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ABSTRACT

Supported by several high-quality randomized controlled trials
and registry analyses, catheter-based renal denervation is
becoming an important adjunctive treatment modality for
the safe and efficacious treatment of hypertension besides
lifestyle modifications and antihypertensive medication. Renal
denervation is of particular interest to nephrologists as the
intervention may provide additional benefits to hypertensive
people with chronic kidney disease (CKD), a condition typ-
ically characterized by sympathetic hyperactivity. A growing
body of clinical evidence supports the safety and efficacy of
renal denervation in this difficult-to-control population. In
addition, preclinical and clinical research works indicate po-
tential nephroprotective effects in CKD patients. The current
review examines recent research on renal denervation with a
focus on renal disease and assesses the latest findings and their
implications from a nephrologist’s perspective.

Keywords: chronic kidney disease, hypertension, nephropro-
tection, renal denervation, sympathetic hyperactivity

INTRODUCTION

Chronic kidney disease (CKD) and hypertension are intrinsi-
cally linked. High blood pressure (BP) is present in four out
of five patients with CKD [1]. In a vicious feedback loop, the
presence of hypertension drives CKD severity: uncontrolled
resistant hypertension is associated with a marked increase in
the risk of developing the end-stage renal disease (ESRD) over
a 5-year period [2]. As renal function declines, the incidence
and severity of hypertension increase [1]. The consequences
are severe: CKD and associated cardiovascular (CV) disease
were responsible for 4.6% of global deaths in 2017 [3].

It is especially difficult to control elevated BP in patients
with CKD, as shown by reports of apparently resistant hyper-
tension in roughly two in five patients with CKD [4]. There
are many reasons for this lack of success, e.g. physician inertia,
patient non-adherence, lack of social support, depression and

the complexity of polypharmacy regimens in more severe cases
of hypertension [5].

Renal function in health and disease is at the core of
treatment considerations for patients with hypertension. This
review focuses on patients with CKD and discusses preclinical
and clinical research around the role of interventional methods
to reduce BP, such as catheter-based renal denervation using
radiofrequency energy, ultrasound or perivascular injection
of neurotoxic agents. Renal denervation is included as a
therapeutic option in the latest European Society of Cardiol-
ogy/European Society of Hypertension (ESC/ESH) guidelines
and position statements [5-7]. Though these technologies are
at different stages of development, several have been tested
in sham-controlled trials designed towards US regulatory
approval.

As will be seen further, currently available preclinical and
clinical research works suggest that renal denervation may
play a particularly beneficial role in patients with CKD and
hypertension.

RATIONALE FOR RENAL DENERVATION IN
PRIMARY HYPERTENSION

The aim of renal denervation is 2-fold: to reduce BP and at
the same time reduce the progressive loss of renal function
in hypertensive individuals. The rationale is to attenuate
overactive mutual signalling between the kidney and the
central nervous system (CNS). It is well established that
efferent renal nerves contribute to the regulation of renin
secretion, tubular sodium reabsorption and renal haemody-
namics. Efferent nerve activation reduces renal blood flow and
urinary excretion of salt and water, and increases renin release
from the kidney, with the effect of increasing BP [8]. Renal
afferent nerves also contribute, as increased afferent signalling
to the brain leads to CNS-mediated arterial vasoconstriction.
Increased sympathetic activity is a driver of elevated BP and
end-organ damage, e.g. cardiac hypertrophy and reduced renal
function [9]. Plasma noradrenaline has been identified as an
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FIGURE 1: Effect of bilateral nephrectomy on SNS activity in renal transplant patients. From Hausberg et al [12]. MSNA, muscle sympathetic

activity; CVR, calf vascular resistance; n.s., not significant.

independent predictor of mortality as well as fatal and nonfatal
CV events in patients undergoing haemodialysis [10].

The role of the kidney in mediating sympathetic activity was
demonstrated by early studies in patients with CKD. In this
population, bilateral nephrectomy led to significant reductions
in sympathetic nerve discharge, calf vascular resistance and
mean arterial pressure (MAP) [11]. More recent studies
in renal transplant patients have supported the concept of
ailing kidneys mediating increased CNS activity. In transplant
patients without nephrectomy, the native kidneys mediated
increased SNS activity despite excellent graft function. In
transplant patients who had undergone bilateral nephrectomy,
muscle sympathetic nerve activity (MSNA) and calf vascular
resistance were significantly lower (Fig. 1) [12].

MSNA, reflecting the systemic sympathetic activity, has also
been shown to be significantly reduced after renal denervation
in humans with hypertension [13]. The reduction grew with
time, becoming statistically significant after 3 months. Both
multi-unit MSNA and single-unit MSNA (measuring the firing
properties of single sympathetic vasoconstrictive fibres) are
reduced by renal denervation [14].

The above findings support the potential for renal denerva-
tion to achieve the dual effect of reducing efferent and afferent
nerve activity, moderating the direct effect of renal signalling
on BP and the indirect effect of afferent signalling on brain
sympathetic activity outflow [15].

CLINICAL TRIAL EVIDENCE FOR THE
EFFICACY OF RENAL DENERVATION

The development of renal denervation nearly stopped in 2014,
when the sham-controlled SYMPLICITY-3 HTN trial failed
to show significant BP reduction relative to sham-treated
control [16]. Although office BP was reduced significantly from
baseline in the active treatment group, to almost the same
degree as in earlier single-arm trials, the difference to sham was
not significant. This was later attributed to procedural factors,
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e.g. proximal (instead of distal) location of energy delivery
and incomplete non-circumferential denervation, but also to
a high rate of drug changes and lack of adherence to treatment.
The latter two confounders would explain the substantial BP
reductions in the sham group [17, 18].

Similarly, in the recently completed REQUIRE trial of
ultrasound renal denervation in treated patients with resistant
hypertension, systolic BP (SBP) reductions in the sham group
were unexpectedly large (no difference to the actively treated
group) [19]. A number of confounders were identified: lack
of standardized medications, incomplete medication blinding
of treating physicians and coordinators, and lack of objective
measurement of adherence [19, 20].

Since 2017, however, a number of rigorously designed
and executed sham-controlled randomized controlled tri-
als (RCTs) of second-generation renal denervation systems
have been completed, providing a substantial and growing
body of evidence for the efficacy and safety of the proce-
dures. Whether radiofrequency (Spyral system) or ultrasound
(Paradise system), five completed sham-controlled RCTs
demonstrated significant BP reductions in the active treatment
groups compared with sham-treated patients (Fig. 2) [21-
25]. Renal denervation achieved clinically meaningful BP
reductions in the presence as well as the absence of medica-
tion. Notably, two controlled trials in patients with resistant
hypertension and high medication burden, the prospective,
randomized, open-label blinded endpoint DENERHTN [26]
and the two multicentre, single-blind, sham-controlled trials
RADIANCE-HTN TRIO [24] and SPYRAL HTN-ON MED
[27] have found that adherence to antihypertensive treatment
had no relevant influence on the antihypertensive effect of
renal denervation, as non-adherence rates were numerically
greater in the renal denervation group.

Other systems for renal denervation are in development,
but with efficacy not yet proven in large-scale sham-
controlled RCTs. Alcohol-based ablation achieved significant
BP reductions in an open-label study of patients with
resistant hypertension [28] and two Phase II studies with
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FIGURE 2: Changes in 24-h ambulatory BP (top) and office BP (bottom), respectively, after renal denervation (A and C) and sham (B and D)

treatment in sham-controlled RCTs with second-generation technologies.

the technology (TARGET BP OFF-MED, NCT03503773,
and TARGET BP I, NCT02910414) are ongoing. The
REDUCE  HTN:REINFORCE trial using  bipolar
radiofrequency, a technology that is not available at present,
was prematurely stopped during recruitment [29].

All second-generation sham-controlled RCTs used the
change in ambulatory BP as the primary endpoint (24 h mean
with the Spyral system and daytime mean with the Paradise
system) to enable a relevant assessment of the impact of
elevated BP on CV, cerebrovascular and renal systems [7]. The
‘always on’ effect of the intervention has been highlighted [5],
with sustained reductions relative to sham at all time points
within a 24-h interval. This was recently confirmed in a meta-
analysis of nine trials and 1555 patients undergoing renal
denervation or sham [30].

Additional studies [SPYRAL HTN-ON MED Study
(NCT02439775) RADIANCE II (NCT03614260)] are ongoing
and will hopefully provide further evidence of efficacy as well

Renal denervation in patients

as indications to the importance of confounders in RCTs with
catheter interventions.

LONG-TERM EFFECTIVENESS OF RENAL
DENERVATION

In contrast to drugs, which must be taken regularly and
possibly for life, renal denervation is considered a single
intervention [31]. Accordingly, the sustainability of the antihy-
pertensive effect is a highly relevant question. A study in nor-
motensive sheep in 2015 found no morphologically functional
nerve regeneration 11 months after renal denervation, but
the authors noted recovered functional afferent and efferent
responses to electric stimulation [32].

Subsequent work with the hypertensive CKD sheep model
by the same group found a marked difference between nor-
motensive and hypertensive animals in renal nerve regrowth
at 30 months after renal denervation, indicating that results
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FIGURE 3: Changes from baseline with renal denervation or sham up to 36 months in the randomized, sham-controlled SPYRAL-ON MED
study. Medication changes were allowed after end of primary follow-up at 6 months and patients were unblinded to randomization status at

12 months. Adapted from Mahfoud et al [27].

from normotensive models may be of limited relevance to
clinical renal denervation for hypertension [33]. Normotensive
animals demonstrated renal nerve regrowth and neural control
of renal function to pre-intervention levels. In contrast, in
hypertensive-CKD animals, levels of renal tyrosine hydrox-
ylase, calcitonin gene-related peptide and noradrenaline, as
well as a vascular contraction to nerve stimulation and
reflex activation of the sympathetic nerves were only partially
restored at 30 months. The reduction in BP and improve-
ments in renal function after renal denervation were all
sustained. These results indicate a relevant difference between
general reinnervation and the re-establishment of functional
axons.

Other models support this distinction. There is good
evidence from normotensive porcine models that a progressive
regenerative response may occur as early as 7 days after
renal denervation [34], but immunohistochemical observa-
tions have identified prominent fibrotic infiltration at the
site of procedural injury, which attenuates the original delin-
eation of the nerve and precludes re-creation of functional
axonal connections [34]. More recently, Sharp et al., using
the same model, found no recovery of nerve architecture
180 days post-ablation [35]. Neither partially nor fully de-
stroyed nerves recovered additional function and the nora-
drenaline reduction post-renal denervation was maintained at
6 months. The relevance to humans of these observations can
only be established by clinical data. However, the transplanted
human kidney does not achieve functional reinnervation [36]
and according to our current knowledge, the same appears to
be true for denervated kidneys.

As the technology has only recently been adopted,
published data cover modest durations of follow-up. The
RCTs reported their primary endpoints at between 2 and
6 months, which may be too short for a meaningful conclusion.
After unblinding, it may become difficult to attribute an
antihypertensive effect to the intervention over a longer time
frame. Primary care physicians managing patients after renal
denervation may need to modify antihypertensive therapy as
necessary to reduce BP further and achieve target levels.
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In the Global Symplicity Registry, the largest cohort
followed currently, reductions in both office and ambulatory
BP have been sustained over a 3-year period [37]. Three-
year follow-up data from SPYRAL-ON MED were recently
published [27]. Over the 36-months follow-up, reductions
in 24-h BP remained significantly greater in patients who
underwent renal denervation than in patients who had
undergone a sham control procedure (Fig. 3). These differences
persisted despite similar antihypertensive drug use in both
treatment arms.

Small single-centre studies also suggest sustained BP
reduction. An analysis of 49 out of 73 patients treated for
resistant hypertension with follow-up data at 48 months found
a significant reduction from baseline in office and ambulatory
BP [38]. The lack of control groups and the possibility of bias
from losses to follow-up need to be taken into consideration
when assessing such findings, but there is no indication that
the antihypertensive effect abates over at least several years.

RENAL DENERVATION IN HYPERTENSIVE
PATIENTS WITH CKD

Renal denervation trials initially focused on patients with
severe treatment-resistant hypertension, often defined as SBP
above 160 mmHg, despite being treated with at least three
antihypertensive drugs including one diuretic [39]. However,
the usefulness of the term ‘resistant hypertension’ has been
queried [5]. Many patients with ‘resistant hypertension’ are
non-adherent to prescribed medication and do not qualify for
‘true resistant’ hypertension [40]. A recent position statement
advocated prioritizing hypertensive subjects with uncontrolled
BP and at elevated CV risk, possibly with an established CV
event or hypertension-mediated organ damage [5]. A relevant
selection criterion for renal-denervation candidates may be
high sympathetic activity accompanying elevated BP [41]. This
situation is commonly observed in patients with CKD. In
this population, the reduction in BP combined with possible
nephroprotection from sympatholytic effects may be especially
beneficial.

R. E. Schmieder
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(bs/100 heartbeats; green bars; right-hand scale) in patients and healthy individuals grouped according to progressively more severe degrees of

renal dysfunction. Adapted from Grassi et al [43].

A significant increase in nerve endings in the internal
area of renal artery adventitia has been found in patients
with ESRD on haemodialysis, compared with patients with
less severe CKD or normal renal function [42]. A recent
meta-analysis found a significant reverse correlation between
microneurographic sympathetic nerve activity and glomerular
filtration rate (GFR), across the range from >90 mL/min per
1.73 m? to haemodialysis patients (Fig. 4) [43].

In addition to elevated BP and hyperactive sympathetic
nervous system, CKD is associated with lower kidney renalase
activity. As renalase degrades catecholamines the reduced
activity exposes the kidney to increased levels of these
molecules, with associated adverse effects on BP and cardiac
function [44].

The renal denervation procedure is effective in hyper-
tensive patients with CKD: in the meta-analysis in 2021
of single-centre studies on patients with CKD [45], office
BP and 24-h ambulatory BP were significantly reduced
from baseline to 1 month (P < .05) and sustained for at
least 24 months. A recent analysis of 3-year follow-up data
from the Global Symplicity Registry included 475 subjects
with CKD [baseline estimated GFR (eGFR) <60 mL/min/
1.73 m? but >15 mL/min/1.73 m?] versus 1505 subjects
without CKD (baseline eGFR >60 mL/min/1.73 m?) [46]. In
subjects with data on both baseline and 36-month BP,
similar reductions in office and 24-h ambulatory BP were
found in both groups. Thus, BP reduction is achieved after
renal denervation independently of renal function. A small
randomized study in renal transplant recipients indicated that
the intervention is also effective and safe in this population
[47]. Possible nephroprotective effects are discussed as follows.

SAFETY OF RENAL DENERVATION

The procedural safety of renal denervation was well demon-
strated in the clinical trials over the latest decade. The main
concerns regarded potential procedural damage to the vessel
endothelium from the applied energy, de novo renal artery
stenosis or contrast-induced nephropathy, as well as possible
eGFR loss in the long term.

However, the short-term risk from renal denervation has
been shown to be limited: damaged endothelium recovers
within a week [48], the arterial wall and soft tissue within

Renal denervation in patients

6 months [49]. Clinical evidence provides further assurance:
no safety signal emerged in any of the sham-controlled RCTs,
with similar rates of major adverse events in the renal dener-
vation and control groups [19, 21-25, 29]. It should be noted
that the pivotal RCTs used eGFR <45 mL/min/1.73 m” as an
exclusion criterion and the conclusion is limited to this popu-
lation. A meta-analysis of 50 trials, 5769 patients and 10249
patient-years of data, estimated a 0.20 annual incidence of
renal artery stenting following RF renal denervation [50]. This
rate is comparable to the reported natural incidence of events
in an untreated hypertensive population. The meta-analysis
included a subgroup of 396 patients with CKD and found no
reported adverse events in the distal arteries of this group [50].

As with efficacy, data on long-term safety with renal
denervation are not available beyond a few years of follow-
up. However, the available analyses are reassuring. A meta-
analysis in 2019 of 977 patients from six trials found no
significant difference between intervention and sham in the
changes from baseline in eGFR, either in first- or second-
generation trials [51]. Sanders [52] analysed 2381 patients for
whom data were available in 2017 and found no statistically
significant change in eGFR after on average 9.1 & 7.0 months
(pooled mean change 0.64 mL/min/1.73 m?; P = .26). In the
presentation from RADIANCE-HTN SOLO 2-year follow-up
[53], no adverse safety signals were observed. In the SPYRAL
HTN-ON MED trial no safety signal emerged up to 3 years;
there was no instance of renal artery stenosis and no re-
intervention associated with renal denervation during the 36
months of follow-up. Up to 36 months, the renal denervation
and the sham group did not differ in changes from baseline
in eGFR (-4.9 + 11.5 and -4.5 & 11.7 mL/min/1.73 m? with
renal denervation and sham treatment, respectively), serum
creatinine, sodium or potassium levels [27].

The safety of renal denervation is a key concern for
hypertensive patients with CKD. Given the lack of RCT data,
what is available comes mostly from small, isolated studies. A
meta-analysis of procedure-related events in 238 patients from
11 single-centre, non-randomized, uncontrolled trials found
low rates of haematoma (2.9%) and pseudoaneurysm (1.3%)
[45]. In the retrospective analysis of 3-year follow-up data from
the Global Symplicity Registry, there were no differences in
safety outcomes between subjects with and without CKD, with
rates of renal artery stenosis <0.5% [46].
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These findings are clearly reassuring, as they indicate
the overall safety of renal denervation, with the limitation
that patients with an eGFR <45 mL/min/1.73 m* have not
been thoroughly examined. Beyond antihypertensive efficacy
and a favourable safety profile in hypertensive patients, a
particularly salient question is whether renal denervation may
have nephroprotective effects in the CKD population.

IS RENAL DENERVATION
NEPHROPROTECTIVE?

It has long been discussed whether there is an additional effect
from antihypertensive treatments beyond reducing the risk of
kidney damage associated with high BP [54]. Accumulated
evidence supports a nephroprotective effect from angiotensin-
receptor blockers (ARBs) and sodium-glucose co-transporter-
2 (SLGT2) inhibitors [55, 56]. However, to date sympatholytic
drugs have not shown a nephroprotective effect in patients with
CKD. A small study in 15 patients with type 1 diabetes in 2001
reported reduction in microalbuminuria with moxonidine,
a sympatholytic agent [57], but the effect on renal function
remains elusive. Renal denervation may be able to fill this gap,
as it targets renal sympathetic activity directly.

Preclinical research provides indications that renal den-
ervation might benefit the kidney beyond BP reduction.
In a hypertensive sheep model, Singh et al. showed that
although GFR declined by 22% over 30 months in sham-
treated animals, it increased to a similar degree after renal
denervation (26%; P < .0001 for the comparison) [33]. This
increase in GFR was accompanied by a sustained reduction
in MAP; conversely there was a continual increase in MAP
with time in sham-treated sheep. The improvements in BP
and renal function were associated with improvements in
left ventricular (LV) mass and albuminuria, indicative of
additional, cardioprotective effects from renal denervation in
CKD. Urinary albumin levels at 11 and 30 months were almost
60% lower in animals who underwent renal denervation
than in the sham-treated group, although levels remained
significantly higher than in normotensive controls. LV mass
increased with time only in the sham-treated hypertensive-
CKD group while animals undergoing renal denervation did
not experience increased LV mass up to 30 months.

In the same ovine model, the group recently found that
urinary NOy (nitrate + nitrite) excretion was significantly
increased 2 months after renal denervation and remained
elevated at 30 months (Fig. 5) [58]. Renal haemodynamics also
improved, as indicated by augmented renal vasoconstrictor
responses to inhibition of endothelial NO synthase and greater
eNOS kidney protein expression in treated relative to sham-
treated CKD sheep.

The relevance to humans needs to be demonstrated but
the findings are suggestive. It is known that basal NO activity
of the renal vasculature is reduced in patients with chronic
glomerular disease compared with age- and BP-matched
control groups. This is at least in part due to increased
oxidative stress in the renal vasculature [59]. The effects of
renal denervation on eGFR have been reported to be greater
in uncontrolled and in controlled hypertensive patients with
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CKD [60], which is in line with the reported greater effects in
CKD sheep than in normotensive animals.

In patients with resistant hypertension and elevated urinary
albumin-to-creatinine ratio, there is a significant reduction
in albuminuria after catheter-based renal denervation [61].
There is also evidence of benefits on eGFR from a number of
independent research groups. We have shown annual eGFR
loss in 27 uncontrolled hypertensive patients with an eGFR 30-
59 mL/min/1.73 m? to be attenuated over at least 12 months
by renal denervation [61]. Similar stabilisation of eGFR for up
to 24 months after the intervention were shown in 46 patients
with CKD Stage 3 [62]. A study of 30 patients with mild-to-
moderate CKD (mean eGFR 61.9 £ 23.9 mL/min/1.73 m?) and
refractory hypertension, eGFR even increased from baseline
after renal denervation and the difference remained significant
at all time points up to the end of follow-up at 24 months [63].

In the recent analysis of CKD patients in the Global
Symplicity Registry [46], patients with CKD had a less steep
decline in GFR from baseline to 1 year than those without
CKD, and after the first year, GFR decline per year was in the
expected range, without any clinically meaningful reduction in
any of the groups [46].

More data on the effect of renal denervation in CKD pa-
tients will arrive over the next few years. The SPYRAL AFFIRM
global study (NTC05198674) is a single-arm interventional
study designed to evaluate the long-term safety, efficacy and
durability of the Symplicity Spyral renal denervation system.
In contrast to the RCTs, the exclusion criterion for renal
function in SPYRAL AFFIRM is an eGFR of <30 mL/min/
1.73 m?, which will enable the enrolment of a relevant
number of patients with significantly reduced renal function.
Another trial specifically designed to enrol patients with CKD
stage 3a or 3b is the RDN-CKD Study (NTC04264403), a

R. E. Schmieder



prospective, randomized, double-blind multicentre feasibility
study investigating the effect of ultrasound renal denervation
on 24-h ambulatory BP and eGFR over up to 12 months.

FUTURE PERSPECTIVES

Renal denervation is becoming a relevant treatment option
for hypertension, as confirmed by the latest position state-
ments and consensus documents from international [5, 6,
64] and national societies. These recommendations position
interventional therapies as an important adjunct to pharma-
cotherapy, capitalizing on the safety, ‘always on’ effect and
lack of adherence issues. Importantly, patients may express
preference for renal denervation for different reasons to those
of physicians and these perspectives need to be respected in a
shared decision process [6].

In addition, the potential benefits from the sympatholytic
effects of renal denervation need to be further explored and
may point to a role for the intervention in particular patient
groups such as people with CKD, who are characterized by
increased sympathetic activity. The accumulating evidence for
the safety of renal denervation justify trials in various CKD
populations, as the early concerns and exclusion criteria for
clinical trials lose their relevance.

Ongoing research is targeting a number of outstanding
questions: which subpopulations may derive the greatest BP
reductions from the intervention [65] long-term effectiveness
and safety (beyond 3 years); predictors of response; appropriate
markers of successful ablation; and, as shown in this review, the
potential nephroprotection and benefits beyond BP reduction
in CKD patients.

If the recent past is any guide, ongoing and planned
clinical studies will provide the necessary reassurance to
physicians and healthcare authorities for renal denervation to
take its place as a safe, effective and protective antihypertensive
intervention of particular interest to hypertensive patients with
CKD.
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