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Advances in Renal Denervation in the Treatment of Hypertension

[Abstract] Hypertension can lead to a significant increase in the risk of
cardiovascular events, with a high rate of disability and mortality. It is one of the
common causes of cardiovascular and cerebrovascular accidents, which seriously
affect patients’ quality of life and lifespan. Currently, treatment strategies for
hypertension are mainly based on medication and lifestyle interventions. The renal
sympathetic nervous system plays an important role in the pathogenesis of
hypertension, and catheter-based renal denervation (RDN) provides a new concept for
the treatment of hypertension. In recent years, studies on RDN have been carried out
worldwide. This article reviews the latest preclinical research and clinical evidence.
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1. Introduction

According to the guidelines for the management of arterial hypertension,
lowering blood pressure (BP) with the use of antihypertensive medications reduces
the risk of major cardiovascular events, heart failure (HF), stroke and coronary heart
disease (CHD) [1-3]. Although there are various types of antihypertensive drugs with
many different agents available as treatment options, the attainment rate of optimal
BP reduction appears to be unsatisfactory [2, 4, 5]. Resistant hypertension (RH) is
usually defined as BP that remains above guideline-specified targets despite the use of
three or more antihypertensive agents at optimal or maximally tolerated doses, with
one of those agents preferably being a diuretic [1-3, 6]. The management of RH
involves both nonpharmacological strategies and pharmacological aspects. With the
development of research on hypertension therapy, interventional or device therapy has
become a novel option for patients. Nonpharmacological strategies to reduce BP

include renal denervation (RDN), central arteriovenous fistula creation, baroreceptor
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activation or modulation therapy, and lumbar sympathectomy [6]. RDN is a new
interventional technique that modulates the sympathetic nerve fibers surrounding the
renal artery, thereby reducing sympathetic nerve excitability and lowering BP.
Including Symplicity HTN-1 [7] and Symplicity HTN-2 [8], a series of early clinical
studies indicated that RDN significantly and safely reduced BP levels in patients with
RH, while the Symplicity HTN-3 study [9] demonstrated the safety of RDN but
showed negative results in terms of antihypertensive efficacy. After the Symplicity
HTN-3 study, a series of recent clinical trials indicated that RDN can still produce a
significant antihypertensive effect in patients with hypertension. Meanwhile, many
basic studies have also found that by targeting the peripheral nerves of the renal artery,
RDN has a good theoretical basis for reducing BP in hypertensive patients. In this
review, we focus on the basic rationale, current technology, and recent clinical trials
on RDN.

2. Basic rationale of RDN

The kidney is involved in the regulation of BP through the following mechanism:
efferent sympathetic nerve activation leads to renal arteriolar constriction, decreased
renal blood flow, and increased renin secretion, followed by
renin-angiotensin-aldosterone system (RAAS) activation, water and sodium retention,
and finally increased blood volume and systemic BP (Figure 1). In addition, stimuli
such as renal ischemia, hypoxia, and oxidative stress activate renal afferent
sympathetic nerves through baroreceptors and chemoreceptors, which in turn
stimulate the hypothalamus, leading to increased sympathetic efferents to the heart
and other peripheral organs, ultimately resulting in increased systemic vascular
resistance and elevated BP (Figure 1) [4, 10-12].

Based on this mechanism, the principle of RDN is to destroy the renal
sympathetic afferent and efferent nerves to attenuate renal and systemic sympathetic
nerve activity, thereby lowering BP (Figure 1). At present, radiofrequency (RF)
ablation, ultrasound ablation (intravascular and extracorporeal denervation), balloon

freezing, and renal adventitial injection of neurotoxin drugs can be used for
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sympathetic denervation. These methods have been evaluated in patients with
hypertension, with the first two methods receiving the most attention, as evidenced by
sham-controlled studies. The main findings are as follows.
3. Radiofrequency-Based RDN
3.1 Clinical Trials of the First-Generation Catheter System

The first-generation RF energy-based catheter system for RDN 1is a
single-electrode linear RF catheter, represented by Symplicity Flex™. Two previously
published studies using this system, the Symplicity HTN-1 study (45 patients) [7] and
the Symplicity HTN-2 study (106 patients) [8], showed that RDN significantly
reduced systolic and diastolic BP levels in patients with RH without significant
adverse events or complications during 3 years of follow-up. The first larger,
prospective, multicenter, randomized, single-blind, sham-controlled Symplicity
HTN-3 study [9] was subsequently conducted. In this trial, 535 patients with
drug-resistant hypertension were randomly assigned in a 2:1 ratio to undergo RDN (n
= 364) or a sham procedure (n = 171) [9]. The primary efficacy end point was the
change in office systolic BP at 6 months, with a superiority margin of 5 mmHg; a
secondary efficacy end point was the change in mean 24-hour ambulatory systolic BP.
The primary safety end point was a composite of major adverse events [9]. Although
the trial confirmed the safety of RDN, it failed to demonstrate the superiority of the
RDN group over the sham group in terms of BP-lowering efficacy. There is great
controversy about the results of the Symplicity HTN-3 study. Subsequently, Kandzari
et al. performed post hoc analyses and found that several potential factors, such as
lack of standardized procedural treatment recommendations leading to incomplete
RDN, limited experience of the interventionists, changes in antihypertensive
medications throughout the study, lifestyle changes, and variation in adherence to
medication, may have contributed to the negative results of the Symplicity HTN-3
study [13]. In addition, the antihypertensive effect of patients with more ablation sites
is still more significant than that of the sham group [13]. Insufficient denervation is

one of the important factors affecting the antihypertensive effect of RDN. Therefore,
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how to improve and ensure the effectiveness of denervation has been the key point of
subsequent research.

The controlled DENERHTN study included 106 patients with RH who were
randomly assigned to RDN plus standardized stepped-care antihypertensive treatment
or the same antihypertensive treatment alone. The primary end point of change in
daytime ambulatory systolic BP at 6 months was met with a baseline adjusted
difference of —=5.9 mmHg (95% CI: —11.3 mmHg to —0.5 mmHg, P = 0.0329, Table 1)
between the RDN and the control groups [14]. Only approximately 50% of the
patients in both groups were adherent to their prescribed medication [14, 15]. A post
hoc analysis of the DENERHTN trial identified that nonadherence to treatment was a
major determinant of the difference between office systolic and daytime ambulatory
BP [16]. However, regardless of their adherence to medication, patients treated with
RDN experienced a greater decrease in BP than those receiving standardized
stepped-care antihypertensive treatment alone.

These published studies have also shown that the results of clinical trials using
such devices are highly uncertain, suggesting that the following two questions need to
be addressed. One is the requirement to select RDN-eligible patients. Second, the
effect of a single-electrode wire-type beam-frequency guide tube to block the renal
artery nerve is not sufficient. This has prompted subsequent new RDN studies with
updated patient selection criteria and the use of a second-generation multielectrode
catheter that permits multiple, simultaneous, and more complete circumferential
ablations, as well as access to distal arterial branches following bifurcation of the
main renal artery.

3.2 Clinical Trials of the Second-Generation Catheter System

The second-generation RF energy-based catheter was a four-electrode spiral RF
catheter that could simultaneously ablate the renal artery in four quadrants (superior,
inferior, anterior, and posterior quadrants). The ablation range was expanded from the
main renal artery to any branch renal artery with a diameter of 3 mm to 8 mm, and the

average ablation points per side were approximately 20 points to 25 points. Based on



DOI: 10.55415/deep-2023-0020.v1

these properties of the catheter, the researchers conducted studies of RDN in patients
without (SPYRAL HTN-OFF MED) and with (SPYRAL HTN-ON MED)
antihypertensive medications [17]. The two studies had essentially the same eligibility
criteria. Both pilot trials demonstrated significantly greater 24-hour ambulatory BP
changes from baseline in the RDN group compared to sham controls at interim
analysis [18, 19].

Following a positive pilot trial [18], the SPYRAL HTN-OFF MED (SPYRAL
Pivotal) trial, as an international, prospective, single-blinded, sham-controlled trial,
was conducted [20]. The coprimary efficacy endpoints were baseline-adjusted
changes in 24-hour systolic BP and office systolic BP from baseline to 3 months after
RDN. Because the design of the two studies was basically consistent, the primary
analysis combined evidence from the SPYRAL pilot study (n = 80) and the pivotal
trial (n = 251) by using a Bayesian approach. The primary and secondary efficacy
endpoints were met, with a posterior probability of superiority greater than 0.999 for
both. Compared to the sham group, 24-hour systolic BP was —3.9 mmHg (Bayesian
95% CI: from —6.2 mmHg to —1.6 mmHg), and office systolic BP was —6.5 mmHg
(95% CI: -9.6 mmHg to —3.5 mmHg) in the treatment group (Table 1). No major
device-related or procedural-related safety events occurred up to 3 months [20].

Because long-term efficacy and safety data from RCTs of RDN are lacking, the
SPYRAL HTN-ON MED trial was conducted [21]. The trial compared changes in
ambulatory and office BP measurements between the RDN group and sham control
group up to 36 months. The results showed that with similar medical therapy, the

24-hour systolic BP decreased over time in both groups from baseline to 36 months.
The change in 24-hour systolic BP was -18.7 + 12.4 mmHg with RDN and -8.6 = 14.6

mmHg with the sham procedure (adjusted treatment difference, -10.0 mmHg; 95% CI:
from -16.6 mmHg to -3.3 mmHg; P = 0.0039, Table 1) [21]. In addition, the time in
therapeutic range (TTR) was used to evaluate the effect of BP reduction in this trial.
The results showed that RDN could significantly improve the TTR of patients

according to either office BP or 24-hour BP (28.0% vs. 13.0%, P = 0.015; 21.0% vs.
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10.6%, P = 0.030), and the benefit was independent of drug treatment, with an
"always on" effect. Therefore, compared with a sham procedure, RF ablation-based
RDN resulted in clinically meaningful BP-lowering effects within 36 months,
independent of antihypertensive medications, and without safety concerns. RDN can
achieve long-term effective and stable BP reduction in patients with poorly controlled
hypertension. This provides a more comprehensive evidence-based approach to the
application of RDN in patients with RH [21]. In addition, the American Heart
Association (AHA) Scientific Sessions 2022 announced the 6-month follow-up results
of SPYRAL HTN-ON MED Expansion (NCT04311086) [22]. However, the primary
endpoint was not met in the RDN group compared with the sham control group (the
change in 24-hour systolic BP was -6.5 mmHg with RDN and -4.5 mmHg with sham
treatment; adjusted treatment difference, -1.9 mmHg, P = 0.12) [22]. However, the
secondary end point was met. At 6 months, the change in office systolic BP was -9.9
mmHg with RDN and -5.1 mmHg with the sham procedure (adjusted treatment
difference, -4.9 mmHg, P = 0.001) [22]. The primary safety endpoint was met with a
low incidence of procedural-related and clinical adverse events. We are still optimistic
about the results of this clinical study, which is still expected to provide hope for the
future use of RDN as an interventional treatment for hypertensive patients with poor
BP control.

Long-term outcomes (follow-up 36 months) of the Symplicity HTN-3 trial

showed that the change in office systolic BP was -26.4 £ 25.9 mmHg with RDN and

-5.7 £ 24.4 mmHg with sham (adjusted treatment difference -22.1 mmHg, 95% CI:
from -27.2 mmHg to -17.0 mmHg; P < 0.0001, Table 1) at 36 months [23]. At 36

months, the change in 24-hour systolic BP was -15.6 + 20.8 mmHg with RDN and

-0.3 = 15.1 mmHg with the sham procedure (adjusted treatment difference -16.5 mm

Hg, 95% CI: -20.5 mmHg to -12.5 mmHg; P < 0.0001, Table 1). Without imputation,
the TTR in the RDN group was significantly higher than that in the sham group (18%
vs. 9%, P < 0.0001), despite a similar medication burden, with consistent and
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significant results with imputation. Rates of adverse events were similar across
treatment groups, with no evidence of late-emerging complications from RDN.

The Global SYMPLICITY Registry (GSR) [24-27] is a prospective, open-label,
international, multicenter observational study for assessment of the safety and
effectiveness of RDN among real-world patients treated with the Symplicity RDN
system (single-electrode Symplicity Flex™ catheter or the multielectrode Symplicity
Spyral™ catheter). The results showed that the TTR (office systolic BP < 140 mmHg
and/or mean systolic BP <130 mmHg) was as high as 34.9% at 3 years after
denervation in more than 3000 hypertensive patients treated with the RDN technique
[27]. Further analysis of the correlation between TTR and the incidence of major
cardiovascular events, such as cardiac death, myocardial infarction, and stroke, found
that the higher the TTR, the lower the incidence of major cardiovascular events.
Specifically, a 10% increase in TTR between 0 and 6 months after RDN reduced the
incidence of major cardiovascular events between 6 and 36 months after the RDN
procedure by 15% (P <0.001) [27].

From the results of these studies, the clinical benefit of RF ablation for RDN can
be evaluated in four dimensions. First, RDN can significantly lower BP and reduce
the risk of cardiovascular events. Second, in terms of the 24-hour antihypertensive
effect, RDN shows a 24-hour continuous online antihypertensive effect after RDN,
including night and early-morning periods that pose a high risk of cardiovascular
events. Third, RF-based RDN can improve the rate of BP control. Finally, RF-based
RDN can improve the TTR and reduce the risk of major cardiovascular events.

3.3 Renal Nerve Electrical Stimulation-Guided RDN

It 1s well known that the principle of the number of catheter ablations and even
of clinical treatment is "less is more". Medtronic's Spyral catheter tries to compensate
for the deficiency of the system that cannot determine the renal sympathetic nerve site
by taking a new approach to win by quantity. The average procedure time was 99.6
min, and the total number of ablations was 46.9 per patient, creating a new concept of

"more is better" [20]. The Medtronic Spyral Global study also confirms the safety of
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RDN in lowering BP, which has advantages over drugs in terms of nonadherence and
"always on" antihypertensive efficacy [24-27].

At present, a reduction in BP was not observed among approximately 25% to
30% of patients undergoing RDN [28, 29], which is proposed to be due to the
distribution of different types of nerves around the renal artery. However, the current
clinical practice of RDN in the treatment of hypertension cannot accurately map the
renal sympathetic nerves that may lead to BP elevation. Based on this important
clinical need, a renal nerve mapping/selective ablation strategy is being developed.

In 2013, Chinushi et al. [30] introduced electrical stimulation of the renal artery
for the first time to explore the functional localization of renal autonomic nerves in
dogs. They found that renal nerve electrical stimulation (RNS) increases BP via an
increase in central sympathetic nervous activity. This study established RNS as a
feasible and promising method to locate renal nerves to guide RDN. Several
subsequent animal experiments [31-34] also confirmed that electrical stimulation of
the renal artery nerve caused an increase in BP, but this trend was attenuated after
mapping and ablation with a catheter, which means that renal nerves were
successfully ablated. In addition, the animal experimental study conducted by Lu ef al.
[31] and Yu et al. [35] showed that the sites of BP elevation by electrical stimulation
of the renal artery were mainly distributed in the proximal and middle segments of the
renal artery and less distributed in the distal segment of the renal artery. Similar to
previous animal studies, the clinical study by Chen ef al. [36] showed that proximal
RDN has a similar efficacy and safety profile compared with full-length RDN and
proposed the proximal artery as the key portion for RDN. In addition, Konstantinos et
al. [37] used the ConfidenHT system to perform simple renal artery electrical
stimulation on 20 hypertensive patients in 2018. The results showed that when the
current was 2 mA, the BP response at the renal artery ostium was more obvious, but
the difference was not statistically significant. However, at 4 mA, the BP response
was significantly higher at the ostium of the renal artery than at other sites (including

mid, distal or branch sites). This suggests that RNS can be performed safely and
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effectively along the renal artery and results in a large variation in temporary BP
changes per patient and per anatomic location; moreover, RNS might help optimize
the treatment effect and select potential responders to renal sympathetic denervation
[37].

Similar to previous experimental studies, several preliminary clinical trials
[38-41] have confirmed that renal nerve mapping/selective ablation-based RDN can
significantly reduce 24-hour ambulatory BP in patients with RH. Gal et al. [38]
performed the first feasibility study of RDN guided by RNS in patients with RH. First,
RNS was performed at four sites in the renal arteries, and then a standard RDN
procedure was performed (4 to 6 ablation sites per artery), followed by repeated RNS
at the same site with a maximum BP increase. The systolic BP response to RNS at the
site of maximum response was increased 43.1+14.7 mmHg before RDN compared
with 9.3£10.5 mmHg after RDN (P = 0.002). The mean BP on ambulant BP
monitoring (ABPM) was reduced from 153.3+12.9/89.0+3.5 mmHg to
135.0+£9.4/73.6+13.5 mmHg, and antihypertensive drug use was reduced to a mean of
3.5 (range: 1 to 6) at the 6-month follow-up after the RDN procedure [38]. Consistent
with previous studies, de Jong et al. [39] found that RNS resulted in a systolic BP
increase of 50427 mmHg before RDN and a systolic BP increase of 1316 mmHg
after RDN (P < 0.001). The average systolic ABPM was 153+11 mmHg before RDN
and decreased to 13710 mmHg at the 3- to 6-month follow-up (P = 0.003) [39]. In
addition, Xu et al. [41] found similar results, and they confirmed that the BP-elevation
response during RF ablation could be an effective intraprocedural predictive marker
for the long-term procedural success of RDN. These studies initially demonstrated the
safety and feasibility of RNS-guided RDN, and the blunted response of RNS-induced
BP elevation after RDN can be used as an acute endpoint to evaluate the efficacy of
RDN and predict long-term BP response [29, 42]. Currently, several clinical trials
(SMART study [43] NCT02761811 and SMART OFF-MED study NCT03885843) in
which RNS is being used to guide RDN to treat hypertension are ongoing. The results

of these studies are expected.
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At present, the mechanism of RNS-guided RDN is not clear, but the theoretical
basis of this technology can be explained in detail from three aspects: anatomy,
physiology and histology. In 2014, Sakakura et al. [44] performed anatomic
assessment of sympathetic peri-arterial renal nerves in humans. The proportion of
renal afferent nerves distributed in the proximal segment of the renal artery was
higher than that in the distal segment of the renal artery [44]. Subsequently, another
anatomical study [45] confirmed that approximately 73.5% of the nerves around the
renal artery are sympathetic nerves, which are called "hot spots" in mapping; 17.9%
are parasympathetic nerves (also known as "sympathetic inhibitory nerves"), which
are called "cold spots"; and another 8.7% are "neutral spots". Further physiological
studies found that electrical stimulation of these different types of sites increased the
BP when stimulating the hot spot, decreased the BP when stimulating the cold spot,
and did not cause significant changes in BP when stimulating the neutral spot. The
results of histological studies also proved that the nerve distribution around the renal
artery was related to the strong response site (SRS, which is the site of the maximum
increase in systolic BP during electrical stimulation of the renal nerve > 10 mmHg)
and the weak response site (WRS, which is the site of the maximum increase in
systolic BP during electrical stimulation of the renal nerve). The number of nerves
and the total area of nerve truncation in the area adjacent to the strong response point
were significantly greater than those around the weak stimulation point [32, 42, 46,
47].

4. Ultrasound-Based RDN
4.1 Intravascular Ultrasound

The application of intravascular ultrasound energy in the denervated renal artery
nerve catheter system is based on the physical characteristic that its penetration
distance (from 4 mm to 8§ mm) is longer than that of the RF (less than 4 mm), and
circular emission can theoretically damage an increasing number of renal nerves
farther from the renal artery intima in four quadrants. The multicenter, randomized,

double-blind, sham-operated controlled study of RADIANCE-HTN using this device
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(Paradise, ReCor Medical) consists of two studies, the SOLO study [48-50] without
antihypertensive agents and the TRIO study [51] with lock-in antihypertensive agents.
A total of 146 patients with mild-to-moderate hypertension (74 in the RDN group and
72 in the control group) were enrolled in the RADIANCE SOLO study. At 2 months,

the average daytime ambulatory systolic BP decreased by 8.5 = 9.3 mmHg in the

RDN group and 2.2 = 10.0 mmHg in the sham group; the baseline adjusted difference

between groups was -6.3 mmHg (95% CI: -9.4 mmHg to - 3.1 mmHg, P < 0.001,
Table 1) [48]. After 2 months, the dosage of antihypertensive drugs was titrated
according to the BP in both groups. The difference between baseline and
drug-adjusted values at 6 months was -4.3 mmHg (95% CI: -7.9 mmHg to -0.6 mmHg,
P =0.002, Table 1) [49]. At 12 months, the RDN versus sham adjusted difference was
2.3 mmHg (95% CI: -5.9 mmHg to 1.3 mmHg; P = 0.201, Table 1) for daytime
ambulatory systolic BP and -6.3 mmHg (95% CI: -11.1 mmHg to -1.5 mmHg; P =
0.010, Table 1) for office systolic BP [50]. This study suggests that RDN is still safe
and effective in mid- and long-term follow-ups. The RADIANCE-HTN TRIO study,
designed to evaluate the safety and efficacy of the Paradise system in patients with
RH, demonstrated that ultrasound RDN treatment resulted in a significant reduction in
BP at 2 months compared with sham surgery in patients with RH who were resistant
to standard triple antihypertensive therapy (Table 1) [51]. The RADIOSOUND-HTN
study [52] compared the antihypertensive effects of intravascular ultrasound or
radiofrequency RDN. A total of 120 patients with RH were randomly divided 1:1:1
into three groups: group one underwent intravascular ultrasound-based RDN of the
main renal artery; group two underwent radiofrequency-based RDN of the main renal
arteries; and group three underwent radiofrequency-based RDN of the main renal
arteries, side branches and accessories. The total daytime ambulatory systolic BP
decreased by 9.5+12.3 mmHg at 3 months (Table 1), of which group one was
significantly better than group two, but there was no significant difference for either
group one vs. group three or group two vs. group three, and there was no significant

difference in safety among the three groups [52]. However, the REQUIRE trial [53],
12
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which is the first trial of intravascular ultrasound ablation of renal arterial nerves in
Asian patients with RH, has achieved negative results (Table 1). The reasons behind
this will be worthy of further exploration, and more trials may be needed to evaluate
the efficacy and safety of this treatment.

Recently, the 2022 American Transcatheter Cardiovascular Therapeutics (TCT
2022) conference officially announced the results of the larger RADIANCE study,
namely, the multicenter randomized controlled study RADIANCE II [54-56]. The
study enrolled 224 patients (mean age, 55 years) with mild-to-moderate hypertension
from March 2019 to May 2022. All patients had uncontrolled hypertension and had
been treated with 0-2 antihypertensive drugs, with a daytime systolic BP of 135-170
mmHg and a daytime diastolic BP of 85-105 mmHg, no previous cardiovascular or
cerebrovascular events, no type 1 or uncontrolled type 2 diabetes mellitus, no severe
renal insufficiency, and good renal anatomy. Patients were then assigned to the
ultrasound RDN group (n = 150) and the sham-operated control group (n = 74) in a
2:1 ratio. After a four-week drug washout period (withdrawal of antihypertensive
drugs), patients with baseline BP meeting the criteria (daytime ambulatory BP >
135/85 mmHg and < 170/105 mmHg) were obtained, and eligibility for surgery was
confirmed by renal angiography. The success rate of ultrasound RDN surgery was
more than 98%. At 2 months, the daytime ambulatory systolic BP declined 7.9 mmHg
in the RDN group and 1.8 mmHg in the sham group (between-group difference in
means, —6.3 mmHg; 95% CI: -9.3 mmHg to —3.2 mmHg; P < 0.0001, Table 1).
Stratified by baseline BP (< 145 mmHg, 145-153 mmHg, > 153 mmHg), the daytime
ambulatory BP decreased by 6.1 mmHg, 8.2 mmHg, and 9.6 mmHg after 2 months,
respectively. Patients with higher baseline BP had a more significant decrease in BP.
The effect of the RDN group was always better than that of the sham control group.
Overall, 64% of patients who received ultrasound RDN had BP reductions of at least
5 mmHg, and 48% had BP reductions of at least 10 mmHg. Nearly two-thirds of
patients had a positive response to ultrasound RDN, indicating that the technique is

effective for the vast majority of patients. A reduction of 10 mmHg in systolic BP can
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reduce the risk of cardiovascular and cerebrovascular events by more than 20% on
average, which suggests that ultrasound RDN can theoretically improve the outcome
of at least half of patients. There were no major adverse events in either group at 30
days and no evidence of new-onset renal artery stenosis in either group at 6 months.

RADIANCE 1II was well designed, and the results reconfirmed that ultrasound
RDN can significantly reduce BP in patients with mild-to-moderate hypertension who
did not take hypertension drugs, providing a large-scale evidence-based basis for
ultrasound RDN and more strongly proving the safety and effectiveness of ultrasound
RDN technology. However, there are still some limitations. First, the study only
selected patients with mild-to-moderate hypertension without comorbidities or a
cardiovascular and cerebrovascular history, which was limited and could not well
suggest that it is more suitable for the audience of ultrasound RDN. Second, similar to
other blinded RDN trials, the RADIANCE 1[I study still does not have reliable
markers of ablation success and predictors of responsiveness. Finally, the
RADIANCE 1I study is only two months old, and further long-term follow-up is
needed to ensure the continuity and safety of ultrasound RDN technology. For
example, long-term efficacy and safety evaluations should be continued for 60
months.
4.2 Extracorporeal Focused Ultrasound

Extracorporeal focused ultrasound ablation of the renal nervous system was
developed to avoid the invasive shortcomings of the above two types of intracavity
RDN, and a comprehensive series of preclinical studies were conducted to optimize
targeting and therapeutic dose levels and explore lesion patterns prior to initiation of
human trials. Swine or canines were used because their renal systems are similar to
those of humans. Several experimental studies [57-61] have shown that extracorporeal
focused ultrasound ablation of the renal artery and nerve is safe and effective.

In addition, a series of clinical studies have been carried out. From August 2013
to May 2014, Rong et al. [62] used high-intensity focused ultrasound (HIFU)-based

RDN to treat 10 patients with RH. The results showed that their BP decreased —29.2

14
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+ 6.8/~11.2 £ 9.7 mmHg at 6 months of follow-up. No serious complications were

observed during the study. This indicates that HIFU-based RDN is safe and effective,
but larger samples of randomized, controlled, double-blind clinical trials are needed
for validation. In addition, the WAVE series of clinical trials was used to verify the
efficacy and safety of the Surround Sound system (Kona Medical Co. Ltd.). In the
WAVE I (24 patients) and WAVE II (18 patients) trials, targeted catheters were used
to ensure ultrasound focus on the renal artery while ablation was performed. In the
WAVE III trial, the first five of 27 subjects also used targeted catheters, and in the
latter 22 subjects, only the renal artery was tracked using surface Doppler ultrasound
to locate the ultrasound focus. The WAVE I, II and III series of prospective
single-arm cohort clinical trials showed that RDN with this device was safe and
effective in the treatment of RH [61, 63]. Subsequently, the WAVE IV phase II
clinical trial was carried out using a randomized, double-blind, sham-operated control
method, and patients with RH were enrolled 1:1. The trial had to be terminated early
because no significant difference in BP between the two groups was found in the first
81 patients at 12 and 24 weeks of follow-up (Table 1) [64]. In the future, there is an
urgent need for more and larger multicenter, randomized, controlled, double-blind
clinical studies of RDN based on extracorporeal focused ultrasound to formally
evaluate its safety and efficacy.
5. Conclusion

This review describes possible mechanisms of RDN in the treatment of
hypertension, treatment techniques, and important clinical trials that have been
published. RDN is still in the research and exploration stage and has not been
routinely used in clinical practice. From the perspective of pathophysiology, the
sympathetic nervous system plays an important role in the occurrence and
maintenance of hypertension. As shown in clinical trials, RDN may have a favorable
effect on BP reduction in some patients. However, the pathophysiological mechanism
of hypertension in different patients can be different, the renal artery anatomy in

different patients can be inconsistent, the principles of different types of RDN
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technology may not be the same, and the experience and technical level of different
surgeons are inconsistent. These four "inconsistencies" will inevitably affect the
effectiveness and safety of RDN treatment, as well as the application value and
clinical status in antihypertensive therapy.

In general, it is reasonable to perform RDN treatment in mature medical centers
for patients whose BP is not satisfactorily controlled after lifestyle intervention and
adequate treatment with multiple antihypertensive drugs, for patients with significant
hypersympathetic manifestations, or for patients who cannot tolerate antihypertensive
drugs. It is believed that with the development of related technology and the
continuous improvement of treatment equipment, RDN will play a more important
role in the field of hypertension treatment in the future.

At present, it is far from sufficient to only use the clinic and ambulatory BP
decreases to evaluate the success of ablation. New biological indicators (biological
markers reflecting the successful ablation site, markers reflecting sympathetic nerve
activation, etc.) as markers of successful ablation still need to be further studied.
These studies will provide a basis for the treatment of RDN in hypertension and other
fields. Therefore, the following points can be considered for further research on RDN.
First, more targeted research can be carried out on some controversial issues. For
example, the selected population did not include the elderly population because the
arterial stiffness of elderly individuals is high and the success rate of ablation is
relatively low; thus, a comparison between the elderly and the nonelderly populations
can be performed. In addition, the consideration of different ethnic groups can also be
investigated. Some studies have found that RDN works better for Asians and less well
for black Africans. Second, we can continue to explore the indicators of successful
renal artery nerve ablation. At present, the sign of successful RF ablation is only
reflected in the reduction of BP, and whether some indicators reflecting the degree of
sympathetic nerve stimulation can be added is worth studying. Third, the updating of
the equipment can be evaluated. Currently, there are many kinds of ablation catheters

with different effects. It is worth studying what kind of results will be brought by the
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improvement of equipment. Finally, the comparison of ablation methods, whether to
choose RNS or other methods, the adaptive population of each method, and the
advantages of each method also need to be further studied.

In summary, the efficacy and safety of RDN for hypertension have been verified
in a series of randomized controlled trials. However, there are still some issues that
need to be considered and refined, such as how to find suitable patients, how to
determine the surgical end point, how to predict the BP response, and whether RDN
can be used as an independent first-line treatment scheme for hypertensive patients.
All of these aspects should be further explored and studied.
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(publication year) (manufacturer) Features (n) (n)
Change in office systolic BP
. repeated-measures ANOVA P =
SYMPLICITY Symplicity Flex Monoelectrode, .
; . 45 - systolic BP —22 mmHg (95% CI: -
HTN-1 (2009) [7] (Medtronic) radiofrequency
Change at 12 months: office sy
mmHg to —11 mmHg), P <0.001
SYMPLICITY Symplicity Flex Monoelectrode, 5 54 Change in office systolic BP at 6
HTN-2 (2010) [8] (Medtronic) radiofrequency control 1+£21 mmHg, P <0.0001
Change in office systolic BP at
versus sham —11.7425.9 mmHg, P
36 months: RDN -15.6+20.8 m
SYMPLICITY . . .
Symplicity Flex Monoelectrode, adjusted treatment difference -16.5
HTN-3 (2014, ; . 364 171 .
(Medtronic) radiofrequency mmHg), P < 0.0001. Change in of
2022) [9, 23]
—26.4+25.9 mmHg versus sham -
difference —22.1 mmHg (95% CI:
0.0001
Change in daytime systolic BP a
.. CI: —19.7 mmHg to —11.9 mmt
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; . 53 53 antihypertensive therapy —9.9 mn
(2015) [14] (Medtronic) radiofrequency . . .
mmHg), a baseline-adjusted differ
mmHg to —0.5 mmHg), P = 0.0329
Global . 2237 Change in systolic BP at 6 mo
Symplicity Flex Monoelectrode, .
SYMPLICITY ; . (2019), - mmHg, P < 0.0001; 24-h systolic |
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0.0001. Change in daytime ambul
—18.1£12.2 mmHg versus sham -
difference —4.3 mmHg (95% CI: -
Change in 24-h systolic BP at

versus sham —14.9+12.8 mmHg,
mmHg (95% CI: —7.7 mmHg to

office systolic BP at 6 months: I
—15.9+17.2 mmHg, adjusted treatn
—8.1 mmHg to 0.7 mmHg), P = 0.
systolic BP at 12 months: RD
—15.8+13.1 mmHg, adjusted treatn
—5.9 mmHg to -1.3 mmHg), P =0.:
months: RDN —15.1+12.4 mmH
adjusted treatment difference —2.4
mmHg), P = 0.156. Change in of
—18.1+14.9 mmHg versus sham -
difference —6.3 mmHg (95% CI: —1
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Change in daytime ambulatory
mmHg (95% CI: —16.4 mmHg to
(95% CI: —10.3 mmHg to 1.8 mmk
mmHg (95% CI: —8.5 mmHg to —0
systolic BP at 2 months: RDN —

RADIANCE-HTN  Paradise (ReCor Endovascular
69 67 0.0 mmHg) versus sham -2.9 m

TRIO (2021) [51] Medical) ultrasound i .
mmHg), adjusted treatment differer
to —0.3 mmHg), P = 0.016. Chang
RDN -9.0 mmHg (95% CI: —19.5
-4.0 mmHg (95% CI: —12.0 mmt
difference —7.0 mmHg (95% CI: —1

RADIANCE II . Change in daytime ambulatory

Paradise (ReCor Endovascular
(2022 TCT . 150 74 mmHg versus sham —1.8 mmHg
Medical) ultrasound

conference) [54-56] mmHg, 95% CI: —9.3 mmHg to —3.
Change in 24-h systolic BP at 3

REQUIRE (2022) Paradise (ReCor Endovascular 7 - —10.4 mmHg to —2.8 mmHg) vers

[53] Medical) ultrasound mmHg to —2.7 mmHg), adjusted ti
CI: —5.5 mmHg to 5.3 mmHg), P =

Surround Sound High-intensity Change in 24-h systolic BP at 24

WAVE 1V (2018)

[64] System (Kona focused 42 39 sham —5.90+15 mmHg, P = 0.770

Medical) ultrasound weeks by —12.8+26 and —23420 mt

P values are for the difference between the treatment and control groups, except as indicated otherwise. -
RDN, renal denervation; TCT, American Transcatheter Cardiovascular Therapeutics conference. * P valt
baseline and follow-up.
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Figure legends

Fig 1. A diagram of the efferent and afferent pathways interrupted by renal denervation.
Modified from Curr Cardiol Rep. 2022 Oct;24(10):1261-1271 [65] and JACC Cardiovasc Interv.
2019 Jun 24;12(12):1095-1105 [66]. BP, blood pressure; HR, heart rate; LVH, left ventricular

hypertrophy; RAAS, renin-angiotensin-aldosterone system; RDN, renal denervation.
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