 mm per 
second. The distance between the point of measurement within 
the ascending aorta and the point of measurement at the femoral 
sheath was derived from the length of the pigtail catheter from 
the tip to the femoral sheath. After marking the pigtail catheter at 
the point where it leaves the sheath, the pigtail catheter was cut at 
this point and the distance from the centre hole at the tip towards 
the proximal cut end was measured. Invasive PWV was calculated 
according to the following equation: v=pigtail-length/(foot-to-foot 
distance [m]/recording speed [m/sec]).

Invasive pulse pressure was measured from the foot of the 
pressure wave in the ascending aorta to the top of the wave. 
Both methods are illustrated in Figure 1. The average of three 
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measurements was used to calculate invasive PWV and pulse pres-
sure. One investigator (T. Okon), who was blinded to the results 
of BP recordings, performed all analyses. All distances were re-
measured by a second investigator blinded to other patient study 
results. Reproducibility of PWV measurements was tested by the 
use of Bland-Altman limits of agreement. The reproducibility 
coefficient was calculated as 1.96 times the SD of the differences, 
as proposed by Bland and Altman23.

In the early phase of the RSD programme at the University of 
Leipzig – Heart Center, a subset of patients underwent re-catheter-
isation after six months for exclusion of renal artery stenosis. In 
these patients, iPWV was determined again.

Definitions
ABPM was repeated six months after RSD. Response to RSD 
was defined as a reduction of ≥5 mmHg in systolic daytime 24-hr 
blood pressure (ABPM). Any patient who did not fulfil this crite-
rion was considered a non-responder.

Isolated systolic hypertension was defined as a daytime systolic 
BP >140 mmHg and a diastolic BP <90 mmHg in 24-hr ABPM.

STATISTICAL ANALYSIS
Continuous data are expressed as mean±standard deviation, and 
categorical data are expressed as number of patients and percent-
age. Categorical variables were compared using Fisher’s exact test 
and the independent samples t-test was used for continuous vari-
ables. Data were tested for normal distribution by the D’Agostino-
Pearson omnibus normality test.

Baseline clinical characteristics were compared between 
responders and non-responders. PWV and pulse pressure accord-
ing to the response to RSD are illustrated with box-and-whisker 
plots. Univariate and multivariate binary logistic regression analy-
sis was performed to determine predictive factors of non-response. 
All variables with a probability value (p-value) <0.05 in univari-
ate analysis were included in multivariate analysis. To analyse 

PWV as a predictor for response, a receiver operating character-
istic curve (ROC curve) was plotted. The ROC curve was quanti-
fied by the area under the curve (AUC). In addition, the patient 
population was divided into two groups according to the median 
iPWV. A two-tailed p-value <0.05 was defined as statistically sig-
nificant. All analyses were performed with SPSS, Version 20.0 
(IBM Corp., Armonk, NY, USA).

Results
A total of 88 patients with resistant hypertension underwent RSD. 
Changes in antihypertensive medication during follow-up occurred 
in 30 patients, resulting in a final study population of 58 patients. 
All 58 patients underwent at least four complete ablation points at 
each side, circumferentially placed in the renal artery. There were 
no adverse events during the intervention or the follow-up period. 
All patients completed six-month ABPM. A total of 37 patients 
(63.8%) were classified as responders to RSD, 21 patients (36.2%) 
as non-responders.

BASELINE CLINICAL CHARACTERISTICS
Baseline characteristics, stratified by responders and non-responders 
according to the response to RSD, are displayed in Table 1. Patient 
populations did not differ significantly regarding cardiovascular risk 
factors, baseline BP values or antihypertensive medication. However, 
duration of hypertension was significantly longer in non-responders 
compared to responders (14.4±9.6 versus 22.4±15.7 years; p=0.043). 
There were no differences in the number of ablation points between 
the two patient cohorts (right artery: 5.2 points in responders vs. 5.4 
in non-responders; p=0.598; left artery: 5.4 vs. 5.5; p=0.760). The 
changes of BP are demonstrated in Table 2.

PULSE WAVE VELOCITY AND PULSE PRESSURE IN 
RESPONDERS AND NON-RESPONDERS
Non-responders showed significantly higher iPWV as com-
pared to responders (17.7±4.7 m/s versus 14.4±4.4 m/s; p=0.009) 

Figure 1. Method of measuring invasive pulse wave velocity. The waveforms in the ascending aorta and femoral artery and the foot-to-foot 
measurement of PWV and pulse pressure in the ascending aorta.
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(Figure 2A). Accordingly, invasive pulse pressure was numeri-
cally increased in non-responders without reaching statistical sig-
nificance (103.8±24.4 mmHg versus 90.1±27.6 mmHg; p=0.064) 
(Figure 2B).

Table 1. Baseline characteristics according to response to RSD.

Variable
Responders

(n=37)

Non-
responders

(n=21)
p-value

Age (years) 60.41±10.3 63.1±9.0 0.332

Male sex 29 (78.4%) 19 (90.5%) 0.301

Current smoking 6 (16.2%) 4 (19.1%) 1.0

History of stroke/TIA 4 (10.8%) 2 (9.5%) 1.0

Coronary artery disease 14 (37.8%) 9 (42.9%) 0.783

Peripheral artery disease 3 (8.1%) 1 (4.8%) 1.0

Diabetes mellitus 21 (56.8%) 11 (52.4%) 0.789

Hypercholesterolaemia 25 (67.6%) 15 (71.4%) 1.0

Body mass index (kg/m²) 31.2±5.1 31.2±4.6 0.999

Glomerular filtration rate  
(mL/min/1.73 m²) 81.0±19.3 82.8±26.5 0.772

Duration of hypertension 
(years) 14.4±9.6 22.4±15.7 0.043

Isolated systolic hypertension 21 (56.8%) 15 (71.4%) 0.399

Ambulatory blood pressure (mmHg)

24-hr systolic 151.0±12.2 149.5±9.1 0.631

24-hr diastolic 84.2±11.1 81.2±8.2 0.291

24-hr mean 105.1±11.7 105.3±7.3 0.938

Daytime systolic 155.5±12.7 152.8±8.8 0.383

Daytime diastolic 87.8±11.6 83.2±8.5 0.119

Daytime mean 110.5±10.8 107.8±7.2 0.284

Night-time systolic 137.8±16.3 138.5±15.0 0.878

Night-time diastolic 73.7±12.4 73.6±8.7 0.966

Night-time mean 94.9±13.7 96.3±10.4 0.709

Dipper 21 (58.3%) 10 (50%) 0.586

Antihypertensive medication

Beta-blocker 35 (94.6%) 19 (90.5%) 0.615

ACE inhibitor 17 (46.0%) 13 (61.9%) 0.284

Angiotensin receptor 
blocker 21 (56.8%) 12 (57.1%) 1.0

Direct renin inhibitor 3 (8.1%) 3 (14.3%) 0.657

Diuretic 37 (100%) 21 (100%) 1.0

Calcium channel blocker 22 (59.5%) 15 (71.4%) 0.408

Aldosterone antagonist 1 (2.7%) 0 (0%) 1.0

Vasodilator 3 (8.1%) 3 (14.3%) 0.657

Alpha-blocker 7 (19.4%) 6 (28.8%) 0.518

Sympatholytic agent 21 (56.8%) 12.1 (57.1%) 1.0

Number of antihypertensive 
agents 4.7±1.5 5.1±1.4 0.33

≥5 antihypertensive agents 19 (51.4%) 13 (61.9%) 0.584

Data are presented as mean±SD and n (%). ACE: angiotensin-converting 
enzyme; BP: blood pressure; TIA: transient ischaemic attack

Table 2. Differences after 6 months in ABPM.

Variable
Responders

(n=37)

Non-
responders

(n=21)
p-value

Δ 24-hr systolic BP –12.8±6.4 3.0±4.5 <0.001

Δ daytime systolic BP –14.9±7.3 3.2±5.2 <0.001

Δ night-time systolic BP –7.5±12.8 2.2±9.3 0.004

Δ 24-hr diastolic BP –5.8±4.3 –0.2±5.0 <0.001

Δ daytime diastolic BP –7.4±4.6 0.3±5.3 <0.001

Δ night-time diastolic BP –2.0±7.2 –0.8±7.0 0.536

Data are presented as mean±SD. BP: blood pressure
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Figure 2. Parameters of arterial stiffness with reference to 
responders and non-responders. A) The invasive pulse wave velocity 
and (B) invasive pulse pressure, according to responders and 
non-responders to RSD in two box-and-whisker plots.

REPRODUCIBILITY OF PULSE WAVE VELOCITY 
MEASUREMENTS
Overall, there was a good agreement of interobserver measure-
ments. Bland-Altman limits of agreement were narrow with 
a reproducibility coefficient (given in percent of the average value) 
of 4.2% and limits of agreement of –0.72 and 0.6 m/s. There was 
no significant bias (p=0.243). The Bland-Altman plot is shown in 
Figure 3.

PREDICTIVE VALUE OF PULSE WAVE VELOCITY FOR 
RESPONSE TO RENAL SYMPATHETIC DENERVATION
Univariate binary logistic regression analysis identified duration 
of hypertension and iPWV as predictors for being a non-responder 
(Table 3). However, in multivariate analysis, iPWV remained the 
only significant predictive factor (Table 3). The value of iPWV as 
a predictor of response to RSD was further evaluated by generat-
ing an ROC curve (Figure 4). It yielded an AUC of 0.79 (95% CI: 
0.658-0.882; p<0.0001). Using a cut-off of 13.7 m/s resulted in 
a sensitivity of 71% and a specificity of 83% with a positive pre-
dictive value of 85.7% for response.
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PULSE WAVE VELOCITY BEFORE AND AFTER RSD
A subset of 23 patients (of whom six were non-responders) under-
went repeat catheterisation at six months. This patient population 
was part of a previously published study6. Renal angiographies 
excluded renal artery stenosis or dissection in all patients. There 
was no significant change of iPWV before and six months after 
RSD (14.3±4.7 m/s vs. 14.2±3.6 m/s; p=0.8471) in these patients. 
The change in PWV did not differ between responders (0.3 m/s) 
vs. non-responders (0.13 m/s; p=0.961).

CHARACTERISTICS OF PATIENTS WITH ARTERIAL 
STIFFNESS
The characteristics of patients with AS, defined as PWV >median 
of 14.4 m/s, are shown in Table 4. Compared to patients with 
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Figure 3. Bland-Altman plot for interobserver variability. Bland-
Altman plot for the difference between two measurements of two 
different investigators. The thicker black line shows the mean 
difference, the thin lines demonstrate the 95% limits (–0.72; 0.6 m/s).
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Figure 4. Receiver operating curve of invasive pulse wave velocity 
for the prediction of response to RSD. The ROC curve of sensitivity 
and 100-specificity of the PWV as a predictor of response to RSD 
(AUC=0.786 [95% CI: 0.658-0.882]; p<0.0001).

Table 3. Univariate and multivariate regression analysis of response to RSD.

Univariate analysis Multivariate analysis

OR 95% CI p-value OR 95% CI p-value

Age 1.030 0.971-1.092 0.329

Male sex 2.621 0.501-13.700 0.254

Diabetes mellitus 0.838 0.286-2.456 0.784

Hypercholesterolaemia 1.200 0.372-3.868 0.760

Body mass index 1.000 0.895-1.117 0.999

Duration of hypertension 1.056 1.005-1.110 0.031 1.053 0.998-1.110 0.058

Isolated systolic hypertension 1.905 0.604-6.007 0.272

Ambulatory blood 
pressure

24-hr systolic 0.988 0.940-1.038 0.625

Daytime systolic 0.978 0.931-1.027 0.378

Invasive pulse pressure 1.020 0.998-1.042 0.070

Invasive pulse wave velocity 1.170 1.030-1.329 0.015 1.160 1.014-1.327 0.03

CI: confidence interval; OR: odds ratio

a PWV <median, patients with PWV >median were significantly 
older, had a higher prevalence of isolated systolic hypertension 
and diabetes mellitus, and received significantly more vaso-
dilators. Patients with a lower iPWV had a significantly better 
response to RSD, as shown in Figure 5. There were no differences 
in baseline ABPM between these two groups (Table 4).

Discussion
The present study provides a detailed analysis of factors associ-
ated with increased AS and assessed the predictive value of AS for 
response to RSD. The core findings of the study can be summa-
rised as follows: 1) patients not responding to RSD demonstrated 
significantly increased iPWV; 2) a high iPWV was identified 
as the only significant predictor of non-responders in multivari-
ate regression analysis; 3) patients with AS (defined as PWV 
>median) are characterised by a higher prevalence of diabetes 
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mellitus, advanced age and more frequently had isolated systolic 
hypertension and an increased pulse pressure, and 4) iPWV as an 
estimate of AS remained unchanged six months after RSD.

ARTERIAL STIFFNESS
Measuring iPWV is the gold standard to quantify AS15. Many 
studies have identified AS as a predictor of cardiovascular mor-
bidity and mortality15. Sustained hypertension as well as smoking 
or diabetes mellitus and ageing itself lead to irreversible vascular 
remodelling followed by vascular stiffening15,16. The characteri-
sation of increased stiffness in our study (higher age, diabetes 
mellitus and isolated systolic hypertension) is in keeping with 
previous studies24-26. Interestingly, although patients with higher 
PWV were significantly older (Table 4), duration of hypertension 
and not merely age was found to be a significant independent 
predictor for response to renal denervation (Table 2). Therefore, 
we suggest that the influence of long-lasting hypertension is the 
major contributor to development of AS in our patient cohort.

As pointed out by others, AS resembles a measure of the 
cumulative and time-dependent pathological alterations of 
the vascular bed15,16. As such, it is believed to be more robust 
and stable than most other measures of cardiovascular health. 
Although there is some cross-link between sympathetic activa-
tion and stiffness (decreased vasoconstriction with attenuated 
sympathetic drive), this interaction holds to be true only in the 
early stage of the disease. At a later stage, AS is mainly driven 
by irreversible pathological remodelling of the vasculature16. 
Unfortunately, a significant proportion of patients considered 
for RSD are probably beyond this point of no return. This is 
supported by our observation of unchanged iPWV six months 
after RSD.

Table 4. Characteristics of patients stratified according to the 
median iPWV.

Variable
PWV 

<median
n=29

PWV 
>median

n=29
p-value

Age (years) 57.1±10.8 65.6±6.7 0.001

Male sex 25 (86.2%) 23 (79.3%) 0.487

Current smoking 6 (20.7%) 4 (13.8%) 0.487

History of stroke/TIA 1 (3.4%) 5 (17.2%) 0.085

Coronary artery disease 12 (41.4%) 11 (37.9%) 0.788

Peripheral artery disease 3 (10.3%) 1 (3.4%) 0.317

Diabetes mellitus 11 (37.9%) 21 (72.4%) 0.008

Hypercholesterolaemia 19 (5.5%) 21 (72.4%) 0.570

Body mass index (kg/m²) 31.7±5.5 30.7±4.1 0.442

Glomerular filtration rate  
(mL/min/1.73 m2) 83.7±20.6 79.6±23.3 0.480

Duration of hypertension (years) 15.4±11.2 19.1±13.9 0.267

Isolated systolic hypertension 13 (44.8%) 23 (79.3%) 0.007

Ambulatory blood pressure at baseline (mmHg)

24-hr systolic 148.3±12.0 152.7±9.9 0.135

24-hr diastolic 85.4±12.2 80.8±7.1 0.086

24-hr mean 103.7±12.0 106.6±8.1 0.306

Daytime systolic 153.2±12.6 155.8±10.1 0.387

Daytime diastolic 89.2±12.8 83±7.2 0.029

Daytime mean 109.9±11.2 109.2±8.0 0.803

Night-time systolic 134.6±15.5 141.6±15.4 0.090

Night-time diastolic 74.7±12.9 72.6±9.0 0.468

Night-time mean 94.2±12.2 96.6±12.9 0.485

Daytime systolic 
≥160 mmHg 6 (20.7%) 9 (31%) 0.550

Dipper 17 (58.6%) 14 (51.9%) 0.611

Invasive pulse pressure 
(mmHg) 81±24.1 109±22.6 <0.001

Antihypertensive medication

Beta-blocker 26 (89.7%) 28 (96.6%) 0.300

ACE inhibitor 16 (55.2%) 14 (48.3%) 0.599

Angiotensin receptor blocker 15 (51.7%) 18 (62.1%) 0.426

Direct renin inhibitor 3 (10.3%) 3 (10.3%) 1.000

Diuretic 29 (100%) 29 (100%)

Calcium channel blocker 16 (55.2%) 21 (72.4%) 0.172

Aldosterone antagonist 1 (3.4%) 0 0.313

Vasodilator 0 6 (20.7%) 0.010

Alpha-blocker 4 (13.8%) 9 (31.0%) 0.132

Sympatholytic agent 16 (55.2%) 17 (58.6%) 0.791

Number of antihypertensive 
agents 4.55±1.3 5.14±1.6 0.128

≥5 antihypertensive agents 13 (44.8%) 19 (65.5%) 0.113

Non-responders 6 15 0.014

Data are presented as mean±SD or n (%). ACE: angiotensin-converting 
enzyme; BP: blood pressure; TIA: transient ischaemic attack
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Figure 5. Change of 24-hr ambulatory blood pressure measurements. 
The mean, daytime, and night-time changes of 24-hr systolic BP from 
baseline to six months based on division of patients with iPWV 
>/<median. Error bars show 95% confidence intervals.
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In summary, uncontrolled hypertension facilitates the devel-
opment of irreversible stiffening, which in turn contributes to 
a sustained high BP. These mechanisms should be unaffected by 
alterations in sympathetic drive, meaning that the effectiveness of 
RSD in these patients is markedly limited. Following the discus-
sion above, assessment for AS emerges as a promising predictor 
for outcome following RSD.

PREDICTORS FOR NON-RESPONSE TO RSD
There are few studies dealing with identification of predictors. In 
HTN-3, a baseline BP >180 mmHg was a marker for response13. 
In contrast, we found no significant difference of baseline ABPM 
levels between responders and non-responders. The findings in 
HTN-3 may be explained by the phenomenon of regression to 
the mean rather than pointing towards any mechanistic causality. 
Also, biomarkers or the increased carotid baroreflex sensitivity 
were suggested as possible predictors for procedural success18,19. 
However, their applicability is most likely limited by relevant 
intra-individual fluctuations, interactions with antihypertensive 
drugs and availability of resources to measure.

Likewise, the observation by Ewen et al, showing that RSD is 
not as effective in patients with isolated systolic hypertension as in 
patients with combined hypertension, points towards an important 
role of AS27. To some degree, isolated hypertension is an estimate 
of AS and was also significantly more often present in patients 
with increased iPWV in our study.

Finally, a recently published trial by Ott et al demonstrated that 
an increased central pulse pressure predicts the outcome of RSD20. 
Authors argued that pulse pressure is a reasonable estimate of AS, 
supporting our hypothesis of AS as a pivotal predictor.

Importantly, we have shown that iPWV was superior to inva-
sive pulse pressure and presence of isolated systolic BP in multi-
variate regression analyses for prediction of outcome after RSD. 
This is well explained by the fact that iPWV has been proven to 
be the gold standard for estimation of AS, and also because PWV 
serves as a direct marker for stiffness and seems less dependent 
on vascular dimensions and flow as compared to pulse pressure15. 
This might also explain why Ott and co-workers were not able to 
demonstrate a significantly better BP lowering effect on ABPM in 
patients with a non-invasively derived lower central pulse pressure 
compared to patients with a higher central pulse pressure20.

We therefore argue that, at present, iPWV seems to be superior 
to other measures of AS and thereby the parameter of choice when 
assessing the impact of AS on the effect of RSD.

The use of ABPM rather than office blood pressure measure-
ments seems less common. However, given the numerous, widely 
accepted limitations of office measurements alongside the find-
ing that the use of office blood pressure may overestimate the 
presence of isolated systolic hypertension28, we chose to rely on 
APBM as a marker for outcome, and also for the diagnosis of iso-
lated systolic hypertension.

Changes in antihypertensive medication are a potential confounder 
when assessing for real responders. To avoid this confounder, 

we excluded patients with changes in antihypertensive medica-
tion during follow-up. Further, we relied exclusively on ABPM to 
exclude white-coat hypertension and to limit the effect of regres-
sion to the mean, as recommended in the expert consensus state-
ment on RSD29.

CLINICAL IMPLICATIONS
A reliable predictor for the response to RSD is urgently required. 
Our results show that iPWV as an estimate of AS predicts the 
response to RSD. In turn, we suggest assessing for iPWV pre-
procedure in upcoming trials on RSD, which could have a tre-
mendous impact on interpretation of results and should facilitate 
any comparisons between trials using different methods and RSD 
technologies.

Due to its invasiveness, it is less suitable as a screening marker 
in pre-procedural patient selection. Head-to-head studies compar-
ing iPWV and non-invasive estimates derived from magnetic reso-
nance imaging30 or oscillometric methods31 form the basis for the 
possible use of AS as a criterion of patient selection for RSD in 
the near future.

Limitations
The main limitations are clearly the small sample size and the 
monocentric design of the trial. To develop a reliable predictor 
or cut-off value, a multicentre, global design is needed. Also, 
a mathematical construction to evaluate the foot of the waves 
might have been more accurate than a manual construction. 
However, interobserver analysis showed good reproducibility of 
the measurements. Larger trials with more patients are required 
to confirm our results.

Drug adherence was subjectively assessed by patients’ diaries. 
However, we did not perform any urine analyses. Therefore, we 
cannot exclude that some alterations in medication intake might 
have been missed. Nevertheless, since patients with obvious 
changes in medication were excluded, we feel comfortable that 
the data have probably not been confounded to a relevant degree.

As another cause of non-responding, ablation could have been 
insufficient in some patients due to incomplete circumferential 
ablation13 or limited penetration depth32. As long as clinically 
applicable markers of technical success are missing, variations in 
procedural effectiveness in individual patients have to be consid-
ered in every trial assessing predictors of outcome following renal 
denervation.

A further limitation is the heterogeneity of patients and the pos-
sible influence of other characteristics which are already associ-
ated with poor response, e.g., the use of vasodilators.

Conclusion
Our results add to the increasing evidence of increased AS as 
a predictor for less favourable outcome following RSD and pro-
mote iPWV as a suitable way to measure AS. These findings hold 
the promise that PWV might be used as a selection criterion for 
RSD, thereby improving outcome following RSD.
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Stiffness predicts outcome of renal denervation

Impact on daily practice
A frequent observation in renal denervation trials is a certain 
percentage of patients in whom denervation is not followed by 
relevant blood pressure reduction. Our results demonstrate that 
invasive pulse wave velocity, the best validated marker for AS, 
is able to predict outcome after renal denervation. Using a cut-
off of 13.7 m/s resulted in a sensitivity of 71% and a specificity 
of 83% with a positive predictive value of 85.7%. These find-
ings emphasise that PWV might be used as a selection criterion 
for RSD to identify eligible patients who will benefit the most, 
should improve the blood pressure lowering effects of RSD, and 
has the potential to save patients from a potentially unnecessary 
intervention.
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