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ABSTRACT
Thismeta-analysis evaluates the efficacy and safety of renal denervation (RDN) for patientswith hypertension. PubMed, EMBASE,
the Cochrane Library, and ClinicalTrials.gov were systematically searched to identify relevant studies published before December
31, 2024. ReviewManager 5.3 software was used to assess the results of the meta-analyses and the risk of bias plot. We pooled 2208
participants from 13 studies. The RDN was superior to the sham surgery group in the change in 24 h ambulatory systolic blood
pressure (ASBP) and the change in 24 h ambulatory diastolic blood pressure (ADBP) (MD: −4.55 mmHg, 95% CI: −5.65 to −3.44;
MD: −2.37 mmHg, 95% CI: −3.06 to −1.68, respectively). For the change in daytime ASBP and ADBP, significant differences were
found between the RDN group and the sham group (MD:−6.21 mmHg, 95% CI:−7.61 to−4.80; MD:−2.96, 95% CI:−3.85 to−2.07).
Compared to the sham surgery group, the RDN group showed better results in the change in night-time ASBP and ADBP (MD:
−4.67mmHg, 95%CI:−6.32 to−3.03;MD:−2.28mmHg, 95%CI:−3.33 to−1.24). No significant differenceswere found between the
RDN group and the sham group in terms of adverse events (AEs) and serious adverse events (SAEs) (p = 0.39 and 0.07). Subgroup
analyses showed that RDN remains effective at long-term follow-up, and both ultrasound and radiofrequency RDNwere effective.
Current evidence shows that RDN is an effective treatment for patients with hypertension and does not increase the risk of AEs
and SAEs.

1 Introduction

Hypertension is the number one diagnosis for primary clinicians
and is a major risk factor for cardiovascular disease [1, 2].
Hypertension is responsible for 85 million deaths worldwide
from stroke, ischemic heart disease, other vascular diseases, and
kidney disease [3]. Hypertension remains the leading cause of
death from non-communicable diseases globally [4]. Improving

the effectiveness of treatment for people with hypertension is
a goal in many regions and countries. Lifestyle interventions
and medication are the mainstays of hypertension treatment,
however, rates of hypertension control remain low [1].

Resistant hypertension is defined as the inability to lower blood
pressure to <140/90 mmHg despite the use of 3 or more antihy-
pertensivemedications at themaximum tolerated dose, including

Abbreviations: ADBP, ambulatory diastolic blood pressure; AE, adverse event; ASBP, ambulatory systolic blood pressure; CI, confidence interval; DBP, diastolic blood pressure; MD, mean difference;
RAAS, renin-angiotensin-aldosterone system;; RCT, Randomized clinical controlled trials; RDN, renal denervation; SAE, serious adverse event; SBP, systolic blood pressure.
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diuretics, and in combination with lifestyle changes [5, 6]. The
prevalence of resistant hypertension among hypertensive patients
is 10%, and these patients have a higher risk of cardiovascular
disease and a greater need for aggressive treatment [7]. Surgical
sympathectomy is an effective treatment for patients with resis-
tant hypertension [8, 9]. Renal sympathetic nerves are located in
the outer membrane of the renal arteries and regulate blood pres-
sure through many important mechanisms [10, 11]. Activation
of renal sympathetic nerves leads to constriction of small renal
arteries, increased renin secretion, and subsequent activation
of the renin-angiotensin-aldosterone system (RAAS), thereby
leading to increased tubular sodium and water reabsorption and
elevated blood pressure [10, 12]. Therefore, in recent years, renal
denervation (RDN) has emerged as a potential treatment for
resistant hypertension [11].

RDN is a percutaneous endovascular catheter-based neuromod-
ulation approach that can be performed using radiofrequency,
ultrasound, or a neurolytic agent (e.g., alcohol) to ablate renal
sympathetic fibers [13]. Radiofrequency ablation is the most
commonly used technique for RDN. An endovascular catheter
is placed into the distal renal artery, and radiofrequency waves
are used to ablate the renal sympathetic nerves in the outer
membrane of the renal artery while minimizing damage to the
outer membrane. Ultrasound RDN uses a balloon-type ultra-
sound catheter to denervate the renal arteries using thermal
energy generated by high-frequency sound waves without dam-
aging the renal artery wall [13]. Many previous clinical trial
results have shown that RDN can effectively lower the blood
pressure of patients with hypertension. However, the results of
the SYMPLICITY HTN-3 trial showed that the main outcome
indicators did not show significant differences 6 months after
RDN. In addition, the final results of the SPYRALHTN-ONMED
trial showed that 6 months after surgery, the difference in 24-h
dynamic systolic blood pressure (SBP) changes between the RDN
and sham surgery groups no longer existed. The negative results
of these key trials have cast doubt on the effectiveness of RDN
[14, 15]. Therefore, we constructed this meta-analysis to examine
the efficacy and safety of RDN in patients with hypertension.
Hope to provide an update on the current evidence regarding the
safety and efficacy of RDN in the treatment of hypertension and
consider its prospects.

2 Methods

2.1 Study Protocol

This systematic review and meta-analysis were performed in
accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) 2020 Statement [16].
Before the project started, we drafted a research protocol follow-
ing the Cochrane Collaboration format, and the protocol for this
systematic reviewwas registered on PROSPEROwith the number
CRD42024583980.

2.2 Study Selection

We set the inclusion criteria as follows: (a) study type: Random-
ized clinical controlled trial (RCT); (b) language restriction: only

available in English; (c) participants: patients with hypertension;
(d) intervention: RDN or sham operation; (e) outcomes: primary
outcomes included the change in 24 h ambulatory systolic blood
pressure (ASBP); the change in 24 h ambulatory diastolic blood
pressure (ADBP). Secondary outcomes: the change in daytime
ASBP; the change in daytime ADBP; the change in night-time
ASBP; the change in night-time ADBP; the change in office
SBP; the change in office diastolic blood pressure (DBP); the
change in home SBP; the change in home DBP. Safety out-
comes included adverse events (AEs) and serious adverse events
(SAEs).

2.3 Search Strategy

PubMed, EMBASE, the Cochrane Library, and ClinicalTrials.gov
were systematically searched to identify relevant studies pub-
lished before December 31, 2024. The following search strategy
was employed: “Hypertension” AND “renal denervation” in the
title, abstract, or keywords. The comprehensive search strategy
is in the Supporting Information (Table S1). To ensure a more
thorough search, the reference lists of RCTs, relevant systematic
reviews, and meta-analyses were independently and manually
screened.

2.4 Study Selection and Data Collection

Two reviewers (X.C. and Q.F.Z.) independently reviewed all
titles, abstracts, and full-text articles searched from the four
databases, as well as the reference lists of RCTs and relevant
systematic reviews or meta-analyses, following the eligibility
criteria mentioned above. Duplicates and research articles for
which the full text was unavailable were excluded. Disagreements
between the two authors were settled through discussion or,
if necessary, by a third author (Y.H.N.) not involved in data
collection. Following selection and evaluation, the following data
were extracted from the included RCTs: study characteristics,
baseline characteristics, and outcome events included for each
RCT (Table 1); inclusion and exclusion criteria, study design,
and all efficacy and safety outcomes are shown in Supporting
Information (Table S2).

2.5 Risk of Bias

To evaluate the risk of bias inRCTs, the updatedCochraneCollab-
oration’s uniform criteria RoB 2.0 were used [17], which included
randomization process, intervention adherence, missing out-
come data, outcome measurement, and selective reporting. Each
bias criterion was classified as “low risk of bias,” “high risk
of bias”, or “some risk of bias.” Two authors conducted the
evaluation independently. Disagreements were settled with the
help of a third author.

2.6 Statistical Analysis

We used Review Manager 5.3 software to perform pairwise meta-
analyses of direct evidence. The mean difference (MD) with a
95% confidence interval (95% CI) was analyzed and calculated
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for the outcomes. We then estimated heterogeneity through the
I2 statistic as follows: I2 < 30% suggests “low heterogeneity”;
I2 between 30% and 50% indicates “moderate heterogeneity”;
I2 > 50% denotes “substantial heterogeneity”. The data were
analyzed with a fixed effects model when heterogeneity was less
than 50%, and for heterogeneity greater than 50%, a random
effects model was used. We also implemented subgroup analyses
to detect the effect of different follow-up times (>6 months and
<6 months) and different types of RDN (radiofrequency and
ultrasound). We investigated the statistical significance of the
associated results using Egger’s regression test and looked at
the distribution of effect sizes on a funnel plot to see whether
publication bias may be present. For all the analyses, two-tailed
tests were performed, and p value <0.05 was considered to be
statistically significant.

3 Results

3.1 Study Characteristics

PubMed, EMBASE, the Cochrane Library, and Clinicaltrials.gov
together provided 1423 titles and abstracts. In addition, references
from relevant studies were manually scanned, and an additional
RCT was discovered. A total of 1340 articles were excluded due
to duplication and irrelevance after a quick review, and 83 full
articles were assessed for eligibility. Among these, 70 articles
were excluded due to the inapplicable publication types: review
(n = 19); case report (n = 27); meta-analysis (n = 10); excluded
RCTs (n = 14). Finally, a total of 13 studies were included in the
meta-analysis [18–30]. The selection process is summarized in the
flow diagram (Figure 1). The main characteristics of the included
studies are summarized in Table 1.

3.2 Primary Outcome Analyses

As shown in Table 2, the RDN was significantly superior to the
sham surgery group in the change in 24 hASBP and the change in
24 h ADBP (MD = −4.55 [−5.65, −3.44], p < 0.00001; MD = −2.37
[−3.06, −1.68], p < 0.00001, respectively). Forest plots are shown
in Figure 2.

3.3 Secondary Outcome Analyses

The RDN group showed superior effectiveness compared to the
sham group in secondary outcomes. For the change in daytime
ASBP and ADBP, significant differences were found between
the RDN group and the sham group (MD = −6.21 [−7.61,
−4.80], p < 0.00001; MD = −2.96 [−3.85, −2.07], p < 0.00001,
respectively). Compared to the sham surgery group, the RDN
group showed better results in the change in night-time ASBP
and ADBP (MD = −4.67 [−6.32, −3.03], p < 0.00001; MD = −2.28
[−3.33, −1.24], p < 0.0001, respectively). The RDN group was
superior to the sham group in the change in office SBP and DBP
(MD = −7.65 [−10.85, −4.45], p < 0.00001; MD = −4.02 [−5.54,
−2.49], p < 0.00001, respectively), as well as the change in home
SBP andDBP (MD=−4.81 [−7.56,−2.05], p< 0.0006;MD=−2.25
[−4.43,−0.16], p= 0.04, respectively). In the change in office SBP
and the change in home DBP, our results show a high degree

of heterogeneity, 77% and 78%, respectively. Table 2 shows the
detailed results of the secondary outcomes analyses. Forest plots
are shown in the Supporting Information (Figures S1–S8).

3.4 Safety Outcome Analyses

No significant differences were found between the RDN group
and the sham group in terms of AEs and SAEs (RR = 1.10 [0.88,
1.37], p = 0.39; RR = 1.50 [0.96, 2.34], p = 0.07, respectively). The
detailed results are presented in Table 2, and Figures S9–S10.

3.5 Subgroup Analyses

To assess the influence of different follow-up times and different
RDN types, we implemented subgroup analyses according to the
characteristics at baseline. In the primary outcome, we found the
RDN group was superior to the sham group regardless of follow-
up time ≥6 months group and <6 months group (Figure 3A).
For the change in night-time ADBP, no significant differences
were found between the RDN group and the sham group in both
follow-up times (p = 0.13 and 0.30, respectively). In terms of
the change in home SBP and DBP, the difference between the
RDN group and the sham group was not statistically significant
in the follow-up time ≥6 months group, but in the follow-
up time <6 months group, the RDN group was superior to
the sham group. At the same time, we found the RDN group
was superior to the sham group regardless of radiofrequency
subgroup and ultrasound subgroup (Figure 3B). For the change
in 24 h ADBP, the RDN group outperformed the sham group
in the radiofrequency subgroup, and there was no difference
between the RDN group and sham group in the ultrasound
subgroup (MD = −2.08 [−3.25, −0.91]; MD = −2.33 [−4.75, 0.09],
respectively). The radiofrequency RDN group was not superior
to the sham group in the change in night-time ADBP, and in the
change in home SBP andDBP, but the ultrasoundRDNgroupwas
better than the sham group in the outcomes mentioned before.
In all subgroups, the RDN group had a safety profile that was
noninferior to that of the sham group. The detailed results of the
subgroup analyses are shown in Table 3. Forest plots are shown
in the Supporting Information (Figures S11–S30).

3.6 Risk of Bias in Included Studies

The risk of bias for 13 enrolled studies is illustrated in Table 4. The
risks of bias in random sequence generationwere low in 11 clinical
trials. For intervention adherence, the risk of bias was low in all
trials. One study showed a high risk of outcome measurement
bias. In conclusion, one trial has a high overall risk of bias, two
trials have some risk of overall bias, and the remaining studies
had a low risk of bias.

There was no indication of publication bias based on a funnel plot
analysis of all observed outcomes (Figures S31–S32). A p value of
more than 0.05 was found for every result, indicating that the
distribution of effect sizes was symmetric, as demonstrated by
Egger’s regression test.
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FIGURE 1 The study search, selection, and inclusion process.

4 Discussion

The present study included 13 studies with 2208 individuals
randomly assigned to the RDN group or sham group. Our results
showed that RDN was effective in lowering 24 h, daytime, and
night-time ambulatory and office and home blood pressures,
and was equally effective on SBP and DBP, compared with
the sham-operated group. Our subgroup analyses showed that
RDN lowered blood pressure in both short-term and long-term
follow-up subgroups, and the short-term effect appeared to be
more significant than the long-term effect. We categorized the
different types of RDN into two subgroups: the ultrasound group
and the radiofrequency group. Although both ultrasound and
radiofrequency RDN had good efficacy, the ultrasound RDN
was superior to the sham-operated group in more measures of
effectiveness.

Hypertension remains the leading cause of death from non-
communicable diseases globally, and low adherence may be the
main reason for suboptimal hypertension control rates, including
failure to take medication as prescribed or adhere to treatment

[4]. Our results showed that RDN was effective in reducing
systolic as well as DBP and that its antihypertensive effect may
be independent of patient cooperation and adherence [31]. In
addition, the antihypertensive effect of RDNwas consistent across
24 h, daytime, and nighttime, and was not affected by location.
Compared to short-acting antihypertensive drugs, RDN achieves
a sustained and stable reduction in blood pressure [29].

Interestingly, in the present study, we found that although RDN
also presented an effective blood pressure-lowering effect in the
long-term follow-up subgroup, the results did not seem to be
as significant as in the short-term follow-up subgroup. This
is similar to the results of some previous studies, where the
long-term efficacy of RDN has been questioned [32]. Peripheral
nerves may have regenerative potential after injury, and partial
regeneration and functional recovery of renal nerves after RDN
have been observed in some animal studies [33, 34]. In contrast,
others suggest that functional nerve regeneration is unlikely to
occur [35]. Thus, data on renal nerve regeneration have been
inconclusive to date. Current clinical evidence suggests that
the antihypertensive effect of RDN lasts for at least 3 years
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TABLE 2 Detailed effects sizes from the meta-analysis of efficacy and safety outcomes.

Outcomes

No. of trials
contributing to the
meta-analysis

No. of participants
contributing to the
meta-analysis

MD (95% CI)/RR
(95% CI) p value I2 (%)

Change in 24 h ASBP 12 1998 −4.55 (−5.65, −3.44) <0.00001 50
Change in 24 h ADBP 12 1998 −2.37 (−3.06, −1.68) <0.00001 45
Change in daytime ASBP 10 1201 −6.21 (−7.61, −4.80) <0.00001 21
Change in daytime ADBP 10 1201 −2.96 (−3.85, −2.07) <0.00001 15
Change in night-time ASBP 10 1209 −4.33 (−6.97, −1.70) 0.001 55
Change in night-time ADBP 10 1209 −2.28 (−3.33, −1.24) <0.0001 49
Change in office SBP 11 2040 −7.65 (−10.85, −4.45) <0.0001 77
Change in office DBP 11 2040 −4.02 (−5.54, −2.49) <0.00001 57
Change in home SBP 6 1217 −4.81 (−7.56, −2.05) 0.0006 61
Change in home DBP 6 1216 −2.25 (−4.43, −0.16) 0.04 78
AEs 11 1937 1.10 [0.88, 1.37] 0.39 10
SAEs 10 1581 1.50 [0.96, 2.34] 0.07 0

Abbreviations: ADBP, ambulatory diastolic blood pressure; AEs, adverse events; ASBP, ambulatory systolic blood pressure; CI, confidence interval; DBP, diastolic
blood pressure; MD, mean difference; RR, risk ratio; SAEs, serious adverse events; SBP, systolic blood pressure.

FIGURE 2 Forest plots for the primary outcomes. (A) Change in 24 h ambulatory systolic blood pressure. (B) Change in 24 h ambulatory diastolic
blood pressure.
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FIGURE 3 Forest plots for the subgroup analysis of 24 h ambulatory systolic blood pressure. (A) Subgroup analysis of follow-up time. (B) Subgroup
analysis of renal denervation type.

[36, 37]. Therefore, in patients who are poorly treated with
antihypertensive medications or who have poor adherence, RDN
can be effective in controlling blood pressure, thereby reducing
all-cause mortality and adverse cardiovascular events [38].

The results of the subgroup analysis based on the type of RDN
showed that both ultrasound RDN and radiofrequency RDN had
good efficacy. The results of a previous study showed that RDN
based on endovascular ultrasoundwas superior to radiofrequency
ablation of the main renal artery [39]. However, due to the
lack of additional head-to-head clinical trials, we were unable
to directly compare the differences between the two types of
RDN, and therefore, it is unclearwhether RDNwith endovascular
ultrasound is superior. Additionally, RDN includes chemical
neurolytic agent ablation, but this type of RDN was not included
in our subgroup analysis due to a lack of relevant trials.

The antihypertensive effect of RDN on individual patients is
difficult to predict, which may be one of the reasons affecting the
clinical application of RDN. Patients with hypertension caused
by sympathetic overactivity may benefit more from RDN, and
patients with atherosclerosis and simple systolic hypertension are
less likely to benefit [13, 40]. Thus, patient selection for RDN
therapy is critical, and patients with high plasma renin activity
(plasma renin activity ≥0.65 ng/mL/h) may respond better to
RDN [41]. In addition, a faster heart rate and higher noctur-
nal blood pressure may be potential indicators of sympathetic
overactivity [42].

Inevitably, there were several limitations of the present meta-
analysis. First, although a comprehensive literature search was
conducted, only 13 studies were included in the current meta-
analysis. We must acknowledge that including only English
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TABLE 3 Subgroup analysis of efficacy outcomes.

RDN type Follow-up time

Radiofrequency Ultrasound < 6 months ≥ 6 months

Change in 24 h ASBP −4.64 (−6.86, −2.43)*** −4.12 (−6.92, −1.31)** −3.69 (−5.50, −1.87)*** −6.95 (−11.01, −2.89)***
Change in 24 h ADBP −2.08 (−3.25, −0.91)*** −2.33 (−4.75, 0.09)n.s. −2.19 (−3.62, −0.77)** −2.98 (−5.54, −0.43)*
Change in daytime ASBP −6.51 (−8.53, −4.50)*** −5.91 (−7.88, −3.94)*** −5.36 (−7.21, −3.51)*** −8.06 (−10.74, −5.38)***
Change in daytime ADBP −2.67 (−3.99, −1.36)*** −3.20 (−4.42, −1.99)*** −2.85 (−3.97, −1.73)*** −3.55 (−5.32, −1.78)***
Change in night-time ASBP −4.55 (−8.63, −0.48)* −3.70 (−6.03, −1.37)** −3.17 (−5.54, −0.80)** −5.13 (−11.36, 1.11)n.s.

Change in night-time ADBP −1.72 (−3.88, 0.44)n.s. −2.47 (−4.91, −0.02)* −1.80 (−4.12, 0.52)n.s. −1.96 (−5.63, 1.71)n.s.

Change in office SBP −8.55 (−13.10, −3.99)*** −5.94 (−8.68, −3.20)*** −4.90 (−6.75, −3.06)*** −14.57 (−30.03, 0.89) n.s.

Change in office DBP −4.25 (−6.38, −2.11)*** −3.48 (−5.28, −1.68)*** −2.71 (−3.90, −1.53)*** −6.83 (−11.96, −1.70)**
Change in home SBP −1.85 (−4.41, 0.71)n.s. −7.26 (−9.26, −5.25)*** −6.49 (−8.35, −4.63)*** −1.67 (−4.61, 1.27)n.s.

Change in home DBP −0.20 (−1.55, 1.14)n.s. −4.28 (−5.44, −3.13)*** −3.05 (−5.13, −0.98)** −0.28 (−1.78, 1.22)n.s.

Note: Data are presented as mean difference (95% confidence interval).
Abbreviations: ADBP, ambulatory diastolic blood pressure; ASBP, ambulatory systolic blood pressure; DBP, diastolic blood pressure;
RDN, renal denervation; SBP, systolic blood pressure.
n.s.not significant.
*p ≤ 0.05.
**p ≤ 0.01.
***p ≤ 0.001.

TABLE 4 Risk of bias in included studies.

Study
Randomization

process
Intervention
adherence

Missing
outcome data

Outcome
measurement

Selective
reporting

Overall
RoB

2010 Symplicity HTN-2 L L L H L H
2010 Symplicity HTN-2 L L L L L L
2015 DENERHTN L L L L L L
2015 Desch L L L L L L
2016 ReSet S L L L L S
2018 RADIANCE-HTN SOLO L L L L L L
2018 SPYRAL HIN-ONMED L L L L L L
2020 REDUCE HIN: REINFORCE L L S L S S
2020 SPYRAL HTN-OFF MED L L L L L L
2021 RADIANCE-HIN TRIO L L L L L L
2021 REQUIRE L L L L L L
2023 RADIANCE II L L L L L L
2024 Jiang L L L L L L

Note: H: high risk of bias; L: low risk of bias; RoB: risk of bias; S: some risk of bias.

research may limit the comprehensiveness of the literature
search. Second, although we performed subgroup analyses based
on the type of RDN and the follow-up time, differences in study
design, inclusion and exclusion criteria, and baseline characteris-
tics (e.g., gender, study area, ethnicity) may also have contributed
to differences. Most of the outcomes in our study had low
heterogeneity; heterogeneity was higher in the change in office
SBP and the change in home DBP, at 79% and 78%, respectively.
In addition, althoughwe performed subgroup analyses, theywere
only roughly grouped according to follow-up time greater or less

than 6 months, and more long-term clinical trials are needed
in the future to study the long-term effects of RDN on blood
pressure.

5 Conclusion

In conclusion, RDN is an effective treatment for controlling
blood pressure and does not increase the risk of AEs and SAEs.
Subgroup analyses showed that RDN remains effective at long-
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term follow-up, and both ultrasound and radiofrequency RDN
were effective.
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