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Abstract

Objectives To investigate, whether renal denervation

(RDN) has a direct effect on cardiac sympathetic activity

and innervation density.

Background RDN demonstrated its efficacy not only in

reducing blood pressure (BP) in certain patients, but also in

decreasing cardiac hypertrophy and arrhythmias. These

pleiotropic effects occur partly independent from the

observed BP reduction.

Methods Eleven patients with resistant hypertension

(mean office systolic BP 180 ± 18 mmHg, mean antihy-

pertensive medications 6.0 ± 1.5) underwent I-123-mIBG

scintigraphy to exclude pheochromocytoma. We measured

cardiac sympathetic innervation and activity before and

9 months after RDN. Cardiac sympathetic innervation was

assessed by heart to mediastinum ratio (H/M) and sympa-

thetic activity by wash out ratio (WOR). Effects on office

BP, 24 h ambulatory BP monitoring, were documented.

Results Office systolic BP and mean ambulatory systolic

BP were significantly reduced from 180 to 141 mmHg

(p = 0.006) and from 149 to 129 mmHg (p = 0.014),

respectively. Cardiac innervation remained unchanged

before and after RDN (H/M 2.5 ± 0.5 versus 2.6 ± 0.4,

p = 0.285). Cardiac sympathetic activity was significantly

reduced by 67 % (WOR decreased from 24.1 ± 12.7 to

7.9 ± 25.3 %, p = 0.047). Both, responders and non-re-

sponders experienced a reduction of cardiac sympathetic

activity.

Conclusion RDN significantly reduced cardiac sympa-

thetic activity thereby demonstrating a direct effect on the

heart. These changes occurred independently from BP

effects and provide a pathophysiological basis for studies,

investigating the potential effect of RDN on arrhythmias

and heart failure.

Keywords Renal denervation � Resistant hypertension �
MIBG � Heart failure � Arrhythmias

Introduction

Efferent fibers from the brain to the kidneys increase renin

release, sodium tubular reabsorption, water retention, and

renal vascular resistance in response to chemical or

mechanical stimuli, thereby contributing to the develop-

ment and maintenance of hypertension [1]. Renal afferent

fibers regulate the kidney-brain feedback creating a self-

maintaining sympathetic activation loop, which contributes

to the development and maintenance of resistant hyper-

tension and end organ damage [2]. Recent studies and

registries demonstrated that the interruption of this path-

way by renal denervation (RDN) is effective to treat

resistant hypertension in some, but not all patients [3–5].
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Further, RDN appears to have not only BP lowering

effects, but also effects on other organs. In fact, RDN

showed positive cardiac remodeling effects in terms of LV

mass reduction and diastolic function improvement in

severe hypertension [6, 7] and exhibited beneficial effects

on atrial remodeling [8]. Interestingly, these changes were

independent from BP lowering effects. Moreover, it has

been reported that RDN prevents arrhythmic events in

electric storm [9] and ventricular arrhythmias [10]. To date,

evidence suggests that RDN reduces peripheral sympa-

thetic activity measured by muscle sympathetic nerve

activity (MSNA) [11] and renal norepinephrine (NE)

spillover [12]. However, clinical evidence investigating

changes in cardiac sympathetic activity following RDN are

lacking. We used I-123-metaiodobenzylguanidine (MIBG),

a radiopharmaceutical sharing the uptake into sympathetic

nerve with NE, to investigate if RDN has effects on cardiac

sympathetic innervation and activity. Like NE, MIBG is

stored in vesicles in the presynaptic ends but it does not

interact with the post-synaptic alpha- and beta receptors

permitting the measurement of cardiac sympathetic activity

without affecting sympathetic function and activation [13].

Analysis of cardiac MIBG images consists of quantitative

analysis of global uptake (heart-to-mediastinum ratio,

H/M) and the difference in tracer uptake/retention between

early and late images (washout ratio, WOR). Recently, low

H/M and/or high WOR have been associated with

increased risk of worsening NYHA class, life-threatening

arrhythmias and cardiac death in patients with heart failure

(HF) [13].

Methods

Patients

Eleven patients with resistant hypertension underwent

MIBG imaging to exclude pheochromocytoma and NE

depletion after RDN. Eligible patients for RDN had an

office systolic BP of C160 mmHg (C150 mmHg for type 2

diabetics) and a 24 h systolic BP measured by ambulatory

BP monitoring (ABPM) C130 mmHg despite antihyper-

tensive treatment with C3 antihypertensive drugs at opti-

mal doses (including a diuretic) with no changes in

medication for at least 2 weeks before enrolment. Patients

and physicians were instructed not to change antihyper-

tensive medication during the study period, except when

medically required. Inclusion criteria were age C18 years,

glomerular filtration rate of C45 mL/min/1.73 m2. Eligible

renal artery anatomy was length[20 mm and diame-

ter[4 mm without stenosis or prior intervention (including

balloon angioplasty or stenting). Exclusion criteria were

secondary forms of hypertension or pseudo-hypertension,

pregnancy, type 1 diabetes mellitus, myocardial infarction,

unstable angina pectoris, cerebrovascular event within the

last 6 months or hemodynamically significant valvular

heart disease. Follow-up examinations were performed at

6 months. The analyses were approved by the local ethic

committee in accordance with the Declaration of Helsinki.

Renal artery denervation procedure

Bilateral RDN using the Symplicity Flex catheter (Med-

tronic/Ardian USA) were performed as described else-

where [3, 14]. All RDN procedures were performed by

experienced operators (i.e.,[15 RDN procedures/

interventionist).

MIBG scintigraphy

All patients underwent MIBG scintigraphy at baseline and

after a mean follow-up of 9 months. MIBG was per-

formed to exclude pheochromocytoma at baseline and as

a safety measure at follow-up. Following thyroid gland

blocking with potassium perchlorate, intravenous injection

of I-123-MIBG (GE Healthcare Buchler, Braunschweig,

Germany) with a specific activity of 259 to 370 MBq/mg

was given. The injected activity of MIBG ranged from

180 to 250 MBq. Planar whole body images in anterior

and posterior views were obtained 15 min (early) and 4 h

(delayed) after injection using a dual-head large-field

camera (Multispect 2, Siemens, or Millenium Hawkeye,

GE Healthcare) equipped with low energy high-resolution

parallel-hole collimators. MIBG uptake of myocardium

and mediastinum was quantified after drawing of a rect-

angular region of interest over the upper mediastinum and

an irregularly configured region outlining the LV myo-

cardium. Then, the H/M was calculated, which was

defined as the average counts per pixel in the myocardium

divided by that of the upper mediastinum. After correct-

ing for the physical decay of 123I-MIBG, early and

delayed H/M values were then used to compute the

myocardial washout rate of MIBG as previously reported

[15]. Myocardial rest perfusion imaging was performed

with 99mTc-Sestamibi (MIBI, Cardiolite�, Bristol Myers

Squibb, 500 MBq) or 99mTc-Tetrofosmin (Myoview�, GE

Healthcare Buchler, 500 MBq) and SPECT. This perfu-

sion imaging was used to exclude a myocardial hypop-

erfusion that may influence MIBG imaging adversely.

Two operators blinded from patients’ baseline character-

istics and from the effects of RDN during follow-up

performed image analyses. Patients underwent imaging

acquisition after taking their usual medication as recom-

mended by the EANM Cardiovascular Committee and the

European Council of Nuclear Cardiology. Acquisitions

were all performed in the morning hours.
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Office and 24 h ambulatory BP monitoring

Office BP measurements were performed in supine position

after at least 5 min of rest with an automatic oscillometric

monitor (Omron HEM-705 monitor; Omron Healthcare,

Vernon Hills, Illinois), as indicated in recent guidelines.

Baseline measurements are available for the whole popu-

lation. All patients underwent baseline 24 h ambulatory

blood pressure monitoring (ABPM) with an automatic

portable device (Mobil-O-Graph, Medispec Deutschland

GmbH, Krefeld, Germany) with readings taken every

15 min in daytime (7 am–10 pm) and every 30 min at

nighttime (10 pm–7 am). Patients should perform their

usual diurnal activities and sleep routine.

Statistical analysis

Data are presented as mean ± standard deviation (SD) or

numbers (percentage) unless otherwise specified. Variables

were checked for normal distribution. Correlation analyses

were performed using the Spearmańs rank correlation. Pre-

post comparisons were performed with the Student’s T test

or the Wilcoxon rank sum test as appropriated. A

p value\0.05 was considered significant. Statistical anal-

yses were calculated using the SPSS statistical software

(version 20.0, SPSS, Inc, Chicago, IL).

Results

Baseline characteristics

Eleven patients (five women and six men) with a mean age

of 66.3 ± 5.7 years were investigated. Mean BMI was

32.2 ± 5.8 kg/m2, 45 % of the patients were diabetics.

Despite a mean antihypertensive medication of 6.0 ± 1.5

drugs, mean office systolic BP was 179.6 ± 17.6 mmHg

and mean systolic ABP was 149.3 ± 17.1 mmHg. All

patients were treated with diuretics, 91 % received ACE

inhibitors or angiotensin receptor blockers, 91 % beta

blockers, 82 % calcium channel blockers (CCBs) and 64 %

sympatholytics. Only one patient was on permanent AF.

Table 1 depicts the baseline characteristics of the study

population.

None of the patients experienced any acute or follow-up

procedure related complication. Procedural characteristics

are reported in Table 2. An average of 10.5 ± 3.1 com-

plete 120 s ablation treatments was delivered in each

patient. In detail, 4.7 ± 1.7 complete radiofrequency

applications in the right and 5.8 ± 2.1 in the left renal

artery were performed. One patient was not treated as

mandated and underwent single sided left RDN due to

impossible engagement of the dedicated ablation catheter

into the right renal artery. Serum creatinine and glomerular

filtration rate (calculated with the MDRD formula)

remained unchanged after RDN (1.1 ± 0.2 to

1.1 ± 0.3 mg/dl, p = 0.482; 62.7 ± 12.3 to

59.2 ± 14.5 ml/min/1.73 m2, p = 0.489, respectively).

Medication adherence was not chemically assessed.

According to visit questionnaire, five patients modified

their anti-hypertensive treatment during the follow-up. In

particular, three patients needed medication reduction; one

patient underwent therapy changes and one patient

increased drug regimen.

Table 1 Baseline characteristics of the population

Age, years 66.3 ± 5.7

Male (%) 55

BMI, kg/m2 32.2 ± 5.8

Office SBP, mmHg 179.6 ± 17.6

Office DBP, mmHg 96.7 ± 13.7

Ambulatory 24 h SBP, mmHg 149.3 ± 17.1

Ambulatory 24 h DBP, mmHg 85.0 ± 12.8

Type 2 diabetes mellitus (%) 5 (45 %)

Hypercholesterolemia (%) 7 (64 %)

Serum creatinine, mg/dl 1.06 ± 0.22

MDRD GFR, ml/min/1.73 m2 62.7 ± 12.3

No. of antihypertensive drugs 6.0 ± 1.5

Patients receiving drug classes

ACE inhibitors/ARBs 10 (91 %)

Renin inhibitors 4 (36 %)

Beta-blockers 10 (91 %)

Calcium channel blockers 9 (82 %)

Diuretics 11 (100 %)

Sympatholytics 7 (64 %)

Mineralocorticoid receptor antagonists 3 (27 %)

Alpha-blockers 4 (36 %)

Vasodilators 5 (45 %)

MIBG

H/M late 2.52 ± 0.47

WOR, % 24.1 ± 12.7

ACE angiotensin converting enzyme, ARB angiotensin receptor

blocker, BMI body mass index, DBP diastolic blood pressure, GFR

glomerular filtration rate, H/M heart to mediastinum ratio, MIBG 123I-

metaiodobenzylguanidine scintigraphy,MDRD modification of diet in

renal disease, SBP systolic blood pressure, WOR wash out ratio

Table 2 Procedural characteristics of renal denervation

Total procedure time, min 86.1 ± 30.0

Volume of contrast used, ml 123.6 ± 58.2

Total number of 120 s ablations 10.5 ± 3.1

Number of right renal artery ablations 4.7 ± 1.7

Number of left renal artery ablations 5.8 ± 2.1
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MIBG scintigraphy

Cardiac innervation measured by delayed H/M remained

unchanged during follow-up (2.52 ± 0.47 versus

2.61 ± 0.44, p = 0.285). However, RDN significantly

reduced cardiac sympathetic activity by 67 % (WOR from

24.1 ± 12.7 % to 7.9 ± 25.3 %, mean reduction

-16.2 ± 23.7 %, p = 0.047). Results are depicted in

Fig. 1 and Table 3. There was no correlation between the

alterations in I-123-metaiodobenzylguanidine-uptake

(WOR), as a measure of cardiac sympathetic activity, and

baseline characteristics (office systolic BP r = -0.191,

p = 0.574; systolic ABP r = -0.256, p = 0.448). There

were also no correlations between WOR changes and BP

changes (office systolic BP r = -0.364, p = 0.272, sys-

tolic ABPM r = -0.346, p = 0.297). Both, responders

(i.e., office systolic BP reduction C10 mmHg at 6 months)

and non-responders experienced cardiac sympathetic

activity reduction after RDN (-16.7 ± 26.4 versus

-13.9 ± 3.4 %, for responders and non-responders,

respectively).

Office BP and ABPM

Nine patients (82 %) were responders to RDN, defined as a

reduction in office BP C10 mmHg at 6 month follow-up.

Mean office systolic BP was reduced by

38.9 ± 30.0 mmHg (from 179.7 ± 17.6 to

140.7 ± 28.7 mmHg, p = 0.006), office diastolic BP was

reduced from 96.7 ± 13.7 to 77.9 ± 12.4 mmHg

(-18.8 ± 10.8 mmHg, p = 0.001), respectively. Systolic

ABP decreased after RDN by 20.5 ± 22.8 mmHg (from

149.3 ± 17.1 to 128.7 ± 15.4 mmHg, p = 0.014), and

also diastolic ABP significantly reduced from 85.0 ± 12.8

to 71.4 ± 8.2 mmHg (-13.6 ± 13.9 mmHg, p = 0.005),

respectively.

Discussion

Cardiac sympathetic activity reduction after RDN

To the best of our knowledge, we report for the first time

direct effects of catheter-based RDN on cardiac sympa-

thetic activity measured by MIBG scintigraphy. Herein,

RDN significantly reduced WOR by 67 % (p = 0.047) in

11 resistant hypertensive patients without affecting cardiac

innervation (delayed H/M remained unchanged,

p = 0.285). The patient who underwent single sided RDN

experienced little reduction of WOR (from 20 to 18 %).

The effect of RDN on renal sympathetic efferent activity

was previously described by Krum et al. [12]. Authors

reported a 47 % reduction of renal NE spillover after RDN.

Afferent sympathetic nerves from the kidneys to the central

nervous system perpetuate the feedback, ultimately leading

to sympathetic over-activation. Central sympathetic out-

flow modulation measured by MSNA has been shown to

significantly decrease 3, 6 and 12 months after RDN [11].

However, it has been shown that sympathetic activity

obtained from MSNA is inconsistently related with cardiac

sympathetic activity [16]. We found a normal cardiac

MIBG uptake in our patient population, with a higher

degree of sympathetic activity at baseline (normal values

for MIBG are 2.2 ± 0.3 for delayed H/M and 10 ± 9 %

Fig. 1 Renal denervation reduces cardiac sympathetic activity without affecting cardiac innervation. Wash out ratio (WOR) and delayed heart to

mediastinum ratio (H/M) at baseline and their modification after renal denervation
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for WOR [17] ). This is in contrast with previous published

studies in patients with essential hypertension, in whom

H/M was reduced and WOR was increased [18, 19]. It has

to be highlighted that, unlike essential hypertensives, our

patients were treated with 6.0 ± 1.5 antihypertensive drugs

on average, including beta blockers, ACE inhibitors, and

mineralocorticoid receptor antagonists, which could have

influenced H/M and WOR [18]. WOR has to be considered

more closely associated with sympathetic activity than

MIBG uptake, because it is independent of the number of

neurons available, in contrast to H/M [20]. Importantly,

MIBG was performed as a safety measure, since reduced

H/M is associated with higher mortality in comorbidities

such as HF [21] and the effect of RDN on cardiac sym-

pathetic innervation were unknown. Herein, there was no

deficit of sympathetic innervation following RDN, which

adds important information to the safety profile of the

approach.

Cardiac sympathetic activity and HF

HF patients are characterized by increased activation of

the sympathetic nervous system. This adversely impacts

cardiac structure and function and increases mortality

risk [22]. In the recent ADMIRE-HF trial, delayed H/M

was a predictor of cardiac and all cause death indepen-

dent of other clinical and imaging parameters, including

age, NYHA functional class, LVEF, and brain natriuretic

peptide [21]. In particular, patients with delayed

H/M\1.6 were at higher risk. In line, HF patients with a

WOR C27 % showed a significantly higher mortality,

morbidity and risk of sudden cardiac death than those

with WOR\27 % [23, 24]. There is clinical evidence

that reduction of cardiac sympathetic activity with beta-

blockers positively affects HF progression [25]. Recently,

the safety and efficacy of RDN has been tested in a very

small group of HF patients. In 7 normotensive patients

with reduced LV systolic function Davies et al. observed

no hospital readmissions for HF symptoms during the

6-month follow-up and improvements in 6-min walking

distance [26]. Taborsky et al. reported the effects of

RDN in 51 patients with severe HF (mean LV-EF

25 ± 12 % and most NYHA class III/IV). Patients

undergoing RDN experienced a significant improvement

in systolic function and in NT-proBNP compared to the

medical treated group [27]. In the current analyses, we

report a significant WOR reduction in hypertensive

patients after RDN. If the results can be reproduced in

HF patients, this could provide the pathophysiological

rationale for sympatho-modulation by RDN in patients

with HF.

Cardiac sympathetic activity and arrhythmic

recurrences

The significant WOR reduction after RDN could also help

to explain previous positive effects of RDN in reducing

arrhythmic recurrences. In fact, there is evidence that

inappropriate and excessive activation of the sympathetic

nervous system has further deleterious effects on the heart,

as it may trigger ventricular and atrial arrhythmias [28, 29].

Pokushalov et al. tested in 27 patients the hypothesis that

BP lowering, together with sympathetic modulation by

RDN, could prevent AF recurrences after pulmonary vein

ablation (PVI) [30]. They documented a consistent reduc-

tion in AF recurrence in patients treated with PVI com-

bined with RDN when compared to patients treated with

PVI alone [30]. The exact mechanisms are unknown but

several factors may account for the beneficial effects of

RDN: (i) the combination of local cardiac and whole body

sympathetic activity reduction, which may inhibit the

systemic and local cardiac renin angiotensin aldosterone

system activity, reduces negative atrial anatomic and

electric remodeling, (ii) the effective reduction in sympa-

thetic activity inhibits the triggers in certain AF patients,

and (iii) a direct effect on atrial remodeling [8]. Our data

support for the first time two out of three effects and could

explain, at least in part, the pathophysiological action of

RDN on atrial arrhythmias. Only one patient in our popu-

lation was on permanent AF. RDN reduced his WOR from

Table 3 Effects of renal

denervation on I-123-

metaiodobenzylguanidine

scintigraphy and hemodynamic

parameters

Baseline Follow-up Delta P value

MIBG

H/M late 2.52 ± 0.47 2.61 ± 0.44 0.09 ± 0.27 0.285

WOR, % 24.1 ± 12.7 7.9 ± 25.3 -16.2 ± 23.7 0.047

Hemodynamics

Office SBP, mmHg 179.7 ± 17.6 140.7 ± 28.7 -38.9 ± 30.0 0.006

Office DBP, mmHg 96.7 ± 13.7 77.9 ± 12.4 -18.8 ± 10.8 0.001

Ambulatory 24 h SBP, mmHg 149.3 ± 17.1 128.7 ± 15.4 -20.5 ± 22.8 0.014

Ambulatory 24 h DBP, mmHg 85.0 ± 12.8 71.4 ± 8.2 -13.6 ± 13.9 0.005

DBP diastolic blood pressure, H/M heart to mediastinum ratio, MIBG 123I-metaiodobenzylguanidine

scintigraphy, SBP systolic blood pressure, WOR wash out ratio

368 Clin Res Cardiol (2016) 105:364–371
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26 to 16 %. In a study on 88 patients Arimoto et al. [31]

demonstrated that WOR is a multivariate predictor of AF

recurrence (hazard ratio: 1.6, 95 % confidence interval:

1.004–1.125, p = 0.037) after AF ablation. This makes

attractive the possibility to prevent AF recurrences reduc-

ing WOR by RDN [32]. The results from larger ongoing

studies are needed to confirm the positive results of RDN in

AF patients.

Cardiac sympathetic activity reduction has also been

demonstrated to be effective in the treatment of life-threat-

ening ventricular arrhythmic episodes. Arrhythmia recur-

rences in long-QT syndrome and in patients with

catecholaminergic polymorphic ventricular tachycardia were

reduced after surgical left cardiac sympathetic denervation

[33]. Moreover, cardiac sympathetic nerve firing reduction

during high thoracic epidural anesthesia was associated with

a subsequent decrease in arrhythmia burden in patients with

refractory electrical storm [34]. Interestingly, Ukena et al.

[9] reported the first-in-man experience with RDN in two

patients in therapy-resistant electrical storm. RDN resulted

in an arrhythmia-free period of[6 months. These observa-

tions were also confirmed by others [10, 35, 36]. Hitherto,

only indirect evidence of cardiac sympathetic activity after

RDN has been reported. We report a significant WOR

reduction (without cardiac de-innervation) after RDN, which

could be the possible pathophysiological explanation of

previous RDN results and is of interest for the potential

application of RDN as additional treatment for certain

ventricular arrhythmias [37, 38].

Interestingly, we found no correlation between BP fall

and cardiac sympathetic activity reduction. Likewise, pre-

vious RDN studies in hypertensive patients showed that LV

remodeling assessed with CMR [7] and echocardiography

[6], as well as HR reduction [39] were independent from

BP reduction. Mechanistically, cardiovascular phenotype

of high sympathetic innervation is not always BP depen-

dent; therefore RDN effects on heart are independent from

BP effects. This is evident for ventricular arrhythmias,

severe HF and certain AF subtypes, which are all condi-

tions characterized by high sympathetic cardiac activity,

but only rarely by high BP. Two studies were recently

performed in normotensive animals to investigate the

effects of RDN on arrhythmias [40, 41]. In one study [40],

RDN reduced atrial sympathetic nerve sprouting, structural

alterations and AF complexity in goats with persistent AF

independently from BP changes. Transcardiac and renal

NE were significantly lower in RDN goats as compared to

the sham group at follow-up. In the other study [41], RDN

reduced ventricular rate during AF episodes, which were

also shorter after RDN compared with sham. Once more,

BP was not modified. As further evidence, seven nor-

motensive patients, who underwent RDN for severe HF

improved their functional status without experiencing BP

reduction [26]. Further studies are needed to better inves-

tigate these findings.

Limitations

Our analyses may have some limitations. First, the number

of patients who underwent MIBG before and after RDN is

small, thereby limiting statistical power. However, the

observed BP reductions in our population (both in office

and ABPM) is in line and superimposable to that of pre-

vious larger studies. Second, the use of beta blockers,

CCBs and RAAS blockers could have influenced the

results. However, medical therapy was not significantly

changed during the follow-up period so that the same drug

interference was present before and after RDN. Third, we

did not provide a control group and the present analysis

was a retrospective evaluation of clinically driven exami-

nations. The results and implications are therefore

hypothesis generating. Data from a control group (both BP

and MIBG data) as well as data from a sham group in a

controlled study are important to clarify the effectiveness

of RDN in reducing WOR.

Conclusions

This study is the first to report a reduction of cardiac

sympathetic activity in the presence of unchanged sympa-

thetic innervation. In our population of 11 resistant

hypertensive patients, RDN significantly reduced cardiac

sympathetic activity by 67 % partly independent from BP

lowering effects, while it did not reduce delayed H/M as a

measure of sympathetic innervation. These results may

help to explain previous findings of positive cardiac

remodeling and beneficial effects on arrhythmia recurrence

after RDN. Moreover, cardiac sympathetic reduction could

be helpful in HF patients. Future studies are urgently

needed to assess the potential of RDN in treating arrhyth-

mias and HF.
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