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Abstract

The central anatomical locus in the context of atrial fibrillation (AF) ablation has been the pulmonary veins. Despite the attainment of a
modest long-term success rate through pulmonary vein isolation (PVI), the pursuit of achieving a therapeutic efficacy nearing a definitive
cure has spurred an investigation into alternative strategies and anatomical loci beyond the pulmonary veins. Despite extensive explo-
ration, none of these alternative targets have succeeded in establishing themselves as routine ablation sites comparable to the pulmonary
veins. Consequently, there exists an imperative for further inquiry and refinement of ablation strategies to propel advancements within
the domain of AF ablation, thereby augmenting patient outcomes. Simultaneously, the examination of the autonomic system’s role in AF
pathophysiology introduces an additional ablation target aimed at rectifying sympathovagal imbalance. This discourse presents a con-
temporary review of renal denervation (RDN) as an emergent and auspicious technique poised to complement PVI, thereby contributing

substantively to the augmentation of long-term success within the ambit of AF rhythm-control strategies.
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1. Introduction

The pulmonary veins were revealed to be the major
source of atrial fibrillation (AF) two decades ago [1-3].
Since then, pulmonary vein isolation (PVI) has been estab-
lished as a cornerstone in catheter ablation of AF. In cases
of paroxysmal AF, the long-term success rate of catheter
ablation has reached its pinnacle at 70-80% [4]. However,
for persistent AF, this figure diminishes to a modest 60—
70% [5]. Therefore, catheter ablations beyond PVI such
as several ablation lesion sets targeting various anatomical
structures of the atria other than the pulmonary veins, along
with techniques to identify individual extra-pulmonary vein
triggers of AF, have been developed in an effort to enhance
the rate of AF freedom [6—9]. Regrettably, none of these ap-
proaches have attained the status of a standard of care, un-
like PVI. Hence, further research and refinement of strate-
gies are imperative to advance the field of AF ablation and
improve patient outcomes.

This article presents a contemporary review encom-
passing the rationale behind renal denervation (RDN) for
AF management, the various tools involved, the efficacy
and safety of the procedure, and the supporting evidence
from relevant studies for a comprehensive understanding of
the potential role of RDN as an adjunct therapy to PVI.

2. Role of Autonomic Nervous System in
Pathogenesis of AF

Human hearts possess a rich supply of autonomic
nerves [10—13], which govern various cardiac functions.

The autonomic nervous system (ANS) has been identified
as a key player in the pathophysiology of several arrhyth-
mias, including AF. Modulating this system has demon-
strated the potential to alter the electrophysiological prop-
erties of cardiac tissue, offering a promising avenue for
arrhythmia control. Parasympathetic activation is associ-
ated with shortening of the atrial effective refractory pe-
riod, making the atria susceptible to a reentry [ 14—16]. Con-
versely, stimulation of the sympathetic nervous system en-
hances intracellular calcium levels, thereby promoting a
triggered activity and automaticity [11,17]. The role of the
cardiac ANS in initiating and maintaining AF has been ex-
tensively studied, leading to certain ablation approaches,
such as an ablation targeting the ganglion plexi [18]. How-
ever, the outcomes of AF ablation using this approach have
yielded conflicting results [19-22]. Furthermore, it is cru-
cial to acknowledge that vagal nerves also contain sympa-
thetic components, as evidenced by the immunohistochem-
ical studies [11]. This may explain the ambiguous outcomes
observed in AF recurrence following the ganglionic plexus
ablation [19] or Vein of Marshall ethanol infusion [23,24].
The current technology of radiofrequency (RF) energy can-
not selectively target either the parasympathetic or sympa-
thetic components of the ANS in the heart, where both com-
ponents are highly co-localized. A direct autonomic mod-
ulation at the cardiac tissue is further complicated by rein-
nervation and neuroplasticity, which enable nerve sprout-
ing from surviving nerves after the ablation and constant
remodeling of these nerves. This complex interplay under-
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scores the need for a continued research and development
in order to refine and optimize autonomic modulation as a
therapeutic strategy for managing arrhythmias effectively.

The therapeutic effects of sympathetic denervation in
controlling arrhythmias have been observed in the extra-
cardiac sympathetic system. Adrenergic activation-induced
metabolic remodeling plays a pivotal role in the initiation
of acute AF and contributes to the progression of AF from
a paroxysmal to persistent form [11,14]. Rebalancing the
activation of the ANS holds promise in potentially alter-
ing the course of AF progression. Addressing sympathetic
activation has proven challenging, as it typically necessi-
tates an invasive surgical procedure at the sympathetic trunk
[10,11,25,26]. However, an access to critical regions such
as the stellate ganglion and T2—T4 sympathetic ganglion
is not easily achievable, and this surgical approach is less
favorable due to potential complications and debilitating
side effects like hyperhidrosis and postural hypotension.
Fortunately, current extracardiac neuromodulation modal-
ities offer more appealing options due to their non or less-
invasive nature. These modalities include transcutaneous
tragus stimulation [27], stellate ganglion blockage [12,28],
baroreflex receptor therapy [29,30], and renal denervation
(RDN) [31-34]. By virtue of their non or less-invasive na-
ture, these approaches hold promise for managing sympa-
thetic activation in AF patients more conveniently and with
potentially fewer adverse effects.

The central sympathetic outflow is intricately reg-
ulated by afferent renal sympathetic signaling mediated
through the posterior hypothalamus [11]. The presence of
a dense and extensively interconnected network of sympa-
thetic nerve fibers establishes a crucial link between the
central nervous system and the kidneys, facilitated through
the aortorenal ganglia [35]. This network presents a fea-
sible target for percutaneous catheter ablation, offering a
less invasive alternative to surgical approaches. RDN has
garnered significant attention as a potential therapeutic ap-
proach for managing resistant hypertension [36,37]. Con-
sidering this, RDN holds promise for providing both direct
and indirect therapeutic effects on controlling AF, partic-
ularly when used in combination with PVI. It is plausible
that RDN targeting the renal sympathetic nerves may exert a
positive impact on a reduction of AF recurrence [31,33,38—
41].

3. Tools and Techniques of RDN

The renal sympathetic nerves consist of both afferent
and efferent arms, and they are found in the adventitia of the
renal arteries [42,43]. Efferent renal nerve mediates activity
of renin-angiotensin-aldosterone system and regulates renal
blood flow. Targeting the afferent arm of the renal sym-
pathetic nerves is necessary to modulate the central sym-
pathetic outflow to the peripheral organs. However, due
to their close anatomical proximity in the adventitia of the
renal arteries, percutaneous RDN procedures typically in-

volve interrupting both arms of the renal sympathetic nerves
inevitably. This simultaneous interruption of both arms is
a practical challenge in achieving selective modulation but
is currently the approach utilized in RDN procedures. Var-
ious approaches to ablate the renal nerve have been tested
in the past [44], including ultrasound, RF energy, and drug
infusion delivered through a catheter [45]. Among these
options, percutaneous catheter ablation using RF energy ap-
pears to be the most feasible and widely used method. The
procedure follows a workflow similar to a routine cardiac
ablation for arrhythmia treatment.

Fig. 1. Abdominal aortography with a pigtail catheter to iden-
tify the renal artery. A pigtail catheter is usually positioned at
the vertebra level T1-2 to perform an aortography with a power
injector to identify the orifice of bilateral renal arteries and their
branches.

The process of the RDN by RF catheter ablation typ-
ically involves an aortogram, which is performed using
a pigtail catheter at the L1-2 vertebral level to visualize
the renal artery (Fig. 1). Subsequently, a selective renal
angiogram can be carried out using a diagnostic catheter
(such as a left internal mammary [LIMA] catheter) to pre-
cisely identify the target location for the ablation (Fig. 2).
To reduce the reliance on fluoroscopy during the proce-
dure, a three-dimensional (3D) anatomical map of the re-
nal artery and aorta can be constructed using impedance
systems through a percutaneous catheter approach via the
femoral artery (Fig. 3). Once the target site is identified,
a conventional ablation catheter is positioned at the distal
part of the renal artery to deliver RF energy application
(Fig. 4, Ref. [46]). The RF energy is applied in a circum-
ferential fashion while the catheter is withdrawn proximally
(Fig. 3). The power settings for RF energy application typ-
ically range from 8 to 12 Watts, with each lesion receiving
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Fig. 2. Selective angiography of the right (left panel) and left (right panel) renal artery. This step can be performed with various
types of diagnostic catheter (LIMA catheter, MP catheter, or RDC catheter). LIMA, left interval mammary; MP, multi-purpose; RDC,
renal double curve.
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Fig. 3. Fast Anatomical Map of bilateral renal arteries with ablation’s lesion tags performed by standard unipolar ablation
catheter on a three-dimensional anatomical map (CARTO3 mapping system). AP, anteroposterior; PA, posteroanterior; LAO, left
anterior oblique; RAO, right anterior oblique; LL, left lateral; RL, right lateral; INF, inferior; SUP, superior.

treatment for 1 to 2 minutes. The procedure is performed in catheters due to the extensive neural network of small cal-
the bilateral renal arteries and their branches. iber vessels in the distal renal artery, which may not be well
accommodated by larger size of catheters. To confirm the

It is worth noting that single electrode catheters . . .
g g therapeutic effect of RDN, a comparison between baseline

are currently less favored for RDN than multi-electrode
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Fig. 4. Renal denervation performed with a multipolar ablation catheter (Medtronic™ Symplicity spiral catheter) that was

advanced inside the distal branch of the renal artery. Kiuchi ef al. [46]; with permission (Fig. 1A in original).

Fig. 5. Partially-unfilled renal parenchyma on renal angiogram suggesting presence of the accessory renal artery (Courtesy

image from intermountain medical imaging, Boise, Idaho as a part of Healthwise medical review board). References (website):

https://www.northshore.org/healthresources/encyclopedia/encyclopedia.aspx?DocumentHwid=zm6032.

and post-ablation high-frequency stimulation tests of the af-
ferent renal nerve is conducted. This involves observing the
attenuated effect of an increase in blood pressure levels with
stimulation, indicating a successful ablation outcome.

In terms of safety, certain criteria must be met to
ensure the procedure is performed without complications.
Specifically, the length of the renal artery should be at least
20 mm, and the diameter should be at least 4 mm to avoid

any arterial damage [47,48]. This can be estimated angio-
graphically or more precisely measured using intravascu-
lar ultrasound imaging. Additionally, care should be taken
to avoid any pathologic damage of the renal arteries, such
as those displaying stenosis or calcification, as they may
present higher risks for complications during the procedure.

Understanding the anatomy of the renal sympathetic
nerve distribution is crucial for achieving excellent results
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Fig. 6. Medtronic Symplicity Spyral renal denervation system. A quadripolar catheter with a distal self-expanding array that can be

advanced over a 0.014 guidewire. Real-time responsive algorithm on the machine allows for simultaneous ablation of 4-quadrant of the

renal artery. Automatically-adjusted power delivery on each electrode is achieved with a real-time impedance and temperature feedback.

An individual electrode can be deselected in the unsuitable location for the ablation [Courtesy image from the brochure of Medtronic

Symplicity Spyral renal denervation system]. With courtesy from Medtronic.

Vessix™ Generator

Vessix™ Catheter

Bipolar energy distribution

Fig. 7. Boston Scientific’s Vessix renal denervation system. Over-the-wire angioplasty balloon catheter system (balloon diameters of

4, 5, 6, 7 mm) with thermistors and electrical gold contact on the exterior part. This system uses a bipolar RF energy. Simultaneous

RF energy delivery of all electrodes with automatic deactivation on non-contact electrode. With courtesy from Boston Scientific. RF,

radiofrequency.

of the RDN. The density of sympathetic nerves is highest in
the proximal and mid-segments of the renal artery. How-
ever, the mean distance of these nerves from the artery is
the lowest in the distal segment [42,43]. Therefore, ablation
at the distal part of the renal artery may be more effective
approach for the RDN. Accessory arteries, which are also
surrounded by sympathetic nerves, can be excellent targets
for ablation as well. To ensure that these accessory arteries
are not missed during the procedure, it is essential to ob-
serve fully-filled renal parenchyma with a contrast (Fig. 5).
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If any part of the renal parenchyma is unfilled, it may indi-
cate the presence of an accessory artery. The high variation
in renal nerve distribution poses a significant challenge in
delivering RF energy precisely to reach the target nerves.
The depth of the ablation lesion is typically around 2—4 mm
[42,49], which underscores the need for accurately-targeted
delivery of RF energy during the procedure.

Considering the complex anatomy and distribution of
the renal sympathetic nerves, careful planning and exe-
cution of the ablation procedure are critical for achieving
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successful outcomes in the RDN. Advanced imaging tech-
niques and a thorough understanding of individual patient
anatomy are instrumental in guiding the procedure to op-
timize the therapeutic effects of the RDN in managing AF
and other conditions associated with sympathetic nervous
system dysregulation.

There are 3 special systems that have been developed
for RDN.

(1) Medtronic SYMPLICITY system (Fig. 6): The
SYMPLICITY system utilizes the Symplicity Spyral™
multi-electrode (quadripolar) RDN catheter, which is a
second-generation 6F catheter delivered over a 0.014 inches
non-hydrophilic, flexible-tipped wire to the renal artery.
The RF application begins distally and gradually moves
proximally to the renal artery ostium. Adequate contact
of the catheter on the arterial wall is verified by angio-
graphic imaging obtained by a contrast injection from the
catheter’s distal end and stable impedance values on each
electrode, ensuring appropriate energy delivery throughout
at least one respiratory cycle. This system allows for a se-
lective deactivation of any electrode located in the unsuit-
able anatomy, such as the carina or areas with an arterial
disease [50]. This system currently boasts the highest pa-
tient enrollment for clinical trials compared to other vendors
(Table 1, Ref. [S1-57]).

(2) Boston Scientific VESSIX system (Fig. 7): The
VESSIX system [58] features a balloon catheter with an
array of RF electrodes arranged to cover the renal nerves
distributed around the renal arterial wall. This catheter is
designed to maximize the efficiency of RDN by offering
a remarkably short treatment duration of only 30 seconds
per artery. The interruption of the blood flow by an oc-
clusion of the renal artery with the balloon allows for the
direct and precise delivery of energy to the targeted nerves.
Non-contact electrodes are deactivated, and the system em-
ploys a bipolar energy distribution to ensure accurate tar-
geting with very low energy doses (<1 Watt).

(3) Abbott/SIM enligHTN system [59]: The en-
ligHTN system [60] comprises an 8F multi-electrode basket
catheter with four evenly-spaced electrodes that is designed
to deliver faster and more precise RF energy to the renal
nerves. Each treatment session requires an average of 90
seconds, leading to fewer catheter positioning steps. How-
ever, it is noted that this catheter is currently no longer com-
mercially available due to a discontinuation in the product
pipeline.

4. Complications Related to RDN

Potential complications related to RDN procedures in-
clude, but are not limited to, arterial stenosis (0.3%) and
arterial rupture [61]. Previous studies have shown no sig-
nificant arterial stenosis at 6 months post-ablation with the
Medtronic SYMPLICITY Spyral catheter [62,63]. The lo-
cation of the electrodes is sensitive to subtle motion, making
it crucial to avoid patient movement during the procedure,

even during respiration. The system incorporates a sensi-
tive temperature detector that automatically aborts RF en-
ergy delivery if any issues arise, prompting the operator to
reimaging of the renal artery to rule out an arterial spasm.
In cases of a reduced blood flow due to spastic artery, ni-
troglycerin is administered to resolve this issue [64]. Ab-
lation on diseased arterial structures, such as fibromuscu-
lar dysplasia, existing arterial stenosis, atherosclerosis, or
aneurysm, is prohibited to mitigate a potential risk of the
complications. According to a recent comprehensive meta-
analysis, the combined complication rate in the PVI and
RDN group, pooled from 7 clinical studies, was at 6.32%.
The combined rate of complications in the PVI alone group
was also unexpectedly high at 11.8%. Notably, this con-
cerning statistic was primarily attributed to vascular access
complications, which may or may not be directly associated
with RDN’s technology or tool. It is essential to highlight
that all instances of renal artery stenosis (3/13) and renal
artery dissection (3/13) stemmed from the HFIB-1 study in
this analysis, where the Thermocool ablation catheter was
employed without Food and Drug Administration (FDA)
approval for RDN [65].

5. Clinical Studies of RDN as an Adjunct
Therapy to AF Ablation

The first clinical evidence of the benefits of RDN as
an adjunct therapy to PVI came from Pokushalov’s study
[51]. In this small randomized study, a freedom from AF at
12 months was significantly higher in the RDN+PVI group
(9/13 patients, 69%) than the PVI-only group (4/14 patients,
29%) (p = 0.033). This exciting finding sparked an interest
in several subsequent clinical studies investigating RDN’s
role as an adjunct therapy to conventional PVI.

The Evaluate Renal Denervation in Addition to
Catheter Ablation to Eliminate Atrial Fibrillation (ERAD-
ICATE AF) trial stands as a landmark trial that showcases
the efficacy of RDN as an adjunct therapy to AF ablation
[52]. In patients with poorly controlled hypertension and
paroxysmal AF, the combination of RDN and AF ablation
significantly improved an AF freedom at 1 year when com-
pared with AF ablation without RDN (71.4% vs. 57.8%,
hazard ratio of 0.61, confidence interval of 0.41-0.9, p =
0.011), with similar complication rates. Various small ran-
domized controlled trials have also been conducted, show-
ing favorable outcomes [37,40,66,67]. A meta-analysis by
Ukena et al. [68] included 689 AF patients with poorly con-
trolled hypertension (those who failed to control blood pres-
sure with three antihypertensive medications) from 5 out
of the 6 included studies. The results of this meta-analysis
demonstrated significant reduction of the blood pressure as
well as AF recurrence (mean odds ratio of 0.43 with a 95%
confidence interval) in patients treated with both RDN and
PVI (either RF or cryoablation) compared to PVI alone.
While the meta-analysis and its subsequent updates con-
firmed these observations, it is essential to consider the in-
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Table 1. Summarized key randomized controlled trials of RDN in AF patients.

Study (years) Country Studied population Equipment Treatment group vs Outcome Major complication/Death
Controlled group (N)
Pokushalov ef al. (2012) [51] Russia Paroxysmal & persistent Thermocool ablation catheter PVI+RDN (13) vs PVI  Freedom from AF at 1 year; 9 in None
AF  with drug-resistant (14) PVI+RDN (69%) vs 4 in PVI (31%),
HTN p=0.033
Pokushalov ef al. (2014) [54] USA AF and HTN Thermocool ablation catheter PVI+RDN (41) vs PVI  Freedom from AF at 1 year; 26 in None
& Symplicity RDN catheter  (39) PVI+RDN (63%) vs 15 in PVI (37%),
p=0.014
Kiuchi et al. (2016) [53] Brazil Paroxysmal & persistent Irrigated ablation catheter PVI+RDN (39) vs PVI  Reduced AF recurrence in PVI+RDN  None
AF with CKD & HTN (96) group on F/U of 22.4 + 12.1 months
Romanov et al. (2017) [55] USA & Russia ~ Paroxysmal & persistent Thermocool ablation catheter PVI+RDN (39) vs PVI  Freedom from any AF at 1 year; 0.61 None
AF  with drug-resistant & Symplicity RDN catheter  (37) risk reduction in PVI+RDN [95% CI:
HTN 0.51-0.81]
Kiuchi et al. (2018) [56] Brazil CKD patients with drug- EnligHTN RDN catheter PVI+RDN (33) vs PVI (1) Freedom from AF at 1 year; 20 in None
refractory paroxysmal AF (36) PVI+RDN (61%) vs 13 in PVI (39%),

& HTN

p =0.02. (2) Reduced mean AF bur-
den in PVI+RDN after 12 mo; —12%,
p < 0.0001

Steinberg et al. (2020) [52]

Poland, Russian,
and Germany

Paroxysmal AF patients

with hypertension

Irrigated ablation catheter

PVI+RDN (154) vs
PVI (148)

Freedom from any atrial arrhythmia at
1 year; 111 in PVI+RDN (72%) vs 43
in PVI (28%), p = 0.006

1 MI & 2 cardiac/vascular
surgery/2 (1.3%) death unre-
lated to the procedure

Turagam et al. (2021) [57]

USA

Drug-resistant paroxysmal

Thermocool ablation catheter

PVI+RDN (13) vs PVI

No statistical significance found for

renal artery stenosis (3/13) &

& persistent AF 17) AF freedom at 2 years F/U renal artery dissection (3/13)
Turagam et al. (2021) [57] USA, Czech Re- Drug-resistant paroxysmal Vessix RDN catheter PVI+RDN (28) vs PVI  No statistical significance found for None
public, Russia & persistent AF (22) AF freedom at 2 years F/U

AF, atrial fibrillation; CKD, chronic kidney disease; HTN, hypertension; PVI, pulmonary vein isolation; RDN, renal denervation; MI, myocardial infarction; F/U, follow up.
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Table 2. Summarized key pre-clinical studies of RDN.

Study (years) Experimental model

Procedure

Outcome

Mechanistic insight

Zhao et al. (2012) [67] Dogs with rapid atrial pacing

RDN group underwent RDN procedure vs
control group

Persistent reduction of AERP was found in both
groups. After 7 hrs of pacing termination, induced
AF frequency and duration was higher in control
group than RDN group. There was trend of re-
duced renin and aldostereone in RDN group

RDN reduced AF episodes during rapid atrial
pacing with decreased activity of RAAS

Hou et al. (2013) [25]  Hypersympathetic tone canine

model with left stellate ganglion
stimulation and rapid atrial pacing

RDN group underwent RDN procedure while
control group underwent sham procedure

RDN reversed AF induction rate, shortened ERP
and increased ERP dispersion, and elevated plasma
norepinephrine level compare to control group

RDN reduced AF inducibility and reversed
atrial physiologic change from hypersympa-
thetic activity

Linz et al. (2013) [77]  Normotensive anesthesized pig

All pigs underwent both procedures (renal
denervation; RDN & baroreflex stimulation;
BRS). HR, BP, atrial electrophysiology prop-
erties, and AF inducibility was measured

(1) Vagally-mediated shortened AERP leading to
increased AF inducibility was observed after BRS,
but not after RDN. (2) Shortened AERP was re-
versible after stopping BRS

RDN and BRS at the level of comparable BP
and HR reduction influenced atrial electro-
physiology differently. Increased vagal tone
was found in BRS, but not in RDN, potentially
caused shortened atrial refractoriness leading
to increased AF inducibility

Linz et al. (2014) [33]  Goats with instrumented endocar-

dial atrial lead and burst pacemaker

RDN group underwent RDN procedure while
control group underwent sham procedure

RDN reduced sympathetic nerve which resulted
in lower transcardiac norepinephrine levels. This
was associated with less atrial nerve sprouting.
Atrial endomysial fibrosis content was lower and
myocyte diameter was smaller in RDN group. No
significant BP difference observed between both
groups

In goats with persistent AF, RDN reduced
atrial sympathetic nerve sprouting, structural
change, and AF complexity independent of BP
change

Wei et al. (2016) [78]  Male New Zealand white rabbits

Abdominal aortic constriction (AAC) group
vs sham-operated group vs RDN+AAC group.
AF was induced by atrial pacing. Renin, an-

giotensin I, and aldosterone were measured

(1) AF inducibility rate was higher in AAC >
AAC+RDN > sham-operated group. (2) AAC-
induced elevation of collagen I, CTGF and TGF-
B1. This elevation was suppressed by RDN

RDN suppressed the inducibility of AF in a
model for pressure associated atrial fibrosis.
The mechanism likely operated through mod-
ulating renin-angiotensin-aldosterone system

and decreasing pro-fibrotic factors

Sharp ef al. (2022) [43] Normotensive  Yorkshire farm

swine

RDN was performed with RF energy and renal
tissue samples were obtained after 7, 28, and
180 days. Renal cortical axon density and cor-
tical NE level were measured. Scoring system
was applied to downstream nerve fiber atrophy

and tissue fibrosis

Axonal loss was present at the ablation site and its
downstream at 7, 28, 180 days. Renal cortical axon
density and cortical NE level were significantly re-
duced at 7 days in RDN group and it remained low
at 180 days

Functional nerve growth after RDN utiliz-
ing RF energy is unlikely at 180 days post-
procedure

AAC, abdominal aortic constriction,; AERP, atrial effective refractory period; AF, atrial fibrillation; BP, blood pressure; BRS, baroreflex stimulation; HR, heart rate; NE, norepinephrine; RAAS, renin-angiotensin

aldosterone system; RDN, renal denervation; RF, radiofrequency; ERP, effective refractory period; CTGF, connective tissue growth factor; TGF-A1, tissue growth factor-g1.
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fluence of the results derived from large randomized con-
trolled trials like ERADICATE AF. Table 1 compiles essen-
tial randomized controlled trials pertinent to the outcomes
of RDN in the context of AF suppression.

Several ongoing studies are currently adding more
knowledge to this field. The Trial to Evaluate Renal Artery
Denervation in Addition to Catheter Ablation to Eliminate
Atrial Fibrillation (ERADICATE AF II) aims to test the hy-
pothesis that combining PVI with RDN can provide a long-
term antiarrhythmic effect compared to PVI alone for pa-
tients with symptomatic persistent AF without hypertension
or with well-controlled hypertension. This multi-center,
single-blinded, randomized controlled trial requires all sub-
jects to have a loop recorder implanted for a precise AF
burden calculation. The positive results of this study would
have a potential to establish RDN as an adjunct therapy to
AF ablation, with the possibility of becoming a standard
care for persistent AF patients.

6. Unresolved Cardinal Questions

Indeed, the effectiveness and cost-effectiveness of
RDN as a treatment approach for resistant hypertension
have been a subject of numerous studies, and their mixed
results lead to ongoing debates among scholars. Some stud-
ies have shown that RDN can be a cost-effective approach
[69,70], while others have not found any significant ben-
efits in blood pressure reduction from RDN. One pivotal
study, the SYMPLICITY-3 trial conducted in 2014 [71],
demonstrated no significant benefit in blood pressure reduc-
tion from RDN. However, it is crucial to note that this trial
used the first-generation ablation catheter with a single elec-
trode, which did not allow for a verification of contact be-
tween the electrode and the arterial wall. Subsequent clini-
cal studies utilizing the second-generation devices, such as
the DENERHTN trial [72], the Spyral HTN-ON MED trial
[73,74], and the Spyral HTN-OFF MED trial [75,76], have
shown promising results with a significant blood pressure
reduction. These second-generation devices have offered
more advanced features and improvements in the ablation
catheter technology.

The exact regimen of the ablation, including the num-
ber of lesions, distance between lesions, amount of RF en-
ergy delivery, and exposure time, has not been conclusively
supported by previous studies. As a result, the therapeutic
effect of RDN on a blood pressure control remains a topic of
interest and feasibility for future researches. It is important
to consider that the effectiveness of RDN may be influenced
by factors such as the experience and skill of the practition-
ers performing the procedure and the careful patient selec-
tion. As more researches are conducted with advanced ab-
lation catheter technologies and improved techniques, the
potential benefits of RDN for resistant hypertension may
become more evident and established.
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6.1 What is the Anti-Arrhythmic Mechanism of RDN? And
is It Durable?

The precise mechanism by which RDN exerts its ef-
fects to prevent or alleviate arrhythmia remains uncertain.
The animal studies (Table 2, Ref. [25,33,43,67,77,78]) have
suggested that an independent action separate from its an-
tihypertensive effect might operate as an antiarrhythmic
mechanism [33,45,79]. Recent clinical research has corrob-
orated this notion, revealing a significant reduction in sub-
clinical AF in hypertensive heart disease patients who un-
derwent RDN compared to those who received a sham pro-
cedure [31]. Importantly, there was no significant change in
blood pressure between these two groups, thus demonstrat-
ing the pure anti-arrhythmic effect of RDN beyond its blood
pressure-reducing or PVI benefits. Although the 2020 ESC
guideline for the diagnosis and management of AF, devel-
oped in collaboration with the European Association for
Cardio-Thoracic Surgery (EACTS), briefly acknowledges
the role of RDN in supporting the benefits of blood pres-
sure control in AF management [80], an expanding body of
evidence suggests that the favorable effect of RDN in sup-
pressing AF operates through mechanisms independent of
blood pressure regulation.

Emerging concepts in AF pathogenesis revolve
around metabolic remodeling in cardiac tissues due to im-
balances in sympathovagal activity [10,11,15,81]. Sympa-
thetic activity is believed to promote metabolic derange-
ment, while cholinergic activation has the opposite ef-
fect. Animal models show that glycolytic inhibition is as-
sociated with elevated diastolic calcium, leading to fre-
quent early after-depolarization firing from the pulmonary
veins, ultimately precipitating acute AF episodes [3,11,
12]. Moreover, imaging studies using lodine-123 meta-
iodobenzylguanidine scanning have confirmed the role of
enhanced sympathetic activity in AF progression from
a paroxysmal to persistent form. Conversely, the aug-
mentation of parasympathetic activity via activated IKAch
(acetylcholine-dependent activation of a cardiac potassium
(K+) channel) can abbreviate the atrial refractory period.
Adrenergic surges can increase intracellular calcium tran-
sients and shortened action potential duration. It is crucial
to note that most phase-3 early after depolarizations are typ-
ically associated with prolonged action potential duration.
However, the combined impact of sympathovagal activa-
tion can override repolarization from IKAch activation, in-
ducing significant calcium transients. Consequently, it ne-
cessitates a collaborative role of both autonomic systems
to induce late phase-3 early after depolarization, trigger-
ing arrhythmias. The heterogeneity in atrial refractory peri-
ods and action potential durations also facilitates the reen-
try mechanism for AF [11,67,82]. By mitigating the sym-
pathetic effect, RDN contributes to favorable AF control
outcomes in patients with a hyper-sympathetic state. How-
ever, as the role of the parasympathetic system in AF ini-
tiation and progression is more complex compared to the
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sympathetic system, RDN, which only addresses one side
of this equilibrium, may not be sufficient for AF control
in patients with more intricate pathophysiology. RDN has
also been associated with a reduced heart rate, delayed atri-
oventricular (AV) node conduction time, or reduced ven-
tricular rate during AF rhythm compared to beta-blocker
use [10,11,33,79]. In summary, the beneficial effects of
RDN on AF control are multifactorial in nature.

The duration of RDN’s effects remains unknown and
requires further investigation. The AFFORD (Atrial fib-
rillation reduction by renal sympathetic denervation) study
observed durable anti-hypertensive efficacy for at least
three years post-RDN without a change in AF burden [66].
However, limitations in the trial, such as the absence of a
sham-control group and lack of statistical power to observe
changes in AF burden, as well as the use of a clinical tool
not officially approved for a clinical use (SJM EnligHTN
system), warrant a cautious interpretation. Given that hy-
persympathetic tone promotes a structural remodeling in the
atria, a durable effect from RDN should offer protective
benefits against AF progression. Evidence indicates that
areduced sympathetic tone from neuromodulation may im-
prove a left atrial function and mitigate left atrial fibrosis
[11]. While theoretical possibilities of delayed compen-
satory reinnervation exist, histological studies showed no
regrowth of the ablated nerves after 180 days, and injured
nerves develop disorganized sprouting without any func-
tionality [43,83]. The interplay between the sympathetic
tones from the aortorenal ganglion and other sympathetic
systems, such as the left stellate ganglion and how these sys-
tems compensate or respond to RDN will ultimately dictate
the long-term outcome of this treatment. Table 2 encapsu-
lates pivotal animal studies that offer mechanistic insights
into the efficacy of RDN in attenuating AF.

6.2 What are the Best Parameters to Verify the Adequacy
of RDN?

The lack of reliable parameters to assess a successful
RDN is indeed a significant challenge. Having a specific
test of renal sympathetic function that can provide immedi-
ate results would be highly beneficial in making decisions
about the adequacy of the ablation during the procedure.
Unlike a cardiac ablation, where local impedance drops dur-
ing ablation can serve as indicators of success, such mea-
sures cannot be directly applied to RDN using RF energy.
However, the absence of a significant impedance drop with
RF application in RDN may prompt the need for catheter
repositioning.

Recently, a proposed method involves using high-
frequency pacing in the inferior vena cava and aorta to tar-
get the aortorenal ganglia [35]. This technique aims to ob-
serve a change in ipsilateral renal arterial vasoconstriction
as the endpoint of RDN. In a large animal model, the loca-
tion of the aortorenal ganglia has been successfully iden-
tified by using pacing map techniques at the junction of
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the renal artery originating from the abdominal aorta. Af-
ter performing RDN, the abolition of aortorenal ganglion
pacing-induced vasoconstriction observed on renal arterial
angiogram could serve as an endpoint of the procedure.
This method shows a promise and presents an interesting
approach to assess the efficacy of RDN. It is anticipated that
further research and testing in human subjects will be con-
ducted to validate the feasibility and effectiveness of this
technique, which could potentially provide a reliable pa-
rameter for evaluating a success of RDN in real-time during
the procedure.

Various surrogate markers have been utilized to assess
the autonomic effect [16], but they have not been exten-
sively studied for RDN. These markers include heart rate
variability, skin sympathetic nerve activity, direct muscle
sympathetic nerve activity, or cardiac imaging techniques
such as 123-iodine-metaiodobenzylguanidine or 11-carbon-
meta-hydroxyephedrine to measure sympathetic activity.
These methods may be beneficial in clinically observing the
effect of RDN on the central sympathetic outflow during the
follow-up period.

By incorporating additional methods to evaluate the
effect of RDN, we can refine the protocol and tools for
RDN procedures to achieve reproducible outcomes in pa-
tients with AF. An individualized approach to ablation, con-
sidering patient characteristics, variations in the renal artery
anatomy, and the type of catheter used, will be required
to optimize the efficacy of RDN. Further research is war-
ranted to explore and validate the most suitable parameters
for assessing a successful RDN and its long-term effects on
sympathetic activity and AF control. Such a development
could significantly enhance the precision and outcome of
RDN procedures for AF and other conditions.

6.3 Which Patient Population is Most Suitable for RDN as
an Adjunctive Therapy to AF Ablation?

The patient population that shows promise as a can-
didate for RDN as an effective modality for AF control in-
cludes those with chronic kidney disease (CKD). In CKD
patients, AF is highly prevalent due to enhanced sym-
pathetic tone and atrial remodeling, characterized by in-
creased interstitial fibrosis, which promote AF initiation
and maintenance. Animal models have demonstrated that
RDN can reverse left atrial remodeling and its electrophys-
iological properties [39], such as a reduced left atrial (LA)
conduction latency and conduction heterogeneity, indepen-
dent of a renal function and antihypertensive effects. RDN
may help ameliorate the development of an arrhythmogenic
substrate in CKD patients.

A single-center prospective double-blind randomized
trial involving 45 well-controlled blood pressure patients
with stage 2—-3 CKD and AF supported this hypothesis, re-
vealing a lower AF recurrence in the PVI+RDN group com-
pared to the PVI-only group [53]. Importantly, RDN was
reported to have been safe and might have even mitigated a
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renal pathology, such as a reduction of proteinuria, without
compromising or improving overall renal function. These
findings allay concerns about a potential worsening of kid-
ney function by RDN therapy in CKD patients.

Furthermore, conditions with an increased sympa-
thetic tone, such as obstructive sleep apnea [41], heart
failure, and myocardial ischemia/infarction, might present
clinical contexts where RDN could demonstrate significant
benefits in AF prevention and treatment. Overall, patients
with CKD and other conditions characterized by an en-
hanced sympathetic tone and atrial remodeling may repre-
sent promising candidates for RDN as an effective modality
for AF control. Further research and studies in these patient
populations will contribute to a better understanding of the
potential benefits of RDN in managing AF and related car-
diovascular conditions.

7. Conclusions

In summary, RDN has shown promise as an effective
therapeutic modality for AF treatment. While it is not yet
a standard of care, RDN’s percutaneous nature and robust
safety data have led to a growing number of clinical trials in
different patient populations. These trials are worth moni-
toring for further insights. Continued research and data col-
lection on RDN’s long-term effects on AF freedom and its
application in various patient populations, including non-
hypertensive patients, will help solidify its role as an ad-
junct therapy to PVI in AF ablation. With an increasing
body of clinical evidence supporting the positive outcomes
of RDN in various stages of AF across different patient
populations, percutaneous catheter-based RDN emerges as
a highly promising intervention to be conveniently admin-
istered during the same index procedure as standard pul-
monary vein isolation by cardiac electrophysiologists.

Abbreviations

AF, atrial fibrillation; ANS, autonomic nervous sys-
tem; CKD, chronic kidney disease; PVI, pulmonary vein
isolation; RDN, renal denervation; RF, radiofrequency.

Author Contributions

KA performed literature search and wrote manuscript.
TY has participated in the conception of the work and the
acquisition, analysis, and interpretation of data for the work.
TY provided help and advice on direction of discussion
and details in manuscript. Both authors read and approved
the final manuscript. Both authors have participated suf-
ficiently in the work and agreed to be accountable for all
aspects of the work.

Ethics Approval and Consent to Participate
Not applicable.

&% IMR Press

Acknowledgment
Not applicable.

Funding

This research received no external funding.

Conflict of Interest

The authors declare no conflict of interest. Takumi Ya-
mada is serving as Guest Editor of this journal. We declare
that Takumi Yamada had no involvement in the peer review
of this article and has no access to information regarding its
peer review. Full responsibility for the editorial process for
this article was delegated to Buddhadeb Dawn.

References

[1] Haissaguerre M, Jais P, Shah DC, Takahashi A, Hocini M, Quin-
iou G, et al. Spontaneous initiation of atrial fibrillation by ec-
topic beats originating in the pulmonary veins. The New Eng-
land Journal of Medicine. 1998; 339: 659-666.

[2] Jais P, Shah DC, Haissaguerre M, Takahashi A, Lavergne T,
Hocini M, et al. Efficacy and safety of septal and left-atrial linear
ablation for atrial fibrillation. The American Journal of Cardiol-
ogy. 1999; 84: 139R-146R.

[3] Jais P, Weerasooriya R, Shah DC, Hocini M, Macle L, Choi KJ,
et al. Ablation therapy for atrial fibrillation (AF): past, present
and future. Cardiovascular Research. 2002; 54: 337-346.

[4] Bortone A, Albenque JP, Ramirez FD, Haissaguerre M, Combes
S, Constantin M, et al. 90 vs 50-Watt Radiofrequency Applica-
tions for Pulmonary Vein Isolation: Experimental and Clinical
Findings. Circulation. Arrhythmia and Electrophysiology. 2022;
15: e010663.

[5] Malaczynska-Rajpold K, Jarman J, Shi R, Wright P, Wong T,
Markides V. Beyond pulmonary vein isolation for persistent
atrial fibrillation: sequential high-resolution mapping to guide
ablation. Journal of Interventional Cardiac Electrophysiology.
2022; 65: 53-62.

[6] Schmitt C, Ndrepepa G, Weber S, Schmieder S, Weyerbrock S,
Schneider M, et al. Biatrial multisite mapping of atrial premature
complexes triggering onset of atrial fibrillation. The American
Journal of Cardiology. 2002; 89: 1381-1387.

[7] Lin WS, Tai CT, Hsiech MH, Tsai CF, Lin YK, Tsao HM, et
al. Catheter ablation of paroxysmal atrial fibrillation initiated
by non-pulmonary vein ectopy. Circulation. 2003; 107: 3176—
3183.

[8] Santangeli P, Marchlinski FE. Techniques for the provocation,
localization, and ablation of non-pulmonary vein triggers for
atrial fibrillation. Heart Rhythm. 2017; 14: 1087-1096.

[9] Wit AL, Cranefield PF. Triggered and automatic activity in the
canine coronary sinus. Circulation Research. 1977; 41: 434—
445.

[10] Cagnoni F, Destro M, Bontempelli E, Locatelli G, Hering D,
Schlaich MP. Central Sympathetic Inhibition: a Neglected Ap-
proach for Treatment of Cardiac Arrhythmias? Current Hyper-
tension Reports. 2016; 18: 13.

[11] Chen PS, Chen LS, Fishbein MC, Lin SF, Nattel S. Role of the
autonomic nervous system in atrial fibrillation: pathophysiology
and therapy. Circulation Research. 2014; 114: 1500-1515.

[12] Kusayama T, Wan J, Yuan Y, Chen PS. Neural Mechanisms and
Therapeutic Opportunities for Atrial Fibrillation. Methodist De-
Bakey Cardiovascular Journal. 2021; 17: 43—47.

[13] Manolis AA, Manolis TA, Apostolopoulos EJ, Apostolaki NE,
Melita H, Manolis AS. The role of the autonomic nervous system

11


https://www.imrpress.com

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

(23]

[26]

[27]

(28]

[29]

[30]

12

in cardiac arrhythmias: The neuro-cardiac axis, more foe than
friend? Trends in Cardiovascular Medicine. 2021; 31: 290-302.
Karatela MF, Fudim M, Mathew JP, Piccini JP. Neuromodulation
therapy for atrial fibrillation. Heart Rhythm. 2023; 20: 100-111.
Rebecchi M, Panattoni G, Edoardo B, de Ruvo E, Sciarra L, Poli-
tano A, et al. Atrial fibrillation and autonomic nervous system:
A translational approach to guide therapeutic goals. Journal of
Arrhythmia. 2021; 37: 320-330.

Stavrakis S, Kulkarni K, Singh JP, Katritsis DG, Armoundas
AA. Autonomic Modulation of Cardiac Arrhythmias: Meth-
ods to Assess Treatment and Outcomes. JACC. Clinical Elec-
trophysiology. 2020; 6: 467-483.

Nammas W, Airaksinen JKE, Paana T, Karjalainen PP. Renal
sympathetic denervation for treatment of patients with atrial fib-
rillation: Reappraisal of the available evidence. Heart Rhythm.
2016; 13: 2388-2394.

Hou Y, Scherlag BJ, Lin J, Zhou J, Song J, Zhang Y, et al. In-
teractive atrial neural network: Determining the connections be-
tween ganglionated plexi. Heart Rhythm. 2007; 4: 56-63.

Kim MY, Coyle C, Tomlinson DR, Sikkel MB, Sohaib A, Luther
V, et al. Ectopy-triggering ganglionated plexuses ablation to
prevent atrial fibrillation: GANGLIA-AF study. Heart Rhythm.
2022; 19: 516-524.

Pokushalov E, Romanov A, Artyomenko S, Shirokova N, Turov
A, Karaskov A, et al. Ganglionated plexi ablation directed by
high-frequency stimulation and complex fractionated atrial elec-
trograms for paroxysmal atrial fibrillation. Pacing and Clinical
Electrophysiology. 2012; 35: 776-784.

Scherlag BJ, Nakagawa H, Patterson E, Jackman WM, Lazzara
R, Po SS. The Autonomic Nervous System and Atrial Fibrilla-
tion:The Roles of Pulmonary Vein Isolation and Ganglionated
Plexi Ablation. Journal of Atrial Fibrillation. 2009; 2: 177.
Scherlag BJ, Po SS. GP or no GP, is that the question? Circula-
tion: Arrhythmia and Electrophysiology. 2013; 6: 458—459.
Derval N, Duchateau J, Denis A, Ramirez FD, Mahida S, André
C, et al. Marshall bundle elimination, Pulmonary vein isolation,
and Line completion for ANatomical ablation of persistent atrial
fibrillation (Marshall-PLAN): Prospective, single-center study.
Heart Rhythm. 2021; 18: 529-537.

Ishimura M, Yamamoto M, Himi T, Kobayashi Y. Efficacy and
durability of posterior wall isolation with ethanol infusion into
the vein of Marshall. Journal of Cardiovascular Electrophysiol-
ogy. 2023; 34: 1630-1639.

Hou Y, HuJ, Po SS, Wang H, Zhang L, Zhang F, et al. Catheter-
based renal sympathetic denervation significantly inhibits atrial
fibrillation induced by electrical stimulation of the left stellate
ganglion and rapid atrial pacing. PLoS ONE. 2013; 8: ¢78218.
Baron R, Janig W, With H. Sympathetic and afferent neurones
projecting into forelimb and trunk nerves and the anatomical or-
ganization of the thoracic sympathetic outflow of the rat. Journal
of the Autonomic Nervous System. 1995; 53: 205-214.
Stavrakis S, Stoner JA, Humphrey MB, Morris L, Filiberti A,
Reynolds JC, et al. TREAT AF (Transcutaneous Electrical Vagus
Nerve Stimulation to Suppress Atrial Fibrillation): A Random-
ized Clinical Trial. JACC. Clinical Electrophysiology. 2020; 6:
282-291.

Zafeiropoulos S, Doundoulakis I, Farmakis IT, Miyara S, Gian-
nis D, Giannakoulas G, et al. Autonomic Neuromodulation for
Atrial Fibrillation Following Cardiac Surgery: JACC Review
Topic of the Week. Journal of the American College of Cardiol-
ogy. 2022; 79: 682-694.

Dai M, Bao M, Zhang Y, Yu L, Cao Q, Tang Y, ef al. Low-level
carotid baroreflex stimulation suppresses atrial fibrillation by in-
hibiting left stellate ganglion activity in an acute canine model.
Heart Rhythm. 2016; 13: 2203-2212.

Linz D. Electrical baroreflex stimulation to treat atrial fibrilla-

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[42]

[43]

[44]

[45]

[46]

[47]

tion: More complex than expected. Heart Rhythm. 2016; 13:
2213-2214.

Heradien M, Mahfoud F, Greyling C, Lauder L, van der Bijl P,
Hettrick DA, et al. Renal denervation prevents subclinical atrial
fibrillation in patients with hypertensive heart disease: Ran-
domized, sham-controlled trial. Heart Rhythm. 2022; 19: 1765—
1773.

Kosiuk J, Hilbert S, Pokushalov E, Hindricks G, Steinberg JS,
Bollmann A. Renal denervation for treatment of cardiac arrhyth-
mias: state of the art and future directions. Journal of Cardiovas-
cular Electrophysiology. 2015; 26: 233-238.

Linz D, van Hunnik A, Ukena C, Ewen S, Mahfoud F, Schirmer
SH, et al. Renal denervation: effects on atrial electrophysiology
and arrhythmias. Clinical Research in Cardiology. 2014; 103:
765-774.

Messerli FH, Rexhaj E, Dobner S. Renal Denervation: The
Study That Shattered its Halo. JACC. Cardiovascular Interven-
tions. 2020; 13: 2934-2936.

Qian PC, Barry MA, Lu J, Pouliopoulos J, Mina A, Bandodkar
S, et al. Transvascular Pacing of Aorticorenal Ganglia Provides
a Testable Procedural Endpoint for Renal Artery Denervation.
JACC. Cardiovascular Interventions. 2019; 12: 1109-1120.

Al Raisi SI, Pouliopoulos J, Swinnen J, Thiagalingam A, Kovoor
P. Renal Artery Denervation in Resistant Hypertension: The
Good, The Bad and The Future. Heart, Lung & Circulation.
2020; 29: 94-101.

Yamamoto E, Sueta D, Tsujita K. Renal denervation in resistant
hypertension: a review of clinical trials and future perspectives.
Cardiovascular Intervention and Therapeutics. 2022; 37: 450—
457.

Cheema HA, Shahid A. Renal denervation for atrial fibrillation:
the issue of bias due to nonblinding. Journal of Human Hyper-
tension. 2023; 37: 88.

Hohl M, Selejan SR, Wintrich J, Lehnert U, Speer T, Schnei-
der C, et al. Renal Denervation Prevents Atrial Arrhythmogenic
Substrate Development in CKD. Circulation Research. 2022;
130: 814-828.

LiM,MaW, FanF, YiT, QiuL, Wang Z, et al. Renal denervation
in management of heart failure with reduced ejection fraction:
A systematic review and meta-analysis. Journal of Cardiology.
2023; 81: 513-521.

Linz D, Hohl M, Nickel A, Mahfoud F, Wagner M, Ewen S, et al.
Effect of renal denervation on neurohumoral activation trigger-
ing atrial fibrillation in obstructive sleep apnea. Hypertension.
2013; 62: 767-774.

Mahfoud F, Tunev S, Ewen S, Cremers B, Ruwart J, Schulz-
Jander D, et al. Impact of Lesion Placement on Efficacy and
Safety of Catheter-Based Radiofrequency Renal Denervation.
Journal of the American College of Cardiology. 2015; 66: 1766—
1775.

Sharp ASP, Tunev S, Schlaich M, Lee DP, Finn AV, Trudel J,
et al. Histological evidence supporting the durability of success-
ful radiofrequency renal denervation in a normotensive porcine
model. Journal of Hypertension. 2022; 40: 2068-2075.
Heradien M, Mahfoud F, Hettrick D, Brink P. Renal denervation:
dark past, bright future? Cardiovascular Journal of Africa. 2019;
30: 290-296.

Younis A, Steinberg JS. Renal Denervation for Patients With
Atrial Fibrillation. Current Cardiology Reports. 2021; 23: 126.
Kiuchi MG, Schlaich MP, Chen S, Villacorta H, Ho JK, Carna-
garin R, et al. Relevance of targeting the distal renal artery and
branches with radiofrequency renal denervation approaches—
a secondary analysis from a hypertensive CKD patient cohort.
Journal of Clinical Medicine. 2019; 8: 581.

Blankestijn PJ, Alings M, Voskuil M, Grobbee DE. The com-
plexity after simplicity: how to proceed with renal denervation

&% IMR Press


https://www.imrpress.com

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

in hypertension? European Journal of Preventive Cardiology.
2015; 22: 412-414.

Templin C, Jaguszewski M, Ghadri JR, Sudano I, Gaehwiler R,
Hellermann JP, et al. 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.
European Heart Journal. 2013; 34: 2141-2148.

Mahfoud F, Edelman ER, Bohm M. Catheter-based renal den-
ervation is no simple matter: lessons to be learned from our
anatomy? Journal of the American College of Cardiology. 2014;
64: 644-646.

Bohm M, Mahfoud F, Ukena C, Hoppe UC, Narkiewicz K, Ne-
goita M, et al. First report of the Global SYMPLICITY Registry
on the effect of renal artery denervation in patients with uncon-
trolled hypertension. Hypertension. 2015; 65: 766-774.
Pokushalov E, Romanov A, Corbucci G, Artyomenko S, Bara-
nova V, Turov A, et al. A randomized comparison of pulmonary
vein isolation with versus without concomitant renal artery den-
ervation in patients with refractory symptomatic atrial fibrilla-
tion and resistant hypertension. Journal of the American College
of Cardiology. 2012; 60: 1163—-1170.

Steinberg JS, Shabanov V, Ponomarev D, Losik D, Ivanickiy
E, Kropotkin E, et al. Effect of Renal Denervation and Catheter
Ablation vs Catheter Ablation Alone on Atrial Fibrillation Re-
currence Among Patients With Paroxysmal Atrial Fibrillation
and Hypertension: The ERADICATE-AF Randomized Clinical
Trial. JAMA. 2020; 323: 248-255.

Kiuchi MG, Chen S, E Silva GR, Paz LMR, Kiuchi T, de Paula
Filho AG, et al. Pulmonary vein isolation alone and combined
with renal sympathetic denervation in chronic kidney disease
patients with refractory atrial fibrillation. Kidney Research and
Clinical Practice. 2016; 35: 237-244.

Pokushalov E, Romanov A, Katritsis DG, Artyomenko S, Bayra-
mova S, Losik D, ef al. Renal denervation for improving out-
comes of catheter ablation in patients with atrial fibrillation and
hypertension: early experience. Heart Rhythm. 2014; 11: 1131—
1138.

Romanov A, Pokushalov E, Ponomarev D, Strelnikov A, Sha-
banov V, Losik D, et al. Pulmonary vein isolation with con-
comitant renal artery denervation is associated with reduction in
both arterial blood pressure and atrial fibrillation burden: Data
from implantable cardiac monitor. Cardiovascular Therapeutics.
2017; 35.

Kiuchi MG, Chen S, Hoye NA, Piirerfellner H. Pulmonary
vein isolation combined with spironolactone or renal sympa-
thetic denervation in patients with chronic kidney disease, un-
controlled hypertension, paroxysmal atrial fibrillation, and a
pacemaker. Journal of Interventional Cardiac Electrophysiol-
ogy. 2018; 51: 51-59.

Turagam MK, Whang W, Miller MA, Neuzil P, Aryana A, Ro-
manov A, ef al. Renal Sympathetic Denervation as Upstream
Therapy During Atrial Fibrillation Ablation: Pilot HFIB Studies
and Meta-Analysis. JACC. Clinical Electrophysiology. 2021; 7:
109-123.

Sievert H, Schofer J, Ormiston J, Hoppe UC, Meredith IT, Wal-
ters DL, et al. Bipolar radiofrequency renal denervation with the
Vessix catheter in patients with resistant hypertension: 2-year
results from the REDUCE-HTN trial. Journal of Human Hyper-
tension. 2017; 31: 366-368.

Staico R, Armaganijan L, Moreira D, Medeiros PT, Habib R,
Neto JM, et al. Renal sympathetic denervation: a new catheter
in a new scenario. Revista Brasileira de Cardiologia Invasiva
(English Edition). 2013; 21: 396-400.

Xu J. Renal denervation: A safe, effective, and long-lasting
blood pressure-lowering therapy. Journal of Clinical Hyperten-

&% IMR Press

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

sion. 2020; 22: 1865-1866.

Wang Y. What is the true incidence of renal artery stenosis after
sympathetic denervation? Frontiers in Physiology. 2014; 5: 311.
Bhatt DL, Vaduganathan M, Kandzari DE, Leon MB, Rocha-
Singh K, Townsend RR, et al. Long-term outcomes after
catheter-based renal artery denervation for resistant hyperten-
sion: final follow-up of the randomised SYMPLICITY HTN-3
Trial. The Lancet. 2022; 400: 1405-1416.

Mahfoud F, Bohm M, Schmieder R, Narkiewicz K, Ewen S, Rui-
lope L, et al. Effects of renal denervation on kidney function and
long-term outcomes: 3-year follow-up from the Global SYM-
PLICITY Registry. European Heart Journal. 2019; 40: 3474—
3482.

Roubsanthisuk W, Kunanon S, Chattranukulchai P, Panchavin-
nin P, Wongpraparut N, Chaipromprasit J, et al. 2022 Renal den-
ervation therapy for the treatment of hypertension: a statement
from the Thai Hypertension Society. Hypertension Research.
2023; 46: 898-912.

Nawar K, Mohammad A, Johns EJ, Abdulla MH. Renal dener-
vation for atrial fibrillation: a comprehensive updated system-
atic review and meta-analysis. Journal of Human Hypertension.
2022; 36: 887-897.

Zeijen VIM, Theuns DA, Feyz L, Saville KA, Bhagwandien R,
Kardys 1, et al. Long-term safety and efficacy of renal sym-
pathetic denervation in atrial fibrillation: 3-year results of the
AFFORD study. Clinical Research in Cardiology. 2023. (online
ahead of print)

Zhao Q, Yu S, Zou M, Dai Z, Wang X, Xiao J, et al. Effect of re-
nal sympathetic denervation on the inducibility of atrial fibrilla-
tion during rapid atrial pacing. Journal of Interventional Cardiac
Electrophysiology. 2012; 35: 119-125.

Ukena C, Becker N, Pavlicek V, Millenaar D, Ewen S, Linz D,
et al. Catheter-based renal denervation as adjunct to pulmonary
vein isolation for treatment of atrial fibrillation: a systematic
review and meta-analysis. Journal of Hypertension. 2020; 38:
783-790.

Chowdhury EK, Reid CM, Zomer E, Kelly DJ, Liew D. Cost-
Effectiveness of Renal Denervation Therapy for Treatment-
Resistant Hypertension: A Best Case Scenario. American Jour-
nal of Hypertension. 2018; 31: 1156-1163.

Gladwell D, Henry T, Cook M, Akehurst R. Cost effectiveness
of renal denervation therapy for the treatment of resistant hyper-
tension in the UK. Applied Health Economics and Health Policy.
2014; 12: 611-622.

Bhatt DL, Kandzari DE, O’Neill WW, D’ Agostino R, Flack JM,
Katzen BT, et al. A controlled trial of renal denervation for resis-
tant hypertension. The New England Journal of Medicine. 2014;
370: 1393-1401.

Azizi M, Sapoval M, Gosse P, Monge M, Bobrie G, Delsart P,
et al. Optimum and stepped care standardised antihypertensive
treatment with or without renal denervation for resistant hyper-
tension (DENERHTN): a multicentre, open-label, randomised
controlled trial. The Lancet. 2015; 385: 1957-1965.

Kandzari DE, Bohm M, Mahfoud F, Townsend RR, Weber MA,
Pocock S, et al. Effect of renal denervation on blood pressure
in the presence of antihypertensive drugs: 6-month efficacy
and safety results from the SPYRAL HTN-ON MED proof-of-
concept randomised trial. The Lancet. 2018; 391: 2346-2355.
Mahfoud F, Kandzari DE, Kario K, Townsend RR, Weber MA,
Schmieder RE, et al. Long-term efficacy and safety of renal den-
ervation in the presence of antihypertensive drugs (SPYRAL
HTN-ON MED): a randomised, sham-controlled trial. The
Lancet. 2022; 399: 1401-1410.

Weber MA, Schmieder RE, Kandzari DE, Townsend RR, Mah-
foud F, Tsioufis K, et al. Hypertension urgencies in the SPYRAL
HTN-OFF MED Pivotal trial. Clinical Research in Cardiology.

13


https://www.imrpress.com

[76]

[77]

(78]

[79]

[80]

14

2022; 111: 1269-1275.

Bohm M, Kario K, Kandzari DE, Mahfoud F, Weber MA,
Schmieder RE, et al. Efficacy of catheter-based renal denerva-
tion in the absence of antihypertensive medications (SPYRAL
HTN-OFF MED Pivotal): a multicentre, randomised, sham-
controlled trial. The Lancet. 2020; 395: 1444-1451.

Linz D, Mahfoud F, Schotten U, Ukena C, Neuberger HR, Wirth
K, et al. Effects of electrical stimulation of carotid baroreflex and
renal denervation on atrial electrophysiology. Journal of Cardio-
vascular Electrophysiology. 2013; 24: 1028-1033.

Wei Y, Xu J, Zhou G, Chen S, Ouyang P, Liu S. Renal Denerva-
tion Suppresses the Inducibility of Atrial Fibrillation in a Rabbit
Model for Atrial Fibrosis. PLoS ONE. 2016; 11: €0160634.
Linz D, Ukena C, Wolf M, Linz B, Mahfoud F, Bohm M. Ex-
perimental Evidence Of The Role Of Renal Sympathetic Dener-
vation For Treating Atrial Fibrillation. Journal of Atrial Fibril-
lation. 2014; 7: 1128.

Hindricks G, Potpara T, Dagres N, Arbelo E, Bax JJ,

(81]

(82]

[83]

Blomstrom-Lundqvist C, ef al. 2020 ESC Guidelines for the di-
agnosis and management of atrial fibrillation developed in col-
laboration with the European Association for Cardio-Thoracic
Surgery (EACTS): The Task Force for the diagnosis and man-
agement of atrial fibrillation of the European Society of Cardiol-
ogy (ESC) Developed with the special contribution of the Euro-
pean Heart Rhythm Association (EHRA) of the ESC. European
Heart Journal. 2021; 42: 373-498.

Chakraborty P, Farhat K, Po SS, Armoundas AA, Stavrakis S.
Autonomic Nervous System and Cardiac Metabolism: Links
Between Autonomic and Metabolic Remodeling in Atrial Fibril-
lation. JACC. Clinical Electrophysiology. 2023; 9: 1196-1206.
Nantha Kumar N, Nyatsuro K, Ahmad S, Fazmin IT, Saadeh
K, Tse G, et al. Systematic review of renal denervation for the
management of cardiac arrhythmias. Clinical Research in Car-
diology. 2022; 111: 971-993.

Frame AA, Carmichael CY, Wainford RD. Renal Afferents.
Current Hypertension Reports. 2016; 18: 69.

&% IMR Press


https://www.imrpress.com

	1. Introduction
	2. Role of Autonomic Nervous System in Pathogenesis of AF
	3. Tools and Techniques of RDN
	4. Complications Related to RDN
	5. Clinical Studies of RDN as an Adjunct Therapy to AF Ablation
	6. Unresolved Cardinal Questions
	6.1 What is the Anti-Arrhythmic Mechanism of RDN? And is It Durable?
	6.2 What are the Best Parameters to Verify the Adequacy of RDN? 
	6.3 Which Patient Population is Most Suitable for RDN as an Adjunctive Therapy to AF Ablation?

	7. Conclusions
	Abbreviations
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

