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Abstract
Aims: We aimed to estimate the rate of renal artery adverse events following renal denervation with the
most commonly applied radiofrequency catheter system based on a comprehensive review of published
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reports.

Methods and results: We reviewed 50 published renal denervation (RDN) trials reporting on proce-
dural safety including 5,769 subjects with 10,249 patient-years of follow-up. Twenty-six patients with renal
artery stenosis or dissection (0.45%) were identified of whom 24 (0.41%) required renal artery stenting.
The primary meta-analysis of all reports indicated a 0.20% pooled annual incidence rate of stent implanta-
tion (95% CI: 0.12 to 0.29% per year). Additional sensitivity analyses yielded consistent pooled estimates
(range: 0.17 to 0.42% per year). Median time from RDN procedure to all renal intervention was 5.5 months
(range: 0 to 33 months); 79% of all events occurred within one year of the procedure. A separate review
of 14 clinical trials reporting on prospective follow-up imaging using either magnetic resonance imaging,
computed tomography or angiography following RDN in 511 total subjects identified just 1 new significant
stenosis (0.20%) after a median of 11 months post procedure (one to 36 months).

Conclusions: Renal artery reintervention following renal denervation with the most commonly applied RF
renal denervation system (Symplicity) is rare. Most events were identified within one year.
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Abbreviations
RDN renal denervation
RF radiofrequency

Introduction

Hypertension remains a global health crisis with well over one bil-
lion adults afflicted and fewer than 30% controlled' despite the
availability of safe and effective drug therapies. Autonomic nerv-
ous system modulation via percutaneous renal denervation (RDN)
has been shown to reduce blood pressure in animal models and in
clinical trials and represents a potentially useful adjunctive therapy
option®®. Recent prospective trials have shown statistically and clin-
ically significant reductions in both office and 24-hour blood pres-
sure following RDN with radio frequency (RF) as compared to sham
control in patients with uncontrolled hypertension according to the
World Health Organization classification* in both the presence and
absence of concomitant antihypertensive drug therapy>®. These and
other clinical trials have also reported minimal safety risk in terms
of both procedural complications and vascular events. However, RF
ablation systems apply energy to the renal arterial wall and thus
impose an inherent risk of permanent damage. Therefore, scrutiny
of all potential adverse safety events is an important part of estab-
lishing the clinical relevance of the RDN procedure.

The incidence of serious renal artery adverse events following
RDN is uncertain and difficult to elucidate, since few events have
been reported. RDN systems have been approved and applied for
clinical use in multiple countries since 2008. Hence, published clini-
cal experience is available on several thousand patients with follow-
up duration ranging up to three years. We estimated the occurrence of
renal artery adverse events following denervation with common RF
systems to determine whether RF ablation increases the risk of renal
artery stenosis in the population with uncontrolled hypertension.

Editorial, see page 21

Methods

A search of the MEDLINE database was performed using the
terms “renal” AND “denervation” from January 2009 to January
2019 following PRISMA guidelines’. Prospective trials and case
reports cited in one previous report® and a recent meta-analysis
of RDN trials® were also reviewed. The search included both ran-
domised and non-randomised trials and registries that employed
either the Symplicity Flex™ and/or the Symplicity Spyral™ RF
denervation systems (Medtronic, Santa Rosa, CA, USA). Other
RF devices and/or devices using other sources were not included.
Reports that did not specifically address safety, including the pres-
ence or absence of renal artery events, and secondary analyses of
previously reported studies were excluded. A case series (n=51) of
RDN with the Symplicity Flex device employed via non-standard
brachial access!® was also excluded, although no preprocedural or
post-procedural adverse events were reported. If a trial was updated
for safety and efficacy after the initial report, unique events from
each report were counted. Updated reviews of the SYMPLICITY
HTN-3 trial and the Global SYMPLICITY Registry were also

included. Individual case reports of renal artery damage were tab-
ulated separately and not included in the meta-analysis. Stenoses
were counted if they were classified as “significant”, greater than
50%, resulted in stent implant or if not specified. If reported, the
association of the event with pre-existing non-significant renal
artery stenosis at the time of the procedure was recorded.

The pooled incidence rate of any renal artery stent implantation
was determined by meta-analysis of the study-level incidence rates.
The primary analysis was a fixed-effects meta-analysis on untrans-
formed rates using the inverse variance method for pooling. Due
to several studies reporting zero events, a continuity correction
of 0.5 was applied to each study with a zero event rate. Several
sensitivity analyses were performed to evaluate the robustness of
the pooled incidence estimate (Supplementary Appendix 1). Other
data are summarised as raw counts and means (SD) or median
(minimum, maximum). Meta-analyses were performed in R,
version 3.5.0 (R Foundation for Statistical Computing, Vienna,
Austria) using the “meta” package (version 4.9-3).

Results

INCIDENCE OF RENAL ARTERY DAMAGE FOLLOWING RF
RDN

Fifty published reports detailing procedural safety with Symplicity
Flex or Spyral systems were identified and included in the pri-
mary meta-analysis (Figure 1). Median follow-up for the total of
5,769 patients was 6 months (range: 1-36 months) amounting to
10,249 patient-years of net follow-up. Ten of these studies (20%)
reported 26 total cases of renal artery damage (0.45%) including
19 cases of stenoses (0.33%) and 7 dissections (0.12%). Twenty-
four of the 26 cases with stenosis or dissection resulted in stent
implant (0.42%), including one case with 2 stents. Six of the
24 cases resulting in stent implant (25%) were from randomised
trials with the rest reported in non-randomised trials or registries.
The primary meta-analysis for all reports resulted in an annual
incidence rate of renal stenting of 0.20% per year (95% CI: 0.12
to 0.29%) (Figure 2). Additional sensitivity analyses revealed con-
sistent results (Supplementary Figure 1, Supplementary Figure 2).

2,411 records identified
from database search

2,237 not human
clinical trials

Y

126 excluded:

53 duplicate reports
69 not RDN Symplicity™
4 no safety data reported

175 human clinical
trials reviewed

A

1 trial identified

50 trials included separately

Figure 1. PRISMA block diagram.
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Study Events Time Incidence rate Rate 95% CI Weight
SYMPLICITY HTN-1: Krum (2009) 3 459.0000 0.0065 [0.0000; 0.0139] 1.4%
SYMPLICITY HTN-2: Esler (2012) 1 261.0000 0.0038 [0.0000; 0.0113] 1.4%
ALSTER BP: Kaiser (2014) 1 46.5000 =+ 0.0215 [0.0000; 0.06371] 0.0%
Stangl Schwerg: Schwerg (2014) 1 22.0000 —— 0.0455 [0.0000; 0.1345] 0.0%
SYMPLICITY HF: Hopper (2017) 0 39.0000 * 0.0128 [0.0000; 0.0484] 0.1%
SYMPLICITY HTN-3: Bhatt (2014) 3 1092.0000 0.0027 [0.0000; 0.00591] 7.9%
GSR: Mahfoud (2018) 10 6033.0000 0.0017 [0.0006; 0.00271 72.8%
TREND: Zweiker (2016) 3 407.0000 * 0.0074 [0.0000; 0.01571] 1.1%
SYMPATHY (EnCOReD): de Jager (2018) 1 45.0000 * 0.0222 [0.0000; 0.0658] 0.0%
CKD-RDN: Schlaich (2012) 0 15.0000 =— 0.0333 [0.0000; 0.12571] 0.0%
OSA: Witkowski (2011) 0 60.0000 * 0.0063 [0.0000; 0.0314] 0.1%
Chinese Registry: Jiang (2012) 0 2.0000 0.2500 [0.0000; 0.9430] 0.0%
BP Variability: Bauer (2012) 0 5.5000 ——— 0.0909 [0.0000; 0.3429] 0.0%
Moderate HTN: Ott (2013) 0 27.0000 = 0.0185 [0.0000; 0.0698] 0.0%
Damascelli: Damascelli (2013) 0 12.0000 —/—— 0.0417 [0.0000; 0.1572] 0.0%
REACH Pilot: Davies (2013) 0 3.56000 —+— 0.1429 [0.0000; 0.5388] 0.0%
EnCored: Staessen (2013) 0 54.5000 = 0.0092 [0.0000; 0.0346] 0.1%
Heidelberg Registry: Blessing (2014) 0 63.0000 - 0.0079 [0.0000; 0.0299] 0.2%
Irish Registry: Kyvelou (2013) 0 15.5000 +— 0.0323 [0.0000; 0.12171] 0.0%
Oslo: Elmula (2014) 0 27.0000 = 0.0185 [0.0000; 0.0698] 0.0%
Bausback: Bausback (2014) 0 10.0000 =— 0.0500 [0.0000; 0.18861 0.0%
RDN+PVI in AF: Pokashulov (2014) 0 1.7500 0.2857 [0.0000; 1.07771] 0.0%
ISAR-denerve: Schneider (2015) 0 9.0000 ——— 0.0556 [0.0000; 0.2095] 0.0%
SPYRAL FIM: Whitbourn (2015) 0 50.0000 0.0100 [0.0000; 0.03771] 0.1%
DENER HTN: Sapoval (2015) 0 26.5000 #+= 0.0189 [0.0000; 0.0712] 0.0%
Bonn: Luetkens (2015) 0 13.4583 +— 0.0372 [0.0000; 0.14011] 0.0%
FLEX: Desch (2015) 0 16.0000 =— 0.0312 [0.0000; 0.1179] 0.0%
RESHAPE CV-Risk: Miroslawski (2016) 0 11.5000 —— 0.0435 [0.0000; 0.16401] 0.0%
RDT-PEF: Patel (2016) 0 12.0000 =— 0.0417 [0.0000; 0.1572] 0.0%
RDN-POL: Kadziela (2016) 0 22.0000 = 0.0227 [0.0000; 0.06571 0.0%
Portugal Registry: Goncalves (2016) 0 65.0000 ~ 0.0077 [0.0000; 0.02901] 0.2%
UK Registry: Sharp (2016) 0 196.1667 0.0025 [0.0000; 0.00961] 1.5%
Kazakhstani Registry: Aripov (2016) 0 63.0000 - 0.0079 [0.0000; 0.0299] 0.2%
DENRVHTA: De La Sierra (2016) 0 5.5000 —— 0.0909 [0.0000; 0.3429] 0.0%
ReSet: Mathiassen (2016) 0 18.0000 +— 0.0278 [0.0000; 0.1048] 0.0%
microRNA: Dorr (2016) 0 45.0000 0.0111 [0.0000; 0.0419] 0.1%
Selesia: Skowerski (2016) 0 30.0000 * 0.0167 [0.0000; 0.0629] 0.0%
Imaging Berlin: Doltra (2016) 0 16.0000 ~— 0.0312 [0.0000; 0.1179] 0.0%
Frankfurt/Minneapolis: Id (2016) 0 50.5000 = 0.0099 [0.0000; 0.0373] 0.1%
Distal Ablation Russia: Pekarskiy (2017) 0 13.0000 =— 0.0365 [0.0000; 0.1451] 0.0%
Distal RDN: Beeftink (2017) 0 48.5000 = 0.0103 [0.0000; 0.03891 0.1%
PRAGUE 15: Rosa (2017) 1 104.0000 = 0.0096 [0.0000; 0.0285] 0.2%
OSA Daniels: Daniels (2017) 0 10.0000 =— 0.0500 [0.0000; 0.1886] 0.0%
Swedish registry: Volz (2018) 0 543.0000 0.0009 [0.0000; 0.0035] 11.8%
SPYRAL HTN-OFF MED: Townsend (2017) O 9.5000 —— 0.0526 [0.0000; 0.1985] 0.0%
SPYRAL HTN-ON MED: Kandzari (2018) 0 19.0000 H— 0.0263 [0.0000; 0.0993] 0.0%
Distal Ablation Bulgaria: Petrov (2018) 0 34.0000 k- 0.0147 [0.0000; 0.0555] 0.0%
RADIOSOUND: Fengler (2018) 0 19.5000 #— 0.0256 [0.0000; 0.0967] 0.0%
OSA RDN: Prebisz (2018) 0 15.0000 =— 0.0333 [0.0000; 0.1257] 0.0%
HTN-Japan: Kario (2019) 0 82.5000 ~ 0.0061 [0.0000; 0.0229] 0.3%
Fixed effect model 0.0020 [0.0012; 0.0029] 100.0%
Heterogeneity: 12=0%, 12=0, p=1.00 0 02 04 06 08 1

Figure 2. Forest plot of incidence of stent implant following RF renal denervation from 50 published trials reporting event occurrence

representing 5,769 patients and 10,249 patient-years of total patient follow-up. Incidence rate estimated using a fixed effects meta-analysis on

untransformed values with a continuity correction of 0.5 for studies with
rates are events per patient-year.

POST-PROCEDURAL RENAL ARTERY EVENTS

Besides the 24 patients receiving stents identified from published
trials and registries, an additional 11 individual cases of renal artery
stenosis have also been reported (Tahle 1). Stents were implanted
in 10 of the 11 case subjects, including two cases in which two
stents were implanted. The median time to stenosis detection for
the case reports was 5.0 months (range 3 to 28 months) (Table 1).

zero events. Study time is reported in units of patient-years and event

Most cases were identified after recurrent hypertension, occasion-
ally with concomitant symptoms. Combining case reports and
clinical studies, renal artery damage following denervation with the
Symplicity Flex catheter has been reported in 37 subjects, includ-
ing 34 cases of stent implantation. Of these 34 cases, the median
time to renal artery stenting was 5.5 months (range 0-33 months)
(Figure 3). Of the 34 patients receiving stents, 25 resulted in stent
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Table 1. Case reports of stenosis with or without renal artery
reintervention with the Symplicity device.

Primary . Steno- | Stent WiES 752
author Citation sis [implant procedure
(months)
Aguila Hypertension. 2014;63:e126-e127. 2 0 3
Bacaksiz Int J Cardiol. 2014;172;e389-e390. 1 1 6
Sievert J Am Coll Cardiol. 2012;60:2694-5. 2 2 5
Raman Int J Cardiol. 2014;174:e42-e43. 2 2 6
Versaci a Endovasc Ther. 2014;21:191-196. 1 1 3
Versaci b Endovasc Ther. 2014;21:191-196. 1 1 3
Pucci Circ J. 2014;78:767-8. 1 1 3
Vonend Lancet. 2012;380:778. 1 1 6
Koppelstaetter| J Clin Hypertens. 2015;17:162-4. 1 1 12
Celik J Clin Hypertens. 2015;17:242-3. 1 1 5
Lambert J Cardiovasc Med. 2016;17:¢169-e170. 1 1 28
Median: 5

implant at least one month after the RDN procedure. The pres-
ence or absence of baseline renal stenosis was not reported in 3 of
the 25 post-procedural stenting cases, while 8 of the remaining 22
(36%) stented cases reported some baseline stenosis or a previous
history of renal artery stenting.

A separate analysis identified 14 studies that reported prospec-
tive performance of high-resolution renal artery imaging follow-
ing RDN using either repeat angiography, magnetic resonance
imaging or computed X-ray or optical coherence tomography
(Table 2). A total of 511 subjects were studied with one signi-
ficant stenosis observed (0.2%) via computed X-ray tomography
after a median of 11 months post procedure (range: 1-36 months)
(Table 2). No cases of stenosis or dissection have been reported to

Patients

date involving the second-generation multi-electrode Symplicity
Spyral system among 15 reports including 706 patients (Table 3).
Additionally, 10 reports including 396 subjects have reported on
RF RDN therapy beyond the main bifurcation with no renal rein-
terventions reported (Table 4).

PROCEDURAL EVENTS

Stents were delivered during the RDN procedure in 9 of 34
(26%) patients including 7 cases of acute renal artery dissection
(Figure 3). Procedural access-site complications were reported in
1.4% (82 of 5,769) of all subjects from the 50 reports.

Discussion
Renal artery stenosis, primarily occurring in the proximal seg-
ment, is common in hypertensive subjects and may lead to seri-
ous adverse outcomes including worsening hypertension, reduced
renal function and renal necrosis. This is the first analysis to
estimate the rate of reported adverse renal events following RF
RDN with the most widely applied RDN system and to evalu-
ate whether RDN increases the risk of renal artery stenting in this
population. Meta-analysis of 50 trials, including a net population
of 5,769 patients and 10,249 patient-years of data, estimated an
annual incidence of renal artery stenting following RF RDN of
0.20%. Time to reported stenting ranged from 0 to 33 months with
most events occurring within 6 months post procedure (Figure 2).
The small number of renal artery adverse events uncovered in
this analysis supports the general safety of the RF RDN proce-
dure, especially when considered relative to the well-substanti-
ated cardiovascular risks associated with sustained uncontrolled
hypertension'’.

Many of the events were identified by additional imaging fol-
lowing symptomatic recurrence of hypertension. Thus, it is possible

M Procedural events
M Post-procedural events

1 l
o | 2a o 1213 | 1415 | 1617 | 1819 | 202 | 223 | 225 | 2627!2829 | 3031 | 3233
2 3

11-12 13-14 15-16

17-18 19-20 21-22 23-24 25-26 27-28 29-30 31-32

Time to intervention (months)

Figure 3. Histogram of time from RDN procedure to renal artery stenting for 34 cases. Data were derived from both case reports and clinical

trials reporting time of stent implant. Red bar at 0 to 1 month includes 9 stents implanted during the procedure. All other events were reported

at least 1 month after the procedure (median: 5.5 months).



Renal artery damage following renal denervation

Table 2. Trials including prospective high-resolution renal artery imaging following RF renal denervation.

AN

Schmid Cardiovasc Intervent Radiol. 2016;39:426-32. 51 Flex MRI 11 0
Krum Hypertension. 2011;57:911-917. 81 Flex CT/MRI/DUS 6 1
Lambert Am J Cardiol. 2015;115:1545-8. 76 Flex MRI 6 0
Rosa Hypertension. 2016;67:397-403. 37 Flex CT 12 0
Luetkens Rofo. 2015;187:36-41. 17 Flex MRI 0
Pokashulov Heart Rhythm. 2014;11:1131-1138. 41 Flex MRI 6 0
Patel HC Eur J Heart Fail. 2016;18:703-12. 12 Flex MRI 12 0
Kelle PLoS One. 2016 Mar 22;11:e0150662. 32 Flex MRI 6 0
Blankestijn Eur Radiol. 2017;27:3934-3941.* 92 Flex MRI 12 0
Bergmann Eurolntervention. 2014;14:157-165. 8 Flex Angiography N/R 0
Daemen Eurolntervention. 2017;12:e2271-e2277. 27 Multiple MRI 12 0
Roleder Int J Cardiovasc Imaging. 2016;32:855-62. 12 Flex OCT/Angiography 18 0
Oslo Blood Pressure. 2017;26:321-331.1 9 Flex MRI/CT 36 0
Davies Davies, EuroPCR. 2016. 16 Spyral Angiography 6 0

Total 511 Median: 11.5 1
*2 non-significant (<50%) stenoses were reported. "Updated in abstract 2019. CT: computed X-ray tomography; MRI: magnetic resonance imaging;
OCT: optical coherence tomography

that some stenoses not accompanied by recurrent hypertension
or worsening renal function remain undetected and unreported.
However, we also performed a separate review of prospective
high-resolution imaging totalling 511 patients following RF RDN
that identified just one case of significant renal artery stenosis.
Since these were non-selected subjects of varying risk, the overall
results imply that significant stenosis caused by RDN is rare. The
absolute rate of occurrence of other non-renal adverse events such
as access-site complications was also uncommon (1.5%) and con-

sistent with prior reports of femoral access-site complications'>.

Renal artery injury following RF denervation could be caused
by several mechanisms including physical trauma created by the
guide catheter, denervation catheter or guidewire or by the RF
energy applied to the vessel wall. Nine of 34 reported stent implants
occurred during the procedure (26%). Due in part to the low rate
of incidence, it was also difficult to determine from our analysis
whether reported renal artery stent implants occurring after the pro-
cedure were specifically due to the procedure or rather simply due to
natural disease progression. Indeed, over one third (36%; 8 of 22) of

renal stent implant cases reporting basal renal artery morphometry

Table 3. Clinical trials reporting on renal artery safety using the multi-electrode RF Symplicity Spyral system.
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Trial ‘ Author ‘ Citation ‘ N ‘ Renal artery events
SPYRAL FIM Whitbourn et al Eurolntervention. 2015;11:104-9. 50 0
GLOBAL SYMPLICITY REGISTRY | Mahfoud et al EuroPCR 2018 351 0
SPYRAL HTN-OFF MED Townsend Lancet. 2017;390:2160-2170. 38 0
SPYRAL HTN-ON MED Kandzari Lancet. 2018;391:2346-2355. 38 0
UK Registry Sharp et al Clin Res Cardiol. 2016;105:544-52. 10 0
CO2 Case series Renton et al Br J Radiol. 2016;89:20160311. 11 0
TREND Registry Zweiker et al PLoS One. 2016;11(8):e0161250. 11 0
Spyral Radial Access Case Heradien et al Cardiovasc J Afr. 2016;27:53-5. 2 0
First in Man Case Series Plehn et al Confluence. 2014;1:18-21. 7 0
RESISTANCE Davies et al EuroPCR 2016 (Euro16A-0P0228)* 16 0
Repeat Procedure Case Ribichini et al EuroPCR 2015 1 0
Swedish Registry Volz et al J Hypertens. 2017;36:151-8. 25 0
Main vs. Distal Ablation Beeftink et al J Clin Hypertens. 2017;19:371-378. 10 0
RADIOSOUND Fengler et al Circulation. 2018;10.1161/ 78 0
CIRCULATIONAHA.118.037654

Response Predictors Fengler et al J Hypertens. 2018;36:1578-1584. 58 0

Total 706 0
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Table 4. Reports of RF renal denervation beyond the bifurcation.

Author ‘ Citation ‘ N ‘ Events ‘ Device

Plehn Confluence. April 2014. 2 0 Spyral
Mahfoud | EuroPCR. 2018 89 0 Spyral
Davies EuroPCR. 2016 16 0 Spyral
Beeftink | J Clin Hypertens. 2017;19:371-378. 58 0 Flex
Pekarskiy | J Hypertens. 2017;35:369-375. 51 0 Flex
Fengler {)i/il:né(%egﬁ)éssoa 2017 Aug 10;6(8). 95 0 Spyral

Petrov Cardiovasc Revasc Med. 2018.

pii: $1553-8389(18)30213-6. 39 | 0 | Flex

Fengler Circulation. 2018 Sep 25. 40 0 Spyral

Townsend | Lancet. 2017;390:2160-2170. 38 0 Spyral

Kandzari | Lancet. 2018;391:2346-2355. 38 0 Spyral
Total 396 0

indicated basal stenosis (<50%) at the site of the stenting prior to
RDN or renal stenting prior to RDN. We also report one case of
renal artery stenosis and one case of dissection that were not assoc-
iated with stent implant. Overall, these data indicate that not all
renal artery vascular events reported after RDN are entirely related
to the procedure. Notably, the landmark Cardiovascular Outcomes
in Renal Atherosclerotic Lesions (CORAL) trial found that renal
artery stenting did not confer a significant benefit with respect to
the prevention of clinical events in patients with either hypertension
or chronic kidney disease (CKD)'". Therefore, the clinical course
following detection of renal stenosis should be considered carefully
within the context of the individual patient history, risk and degree
of stenosis, although all patients should be monitored for clinical
signs of new or worsening renal stenosis.

The present analysis includes procedures performed with the
first-generation single electrode RF catheter system that was
applied primarily in the main renal artery. However, more recent
reports have focused on the potential to increase therapy effi-
cacy by treating the distal portion of the main renal artery and the
branches beyond the primary bifurcation using the more techni-
cally advanced second-generation multi-electrode system*. This
procedural advance has led to particular concerns over the risk of
a distal branch stenosis and further uncertainty around appropri-
ate treatment for a stenosis in such a difficult to access location.
Notably, a subset of the patients included in the present analysis
(n=706) (Table 3) was treated with the newer-generation multi-
electrode Symplicity Spyral catheter, with no renal artery events
reported. Likewise, the present analysis included a subgroup of
patients with treatment beyond the main bifurcation (396 patients
from 9 reports) (Table 4) with no reported adverse events in the
distal arteries. Recent RDN trials have also allowed enrolment of
patients with accessory renal arteries greater than 3 mm in dia-
meter. These eligible arteries were treated in the most recent tri-
als with no events reported*. These preliminary results indicate
that safety with second-generation devices and more experienced
proceduralists could lead to a progressively lower incidence of

adverse renal artery events over time, although longer-term data
are required. More prospective high-resolution image-based evalu-
ation of stenosis is planned for ongoing prospective sham-con-
trolled trials in the hypertensive population.

Comparable data for the natural incidence of renal artery adverse
events in the hypertension population are scarce. Estimates of
the incidence of renal artery stenosis in the hypertensive popu-
lation range widely from approximately 0.5 to 5% per year'. In
the SPYRAL HTN-OFF and HTN-ON MED trials**, a combined
0.9% (7 out of 806) of patients were excluded from participation
based on identification of significant renal artery stenosis >50%
prior to randomisation. Another older report published before the
widespread introduction of statin therapy for hyperlipidaemia esti-
mated progression of non-significant stenosis of less than 60% to
stenosis greater than 60% to be roughly 20% per year'*. Combining
these reported values provides an estimate of the annual incidence
of new severe stenosis between 0.10% and 1.0% per year. A sep-
arate estimate of renal artery stenosis in the Medicare popula-
tion indicated an incidence of renal stenosis of 0.37% per year's.
Finally, a study of 14,152 patients undergoing cardiac catheteri-
sation who were screened for renal stenosis reported significant
progression of existing stenosis or new stenosis in 133 patients
after an average of 2.6 years, or an incidence of approximately
0.36% per year'’. This range of estimates is comparable with the
present estimates and suggests that RF RDN may not dramatically
increase the rate of renal artery adverse events in the population
with uncontrolled hypertension.

Previous animal and clinical investigations have demonstrated
acute vessel damage following RF RDN. Histological evidence
from normotensive pigs undergoing RDN with the Symplicity
Flex catheter resulted in endothelial damage that recovered within
seven days and damage to the media that peaked within seven days
but decreased progressively, thereby suggesting complete healing
of the arterial wall and soft tissue by 180 days'®?!. Human stud-
ies of the renal arteries using optical coherence tomography and
intravenous ultrasound immediately following RDN with the first-
generation Symplicity Flex catheter identified a low incidence of
vasospasm, microdissection, lumen narrowing, intimal oedema
and micro-thrombus?*?, The present analysis suggests that these
acute micro injuries are probably transient and have minimal clini-
cal sequelae. Furthermore, randomised trials of RDN have shown
similar major adverse event rates between RDN and sham con-
trol groups, although these trials were underpowered to show
non-inferiority*>?. These findings suggest that the occurrence of
adverse events following RF denervation is low enough to require
a very large sample size to demonstrate non-inferiority to control
in a prospectively designed trial and that carefully selected and
pre-specified objective performance goals may be more appropri-
ate trial safety outcomes.

Limitations
Our analysis has important limitations. Clinical trials and regis-
tries do not always mandate renal artery imaging of asymptomatic



patients and therefore renal artery abnormalities following the RF
RDN procedure might be missed. We have therefore included an
analysis of available case reports of incidental or symptomatic
discovery of renal artery stenosis. Also, prospective imaging has
identified only one event to date (Table 2). Subclinical weaken-
ing of the renal artery wall might not become clinically manifest
for several months or years, so the current estimated rates could
change as trials with longer follow-up are reported. However,
we also performed a separate meta-analysis only including tri-
als with >12 months of follow-up that resulted in a similar result
(Supplementary Figure 2). The large number of studies with zero
events poses complexity for statistical pooling of incidence rates,
with no universally accepted approach for handling such meta-
analyses®. However, our results were consistent with several sen-
sitivity analyses, with pooled estimates ranging between 0.17%
per year and 0.42% per year (Supplementary Appendix 2). Events
were not adjudicated, although only studies that specifically
reported renal event occurrence, or lack thereof, were included.
Likewise, most studies did not elaborate on the possible mechanis-
tic or procedural causes of the stenotic event. Other RDN systems,
including other RF devices, ultrasound, and neurotoxin injection,
were not included in this analysis since the net relative estimated
population size in published data is much lower than that for RF
systems, and thus too low to estimate rates of occurrence accu-
rately. Also, pooling event data among different systems with dif-
ferent designs and energy sources could be misleading, since the
safety of each approach is probably unique to a specific device
design. The present analysis was also limited to renal artery dam-
age; review of renal function was beyond the present scope.
However, recent meta-analyses have also found minimal reduc-
tions in renal function following RDN®26,

Conclusions

The real-world reported incidence of significant renal artery steno-
sis or dissection, including events resulting in renal artery stenting
following renal denervation procedures with the most commonly
applied RF renal denervation system is estimated to be 0.20% per
year. This estimate is comparable to the reported natural incidence
of events in an untreated hypertensive population. Most reported
events were identified within one year.

Impact on daily practice

The clinical decision to refer a patient for percutaneous renal
denervation should be based on a clear understanding of the
long-term risks as well as the potential benefits of the proce-
dure. Beyond recent reports of good clinical efficacy in terms of
blood pressure reduction from randomised sham-controlled tri-
als, this meta-analysis indicates that concerns about renal artery
damage resulting from the procedure should be minimal. Renal
denervation may thus be considered for a wide range of patients
with uncontrolled hypertension including younger patients with
lower cardiovascular risk.

Renal artery damage following renal denervation
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Supplementary data
Supplementary Appendix 1. Methods

In addition to the primary meta-analysis, several additional sensitivity analyses were performed.
A fixed effects Poisson regression model with log-transformed exposure time included as an
offset was fitted using the inverse variance method for pooling. This was further refitted
including study-level random effects. Next, a fixed-effects meta-analysis that used a square root
transformation (without a continuity correction) was fitted. We also estimated the pooled
incidence separately using a fixed and random (using DerSimonian-Laird estimator for tau-
squared) effects model with the same square root transformation, but only after excluding all
studies with zero events. Finally, to test for limitations related to relatively short follow-up
duration for many trials, the primary analysis was repeated for the subset of reports with at least

one year of follow-up.

Supplementary Appendix 2. Results

This result of the primary meta-analysis was consistent with a fixed effects Poisson regression
model (0.23% per year; 95% CI: 0.15 to 0.34%) and a random effects Poisson regression model
(0.26% per year; 95% CI: 0.14 to 0.44%). Meta-analysis using a square root transformation with
continuity correction yielded a pooled incidence of 0.17% per year (95% CI: 0.10 to 0.26%).
After excluding all studies with zero events (n=41), the square root transformed rates of the nine
remaining studies were pooled to yield 0.25% (95% CI: 0.15 to 0.36%) and 0.42% (95% CI: 0.19
to 0.74%) for the fixed and random effects models, respectively (Supplementary Figure 1). The
sub-analysis limited to reports with greater than one-year follow-up also showed 0.19% (95% CI:
0.10 to 0.28%) (Supplementary Figure 2).
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Supplementary Figure 1. Estimated pooled incidence using a fixed and random effects model

(with square root transformed rates) excluding all studies with zero events.
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Supplementary Figure 2. Estimated pooled incidence using a fixed effects model (with untransformed
rates with continuity correction for studies with zero events) excluding all studies with follow-up less than
one year.



