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1  | INTRODUC TION

Untreated or uncontrolled hypertension remains one of the most 
important cardiovascular risk factors, worldwide.1-4 Despite the 

availability of a numerous antihypertensive agents, hypertension 
treatment and control rates are still low in many countries.5,6 
Poor patient compliance, medication intolerance, socioeconomic, 
and other factors contribute to inadequate hypertension control.
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Abstract
Despite the availability of a numerous antihypertensive agents, hypertension treat-
ment and control rates remain low in many countries. The role of the sympathetic 
nervous system has long been recognized, but recent sham control renal denerva-
tion studies demonstrated conflicting results. In this reviewe paper, the authors 
performed a systematic review and meta-analysis to examine outcomes of sham-
controlled studies utilizing new technologies and procedures. Six published rand-
omized, sham-controlled studies were included in this meta-analysis. Of those, three 
trials used the first-generation radiofrequency renal denervation device and tech-
nique and the other three used second-generation devices and techniques. In total, 
981 patients with hypertension were randomized in all 6 trials to undergo renal den-
ervation (n = 585) or sham procedure (n = 396). Overall, renal denervation resulted 
in a decrease of 24-hours systolic ambulatory blood pressure (ABP) by 3.62 mm Hg 
(95% CI: −5.28-−1.96; I2 = 0%), compared to sham procedure (GRADE: low). Renal 
denervation also reduced daytime systolic ABP by 5.51 mm Hg (95% CI: −7.79-−3.23; 
I2 = 0%), compared to sham procedure but not nighttime systolic ABP. Office systolic 
blood pressure was reduced by 5.47 mm Hg (95% CI −8.10-−2.84; I2 = 0%), compared 
to sham control. Further analysis demonstrated that second-generation devices were 
effective in reducing blood pressure, whereas the first-generation devices were not. 
These results indicate that effective renal denervation can result in significant and 
clinically meaningful blood pressure reduction. The second-generation devices pro-
vide better renal nerve ablation.
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The role of the sympathetic nervous system in hypertension has 
long been recognized, and through the years, many attempts have 
been made to tackle its consequences.7,8

Almost a 100  years ago, radical surgical sympathectomy was 
successfully employed to treat patients with malignant hypertension 
and surgical renal denervation was employed in a limited number of 
patients with mixed results.9-12,42

In recent years, catheter-based techniques using radiofrequency/
thermal energy placed the concept of renal denervation at the epi-
center of cardiovascular medicine. Several single-arm studies have 
shown significant blood pressure reduction in some patients but not 
in others.13-15 Although the early proof of concept studied published 
impressive blood pressure reduction, the largest sham-controlled 
study (SYMPLICITY HTN-3) failed to confirm similar findings.16

Results of SYMPLICITY HTN-3 have been attributed to several fac-
tors that include poor drug adherence, inhomogeneity of patient pop-
ulation, and carryover diuretic effect.17-21 However, it has also been 
discussed that incomplete denervation due to catheter design, and/or 
operator inexperience and learning curve (ie, lack of appropriate circu-
lar four quadrant pattern and reduced number of ablation point) con-
tributed to the failed outcomes.17-23 Since then, a great deal of basic 
and clinical research took place and findings have been incorporated in 
the design of new devices and new procedures utilized in the modern 
renal denervation era. In this reviewe paper therefore, we performed 
a systematic review and meta-analysis to examine outcomes of sh-
am-controlled studies utilizing new technologies and procedures.

2  | SYSTEMATIC RE VIE W AND META-
ANALYSIS

2.1 | Methods

This systematic review and meta-analysis will be reported according 
to the Preferred Reporting Items for Systematic reviews and Meta-
analyses (PRISMA) statement.24

2.1.1 | Eligibility criteria

We searched for randomized, sham-controlled trials prospectively 
enrolling adult patients with an established diagnosis of primary hy-
pertension, which assessed the safety and efficacy of renal denerva-
tion on the management of hypertension.

We searched for parallel-group randomized controlled trials, 
while we did not impose any restriction regarding study blinding 
(single-blind, double-blind, or open-label), setting, and sample size.

2.1.2 | Search strategy

We performed a systematic search in the two major electronic data-
bases, MEDLINE and Cochrane Central Register of Controlled Trials 

(CENTRAL), for eligible randomized controlled trials, from their in-
ception to May 2019 (Table S1). MeSH term was used for hyperten-
sion, as well. We restricted our search to human studies. However, 
we did not impose any filter regarding language, text availability, and 
publication date.

Gray literature was searched, as well. We searched clinicaltrials.
gov for eligible, completed randomized controlled trials with results, 
applying the corresponding filters. We also attempted to retrieve el-
igible completed randomized controlled trials searching the confer-
ence proceedings of leading scientific societies, namely the American 
Heart Association (AHA), the American College of Cardiology, the 
International Society of Hypertension (ISH), the European Society of 
Hypertension (ESH), and the European Society of Cardiology (ESC). 
Finally, we hand-searched reference lists of all eligible studies. Search 
strategy was reviewed upon the PRESS 2015 Guideline Statement.25

2.1.3 | Study selection

All retrieved reports were imported into reference software man-
ager (Mendeley©) for deduplication. After that, remaining reports 
were reviewed at title and abstract level by two independent 
reviewers (KS and DP). Potentially eligible studies, based on the 
aforementioned eligibility criteria, were full-text-assessed. Any dis-
crepancies among the two reviewers at any stage were resolved by 
discussion, consensus, or arbitration by a third senior reviewer (VP 
and MD). Eligible reports from gray literature were cross-checked 
with the results retrieved from electronic databases. The study 
selection process is depicted in the flow diagram, as provided in 
Figure 1.

2.1.4 | Data extraction

Two independent reviewers (KS and DP) extracted the data from the 
eligible reports, by using a pilot tested, data extraction form devel-
oped in Microsoft Excel©.

Extracted information included source characteristics, study 
characteristics, participants' baseline characteristics, and inter-
ventions, comparators, and key efficacy and safety outcomes. Our 
primary efficacy outcome was change in 24-hour ambulatory blood 
pressure monitoring (in mm Hg). Secondary efficacy outcome was 
defined as the change in office systolic and diastolic blood pres-
sure (in mm  Hg). Assessed safety outcomes were the changes in 
24-hour ambulatory and office heart rate (in beats per minute), in 
renal function, as estimated by glomerular filtration rate (in mL/
min/1.73 m2), along with major adverse events, as recorded across 
the trials.

If results were reported in multiple articles or at different fol-
low-up time points, we preferred data extracted from peer review 
journal articles, and used the reports with longer duration of inter-
vention. Data retrieved from intention-to-treat (ITT) analyses were 
used for each outcome of interest.
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2.1.5 | Risk of bias assessment

Two independent reviewers (DP and KI) assessed the following do-
mains, by using the corresponding Cochrane Collaboration's tool: 
random sequence generation, allocation concealment, blinding of 
participants and staff, blinding of outcome assessment, incomplete 
outcome data, and selective outcome reporting.26 Each domain was 
rated as low, unclear, or high risk of bias. The presence of adequate 
procedures in all domains rated a study as being of low risk of bias, 
while inadequate procedure in at least one domain rated a study 
as being of high risk of bias. In any other case, each study was de-
termined as being of unclear risk of bias. When a study was rated 
as being of high risk of bias, it was subsequently excluded from the 
meta-analysis. Discrepancies between reviewers were solved by dis-
cussion, consensus, or arbitration by a third senior reviewer (VP). Risk 
of bias assessment across the selected studies is provided in Table 1.

Finally, we planned to assess the presence of publication bias for 
the primary efficacy outcome by inspecting a funnel plot for asym-
metry (Figures S1, S2).27

2.1.6 | Data synthesis and analysis

A meta-analysis for each outcome of interest was conducted, 
when at least three randomized controlled trials provided ad-
equate data.

For continuous outcome variables, we calculated weighted 
mean differences (WMD) with 95% confidence intervals (CI), 
using an inverse variance weighted random effects model. 
Regarding dichotomous variables, differences were calculated 
with the use of odds ratios (OR), with 95% CI, after implementa-
tion of the Mantel-Haenszel (M-H) random effects formula. For 
those studies not reporting standard deviation (SD), we calcu-
lated SD either from the sample size and the standard error (SE) 
or the 95% CI.

Statistical heterogeneity among studies was assessed by using I2 
and chi-square statistics, with I2 values >50% representing substan-
tial heterogeneity.28-30

All analyses were performed at the 0.05 significance level, while 
they were undertaken with RevMan 5.3 software.

F I G U R E  1   Flow diagram depicting the study selection process
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2.1.7 | Grading of evidence

We used the Grading of Recommendations Assessment, 
Development, and Evaluation (GRADE) approach31 to assess the 
credibility of our summary estimates. Two reviewers (DP and KS) 
graded inconsistency, risk of bias, indirectness, imprecision, and 
publication bias for evidence related to the primary efficacy out-
come. Discrepancies between reviewers were solved by discussion, 
consensus, or arbitration by a third senior reviewer (VP). We used 
GRADEpro (GRADE Working Group) to generate a summary of 
findings as shown in Table 3.

3  | RESULTS

Overall, six randomized, sham-controlled studies were included in 
this meta-analysis.16,31-35 All six sham-controlled studies used ra-
diofrequency or ultrasound devices to achieve renal denervation. 
Of those, three utilized the single-tip catheter (Flex, Medtronic) 
and placed lesions in the main renal artery (first-generation stud-
ies).16,32,33 The other three utilized either the multi-electrode 
Spyral catheter (Medtronic) and placed lesions at the distal seg-
ment of the renal artery and into the branches, or focused ultra-
sound (ReCor) which can deliver thermal energy deeper into the 
adventitia of the main renal artery, thus achieving greater sympa-
thetic fiber interruption (second-generation studies).34-36

Thus, we first analyzed all sham-controlled studies together and 
then the first- and second-generation devices separately.

In total, 981 patients with hypertension were randomized 
in all six trials to undergo renal denervation (n  =  585) or sham 
procedure (n = 396). Baseline demographics, blood pressure mea-
surements, and other parameters of participants are depicted in 
Table 2.

3.1 | Ambulatory blood pressure monitoring

Overall, renal denervation resulted in a decrease of 24-hours sys-
tolic ambulatory blood pressure (ABP) by −3.62 mm Hg (95% CI: 
−5.28-−1.96; I2 = 0%), compared to sham procedure (Figure 2A). 
Certainty of evidence using the GRADE system is considered low 
(Table 3).

In total, renal denervation also resulted in a decrease of 24-h 
diastolic ABP by −1.92  mm  Hg (95% CI: −3.65-−0.20; I2  =  46%) 
compared to the sham procedure (Figure 2B). Grade of evidence is 
considered as low.

3.1.1 | Daytime and nighttime ambulatory blood 
pressure monitoring

Overall renal denervation reduced daytime systolic ABP by 
−5.51  mm  Hg (95% CI: −7.79-−3.23; I2  =  0%), compared to sham TA
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procedure (Figure 2C) and nighttime systolic ABP by a non-signifi-
cant −3.06 mm Hg (95% CI: −8.69-2.56; I2 = 73%), compared to sham 
procedure (Figure 2D).

Further analysis showed that renal denervation significantly 
decreased daytime diastolic (3a) ABP level by −1.90 mm Hg (95% 
CI: −3.48-−0.32; I2  =  4%) but failed to induce significant reduc-
tion in nighttime diastolic ABP (−0.80 mm Hg; 95% CI: −3.61-2.02; 
I2 = 57%), compared to sham procedure (Figure 3B).

Thus, we might conclude that, while renal denervation was as-
sociated with a significant reduction in both systolic and diastolic 
daytime ABP, it did not consistently induce a substantial reduction in 
nighttime ABP levels.

3.2 | Office blood pressure

Results indicate that renal denervation effected a significant de-
crease in office systolic blood pressure level by −5.47 mm Hg (95% 
CI −8.10-−2.84; I2 = 0%), compared to sham (Figure 3C).

Moreover, RDN resulted in reduction in diastolic office blood 
pressure level by −4.25 mm Hg (95% CI −6.16-−2.33; I2 = 0%), com-
pared to sham (Figure 3D).

3.3 | First and second generation of renal 
denervation devices and techniques

The separate analysis of the ABP outcomes between the first- 
and second-generation devices of renal denervation is shown in 
Figure 4A, B, C and D.

The first-generation studies 16,31,32 failed to show any signifi-
cant reduction in either systolic (−2.23 mm Hg; 95% CI: −4.70-0.24, 
I2 = 0%) or diastolic (−0.18; 95% CI: −2.34-1.98, I2 = 0%) ABP levels. 
In contrast, the second-generation devices 33-35 resulted in a signif-
icant reduction of both systolic and diastolic ABP by −4.76 mm Hg 
(95% CI: −7.00-−2.52, I2 = 0%) and −2.94 mm Hg (95% CI: −5.01-−0.87, 
I2 = 44%), respectively.

3.4 | Blood pressure lowering effect of 
sham procedure

We also evaluated the effect of sham procedure on 24-hours sys-
tolic and diastolic ABP levels across the second-generation trials. 
We documented that sham procedure did not affect significantly 24-
hours systolic ABP levels (MD: −1.15, 95% CI: −2.67-0.36, I2 = 0%), 
as shown in Figure 4A; however, it induced a significant decrease in 
24-hours diastolic ABP levels (4b) by 1.52 mm Hg (95% CI: −2.53-
−0.51, I2 = 0%). In addition, we demonstrated that sham resulted in a 
significant decrease in systolic OBP by 3.05 mm Hg (95% CI: −5.30-
−0.81, I2 = 0%) and a non-significant decrease in diastolic OBP by 
0.65 mm Hg (95% CI: −2.03 to 0.73, I2 = 0%), as shown in Figure 4C 
and D.St
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3.5 | Ambulatory and office heart rate

Insufficient reporting across included sham-controlled trials did not 
permit us to perform a meta-analysis, concerning the impact of renal 
denervation compared to sham procedure on ambulatory or office 
heart rate.

3.6 | Renal function

Renal denervation was associated with a non-significant de-
crease in estimated glomerular filtration rate by 0.24 mL/min/1.73 
m2 (95% CI: −1.95-1.47; I2  =  0%), compared to sham procedure 
(Figure 5A).

F I G U R E  2   A, Effect of renal denervation on 24-h systolic ambulatory blood pressure monitoring compared to sham procedure. B, Effect 
of renal denervation on 24-h diastolic ambulatory blood pressure monitoring compared to sham procedure. C, Effect of renal denervation on 
daytime systolic ambulatory blood pressure monitoring compared to sham procedure. D, Effect of renal denervation on nighttime systolic 
ambulatory blood pressure monitoring compared to sham procedure

(A)

(B)

(C)
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We also observed that inclusion of trials using novel renal dener-
vation devices and techniques, namely the SPYRAL HTN-ON MED, 
the SPYRAL HTN-OFF MED, and the RADIANCE-HTN SOLO trials, 
did not alter significantly renal function (mean difference =−0.02; 
95% CI: −2.64-2.62; I2 = 0%), as shown in Figure 5B.

All studies reported the effect of RDN or sham procedure 
on renal function according to the Modification of Diet in Renal 
Disease (MDRD) formula.

Finally, no difference was detected in serum creatinine lev-
els, when renal denervation was compared to sham (mean differ-
ence = 0.00; 95% CI: −0.02-0.02; I2 = 0%), as shown in Figure 5C.

3.7 | Major adverse events

No major adverse events (including all-cause death, major cardio-
vascular events, peri-procedural complications, significant renal 
impairment, or hypotensive/hypertensive crisis) were reported 

in the active arm of any of the novel sham control trials (SPYRAL 
HTN-ON MED, the SPYRAL HTN-OFF MED, and the RADIANCE-
HTN SOLO).34-36

One case of stroke and one case of unstable angina requiring 
percutaneous coronary intervention were recorded in the sham 
group in the ReSET trial 32; however, both events occurred several 
weeks after the performance of the sham procedure, and they were 
not considered as procedure-related events.

SYMPLICITY HTN-3 trial—the largest sham-controlled study,16 
was also considered safe. There was no significant difference in ad-
verse events between the two treatment groups.

3.8 | Risk of bias assessment

In total, all included trials were considered as low risk of bias across 
each assessed domain, as described in Cochrane Collaboration's 
tool. Risk of bias assessment is presented in Table 1.

TA B L E  3   Summary of findings

Renal denervation compared to sham procedure for patients with uncontrolled hypertension

Patient population: Patients with uncontrolled hypertension

Intervention: Renal denervation

Comparison: Sham procedure

Outcomes

Anticipated absolute effects* 
(95% CI)

Relative 
effect 
(95% CI)

No. of 
participants 
(studies)

Certainty of 
the evidence 
(GRADE) Comments

Risk with 
sham 
procedure

Risk with renal 
denervation

24-h diastolic 
ambulatory 
blood pressure 
(24-h diastolic 
ABP) follow-up: 
range 2-6 mo

  MD 1.92 mm Hg 
lower (3.65 
lower to 0.2 
lower)

– 425 (5 RCTs) ⨁⨁◯◯
Low

Inconsistency is downgraded by 1 level 
due to the relatively wide variance of 
point estimates across the included 
studies.

Imprecision is downgraded by 1 level 
due to the differences in selected 
populations across the included studies.

24-h systolic 
ambulatory 
blood pressure 
(24-h systolic 
ABP) follow-up: 
range 2-6 mo

  MD 3.62 mm Hg 
lower (5.28 
lower to 1.96 
lower)

– 916 (6 RCTs) ⨁⨁◯◯
Low

Inconsistency is downgraded by 1 level 
due to the relatively wide variance of 
point estimates across the included 
studies, both first generation and 
second generation. Imprecision is 
downgraded by 1 level due to the 
differences in selected populations 
across the included studies.

Note: GRADE Working Group grades of evidence.
High certainty: We are very confident that the true effect lies close to that of the estimate of the effect. Moderate certainty: We are moderately 
confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is a possibility that it is substantially 
different.
Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect.
Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of 
effect.
Abbreviations: CI, confidence interval; MD, mean difference
*The risk in the intervention group (and its 95% confidence interval) is based on the assumed risk in the comparison group and the relative effect of 
the intervention (and its 95% CI). 
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4  | DISCUSSION

Although other meta-analyses have been previously published,37 we 
believe that this analysis offers new insides and new information. 
Beyond the usual analysis for office BP changes and ambulatory BP 
changes, we preformed analyses separating the studies into first and 
second generation and also looked at changes in the sham control 
arm.

Findings of this meta-analysis confirm that renal denervation is 
associated with a statistically significant and clinically meaningful re-
duction in ambulatory and office blood pressure levels. Collectively, 
data were extracted from six sham-controlled randomized studies 

that enrolled 981 patients with uncontrolled hypertension. The 
overall benefit noted can be attributed mostly to the second-gener-
ation studies, that demonstrated a reduction in ABP of −4.8 (95% CI: 
−7-−2.5)/-2.9 (95% CI: −5-−0.9) mm Hg, whereas the change in am-
bulatory or office blood pressure in the first-generation studies did 
not achieve statistical significance. It is reasonable to assume that 
the first-generation studies achieved less renal denervation com-
pared to the second-generation studies potentially due to the fol-
lowing reasons: (a) The first-generation studies utilized a single-tip 
radiofrequency catheter which is difficult to achieve circumferential 
lesioning, (b) fewer lesions were placed in the main renal artery, and 
c. lesions were placed randomly in the main renal artery in areas 

F I G U R E  3   A, Effect of renal denervation on daytime diastolic ambulatory blood pressure monitoring compared to sham procedure. B, 
Effect of renal denervation on nighttime diastolic ambulatory blood pressure monitoring compared to sham procedure. C, Effect of renal 
denervation on systolic office blood pressure compared to sham procedure. D, Effect of renal denervation on diastolic office blood pressure 
compared to sham procedure

(A)

(B)

(C)

(D)
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where not all sympathetic fibers were reachable. The second-gener-
ation studies utilized multi-electrode catheters and placed lesions in 
the distal segments of the renal arteries, and to the branches where 
fibers are closer to the lumen, and therefore, easily reachable. Focus 
ultrasound can potentially reach or achieve better denervation, 
since it can penetrate in greater depth than radiofrequency energy. 
It is reasonable therefore to assume that one of the important dif-
ferences between the first- and the second-generation studies is 
the degree of renal denervation achieved.38 Nevertheless, changes 
are relatively small and comparable to adding another dug to the 
regimen. This should be taken into consideration when renal dener-
vation is recommended as a therapeutic option.

We have also shown that in the second-generation trials, sham 
procedure resulted in mild but significant reduction of systolic OBP 
(−3.05  mm  Hg) and diastolic ABP (−1.52  mm  Hg). This outcome 
has specifically been investigated to clarify the suggestion of the 
European Society of Hypertension that the potential sham effect 
can be used as an incentive for patients to participate in sham-con-
trolled studies.39

Results indicate that procedures were safe for both the first- and 
second-generation studies with no evidence of any deterioration in 
renal function.

Another significant finding of this meta-analysis is the relatively 
small difference between the change in office and ambulatory 

F I G U R E  4   A, Effect of sham on 24-h systolic ambulatory blood pressure across the second-generation trials. B, Effect of sham on 24-h 
diastolic ambulatory blood pressure across the second-generation trials. C, Effect of sham on office systolic blood pressure across the 
second-generation trials. D, Effect of sham on office diastolic blood pressure across the second-generation trials

(A)

(B)

(C)

(D)
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systolic blood pressure, achieved with renal denervation (5.5 vs 
4.6  mm  Hg). Previous studies suggested that this difference be-
tween the two measurement methods can be substantial (up to 
20 mm Hg) and may depend on the pre-treatment blood pressure 
level.40

Furthermore, results of this meta-analysis indicate a non-sig-
nificant decrease in nighttime systolic blood pressure, a finding 
that can be explained by associated high heterogeneity. In con-
trast, other recent studies demonstrated significant reduction in 
nighttime systolic blood pressure: The recently published second-
ary analysis of RADIANCE-HTN SOLO, in which participants could 
be initiated on antihypertensive therapy after integration into the 
main study, found that renal denervation resulted in a significant 
reduction in nighttime systolic ABP by –4.7 (95% CI: −8.2-−1.2) 
mm  Hg compared to sham-controlled group.41 In addition, the 
SPYRAL HTN-ON MED trial demonstrated that renal denervation 
resulted in a significant reduction in nighttime systolic blood pres-
sure compared to sham procedure by –11.90 (95% CI: −18.2-−5.6) 
mm Hg.34

Our meta-analysis has some significant strengths. Our me-
ta-analysis assessed the impact of renal denervation on office, 
24  hours, daytime, and nighttime blood pressure and compare 

first- and second-generation studies. Moreover, our primary and 
most secondary outcomes are characterized with zero or quite 
acceptable heterogeneity. In contrast, the small number of the in-
cluded randomized controlled trials (n = 6), the relatively small sam-
ple size (n = 981), the short follow-up period (up to 6 months), and 
small number of studies may be considered as the main limitations of 
the present meta-analysis. In addition, we did not perform meta-re-
gression analyses for the investigation of the observed heterogene-
ity, due to the small number of included trials.

Nevertheless, results are useful, positive, and a good build-
ing block for further exploration of the field of renal denerva-
tion. There is no doubt that further, larger, adequately powered 
randomized controlled trials are needed to provide more precise 
insights into the role of renal denervation in the treatment of pri-
mary hypertension.

5  | CONCLUSIONS

Results of this meta-analysis suggest that renal denervation works 
in the short term and may contribute to better management and 
control of uncontrolled hypertension. Nonetheless, the effect 

F I G U R E  5   A, Effect of renal denervation on estimated glomerular filtration rate compared to sham procedure. B, Effect of renal 
denervation on estimated glomerular filtration rate compared to sham procedure across the second-generation trials. C, Effect of renal 
denervation on serum creatinine levels compared to sham procedure

(A)

(B)

(C)
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is relatively small and most likely diluted by non-responders. 
Further, well-designed studies are needed to better define the 
role of renal denervation in the treatment of hypertension in the 
general population.
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SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section. 
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