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Abstract

Objectives Renal denervation (RDN) proved to significantly lower blood pressure (BP) at 2—6 months in patients on and off
antihypertensive drugs. Given a lack of longer-term follow-up data, our aim was to assess the safety and efficacy of RDN up
to five years taking into account antihypertensive drug regimen changes over time.

Methods In the present single-center study, patients underwent RDN for (therapy resistant) hypertension. Patients underwent
protocolized yearly follow-up out to five years. Data were collected on 24-h ambulatory BP and office BP monitoring, renal
function, antihypertensive drug regimen, and safety events, including non-invasive renal artery imaging at 6/12 months.
Efficacy analyses were performed using linear mixed-effects models.

Results Seventy-two patients with mean age 63.3 +£9.5 (SD) years (51% female) were included. Median follow-up time was
3.5 years and Clark’s Completeness Index was 72%. Baseline ambulatory daytime BP was 146.1/83.7 +17.4/12.2 mmHg
under a mean number of 4.9 +2.7 defined daily doses (DDD). At five years, ambulatory daytime systolic BP as calculated
from the mixed model was 120.8 (95% CI 114.2-127.5) mmHg and diastolic BP was 73.3 (95% CI 69.4-77.3) mmHg,
implying a reduction of -20.9/-8.3 mmHg as compared to baseline estimates (p <0.0001). The number of DDDs remained
stable over time (p =0.87). No procedure-related major adverse events resulting in long-term consequences were observed.
Conclusions The BP-lowering effect of RDN was safely maintained at least five years post-procedure as reflected by a sig-
nificant decrease in ambulatory daytime BP in the absence of escalating antihypertensive drug therapy over time.
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Introduction

Hypertension affects over 1.3 billion people worldwide and
poses an increased risk for cardiovascular morbidity and
mortality [1-3]. Despite a broad armamentarium of phar-
macological and non-pharmacological treatment options for
hypertension, most patients do not reach blood pressure (BP)
targets proposed in contemporary guidelines [2, 4-7].

By inhibiting afferent and efferent renal sympathetic
nerve activity, renal sympathetic denervation (RDN) proved
to significantly lower BP in patients on and off antihyper-
tensive medication [8§—12]. This resulted in a significantly
higher percentage of patients reaching their BP targets fol-
lowing RDN as compared to those post-sham procedures in
dedicated randomized sham-controlled trials [8—10].

With the exception of the recently published 3-year data
of the sham-controlled SYPRAL HTN-ON MED pilot trial,
demonstrating a sustained BP reduction lowering effect of
RDN, limited data are available on the long-term safety and
efficacy of RDN [13]. While clinical trial data suggested
a durable, incremental BP-lowering effect over time, data
from animal studies revealed the potential of renal nerve
regeneration [14, 15]. Previous single-arm studies refrained
from performing long-term ambulatory BP monitoring and
lacked detailed information on changes in antihypertensive
drug treatment over time complicating the assessment of the
durability of the treatment [15].

To address these limitations, the aim of this study was to
assess the long-term safety and BP-lowering effect of RDN
in hypertensive patients up to five years post-procedure.

Methods
Study design and population

This single-center, single-arm registry-based study was con-
ducted at the Erasmus University Medical Center (Rotter-
dam, the Netherlands). A database consisting of all patients
who underwent RDN in our hospital was screened for eligi-
ble patients. Patients were included if they underwent RDN
for (therapy resistant) hypertension within the scope of a
previous clinical study or compassionate use. All patients
were aged 18 years or older and used antihypertensive
drug(s) prescribed for hypertension or had a documented
intolerance to antihypertensive medication.

Participants were informed about the study by the physi-
cian responsible for the procedure and provided informed

consent for the procedure and the use of anonymous datasets
for research purposes in alignment with the Dutch Medical
Research Act. This study was conducted in accordance with
the declaration of Helsinki.

Procedure and follow-up

RDN was performed under local anesthesia and conscious
sedation according to device-specific instructions for use.
Patients were treated with either the endovascular ultrasound
(US) ablation Paradise system (ReCor Medical, Inc, Palo
Alto, CA, USA) or the radiofrequency (RF) ablation Covi-
dien OneShot™ system (Covidien, Campbell, CA, USA),
the RF Vessix system (Boston Scientific, Natick, MA, USA),
the RF St. Jude EnligHTN system, the single-electrode RF
Symplicity Flex™ system (Medtronic, Inc, Minneapolis,
MN, USA) or the multi-electrode RF Symplicity Spyral™
system (Medtronic, Inc, Minneapolis, MN, USA). Following
RDN, patients were hospitalized for at least 24 h according
to local standard practice. All patients were discharged on
aspirin for at least 1 month.

In the Rotterdam RDN clinical program, routine follow-
up visits were performed at 3 and 6 months and yearly up
to 5 years post-procedure. At each visit, standardized office
BP measurement (using automated oscillometric machines),
24-h ambulatory BP measurement and physical examination
were performed. Data were also collected on the occurrence
of adverse events and renal function (as measured by esti-
mated Glomerular Filtration Rate (eGFR)). While changes
in antihypertensive drug regimen were strongly discouraged
during the first six months post-treatment, data on time-spe-
cific antihypertensive drug regimen were collected at each
follow-up visit. Renal artery imaging using either magnetic
resonance angiography (MRA) or computed tomography
angiography (CTA) was performed in all patients at 6 and/
or 12 months of follow-up.

Endpoints

The primary efficacy endpoint was ambulatory daytime sys-
tolic BP (SBP) assessed at multiple points during follow-up.
Secondary efficacy endpoints included the use of antihy-
pertensive drugs, ambulatory mean 24-h and nighttime BP,
office BP, and office heart rate throughout follow-up. Antihy-
pertensive drug use over time was repeatedly assessed by the
number of Defined Daily Doses (DDD), Antihypertensive
Load Index (AHLI), and the total number of antihyperten-
sive drugs prescribed [16, 17]. The total number of DDDs
per patient was expressed as the sum of the DDDs of each
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individual prescribed antihypertensive drug. AHLI was cal-
culated according to the formula of Wan et al. as shown
below [17]

variable over time including its 95% confidence interval
(CI). For models with natural splines, effect estimates and
effect plots were given for female patients of mean age

(Antihypertensive load =

antihypertensive medications

(prescribed daily dosage)
(maximum daily dosage) |

Safety endpoints included the incidence of periproce-
dural complications, stroke, myocardial infarction (MI),
coronary revascularization, hospitalization for hyperten-
sive emergency, newly acquired renal artery stenosis and/
or repeat renal artery intervention, renal failure (defined as
an eGFR < 15 ml/min/1.73 m? or requirement of dialysis),
and all-cause mortality and cardiovascular mortality up to
5 years.

The primary efficacy endpoint was also assessed for pre-
specified subgroups of age, sex, ethnicity, obesity, diabe-
tes, isolated systolic hypertension (ISH), and type of RDN
device. ISH was defined as office SBP > 140 mmHg and
office diastolic BP (DBP) <90 mmHg at screening [6]. Obe-
sity was defined as a Body Mass Index (BMI) of > 30 kg/m?
at screening [18].

Completeness of follow-up was assessed using Clark’s
Completeness Index (CCI) which was calculated as the pro-
portion of observed person-years out of the potential maxi-
mum number of person-years throughout follow-up [19].

Statistical analysis

Continuous variables are expressed as mean + standard
deviation (SD) when normally distributed; non-normally
distributed variables are presented as median [25th—75th
percentile]. Categorical variables are expressed as number
of patients (percentage). Continuous repeated measurements
were analyzed using linear mixed-effects models. Models
were fitted with ambulatory BP, office BP, DDD, AHLI,
number of antihypertensive drugs prescribed, or eGFR as
outcome variables. In the fixed-effects part, the covariates
time, age, and sex were included. In models estimating BP
and eGFR outcomes, DDD (repeatedly assessed over time)
was also included in the fixed-effects part. In the random-
effects part, to account for the presence of multiple meas-
urements per patient, random intercepts and random slopes
for time were included. To account for a non-linear effect
of time, natural splines with three degrees of freedom were
included when appropriate. The appropriate structure best
fitting the data was selected using Likelihood Ratio Tests
(LRT) and the Akaike Information Criterion (AIC). Sta-
tistical hypothesis testing was performed using F tests or
LRTs and P values were reported for the modeled change
in the outcome variable over time. Models were visualized
using effect plots showing the modeled dependent outcome
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taking a mean number of antihypertensive drug DDDs at
baseline. For models without natural splines, the regression
coefficient for time including its 95% CI was also reported.
Exploratory subgroup analyses evaluating a different time
effect on the primary outcome in predefined subgroups were
performed by testing the significance of adding time—sub-
group interaction terms in models estimating the primary
outcome (ambulatory daytime SBP). P values for the sig-
nificance of the interaction term were reported for all sub-
groups, whereas effect plots for subgroups were provided
if significant interaction was observed. P values < 0.05
were considered statistically significant. All tests were two
tailed. Statistical analysis was performed using R version
4.0.2 (Vienna, Austria) with package “nlme” for estimating
linear mixed-effects models.

Results
Study population

A total of 109 patients were screened, from which 72
patients, treated between December 2012 and April
2019, met the inclusion criteria. Thirty-seven patients
were excluded due to treatment for indications other than
hypertension (Fig. 1). Mean (+ SD) age at baseline was
63.3+£9.5 years and 37 (51.3%) patients were female.
Type 2 diabetes was present in 19 (26.4%) of the patients,
27 (37.5%) had ISH, and mean eGFR at baseline was
71.7 +16.0 ml/min/1.73 m% Median follow-up time was
three and a half years, patients on average performed 6.5
visits, and CCI for follow-up visits was 71.9% (Supplemen-
tal Table 1).

At baseline, ambulatory daytime SBP was
146.1 +17.4 mmHg and DBP was 83.7+12.2 mmHg.
Office SBP was 169.2 +21.2 mmHg, whereas DBP was
93.0+ 14.1 mmHg. Patients were receiving a mean num-
ber of 4.9 +2.7 DDDs of antihypertensive drugs, while 70
(97.2%) patients were receiving one or more antihyperten-
sive medications at baseline (Table 1).

Procedural characteristics

Median [25th—75th percentile] procedural time was 60.0
[50.0-75.0] minutes using a contrast volume of 80.5
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Patients in database

(N = 109)

Excluded

(N =37)

Included

(N =72)

Fig. 1 Flowchart for inclusion/exclusion criteria

[61.3-140.0] mL. In five cases (6.9%) a unilateral procedure
was performed due to anatomic ineligibility for treating one
of the renal arteries (Table 2).

Efficacy outcomes

Both ambulatory daytime SBP and DBP showed a sus-
tained decrease over time after correction for sex, age, and
the number of prescribed DDDs (p < 0.0001). Estimated
ambulatory daytime SBP five years after RDN as derived
from the mixed model was 120.8 (95% CI 114.2-127.5)
mmHg versus 73.3 (95% CI 69.4-77.3) mmHg for DBP.
This implies a modeled reduction of -20.9 mmHg for
ambulatory daytime SBP and — 8.3 mmHg for DBP as
compared to baseline (Fig. 2). Similar sustained significant
decreases over time were observed for all other ambulatory
BP measurements (ambulatory mean 24-h SBP and DBP,
ambulatory nighttime SBP and DBP; p for all <0.0001;
Supplemental Fig. 1, 2). The change in ambulatory daytime
SBP over time post-RDN was consistent among predefined
subgroups of age (p=0.18), ethnicity (p =0.18), obesity
(p=0.24), diabetes (p=0.52), RDN device (p=0.19), and
ISH (p =0.82), although a significant interaction between
sex and time (p=0.03) was observed (Supplemental
Fig. 3).

Similar reductions were observed in office SBP
(p<0.001) and DBP (p <0.001) over time. At five years
post-RDN, estimated office SBP was 136.5 (95% CI
127.7-145.3) mmHg and estimated DBP was 82.9 (95% CI
77.6-88.1) mmHg. The latter implies a modeled reduction

Treatment indication other than
hypertension

Heart failure (N = 24)
Vasospastic angina (N = 12)

Loin Pain Hematuria Syndrome (N = 1)

of — 27.7/— 9.0 mmHg for office BP as compared to base-
line (Fig. 3). Throughout follow-up, a temporary decline
in office heart rate was observed (p =0.003; Supplemental
Fig. 4).

Use of antihypertensive medication

The estimated number of antihypertensive drug DDDs five
years after RDN was 4.0 (95% CI 3.1-5.0), and there was
no modeled change as compared to baseline (0.01 increase
per year; 95% CI — 0.12 to 0.14; p=0.87). Likewise, there
were no modeled changes in AHLI (0.01 increase per year;
95% CI — 0.04 to 0.06; p=0.74) and the estimated number
of antihypertensive drugs per patient (0.03 increase per
year; 95% CI — 0.04 to 0.09; p =0.39) during follow-up
(Fig. 4).

Safety outcomes

Three patients (4.2%) suffered from periprocedural com-
plications. One patient had a retroperitoneal hematoma
causing hypotension, which was discovered shortly after
the procedure. Repeat angiography did not reveal any
signs of active bleeding. The bleeding was managed suc-
cessfully by transfusion of one packed cell and fluid sup-
pletion. The patient was discharged in good condition
after four days and repeat renal artery MRA at six and
twelve months showed no residual renal artery damage. In
the second patient, treatment with the EnligHTN system
resulted in a dissection of the right renal artery which
was resolved by balloon dilatation. Repeat CTA of the
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Table 1 Baseline Demographic
and Clinical Characteristics of

the Study Population

@ Springer

Characteristic

Population (N=72)

Age (years), mean =+ SD
Female sex, n (%)

Ethnicity

White, n (%)
Black, n (%)
Other, n (%)

Body mass index (kg/mz), median [25th—75th percentile]
eGFR (ml/min/1.73m?), mean +SD
Diabetes Type 1, n (%)
Diabetes Type 2, n (%)
Electrocardiography
Sinus rhythm at baseline, n (%)
Office heart rate prior to procedure (BPM), median [25th—75th percentile]
Office blood pressure measurements
Office SBP (mmHg), mean=+ SD
Office DBP (mmHg), mean+SD
Isolated Systolic Hypertension, n (%)
Ambulatory blood pressure measurements
Daytime ambulatory SBP (mmHg), mean+SD
Daytime ambulatory DBP (mmHg), mean+ SD
24-h ambulatory SBP (mmHg), mean +SD
24-h ambulatory DBP (mmHg), mean +SD
Nighttime ambulatory SBP (mmHg), mean +SD
Nighttime ambulatory DBP (mmHg), mean +SD
Number of antihypertensive medications at screening

Total number of antihypertensive medications at screening, median [25th—75th

percentile]
O k

[ O S

6

Defined Daily Dose (DDD) at screening, mean +SD

Antihypertensive load index at screening, mean +SD
Types of antihypertensive medication at screening within study population

Angiotensin-converting enzyme inhibitor, n (%)

Angiotensin receptor blocker, n (%)

Direct renin inhibitor, n (%)

Calcium Channel Blocker, n (%)

Thiazide Diuretic, n (%)

Loop Diuretic, n (%)

Aldosterone antagonist, n (%)

Alpha-1 receptor blocker, n (%)

Beta Blocker, n (%)

Centrally acting agent, n (%)

633495
37 (51.3)

62 (86.1)
8(11.1)
2(2.8)

29.0 [26.1-32.8]
71.7+16.0
00

19 (26.4)

65 (90.3)
68.5 [58-8-77.3]

169.2+21.2
93.0+14.1
27 (37.5)

146.1+17.4
83.7+12.2
1432+16.4
81.2+11.5
134.0+17.7
74.8+12.7

3.0 [3.04.0]

2(2.8)
2(2.8)

9 (12.5)
27 (37.5)
18 (25.0)
10 (13.9)
4(5.6)

49427
2.1+1.1

16 (22.2)
47 (65.3)
0(0)

48 (66.7)
55 (76.4)
3(4.2)
10 (13.9)
19 (26.4)
49 (68.1)
0(0)

eGFR indicates estimated glomerular filtration rate, SBP systolic blood pressure, DBP diastolic blood pres-

sure

*Two patients were drug intolerant
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Table 2 Prqcedural Procedural characteristics Treated patients (N=72)
characteristics
Procedural time (min), median [25th—75th percentile] 60.0 [50.0-75.0]
Amount of contrast used (mL), median [25th—75th percentile] 80.5 [61.3-140.0]
Unilateral procedure, n (%) 5(6.9)
Renal denervation system
Covidien OneSHOT™ (RF), n (%) 2(2.8)
Paradise (US), n (%) 14 (19.4)
St. Jude EnligHTN (RF), n (%) 23 (31.9)
Symplicity Flex™ (RF), n (%) 10 (13.9)
Symplicity Spyral™ (RF), n (%) 19 (26.4)
Vessix (RF), n (%) 4(5.6)
Number of ablations LRA RRA
Covidien OneSHOT™ (RF), median [25th—75th percentile] 1.0 [1.0-1.0] 1.0[1.0-1.0]
Paradise (US), median [25th—75th percentile] 3.0 [2.0-3.0] 3.0[2.0-3.0]
St. Jude EnligHTN (RF), median [25th—75th percentile] 8.0 [8.0-10.3] 8.0 [8.0-9.0]
Symplicity Flex™ (RF), median [25th—75th percentile] 4.5 [4.0-5.8] 5.0 [5.0-6.0]
Symplicity Spyral™ (RF), median [25th—75th percentile] 12.0 [10.0-15.5] 9.0 [6.0-12.0]
Vessix (RF), median [25th—75th percentile] 4.0 [3.3-5.0] 4.5[0.8-8.0]

US ultrasound, RF radiofrequency, LRA Left Renal Artery, RRA Right Renal Artery

*Unilateral procedure due to anatomical difficulties on the untreated side

renal artery at one and six months showed no signs of
luminal obstruction. In one patient, hypotension occurred
in the hours after the procedure with no clinical signs of
bleeding complications. BP normalized after discontinu-
ation of all antihypertensive drugs and fluid suppletion
and the patient was discharged in a good condition after
four days. Uncomplicated renal artery stenting was per-
formed three months post-RDN in one patient who ret-
rospectively showed signs of fibromuscular disease on
the renal angiogram. One patient died six weeks post-
procedure, most likely due to a cardiac arrhythmia that
seemed unrelated to the procedure itself. One patient (74
y/old) with diabetes developed right renal atrophy five
years after the RDN procedure, which led to a decrease
in eGFR from 80 to 50 ml/min/1.73m? after which renal
function and BP remained stable. None of the procedure-
related events resulted in long-term morbidity. During a
five-year follow-up period, the most frequently observed
adverse events were stroke (38.6 per 1000 person-years),
coronary revascularization (30.9 per 1000 person-years),
and hospitalization for hypertensive emergency (19.3 per
1000 person-years; Table 3).

Estimated renal function as measured by eGFR was 65.6
(95% CI 59.2-71.9) ml/min/1.73 m? five years after RDN,
which implies a modeled annual decline of — 0.86 (95% CI
— 1.72 t0 0.00; p=0.05) ml/min/1.73 m? (Fig. 5).

Discussion

To the best of our knowledge, the present study is the first
to assess the long-term safety and efficacy of RDN as meas-
ured using 24-h ambulatory BP measurements corrected for
changes in quantitative drug burden in patients with (ther-
apy resistant) hypertension up until five years post-RDN.
We were able to demonstrate a significant and sustained
decrease in BP up until five years after correction for age,
sex, and antihypertensive drug use throughout follow-up.
With an estimated decrease of — 20.9 mmHg in ambu-
latory daytime SBP and — 27.7 mmHg in office SBP five
years after RDN, our findings support a durable BP-lowering
effect of RDN. With respect to RDN safety, there were three
major periprocedural complications, whereas one long-term
adverse event was reported. In this particular case, the exact
pathophysiological relation between newly developed renal
atrophy and the RDN procedure five years earlier remains
uncertain. The observed annual decrease in eGFR of
— 0.86 ml/min/1.73 m? most likely reflects the natural course
of renal function over time in patients with (therapy resist-
ant) hypertension. The magnitude of renal function decline
observed in our study was in line with previous observations
from a large cohort study demonstrating an annual decrease
in eGFR of -0.88 ml/min/1.73 m? in patients with a history
of hypertension [20]. Whereas our short-term findings are in
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Fig.2 Model effect plot for
changes in ambulatory daytime
a systolic and b diastolic blood
pressure over time
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line with previous work, the present data support the safety
of RDN up to 5 years post-procedure [9, 21-25].

The present study has several distinct features that
deserve to be emphasized. At first, by protocolized yearly
follow-up visits, we were able to incorporate changes in
antihypertensive drug burden over time. The latter was
acknowledged as a critical confounder in previous studies
and was not considered in the largest RDN registry to date
with available long-term follow-up data [15]. As such we
were able to conclude that the BP-lowering effect of RDN
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2 3 4
Follow-up time (years)

was durable and not linked to a potential increase in drug
burden over time.

Second, BP was monitored according to standardized
office readings along with the parallel use of standardized
24-h ambulatory BP measurement, which is still consid-
ered the gold standard for assessing efficacy in device-
based hypertension treatment. The scheduled visits with
fixed time intervals allowed for more complete follow-up
data as compared to previous literature. The largest study
to date reported a CCI of only 47.5% for ambulatory BP
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Fig.3 Model effect plot for
changes in office a systolic and

p diastolic blood pressure over 170
time
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and 58.7% for office BP at three years, while systemati-
cally higher CCIs of 85.3% for ambulatory BP and 84.3%
for office BP were observed in the current study at three
years [15]. These findings were consistent up until five
years with a CCI of 67.3% for ambulatory BP and 66.4%
for office BP. The latter strengthens the validity of the con-
clusions derived from this study, as the risk of bias related
to non-random reporting of BP outcomes reduces with an
increase in completeness of follow-up [15].

2 3 4 5
Follow-up time (years)

To account for intra-participant correlation between
repeated measurements over time, linear mixed-effects
models were used for the analyses of all BP measure-
ments, drug use, and renal function over time. Thereby,
all data on outcome measurements gathered during fol-
low-up were used in the efficacy endpoint analysis. As a
result, no follow-up data were discarded, loss of statisti-
cal power was minimized, and no multiple testing issues
arose.
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Fig.4 Model effect plot for
changes in a Defined Daily
Doses (DDD), b Antihyperten-
sive Load Index, and ¢ number
of prescribed antihypertensive
drugs over time

a. Number of prescribed DDDs

Number of prescribed Defined Daily Doses
w

2 3 4 5
Follow-up time (years)

b. Antihypertensive Load Index

Antihypertensive Load Index

2 3 4 5
Follow-up time (years)

c. Number of antihypertensive drugs

Number of antihypertensive drugs

The differences in study design and lack of data on long-
term drug burden in most previous studies hamper the
comparison of our study to previous work. Previous stud-
ies with follow-up data up to 4 years reported decreases
in ambulatory SBP ranging from — 8.0 to — 11.0 mmHg
along with decreases in office SBP varying between — 7.0
and — 32.0 mmHg, which is in line with the findings of the
present 5-year follow-up data [15, 24, 26, 27]. Moreover,
our findings were consistent with the 3-year results of the
SPYRAL HTN-ON MED pilot trial, reporting a reduction

@ Springer

2 3 4 5
Follow-up time (years)

in ambulatory daytime SBP of — 10.2 mmHg post-RDN as
compared to sham control in the absence of a between-group
difference in antihypertensive drug burden [13].

We found a consistent treatment effect over time in sev-
eral specific subgroups, including ISH and age. However,
a significant interaction between sex and BP over time was
observed, which is a finding that cannot readily be explained.
Previous RDN trials demonstrated a large heterogeneity in
the treatment effect of RDN and were not able to identify
consistent predictors of effect, including clinical parameters
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Table 3 Occurrence of adverse events

Incidence rate (cases

IM@71)  6M(71) 1Y)  2Y(®67) 3Y(55  4Y((36) 5Y(30)  Cumulative

PP (72)

Safety endpoints (patients at risk)

per 1,000 person-years)

39
39
39

38.6

Major vascular complication

Post-procedural hypotension

Renal atrophy

Stroke

10

154

Myocardial infarction

30.9

Coronary revascularization

19.3

0

1

Hospitalization for hypertensive emergency

7.7

Newly acquired renal artery stenosis and/or

repeat renal artery intervention

7.7
11.6

11.6

Renal failure

All-cause mortality

Cardiovascular mortality

PP periprocedural, M months, Y years. Total number of observed person-years =259

as well as biomarkers, such as plasma renin activity [8, 9, 11,
23, 28-30]. Future and larger studies are needed to confirm
the robustness of these our post hoc findings with respect to
sex and identify other predictors of response.

Finally, in the present study, RDN was performed with
six different devices, each with their inherent characteristics
regarding number of ablations, lesion application location
(either proximal or distal), and type of energy delivered (US,
monopolar RF energy, bipolar RF energy). Thus far, stud-
ies assessing the efficacy of different RDN technologies all
showed comparable effect sizes and responder rates [11, 23,
28, 31]. While not being designed to compare individual
devices, the present study showed no difference between
any of the different technologies. Furthermore, most patients
included in the present study were treated before the pres-
entation of the results of the SPYRAL HTN-ON MED and
HTN-OFF MED trials in which treatment focus shifted
toward a more distal renal artery bed. The sample size of the
present study precludes any statements on potential superior-
ity of different treatment strategies or devices.

Limitations

This study has several limitations. First, this was a registry-
based single-center study without a control or sham compar-
ator arm. Therefore, our results rather reflect the real-world
use of RDN, performed with different devices, as proposed
over the years by RDN working group consensus statements
[32, 33]. Inherent to its design, our study included a less
clearly defined and more heterogeneous hypertensive patient
population. However, the lack of heterogeneity of the treat-
ment effect in all studies thus far among different types of
patients might mitigate this potential limitation. Second,
our sample size precluded any statements on rare adverse
events. Third, information on technical success of RDN was
not available due to the absence of periprocedural markers
for success. Furthermore, a small proportion of the patients
in our study had a unilateral procedure due to anatomical
difficulties (Table 2). Finally, the current study lacked drug
adherence testing.

Conclusion

RDN significantly reduced BP up to at least five years post-
procedure in the absence of an intensification of antihyper-
tensive drug regimen. Moreover, RDN appeared safe with no
major procedure-related late adverse events. Considering the
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Fig.5 Model effect plot for

changes in renal function (esti-

mated glomerular filtration rate; 90
eGFR) over time
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results of this study RDN is a promising adjunctive therapy
for patients with (therapy resistant) hypertension.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00392-022-02056-5.

Declarations

Conflict of interest V.Z. received institutional grant/research support
from ReCor Medical. J.D. received institutional grant/research support
from Astra Zeneca, Abbott Vascular, Boston Scientific, ACIST Medi-

@ Springer

2 3 4 5
Follow-up time (years)

cal, Medtronic, Microport, Pie Medical, and ReCor medical. N.V.M.
received institutional research grants from Abbott Vascular, Boston
Scientific, Medtronic, Edwards Lifesciences, PulseCath BV, Abiomed,
and Daiichi Sankyo. All other authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated


https://doi.org/10.1007/s00392-022-02056-5

Clinical Research in Cardiology (2022) 111:1256-1268

1267

otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

13.

Mills KT, Bundy JD, Kelly TN, Reed JE, Kearney PM, Reynolds
K et al (2016) Global disparities of hypertension prevalence and
control: a systematic analysis of population-based studies from 90
countries. Circulation 134(6):441-450

Chow CK, Teo KK, Rangarajan S, Islam S, Gupta R, Avezum
A et al (2013) Prevalence, awareness, treatment, and control of
hypertension in rural and urban communities in high-, middle-,
and low-income countries. JAMA 310(9):959-968
Rapsomaniki E, Timmis A, George J, Pujades-Rodriguez M,
Shah AD, Denaxas S et al (2014) Blood pressure and incidence
of twelve cardiovascular diseases: lifetime risks, healthy life-years
lost, and age-specific associations in 1.25 million people. Lancet
383(9932):1899-1911

Banegas JR, Lopez-Garcia E, Dallongeville J, Guallar E, Hal-
cox JP, Borghi C et al (2011) Achievement of treatment goals for
primary prevention of cardiovascular disease in clinical practice
across Europe: the EURIKA study. Eur Heart J 32(17):2143-2152
Nguyen Q, Dominguez J, Nguyen L, Gullapalli N (2010) Hyper-
tension management: an update. Am Health Drug Benefits
3(1):47-56

Williams B, Mancia G, Spiering W, Agabiti Rosei E, Azizi M,
Burnier M et al (2018) 2018 ESC/ESH Guidelines for the man-
agement of arterial hypertension. Eur Heart J 39(33):3021-3104
Zeijen VIM, Lafeber M, Versmissen J, Kroon AA, Boersma E,
Daemen J (2022) Adequacy of blood pressure control in high-
risk hypertensive patients: the DEGREE study. Int J Cardiol
352:137-143

Azizi M, Schmieder RE, Mahfoud F, Weber MA, Daemen J,
Davies J et al (2018) Endovascular ultrasound renal denervation
to treat hypertension (RADIANCE-HTN SOLO): a multicentre,
international, single-blind, randomised, sham-controlled trial.
Lancet 391(10137):2335-2345

Azizi M, Sanghvi K, Saxena M, Gosse P, Reilly JP, Levy T et al
(2021) Ultrasound renal denervation for hypertension resistant
to a triple medication pill (RADIANCE-HTN TRIO): a ran-
domised, multicentre, single-blind, sham-controlled trial. Lancet
397(10293):2476-2486

Azizi M, Sapoval M, Gosse P, Monge M, Bobrie G, Delsart P et al
(2015) Optimum and stepped care standardised antihypertensive
treatment with or without renal denervation for resistant hyper-
tension (DENERHTN): a multicentre, open-label, randomised
controlled trial. Lancet 385(9981):1957-1965

Kandzari DE, Bohm M, Mahfoud F, Townsend RR, Weber MA,
Pocock S et al (2018) Effect of renal denervation on blood pres-
sure in the presence of antihypertensive drugs: 6-month efficacy
and safety results from the SPYRAL HTN-ON MED proof-of-
concept randomised trial. Lancet 391(10137):2346-2355

. Bohm M, Kario K, Kandzari DE, Mahfoud F, Weber MA,

Schmieder RE et al (2020) Efficacy of catheter-based renal den-
ervation in the absence of antihypertensive medications (SPYRAL
HTN-OFF MED Pivotal): a multicentre, randomised, sham-con-
trolled trial. Lancet 395(10234):1444-1451

Mahfoud F, Kandzari DE, Kario K, Townsend RR, Weber MA,
Schmieder RE et al (2022) Long-term efficacy and safety of renal
denervation in the presence of antihypertensive drugs (SPYRAL

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

HTN-ON MED): a randomised, sham-controlled trial. Lancet
399(10333):1401-1410

Singh RR, McArdle ZM, Tudica M, Easton LK, Booth LC, May
CN et al (2019) Sustained decrease in blood pressure and reduced
anatomical and functional reinnervation of renal nerves in hyper-
tensive sheep 30 months after catheter-based renal denervation.
Hypertension 73(3):718-727

Mahfoud F, Bohm M, Schmieder R, Narkiewicz K, Ewen S,
Ruilope L et al (2019) Effects of renal denervation on kidney func-
tion and long-term outcomes: 3-year follow-up from the Global
SYMPLICITY Registry. Eur Heart J 40(42):3474-3482

. WHO Collaborating Centre for Drug Statistics Methodology.

DDD - Definition and general considerations: WHO Collabo-
rating Centre for Drug Statistics Methodology; 2018 updated
2018/07/02. https://www.whocc.no/ddd/definition_and_gener
al_considera/

Wan SH, Hart M, Hajjar I (2009) A novel measurement index
for antihypertensive medication burden and its use. Hypertension
54(5):e135-e136

Clinical Guidelines on the Identification (1998) Evaluation, and
treatment of overweight and obesity in adults-the evidence report.
Natl Inst Health Obes Res 6(Suppl 2):51S-209S

Clark TG, Altman DG, De Stavola BL (2002) Quantification of
the completeness of follow-up. Lancet 359(9314):1309-1310
van der Burgh AC, Rizopoulos D, Ikram MA, Hoorn EJ, Chaker
L (2021) Determinants of the evolution of kidney function with
age. Kidney Int Rep 6(12):3054-3063

Daemen J, Mahfoud F, Kuck KH, Andersson B, Bohm M, Graf T
et al (2019) Safety and efficacy of endovascular ultrasound renal
denervation in resistant hypertension: 12-month results from the
ACHIEVE study. J Hypertens 37(9):1906-1912

Krum H, Schlaich M, Whitbourn R, Sobotka PA, Sadowski J,
Bartus K et al (2009) Catheter-based renal sympathetic denerva-
tion for resistant hypertension: a multicentre safety and proof-of-
principle cohort study. Lancet 373(9671):1275-1281

Azizi M, Schmieder RE, Mahfoud F, Weber MA, Daemen J, Lobo
MD et al (2019) Six-month results of treatment-blinded medica-
tion titration for hypertension control after randomization to endo-
vascular ultrasound renal denervation or a sham procedure in the
RADIANCE-HTN SOLO trial. Circulation 139(22):2542-2553
Krum H, Schlaich MP, Sobotka PA, Bohm M, Mahfoud F, Rocha-
Singh K et al (2014) Percutaneous renal denervation in patients
with treatment-resistant hypertension: final 3-year report of the
Symplicity HTN-1 study. Lancet 383(9917):622-629

Sanders MF, Reitsma JB, Morpey M, Gremmels H, Bots ML,
Pisano A et al (2017) Renal safety of catheter-based renal dener-
vation: systematic review and meta-analysis. Nephrol Dial Transpl
32(9):1440-1447

Mahfoud F, Mancia G, Schmieder R, Narkiewicz K, Ruilope L,
Schlaich M et al (2020) Renal denervation in high-risk patients
with hypertension. ] Am Coll Cardiol 75(23):2879-2888
Juknevicius V, Berukstis A, Jukneviciene R, Jasiunas E, Serpytis
P, Laucevicius A. Long-term effects of renal artery denervation.
Medicina (Kaunas). 2021;57(7).

Mahfoud F, Renkin J, Sievert H, Bertog S, Ewen S, Bohm M et al
(2020) Alcohol-mediated renal denervation using the peregrine
system infusion catheter for treatment of hypertension. JACC Car-
diovasc Interv 13(4):471-484

Mahfoud F, Townsend RR, Kandzari DE, Kario K, Schmieder
RE, Tsioufis K et al (2021) Changes in plasma renin activity
after renal artery sympathetic denervation. J] Am Coll Cardiol
77(23):2909-2919

Fisher NDL, Kirtane AJ, Daemen J, Rader F, Lobo MD, Saxena M
et al (2022) Plasma renin and aldosterone concentrations related
to endovascular ultrasound renal denervation in the RADIANCE-
HTN SOLO trial. J Hypertens 40(2):221-228

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://www.whocc.no/ddd/definition_and_general_considera/
https://www.whocc.no/ddd/definition_and_general_considera/

1268

Clinical Research in Cardiology (2022) 111:1256-1268

31. AlRaisi SI, Pouliopoulos J, Swinnen J, Thiagalingam A, Kovoor
P (2020) Renal artery denervation in resistant hypertension: the
good, the bad and the future. Heart Lung Circ 29(1):94-101

32. Schmieder RE, Mahfoud F, Mancia G, Azizi M, Bohm M, Dimi-
triadis K et al (2021) European society of hypertension position
paper on renal denervation 2021. J Hypertens 39(9):1733-1741

Authors and Affiliations

Victor J. M. Zeijen'® . Lida Feyz' ® - Rajiv Nannan Panday

Nicolas M. Van Mieghem'® . Joost Daemen’

>4 Joost Daemen
j-daemen @erasmusmc.nl

Department of Cardiology, Erasmus University Medical

Center, Room Rg-628, P.O. Box 2040, 3000 CA Rotterdam,
The Netherlands

@ Springer

33. Verloop WL, Agema WR, Allaart CP, Blankestijn PJ, Khan M,
Meuwissen M et al (2014) Renal denervation for the treatment of
hypertension: the Dutch consensus. Neth ] Med 72(9):449-454

- Kevin Veen?® . Jorie Versmissen3® . Isabella Kardys'

Department of Cardiothoracic Surgery, Erasmus University
Medical Center, Rotterdam, The Netherlands

Department of Internal Medicine, Erasmus University
Medical Center, Rotterdam, The Netherlands


http://orcid.org/0000-0003-0029-4064
http://orcid.org/0000-0001-9081-5518
http://orcid.org/0000-0003-2806-8384
http://orcid.org/0000-0003-0674-7765
http://orcid.org/0000-0002-2115-9745
http://orcid.org/0000-0002-2732-1205
http://orcid.org/0000-0001-8628-1410

	Long-term follow-up of patients undergoing renal sympathetic denervation
	Abstract
	Objectives 
	Methods 
	Results 
	Conclusions 
	Graphical abstract

	Introduction
	Methods
	Study design and population
	Procedure and follow-up
	Endpoints
	Statistical analysis

	Results
	Study population
	Procedural characteristics
	Efficacy outcomes
	Use of antihypertensive medication
	Safety outcomes

	Discussion
	Limitations
	Conclusion

	References




