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• Online Data Supplement

Evidence has accumulated during the past several decades, 
strongly suggesting that abnormalities of the sympathetic 

nervous system contribute to the development and maintenance 
of multiple disease states, including hypertension, heart failure, 
diabetes mellitus, sleep apnea, kidney disease, and atrial fibrilla-
tion.1 The renal nerves have been identified as important contrib-
utors to the development of hypertension in both experimental 
animals and humans.2 Patients with essential hypertension and 
other disease states often have increased efferent sympathetic 
drive to the kidneys as demonstrated by elevated rates of renal 
norepinephrine spillover.1,2 In addition to increased renal efferent 
nerve activity, there is indirect evidence for increased renal affer-
ent activity in patients with essential hypertension.3 Nonselective 
surgical sympathectomy has been effectively used as a treatment 
for severe hypertension,4 with a remarkable difference in out-
comes at 5 years of follow-up. Recently developed endovascu-
lar catheter technology has allowed selective denervation of the 
human kidney using radiofrequency (RF) energy delivered via 
the renal artery lumen.5 Although the initial clinical trials with 
this minimally invasive technique have documented the safety 
and efficacy of such an approach, critical questions have been 
raised pertaining to long-term safety, mechanisms of action, 
appropriate patient selection, reductions in ambulatory blood 
pressure (BP), definition and level of responder rates, need for 
identification of characteristics that predict nonresponse, phe-
nomenon of a delayed response, and several others.6 Here, we 
address several of these key questions.

What Are the Mechanisms Responsible for a 
Decrease in BP After RDN?

Catheter-based renal nerve ablation interrupts both efferent and 
afferent nerves (Figure 1). It is well established that activation 
of renal sympathetic efferents can decrease renal blood flow, 
increase tubular sodium and water reabsorption, and increase 
renin release.2 However, there is emerging evidence that renal 
afferent signaling may be as important as renal efferent activ-
ity in elevating BP. Activation of renal afferents can cause a 

reflex increase in sympathetic tone to the kidneys and other 
organs.7 Intrarenal infusion of bradykinin in conscious rats8 or 
intrarenal infusion of adenosine in conscious dogs with uni-
lateral nephrectomy9 causes an immediate increase in BP that 
was abolished by surgical renal denervation (RDN). A role 
for renal afferents in rats with renovascular hypertension was 
indicated by a significant drop in BP after dorsal rhizotomy 
(T8 or T10 to L2) to exclusively interrupt afferent fibers.10

There is also evidence that renal afferents play a role in 
mediating an increase in sympathetic tone in humans. In 25 
patients with treatment-resistant hypertension, RDN signifi-
cantly decreased multi- and single-unit muscle sympathetic 
nerve activity at 3-month follow-up, which was accompanied 
by a significant reduction in BP.11 More recently, it was shown 
that the reduction in muscle sympathetic nerve activity was 
sustained for ≥1 year after the procedure.12 These results pro-
vide strong evidence that the interruption of renal afferents 
results in a global decrease in sympathetic tone that reduces 
BP in patients with resistant hypertension.

In contrast, a study of 12 patients with milder resistant 
hypertension and less pronounced sympathetic activation 
showed no significant change in BP, mean muscle sympathetic 
nerve activity, or heart rate variability at 3 or 6 months after 
RDN, although individual responses were variable.13 Although 
an association between a reduction in BP after RDN and a 
decrease in global sympathetic tone is apparent, more stud-
ies are needed to determine the relative importance of afferent 
and efferent nerves in mediating the changes in BP with RDN.

What Is the Efficacy of RDN in Treating 
Resistant Hypertension?

In 2009, the results of the first proof-of-principle multicenter 
study from 45 patients with treatment-resistant hypertension 
who underwent catheter-based RDN were reported.5 The ini-
tial cohort was subsequently expanded from 45 to 153 patients, 
and the follow-up duration was increased to a minimum of 2 
years (Symplicity HTN-1).14 The mean baseline office BP in 
the expanded cohort was 176/98 mm Hg while patients were 
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on an average of 5.1±1.4 antihypertensive drugs. The aver-
age reductions in office BP were 20/10, 24/11, 25/11, 23/11, 
26/14, and 32/14 mm Hg at 1, 3, 6, 12, 18, and 24 months after 
RDN, respectively.

Because there was no control group in Symplicity HTN-1, 
a subsequent trial (Symplicity HTN-2) was initiated as a mul-
ticenter, randomized, controlled trial.15 The inclusion criteria 
were age 18 to 85 years with an office systolic BP ≥160 mm Hg 
(≥150 mm Hg in patients with diabetes mellitus), despite treat-
ment with ≥3 antihypertensive drugs including a diuretic. 
There were 106 patients randomly assigned to undergo RDN 
combined with prior treatment (RDN group, n=52) or to main-
tain prior treatment alone (control group, n=54). Office BP 
fell by an average of 32/12 mm Hg in the RDN group at 6 
months, whereas no change occurred in the control group (1/0 
mm Hg). At 6 months, 41 (84%) of 49 patients who underwent 
RDN had a reduction in systolic BP of ≥10 mm Hg compared 
with 18 (35%) of 51 controls. The systolic BP fell to <140 
mm Hg in 19 patients in the RDN group. After 6 months, 35 
patients in the control group crossed over to receive RDN, and 
these patients experienced a significant drop in BP similar to 
that observed in the initial RDN group. Analysis of the data 
from all the patients who underwent RDN showed that there 
was a sustained reduction of BP out to 1 year.16 Most recently, 
further follow-up of the entire Symplicity HTN-2 population 
showed that the reduction in office BP was sustained during 2 
years (Figure 2).

Of note, ambulatory BP monitoring (ABPM) was not man-
datory in Symplicity HTN-1 and HTN-2, and office BP was 
used as an entry criterion. This design could have allowed 
inclusion of patients with a white-coat component contribut-
ing to their hypertension. Although the limited ABPM data 

available for Symplicity HTN-2 did demonstrate a significant 
reduction in BP after RDN, the magnitude of the effect was 
less pronounced than office BP reduction. Potential reasons 
for this are discussed below.

A third multicenter, randomized, controlled trial 
(Symplicity HTN-3) with similar inclusion criteria has com-
pleted recruitment recently.17 ABPM was mandatory, and 
patients were excluded if their average ABPM was <135 
mm Hg. All patients were blinded to randomization using 
sedation, sensory isolation, and lack of familiarity with the 
procedure. Furthermore, all patients had a renal angiography, 
and eligible subjects were randomly assigned at a 2:1 ratio to 
either the RDN or the control group. The primary outcome 
is the difference in the change of office-based systolic BP at 
6 months, with differences in average ABPM reduction as a 
secondary outcome. First results are expected to be available 
in early 2014 and will be relevant to determine the future role 
of RDN for resistant hypertension in clinical practice.

What Patient Cohorts With Hypertension Are 
Likely to Benefit From RDN?

The long-term effects of RDN on BP have mainly been 
evaluated in patients with resistant hypertension. Resistant 
hypertension is defined as failure to achieve the target BP in 
patients who are adhering to full tolerated doses of ≥3 drugs 
that include a diuretic.18,19 However, the apparent resistance to 
treatment in many patients may be pseudo-resistance rather 
than true resistance, because patients frequently do not adhere 
to their drug regimen, are not taking adequate doses, or are not 
on optimal combination of drugs. Pseudo-resistance may also 
occur in patients who have white-coat hypertension. The prev-
alence of true resistant hypertension among all patients treated 
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Figure 1. The kidney can be both the recipient and 
the origin of increased sympathetic tone. Renal 
sympathetic efferent activation affects the ability 
of the kidneys to regulate blood pressure, whereas 
activation of some types of renal afferents can 
cause a global increase in sympathetic tone. RAAS 
indicates renin–angiotensin–aldosterone system.
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crossed over to RDN after 6 months. The 
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for hypertension varies markedly among clinical trials. The 
National Health and Nutrition Examination Survey reported a 
prevalence of 12.8% in US adults treated for hypertension,20 
and the Spanish registry of ambulatory BP monitoring reported 
a similar prevalence of 14.8%.21 However, other large clinical 
trials such as ASCOT (Anglo Scandinavian Cardiac Outcomes 
Trial), ALLHAT (Antihypertensive and Lipid-Lowering 
Treatment to Prevent Heart Attack Trial), and ACCOMPLISH 
(Avoiding Cardiovascular Events in Combination Therapy in 
Patients Living with Systolic Hypertension) reported a preva-
lence ranging from 25% to 35%.22 Although the exact preva-
lence of true treatment resistance remains unknown, this form 
of hypertension most likely occurs in a substantial proportion 
of patients with hypertension.

Several professional medical societies have provided con-
sensus statements with detailed criteria to define patients 
eligible for RDN23,24 (see online-only Data Supplement A). 
Because not all patients with resistant hypertension have 
a positive response to RDN (commonly defined as a ≥10-
mm Hg decrease in office systolic BP), it would be useful 
if there were clinical features that could predict a positive 
response. In Symplicity HTN-1, multivariate analysis found 
that only systolic BP at baseline and the use of centrally acting 
sympatholytic drugs were independent predictors of a greater 
decrease in systolic BP.14 In a larger cohort of 346 resistant 
patients treated with RDN, baseline office BP was found to be 
the only determinant of the magnitude of the BP response.25 
Interestingly, a recent report indicates that impaired baroreflex 
sensitivity may predict the BP response to RDN, a proposition 
that requires confirmation in larger cohorts.26

In addition to severe resistant hypertension, it is possible that 
RDN may be useful in patients with milder resistant hyperten-
sion. In an initial pilot study, 20 patients with an office systolic 
BP of 140 to 160 mm Hg despite ≥3 antihypertensive medica-
tions were treated with catheter-based RDN.27 The mean office 
BP at baseline was 148.4/83.0 mm Hg and decreased by 5.7/0.5 
and 13.1/5.0 mm Hg at 3 and 6 months after RDN, respectively. 
Compared with baseline, the mean ambulatory BP was reduced 
by 11.3/4.1 mm Hg at 6 months. Similarly, a recent report on a 
cohort of 54 patients with moderate resistant HTN (office BP 
≥140/90 mm Hg and <160/100 mm Hg) on an average of 5.1 
antihypertensive drugs and 24-hour ambulatory BP ≥130/80 
mm Hg demonstrated a reduction of office BP by 13/7 mm Hg 
6 months after RDN.28 Office BP was controlled below 140/90 
mm Hg in 51% of the patients, and 37% of patients reduced 
their antihypertensive medications. In the patients (n=36) who 
had ABPM before and 6 months after the procedure, there 
was a reduction in average ambulatory BP of 14/7 mm Hg. 
Although these preliminary data are encouraging, other studies 
suggest that patients with milder resistant hypertension do not 
show a consistent drop in BP at 3 or 6 months after RDN.13 
Randomized controlled clinical trials in these cohorts will be 
required to properly define the usefulness of RDN.

What Is the Safety of RDN?
Because RDN in humans involves the application of RF 
energy at multiple sites within each renal artery, it is impor-
tant to examine the safety of this procedure. Initial work 
in a swine model showed that low-energy, catheter-based 

denervation could ablate nerves surrounding the renal artery 
without causing arterial thrombosis or stenosis and with com-
plete healing of the arterial wall lesions within 6 months.29 
A more recent swine study using optical coherence tomog-
raphy showed acute local thrombus formation at the site of 
RF energy delivery that disappeared 10 days after the pro-
cedure.30 The lesions also showed cell depletion and edema 
that also disappeared 10 days after the procedure. A recent 
clinical study also used optical coherence tomography to 
evaluate the renal arteries before and after RF ablation in 16 
patients with resistant hypertension.31 Mild vessel spasm was 
observed along the entire length of the treated artery resulting 
in a significant reduction of the mean renal artery diameter 
from 4.84 to 4.37 mm. Endothelial-intimal edema was con-
sistently observed, and local thrombus formation was evident 
in some of the treated renal arteries. Furthermore, 1 case of 
renal artery dissection was reported. These data indicate that 
RF-based RDN is associated with local injury and suggest that 
antiplatelet therapy should be used periprocedurally to mini-
mize any potential adverse consequences.24

Complications have also been monitored in the initial tri-
als. In Symplicity HTN-1 and HTN-2, RDN was performed 
without major complications in 98% (201/209) of the patients 
enrolled.14–16 The following complications were reported in 
those 2 trials: femoral artery pseudoaneurysms (n=3), urinary 
tract infection (n=1), back pain (n=1), extended hospitalization 
for assessment of paraesthesia (n=1), hypotension that required 
hospitalization and medication adjustment (n=1), and renal 
artery dissection during placement of the guiding catheter (n=1). 
Bradycardia occurred in 7 (13%) patients during the procedure 
and were all resolved by atropine treatment. Renal vascular imag-
ing was performed at 6 months after RDN in 130 patients, and 1 
patient was identified with possible progression of an underlying 
atherosclerotic lesion that required no treatment. In the mean-
time, there have been 2 case reports of a secondary rise in BP 
after RDN as a result of progression of renal artery stenosis.32,33 
However, it is not clear whether this was caused by the proce-
dure itself or by the natural progression of renal atherosclerosis.

To exclude any potential adverse effect of RDN on renal 
function, estimated glomerular filtration rate (eGFR) was 
assessed in 64 patients who had extended follow-up in 
Symplicity HTN-1.14 During the first year of follow-up, there 
were no changes in eGFR in this cohort of patients. In 10 
patients who had 2 years of follow-up, eGFR was reduced by 
16 mL/min per 1.73 m2, which was thought to be because of 
changes in diuretic therapy after the first year. Renal function 
was also evaluated in Symplicity HTN-2, and there were no 
changes in eGFR at 3 or 6 months after RDN (see Table S1 in 
the online-only Data Supplement).16

In another study, renal function and urinary albumin excre-
tion were evaluated 6 months after RDN in 88 patients with 
resistant hypertension and compared with that of 12 patients 
who did undergo RDN, thereby serving as a control group.34 
Results from this study indicate that RDN decreased BP, renal 
resistive index, and the incidence of micro- and macroalbumin-
uria without adversely affecting eGFR or renal artery structure.

Although patients with abnormal renal function were 
excluded in Symplicity HTN-1 and HTN-2, there are now 
preliminary data to suggest that RDN is also safe and effective 
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in patients with hypertension with moderate-to-severe chronic 
kidney disease.35 A study in 15 patients with stage 3 to 4 
chronic kidney disease (mean eGFR, 31.2±8.9 mL/min per 
1.73 m2) showed significantly improved office BP ≤1 year 
after RDN without worsening of renal function.

Whether RDN negatively affects the body’s response to 
physiological stressors mediated via sympathetic nerves was 
addressed in a subgroup of patients from Symplicity HTN-2, 
who underwent cardiopulmonary exercise testing at baseline 
and 3 months after RDN.36 There were 37 patients in the RDN 
group and 9 in the control group. BP during exercise was sig-
nificantly lower at 3 months compared with baseline in the 
RDN group, but the heart rate increase at different levels of 
exercise was not affected. Furthermore, resting heart rate was 
lower, and heart rate recovery after exercise improved after the 
procedure. These data indicate that cardiopulmonary exercise 
tolerance is not negatively affected by RDN.

Another safety concern has been the occurrence of ortho-
static hypotension after RDN because this was an important 
complication when nonselective surgical sympathectomy 
was used to treat severe hypertension in the past.4 To address 
this issue, tilt table testing was performed in 27 patients with 
resistant hypertension before and 3 months after RDN. BP and 
heart rate were lower during tilting after RDN, but there was 
no change in the incidence of presyncope or syncope.37

Taken together, the available data suggest that adverse con-
sequences of RDN affecting the body’s capacity to cope with 
everyday physiological challenges are unlikely to occur.

Why Does RDN Affect Office BP More Than 
Ambulatory BP?

A subset of patients in the Symplicity HTN-2 trial (20 in the 
RDN group and 25 in the control group) underwent APBM at 
6 months, and the mean reduction in BP was 11/7 mm Hg in 
patients with RDN, whereas there was no significant change 
in controls15 Not surprisingly, the reduction in ABPM was 
less pronounced than the reduction in office BP. Other tri-
als have confirmed that RDN causes greater reductions in 
office than ambulatory BP25–27,38; however, the magnitude of 
the difference between office and ambulatory BP changes 

seems to be somewhat more pronounced than that observed in 
BP-lowering trials using pharmacological approaches.39

This discrepancy may be explained to some extent by the 
high baseline BP levels in the Symplicity trials.40 Alternatively, 
RDN may have a significant effect on the white-coat com-
ponent of office BP measurements. A recent analysis of 346 
patients, who had both office and ABPM readings before and 
after RDN, demonstrated a significant reduction in 24-hour 
average ambulatory BP by 11.7/7.4 mm Hg at 12 months after 
RDN in 303 patients with true resistant hypertension.25 In con-
trast, 43 of the 346 patients had pseudoresistant hypertension 
as a result of a white-coat effect, and although RDN signifi-
cantly decreased office BP in these patients, 24-hour ambula-
tory BP remained unchanged (Figure 3).

The ongoing Symplicity HTN-3 trial should provide addi-
tional information that may help to clarify discrepancies 
between office and ambulatory BP measurements.17

Why Is There a Delayed BP-Lowering 
Response After RDN?

A progressive increase in the magnitude of the drop in office 
BP from 1 to 6 months after RDN was reported in the 2 
Symplicity trials, and some patients did not show a positive 
response (≥10 mm Hg drop in systolic BP) until ≥6 months 
after the procedure.14–16 However, another study in 46 patients 
with resistant hypertension reported that both office and 
ambulatory BP were stable from 1 to 6 months after RDN.38 
It may be that follow-up for >6 months is needed to see the 
maximal response to RDN. With continued follow-up beyond 
1 year in Symplicity HTN-1, the average decrease in office BP 
was 23/11, 26/14, and 32/14 mm Hg at 12, 18, and 24 months, 
respectively.14 Furthermore, when the follow-up period was 
extended to 3 years in 44 patients who were nonresponders 
at 1 month (defined as <10 mm Hg drop in systolic BP), the 
response rate improved to 83% by 3 years (Figure 4).

It is possible that the delayed effect of RDN on BP that has 
been observed in some studies could be related to a reversal 
of vascular remodeling. Vascular remodeling in hypertension 
involves an increase in the wall thickness of arterial resistance 
vessels with a concomitant reduction in lumen diameter, with 
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Figure 3. Changes in office (A) and 24-hour 
ambulatory blood pressure (ABP; B) at 3, 6, 
and 12 months after renal denervation (RDN) in 
346 patients with resistant hypertension. RDN 
significantly decreased both office and ABP in the 
entire cohort and in patients with true resistant 
hypertension (n=303). However, in patients 
with pseudoresistant hypertension (n=43), RDN 
decreased only office blood pressure (BP). The 
data are plotted as mean±SD. All P values are for 
comparison with baseline before RDN. Modified 
from Mahfoud et al25 with permission of the 
publisher. Copyright © 2013, American Heart 
Association, Inc. 
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the consequence of a further increase in vascular resistance 
and BP. Because sympathetic tone has been shown to be an 
important factor in vascular remodeling,41 a reduction in sym-
pathetic tone after RDN may result in a gradual reversal of 
vascular remodeling and a delayed decrease in BP. Indirect 
evidence for a reversal of vascular remodeling after RDN 
comes from several studies demonstrating a decrease in arte-
rial stiffness and arterial pulse wave velocity 3 to 6 months 
after RDN.42,43

Alternatively, changes in medication adherence, lifestyle 
changes, and the use of additional medications after the RDN 
procedure could also affect the gradual further decrease in BP 
observed. However, there are several observations that would 
argue against a major effect of any of these potential factors 
in the Symplicity studies: (1) the average number of medica-
tions taken by participating patients did not change during the 
course of the studies; (2) although compliance with prescribed 
medication may improve if a patient is enrolled in a study, 
compliance tends to get worse over time, which is therefore 
unlikely to explain further BP drops in the Symplicity studies; 
(3) although one could argue that compliance may improve 
after RDN based on the assumption that there is increased 
awareness of the relevance of BP control after having under-
gone an interventional procedure for uncontrolled BP, our 
experience is that patients are perhaps more likely to withdraw 
medication because they think that the RDN procedure has 
cured/improved their hypertension, thereby reducing the need 
for some/all of their medications.

Should Total Denervation be the Goal of 
Catheter-Based RDN?

At the present time, there is limited information on the extent 
of efferent or afferent denervation that is achieved by catheter-
based RDN. In the initial proof-of-principle cohort, a subgroup 
of 10 patients whose mean 6-month office BP was reduced by 
22/12 mm Hg underwent assessment of renal norepinephrine 
spillover 15 to 30 days after RDN.5 Norepinephrine spillover 
decreased by an average of 47% (95% confidence interval, 
28% to 65%), suggesting that there was partial but not total 
sympathetic efferent denervation. It is possible that more 
extensive denervation of both the efferent and afferent nerves 
could result in a greater and more consistent reduction in BP; 

however, this may require an increase in the magnitude of 
RF energy delivered and an increase in the number of renal 
artery sites ablated. More extensive ablation could increase 
the risk of renal artery dissection or other adverse events after 
the procedure.

Based on the available clinical data, there are some patients 
with resistant hypertension who do not show a reduction in BP 
in the first 6 months or more after RDN. It is not clear whether 
there was insufficient denervation or whether the pathophysi-
ology of hypertension is different in these patients. If there 
was insufficient denervation, then these patients might benefit 
from a repeat procedure. However, the 36-month follow-up 
data from Symplicity HTN-1 showed that many of the nonre-
sponders at 1 month became responders between 1 and 3 years 
(Figure 4).44 Thus, it may be better to adopt a wait-and-see 
approach before a repeat procedure is performed in patients 
who do not respond in the first 6 months.

Does Reinnervation Occur After RDN?
It is important to consider the role of reinnervation in the long-
term effects of RDN on BP and sympathetic tone. A study 
in normal rats subjected to unilateral surgical RDN showed 
functional efferent reinnervation of the renal vasculature by 
8 weeks after RDN.45 In a more recent study in normal rats, 
immunohistochemistry was used to study both efferent and 
afferent nerve regeneration after unilateral surgical RDN.46 
Reinnervation of afferent nerves was found to occur during 
the same time course as reinnervation of efferent nerves, both 
being complete by 9 to 12 weeks after RDN.

Currently, there is no functional or anatomic evidence of 
either efferent or afferent reinnervation after RDN in patients. 
Although there is histological evidence for regeneration of 
nerve fibers 8 to 12 months after kidney transplantation in 
humans,47 the transplanted kidney does not show functional 
efferent reinnervation after either short-term (<2 months) or 
long-term (>27 months) follow-up.48 The durability of the BP 
responses in Symplicity HTN-1 and HTN-2 suggests that if 
reinnervation occurred, it did not seem to attenuate or reverse 
the BP response during 24 to 36 months. If there is complete 
functional afferent and efferent reinnervation of the kidneys 
without a reversal of the BP response, then this would sug-
gest that there might be changes in the central nervous system 
processing of afferent information, which lead to a sustained 
decrease in sympathetic tone and BP.

Does RDN Have Beneficial Effects Beyond  
BP Control?

Preliminary and primarily uncontrolled data indicate that 
RDN may exert additional beneficial effects on the heart, glu-
cose metabolism, health-related quality of life, and others, as 
briefly described in the online-only Data Supplement B.

Clearly, the data available till date have to be considered 
hypothesis generating and require confirmation in appropri-
ately designed controlled clinical trials.
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nonresponders in Symplicity HTN-1. There were 44 patients who 
were nonresponders at 1 month (defined as <10 mm Hg drop in 
systolic blood pressure), and 83% of these patients responded 
by 3 years after renal denervation.

 at UNIV OF MINNESOTA on March 11, 2014http://hyper.ahajournals.org/Downloaded from 

http://hyper.ahajournals.org/
http://hyper.ahajournals.org/


Schlaich et al  Efficacy and Safety of Renal Denervation  431

Medtronic, Abbott, Novartis, Servier, Pfizer, and Boehringer-
Ingelheim. M. Esler has received consulting fees and travel and 
research support from Medtronic and serves on the scientific advi-
sory boards of Abbott Pharmaceuticals and Medtronic. G. Fink and 
J. Osborn have received consulting fees and travel support from 
Medtronic. D. Euler is a Medtronic contract employee.

References
 1. Esler M. The 2009 Carl Ludwig lecture: pathophysiology of the human 

sympathetic nervous system in cardiovascular diseases: the transi-
tion from mechanisms to medical management. J Appl Physiol (1985). 
2010;108:227–237.

 2. DiBona GF, Kopp UC. Neural control of renal function. Physiol Rev. 
1997;77:75–197.

 3. Schlaich MP, Sobotka PA, Krum H, Lambert E, Esler MD. Renal sym-
pathetic-nerve ablation for uncontrolled hypertension. N Engl J Med. 
2009;361:932–934.

 4. Smithwick RH, Thompson JE. Splanchnicectomy for essential hyperten-
sion; results in 1,266 cases. J Am Med Assoc. 1953;152:1501–1504.

 5. Krum H, Schlaich M, Whitbourn R, Sobotka PA, Sadowski J, Bartus 
K, Kapelak B, Walton A, Sievert H, Thambar S, Abraham WT, Esler 
M. Catheter-based renal sympathetic denervation for resistant hyperten-
sion: a multicentre safety and proof-of-principle cohort study. Lancet. 
2009;373:1275–1281.

 6. Persu A, Renkin J, Thijs L, Staessen JA. Renal denervation: ultima 
ratio or standard in treatment-resistant hypertension. Hypertension. 
2012;60:596–606.

 7. Stella A, Zanchetti A. Functional role of renal afferents. Physiol Rev. 
1991;71:659–682.

 8. Smits JF, Brody MJ. Activation of afferent renal nerves by intra-
renal bradykinin in conscious rats. Am J Physiol. 1984;247(6 Pt 
2):R1003–R1008.

 9. Katholi RE, Whitlow PL, Hageman GR, Woods WT. Intrarenal adenosine 
produces hypertension by activating the sympathetic nervous system via 
the renal nerves in the dog. J Hypertens. 1984;2:349–359.

 10. Campese VM, Kogosov E. Renal afferent denervation prevents hyper-
tension in rats with chronic renal failure. Hypertension. 1995;25(4 Pt 
2):878–882.

 11. Hering D, Lambert EA, Marusic P, Walton AS, Krum H, Lambert GW, 
Esler MD, Schlaich MP. Substantial reduction in single sympathetic 
nerve firing after renal denervation in patients with resistant hypertension. 
Hypertension. 2013;61:457–464.

 12. Hering D, Lambert E, Marusic P, Walton A, Krum H, Lambert G, Esler M, 
Schlaich M. Sustained blood pressure reduction and sympathetic inhibi-
tion one year after renal denervation in patients with resistant hyperten-
sion. J Hypertens.2013;31: e-Supplement A, e104.

 13. Brinkmann J, Heusser K, Schmidt BM, Menne J, Klein G, Bauersachs J, 
Haller H, Sweep FC, Diedrich A, Jordan J, Tank J. Catheter-based renal 
nerve ablation and centrally generated sympathetic activity in difficult-
to-control hypertensive patients: prospective case series. Hypertension. 
2012;60:1485–1490.

 14. Symplicity HTN-1 Investigators. Catheter-based renal sympathetic dener-
vation for resistant hypertension: durability of blood pressure reduction 
out to 24 months. Hypertension. 2011;57:911–917.

 15. Esler MD, Krum H, Sobotka PA, Schlaich MP, Schmieder RE, Böhm M. 
Renal sympathetic denervation in patients with treatment-resistant hyper-
tension (The Symplicity HTN-2 Trial): a randomised controlled trial. 
Lancet. 2010;376:1903–1909.

 16. Esler MD, Krum H, Schlaich M, Schmieder RE, Böhm M, Sobotka PA; 
Symplicity HTN-2 Investigators. Renal sympathetic denervation for treat-
ment of drug-resistant hypertension: one-year results from the Symplicity 
HTN-2 randomized, controlled trial. Circulation. 2012;126:2976–2982.

 17. Kandzari DE, Bhatt DL, Sobotka PA, O’Neill WW, Esler M, Flack JM, 
Katzen BT, Leon MB, Massaro JM, Negoita M, Oparil S, Rocha-Singh K, 
Straley C, Townsend RR, Bakris G. Catheter-based renal denervation for 
resistant hypertension: rationale and design of the SYMPLICITY HTN-3 
trial. Clin Cardiol. 2012;35:528–535.

 18. Calhoun DA, Jones D, Textor S, Goff DC, Murphy TP, Toto RD, White A, 
Cushman WC, White W, Sica D, Ferdinand K, Giles TD, Falkner B, Carey 
RM; American Heart Association Professional Education Committee. 
Resistant hypertension: diagnosis, evaluation, and treatment: a scientific 
statement from the American Heart Association Professional Education 
Committee of the Council for High Blood Pressure Research. Circulation. 
2008;117:e510–e526.

 19. Mancia G, De Backer G, Dominiczak A, et al.; ESH-ESC Task Force 
on the Management of Arterial Hypertension. 2007 ESH-ESC Practice 
Guidelines for the Management of Arterial Hypertension: ESH-ESC 
Task Force on the Management of Arterial Hypertension. J Hypertens. 
2007;25:1751–1762.

 20. Persell SD. Prevalence of resistant hypertension in the United States, 
2003–2008. Hypertension. 2011;57:1076–1080.

 21. de la Sierra A, Segura J, Banegas JR, Gorostidi M, de la Cruz JJ, Armario 
P, Oliveras A, Ruilope LM. Clinical features of 8295 patients with resis-
tant hypertension classified on the basis of ambulatory blood pressure 
monitoring. Hypertension. 2011;57:898–902.

 22. Pimenta E, Calhoun DA. Resistant hypertension: incidence, prevalence, 
and prognosis. Circulation. 2012;125:1594–1596.

 23. Schmieder RE, Redon J, Grassi G, Kjeldsen SE, Mancia G, Narkiewicz 
K, Parati G, Ruilope L, van de Borne P, Tsioufis C. ESH position paper: 
renal denervation—an interventional therapy of resistant hypertension. J 
Hypertens. 2012;30:837–841.

 24. Mahfoud F, Lüscher TF, Andersson B, et al.; European Society of 
Cardiology. Expert consensus document from the European Society 
of Cardiology on catheter-based renal denervation. Eur Heart J. 
2013;34:2149–2157.

 25. Mahfoud F, Ukena C, Schmieder RE, et al. Ambulatory blood pressure 
changes after renal sympathetic denervation in patients with resistant 
hypertension. Circulation. 2013;128:132–140.

 26. Zuern CS, Eick C, Rizas KD, Bauer S, Langer H, Gawaz M, Bauer A. 
Impaired cardiac baroreflex sensitivity predicts response to renal sym-
pathetic denervation in patients with resistant hypertension. J Am Coll 
Cardiol. 2013. In press.

 27. Kaltenbach B, Franke J, Bertog SC, Steinberg DH, Hofmann I, 
Sievert H. Renal sympathetic denervation as second-line therapy in 
mild resistant hypertension: a pilot study. Catheter Cardiovasc Interv. 
2013;81:335–339.

 28. Ott C, Mahfoud F, Schmid A, Ditting T, Sobotka PA, Veelken R, Spies A, 
Ukena C, Laufs U, Uder M, Böhm M, Schmieder RE. Renal denervation 
in moderate treatment resistant hypertension. J Am Coll Cardiol. 2013; 
62:1880–1886.

 29. Rippy MK, Zarins D, Barman NC, Wu A, Duncan KL, Zarins CK. 
Catheter-based renal sympathetic denervation: chronic preclinical evi-
dence for renal artery safety. Clin Res Cardiol. 2011;100:1095–1101.

 30. Steigerwald K, Titova A, Malle C, Kennerknecht E, Jilek C, Hausleiter J, 
Nährig JM, Laugwitz KL, Joner M. Morphological assessment of renal 
arteries after radiofrequency catheter-based sympathetic denervation in a 
porcine model. J Hypertens. 2012;30:2230–2239.

 31. Templin C, Jaguszewski M, Ghadri JR, Sudano I, Gaehwiler R, 
Hellermann JP, Schoenenberger-Berzins R, Landmesser U, Erne P, 
Noll G, Lüscher TF. Vascular lesions induced by renal nerve ablation 
as assessed by optical coherence tomography: pre- and post-procedural 
comparison with the Simplicity catheter system and the EnligHTN 
 multi-electrode renal denervation catheter. Eur Heart J. 2013; 
34:2141–8, 2148b.

 32. Vonend O, Antoch G, Rump LC, Blondin D. Secondary rise in blood pres-
sure after renal denervation. Lancet. 2012;380:778.

 33. Kaltenbach B, Id D, Franke JC, Sievert H, Hennersdorf M, Maier J, 
Bertog SC. Renal artery stenosis after renal sympathetic denervation. J 
Am Coll Cardiol. 2012;60:2694–2695.

 34. Mahfoud F, Cremers B, Janker J, et al. Renal hemodynamics and renal 
function after catheter-based renal sympathetic denervation in patients 
with resistant hypertension. Hypertension. 2012;60:419–424.

 35. Hering D, Mahfoud F, Walton AS, Krum H, Lambert GW, Lambert 
EA, Sobotka PA, Böhm M, Cremers B, Esler MD, Schlaich MP. 
Renal denervation in moderate to severe CKD. J Am Soc Nephrol. 
2012;23:1250–1257.

 36. Ukena C, Mahfoud F, Kindermann I, Barth C, Lenski M, Kindermann 
M, Brandt MC, Hoppe UC, Krum H, Esler M, Sobotka PA, Böhm M. 
Cardiorespiratory response to exercise after renal sympathetic dener-
vation in patients with resistant hypertension. J Am Coll Cardiol. 
2011;58:1176–1182.

 37. Mahfoud F, Lenski M, Ukena C, Barth C, Razouk A, Fischer D, Laufs U, 
Kindermann I, Böhm M. Influence of renal sympathetic denervation on 
orthostatic function in patients with resistant hypertension. Circulation. 
2012;126:A17201.

 38. Worthley SG, Tsioufis CP, Worthley MI, Sinhal A, Chew DP, Meredith IT, 
Malaiapan Y, Papademetriou V. Safety and efficacy of a multi- electrode 
renal sympathetic denervation system in resistant hypertension: the 
EnligHTN I trial. Eur Heart J. 2013;34:2132–2140.

 at UNIV OF MINNESOTA on March 11, 2014http://hyper.ahajournals.org/Downloaded from 

http://hyper.ahajournals.org/
http://hyper.ahajournals.org/


432  Hypertension  March 2014

 39. Mancia G, Parati G. Office compared with ambulatory blood pressure 
in assessing response to antihypertensive treatment: a meta-analysis. J 
Hypertens. 2004;22:435–445.

 40. Schmieder RE, Ruilope LM, Ott C, Mahfoud F, Böhm M. Interpreting 
treatment-induced blood pressure reductions measured by ambulatory 
blood pressure monitoring. J Hum Hypertens. 2013. In press.

 41. Dinenno FA, Jones PP, Seals DR, Tanaka H. Age-associated arterial 
wall thickening is related to elevations in sympathetic activity in healthy 
humans. Am J Physiol Heart Circ Physiol. 2000;278:H1205–H1210.

 42. Brandt MC, Reda S, Mahfoud F, Lenski M, Böhm M, Hoppe UC. Effects 
of renal sympathetic denervation on arterial stiffness and central hemo-
dynamics in patients with resistant hypertension. J Am Coll Cardiol. 
2012;60:1956–1965.

 43. Hering D, Lambert EA, Marusic P, Ika-Sari C, Walton AS, Krum H, 
Sobotka PA, Mahfoud F, Böhm M, Lambert GW, Esler MD, Schlaich MP. 
Renal nerve ablation reduces augmentation index in patients with resistant 
hypertension. J Hypertens. 2013;31:1893–1900.

 44. Krum H, Schlaich MP, Böhm M, Mahfoud F, Rocha-Singh K, Katholi 
R, Esler MD. Percutaneous renal denervation in patients with treatment-
resistant hypertension: final 3-year report of the Symplicity HTN-1 study. 
Lancet. 2013; in press.

 45. Kline RL, Mercer PF. Functional reinnervation and development of 
supersensitivity to NE after renal denervation in rats. Am J Physiol. 
1980;238:R353–R358.

 46. Mulder J, Hökfelt T, Knuepfer MM, Kopp UC. Renal sensory and sympa-
thetic nerves reinnervate the kidney in a similar time-dependent fashion 
after renal denervation in rats. Am J Physiol Regul Integr Comp Physiol. 
2013;304:R675–R682.

 47. Shannon JL, Headland R, MacIver AG, Ferryman SR, Barber PC, Howie 
AJ. Studies on the innervation of human renal allografts. J Pathol. 
1998;186:109–115.

 48. Hansen JM, Abildgaard U, Fogh-Andersen N, Kanstrup IL, Bratholm P, 
Plum I, Strandgaard S. The transplanted human kidney does not achieve 
functional reinnervation. Clin Sci (Lond). 1994;87:13–20.

 at UNIV OF MINNESOTA on March 11, 2014http://hyper.ahajournals.org/Downloaded from 

http://hyper.ahajournals.org/
http://hyper.ahajournals.org/


1 
 

ONLINE DATA SUPPLEMENT: 

 
 
 

Targeting the Sympathetic Nervous System: Critical Issues in Patient Selection, 
Efficacy and Safety of Renal Denervation 

 
 

Short Title: Efficacy and Safety of Renal Denervation 
 
 
 

Markus P. Schlaich, Murray D. Esler, Greg D. Fink, John W. Osborn and David E. Euler 
 
 
 

From the Baker IDI Heart and Diabetes Institute, Melbourne, VIC, Australia (M.P.S, M.D.E.); 
Department of Pharmacology and Toxicology, Michigan State University, East Lansing, MI 
(G.D.F); Department of Integrative Biology and Physiology, Lillehei Heart Institute, University 
of Minnesota, Minneapolis, MN (J.W.O.); and Medtronic, Vascular, Santa Rosa, CA (D.E.E.)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Address for correspondence:  
Professor Markus Schlaich 
Neurovascular Hypertension & Kidney Disease Laboratory 
Baker IDI Heart & Diabetes Institute 
PO Box 6492 St Kilda Road Central  
Melbourne Victoria 8008 
Australia 
Telephone: ++61 3 8532 1502 
Facsimile: ++61 3 8532 1100 
e-mail:  markus.schlaich@bakeridi.edu.au 



2 
 

A) 
 A recent consensus statement was developed by the European Society of Cardiology and 
considers patients eligible for RDN if they meet the following criteria:  
1) office-based BP >160mmHg (>150mmHg in patients with type 2 diabetes)  
2) the use of 3 or more antihypertensive drugs in adequate dosages and combinations, including 

the use of a diuretic (the use of a mineralocorticoid antagonist is optional)  
3) lifestyle changes to modify BP  
4) exclusion of secondary hypertension  
5) exclusion of pseudo-resistant hypertension identified by the use of APBM (average BP 

>130mmHg or daytime BP >135mmHg), 6) preserved renal function (eGFR 
>45mL/min/1.73m2)  

7) no renal artery stenosis >50% or prior renal revascularization  
8) exclusion of patients with multiple main renal arteries in either kidney or a main renal artery 

that is <4 mm in diameter or <20 mm in length.35 
 

 
 
B) 
Does RDN have beneficial effects on the heart? 

There is evidence that RDN can improve cardiac function in patients with resistant 
hypertension.  In a sub-study that included 64 patients enrolled in the Symplicity HTN-2 trial, 2-
dimensional trans-thoracic echocardiography was performed at 1 and 6 months.1  Compared with 
changes from baseline in the control group (n=18), there was a reduction in left ventricular mass 
and thickness of the inter-ventricular septum at 1 and 6 months in the group with RDN (n=46). 
This regression in hypertrophy was accompanied by a significant reduction in BP as well as an 
improvement in left ventricular ejection fraction and diastolic function.  RDN has also been 
reported to have beneficial effects on cardiac rate and rhythm as demonstrated by a reduction in 
resting heart rate and prolongation of the PR interval after RDN in patients with resistant 
hypertension.2 An anti-arrhythmic effect of RDN in the atria was also suggested from the results 
of an acute pig study that simulated sleep apnea by transient tracheal occlusion.3 Tracheal 
occlusion with negative tracheal pressure applied resulted in a shortening of the atrial refractory 
period and increased the inducibility of AF. RDN attenuated both of these effects and also 
inhibited the post-apneic rise in BP. 
 
Does RDN affect blood glucose control and insulin sensitivity? 

Activation of the sympathetic nervous system is thought to be an important contributor to 
insulin resistance and the risk of developing type 2 diabetes.4 To assess the effect of RDN on 
glucose control, a pilot study was performed in 50 patients with resistant hypertension.5 There 
were 37 patients that underwent RDN and 13 patients assigned to a control group.  In addition to 
significant reductions in BP at 1 and 3 months, fasting blood glucose and insulin levels were 
significantly reduced 3 months after RDN. Furthermore, homeostasis model assessment–insulin 
resistance also decreased at 3 months after RDN, and mean 2-hr glucose levels during oral 
glucose tolerance testing were significantly reduced. Similar findings were reported from another 
study that investigated the effects of RDN in 10 patients with obstructive sleep apnea.6 In 
addition to a decrease in the severity of obstructive sleep apnea in the majority of patients, there 
were significant changes in 2-hr glucose concentrations during oral glucose tolerance testing and 
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reductions in HbA1c at 6 months after RDN. Although the mechanisms for the lower blood 
glucose and improved insulin sensitivity after RDN are not clear, a reduction in sympathetic tone 
is thought to shift blood away from less-sensitive visceral tissue to more insulin-sensitive striated 
skeletal muscle and to reduce glucagon secretion. Additional studies are needed to define the 
precise mechanisms by which RDN lowers blood glucose and improves insulin sensitivity in 
patients with resistant hypertension or other cardiovascular diseases.   

 
Does RDN have an impact on quality of life? 
Health-related quality of life (QOL) has been reported to be reduced in many of its domains in 
patients with hypertension with uncontrolled hypertension having a greater emotional impact on 
patients than controlled hypertension.7  In a cohort of 62 patients QOL assessment was performed 
before and after RDN.8  Before RDN, the 62 patients with resistant and uncontrolled 
hypertension displayed significantly reduced scores in 5 of the 8 domains in the 36-Item Short-
Form Health Survey domains and the Mental Component Summary score, when compared with 
either a healthy control group or a matched group of patients with pharmacologically controlled 
hypertension.8  After RDN, the Mental Component Summary score improved (47.6±1.1 vs 52±1; 
p=0.001) as a result of increases in the vitality, social function, role emotion and mental health 
domains. The Beck Depression Inventory scores were also improved, particularly with regard to 
symptoms of sadness, tiredness and libido. RDN was without a detrimental effect on any 
elements of the 36-Item Short-Form Health Survey. Taken together, these results indicate that 
patients with severe treatment-resistant hypertension present with a marked reduction in 
subjective QOL, several aspects of which were improved 3 months after RDN.  Interestingly, the 
improvement in QOL was not directly associated with the magnitude of BP reduction.8 
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Table S1.  Renal function at baseline and 6 and 12 months after RDN in Symplicity HTN-2 

Patients in the control group were allowed to crossover to RDN after 6 months.  
Values are mean ± SD. eGFR, estimated glomerular filtration rate; RDN, renal denervation. 

 

Parameter measured at RDN group Crossover group 
eGFR, mL/min per 1.73 m2   
   Baseline 76.9 ± 19.3 (n=49) 88.8 ± 20.7 (n=35) 
   6 mo 77.1 ± 18.8 (n=49) 89.3 ± 19.5 (n=35) 
   12 mo 78.2 ± 17.4 (n=45) 85.2 ± 18.3 (n=35) 
Serum creatinine, mg/dL   
   Baseline 1.03 ± 0.29 (n=49) 0.84 ± 0.21 (n=35) 
   6 mo 1.04 ± 0.32 (n=49) 0.83 ± 0.18 (n=35) 
   12 mo 1.01 ± 0.28 (n=45) 0.86 ± 0.20 (n=35) 
Cystatin C, mg/dL   
   Baseline 0.91 ± 0.25 (n=38) 0.78 ± 0.17 (n=27) 
   6 mo 0.98 ± 0.36 (n=40) 0.82 ± 0.16 (n=26) 
   12 mo 0.98 ± 0.30 (n=38) 0.89 ± 0.20 (n=26) 


