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Despite remarkable improvements in the management of heart failure (HF), HF remains one of the most rapidly growing cardiovascular
condition resulting in a substantial burden on healthcare systems worldwide. In clinical practice, however, a relevant proportion of patients
are treated with suboptimal combinations and doses lower than those recommended in the current guidelines. Against this background,
it remains important to identify new targets and investigate additional therapeutic options to alleviate symptoms and potentially improve
prognosis in HF. Therefore, non-pharmacological interventions targeting autonomic imbalance in HF have been evaluated. This paper aims
to review the physiology, available clinical data, and potential therapeutic role of device-based neuromodulation in HF.
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Introduction
Despite remarkable improvements in the management of heart fail-
ure (HF), HF remains one of the most rapidly growing cardiovascu-
lar (CV) conditions resulting in a substantial burden on healthcare
systems worldwide.1,2 In addition, HF is associated with high mor-
tality, which is 6–7% per year in patients with stable HF and approx-
imately 25% per year in patients with acute HF.2 Guideline-directed
medical therapy (GDMT) remains the cornerstone to improve
outcomes in patients with HF and reduced ejection fraction
(HFrEF).3 In clinical practice, however, a relevant proportion of
patients are treated with suboptimal combinations and doses
lower than those recommended in the current guidelines, which
is often due to concerns about adverse effects, fear of intolera-
bility, and non-adherence to medication.4–6 In HF with preserved
ejection fraction (HFpEF), treatment options are limited and the
management ranges from treatment of comorbidities to pharma-
cological therapy with sodium–glucose cotransporter 2 inhibitors
(SGLT2i).5,6 Against this background, it remains important to
identify new targets and investigate additional therapeutic options
to alleviate symptoms and potentially improve prognosis in HF.
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. In HF, neuroendocrine pathways are activated and become

maladaptive over time.7,8 Among these, excessive activation of
the sympathetic nervous system and the renin–angiotensin–
aldosterone (RAAS) system, are leading to sodium and water
retention, vasoconstriction, myocardial inflammation, as well as
interstitial and myocyte remodelling.7,8 Volume overload with
resultant congestion increases myocardial wall stress, resulting
in direct damage to cardiomyocytes but also involves neuro-
hormonal activation, causing extracellular matrix accumulation,
and myocyte apoptosis and necrosis.9 Currently, beta-blockers
and RAAS inhibitors are the only available pharmacological
HF therapies that target this pathway either at the recep-
tor level or at closely linked signalling pathways.3 Therefore,
non-pharmacological interventions targeting the autonomic imbal-
ance in HF have been investigated and act at the level of receptors
such as beta-blockers and may potentially reduce heart rate or
target-associated signalling pathways by altering RAAS levels.10,11

This paper aims to review the physiology, available clinical data,
and potential therapeutic role of device-based neuromodulation in
HF (Figures 1 and 2).
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Figure 1 The potential clinical benefits of device-based neuromodulation in heart failure according to the available evidence. 6-MWT, 6-min
walk test; BAT, baroreflex activation therapy; LVEDP, left ventricular end-diastolic pressure; LVEF, left ventricular ejection fraction; NT-proBNP,
N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; PCWP, pulmonary capillary wedge pressure; RDN, renal
denervation; SCS, spinal cord stimulation; VNS, vagus nerve stimulation; QoL, quality of life; SNM, splanchnic nerve modulation.

Renal denervation
Renal denervation (RDN) has proven its safety and efficacy and
emerged as an adjunct device-based therapy in uncontrolled hyper-
tension.12–14 RDN modulates the renal sensory afferent and sym-
pathetic efferent nerve fibre activity, resulting in a reduction in
plasma renin activity and aldosterone concentrations, and lower-
ing of central sympathetic activity.15,16 This makes RDN a potential
treatment option for some sympathetically mediated CV diseases
such as hypertension and possibly HF.

Renal denervation in heart failure
with reduced ejection fraction
A decrease in renal sympathetic activity could increase renal
function and restore renal blood flow by decreasing renin
release, sodium, and water retention.17,18 This might be cou-
pled with attenuation of RAAS activation as a key beneficial ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

. effect of RDN in HF. Preclinical data showed that the modula-
tion of renal sympathetic nerve activity by RDN can decrease
neprilysin activity, leading to increased levels of cardiopro-
tective natriuretic peptide.17,18 This may reduce end-systolic
volume and restore left ventricular (LV) function.18 In hyper-
tensive patients, RDN was associated with reduced plasma
renin activity and aldosterone levels when compared with sham
controls, both representing key targets in the management of
HF patients.16

The Renal Artery Denervation in Chronic Heart Failure
(REACH)-Pilot study was the first-in-human study investigating
the utility of RDN in HF.19 This uncontrolled study included only
seven patients with a mean LV ejection fraction (LVEF) of 43%.
RDN was associated with improvements in both symptoms and
exercise capacity measured by a 6-min walk distance at 6 months
post-RDN with no adverse events. This study was followed by
the Symplicity-HF (RDN in patients with chronic HF and impaired
renal function) study,20 in which 39 patients with symptomatic

© 2024 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 2 Device-based neuromodulation trials in heart failure and the period of follow-up of these studies. Also, this figure depicts which
trial did (in purple) or did not (in yellow) meet its primary endpoint. FDA, Food and Drug Administration.

HFrEF underwent RDN. At 12 months of follow-up, there were
significant reductions in N-terminal pro-B-type natriuretic peptide
(NT-proBNP) levels but no improvements in LVEF or 6-min
walk distance. Recently, RDN was evaluated in 50 patients with
symptomatic HF with LVEF ≤35%.21 In this study, patients were
randomized to either RDN and optimal GDMT or GDMT alone. ..

..
..

..
..

..
..

..
. After 6 months, no significant change in cardiac sympathetic nerve

activity measured by iodine-123-meta-iodobenzylguanidine
was found (Table 1). The latter study, however, used a bipo-
lar radio-frequency device (Vessix RDN System), which failed
to prove its efficacy in patients with hypertension22 and thus
challenges the interpretation of these results.

© 2024 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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There is a sound pathophysiological basis for RDN in patients
with HF but robust evidence in support of the hypothesis is
lacking. The Prospective, Multicenter, Randomized, Blinded,
Sham-controlled, Feasibility Study of Renal Denervation in Patients
With Chronic Heart Failure (RE-ADAPT-HF, NCT04947670) trial
is currently recruiting up to 144 symptomatic HF patients with
an LVEF <45% despite GDMT to undergo ultrasound RDN or
sham procedure. The primary outcome is the change in 6-min
walk distance at 6-month follow-up between groups. This study
will provide important insight into the potential role of RDN in
HF with (mildly) reduced LVEF.

Renal denervation in heart failure
with preserved ejection fraction
Heart failure with preserved ejection fraction frequently associates
with CV and non-CV comorbidities such as hypertension, which
is one of the most prevalent conditions in HFpEF.23 The central
pathophysiology in HFpEF is ventricular hypertrophy and fibrosis,
which causes relaxation deficits, stiffness, and finally diastolic dys-
function.24 An increased peripheral vascular and aortic stiffness24

elevates ventricular afterload, ventricular end-diastolic pressure,
and finally pulmonary capillary wedge pressure (PCWP).25 High
sympathetic activity is involved in structural and dynamic changes
contributing to vascular and aortic remodelling.25,26 Early data have
shown that RDN could also improve arterial stiffness and central
haemodynamics.27

A post-hoc analysis investigated the haemodynamic and phys-
iological changes in patients undergoing radiofrequency or
ultrasound-based RDN for hypertension with and without
HFpEF.25 Patients underwent detailed CV phenotyping with
echocardiography and magnetic resonance imaging at baseline
and follow-up, which allowed an examination of specific myocar-
dial/vascular parameters through 6 months after RDN. Following
RDN, systolic and diastolic LV stiffness and stroke volume index
were partly normalized.25,26 This study provided supportive evi-
dence that RDN could be a potential therapeutic option for
patients with hypertension and HFpEF.

The single-centre, randomized, double-blind, sham-controlled
Renal Denervation to Treat Heart Failure with Preserved Ejec-
tion Fraction (UNLOAD-HFpEF, NCT05030987) study currently
investigates the role of RDN in HFpEF. Symptomatic HFpEF
patients with hypertension and elevated cardiac filling pressures
(LV end-diastolic pressure≥ 16 mmHg and PCWP ≥15 mmHg
at rest or ≥25 mmHg during exercise) will be randomized to
receive either ultrasound RDN or a sham procedure. The pri-
mary outcome is PCWP at 20 W workload at 6 months between
groups.

Based on the sound physiological concept and available data,
RDN may represent a potentially valuable therapy for HFpEF
patients, particularly in the presence of hypertension. However,
further randomized studies are needed – and in part ongoing – to
provide solid evidence for the use of RDN in these patients. ..
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.. Vagal nerve stimulation
Cervical vagal nerve stimulation
Autonomic imbalance with increased sympathetic activation and
reduced parasympathetic tone, represented by reduced carotid
baroreceptor reflex sensitivity and abnormal heart rate variability,
has been demonstrated to be a maladaptive response in HF.28,29

This imbalance contributes to the progression of HF and associates
with poor outcomes.28–30 Increasing parasympathetic tone by
cervical vagus nerve stimulation (cVNS) showed a beneficial effect
on cardiac function and improved long-term survival in rats with
HF.31 This and other preclinical studies32 opened the door to study
the effect of cVNS in patients with HF.

The first human experience of cVNS was obtained in eight
patients with advanced HF using the CardioFit device (BioControl
Medical) implanted to stimulate the cervical vagus nerve approx-
imately 3 cm below the bifurcation of the carotid artery. This
device delivered low-current electrical pulses to stimulate the
vagus nerve. After 6 months, cVNS improved New York Heart
Association (NYHA) class and 6-min walk distance and reduced
LV end-systolic volume.33 This study was extended by a phase II
study, the European multicentre CardioFit study, which included 32
patients with symptomatic HF (NYHA class II–IV) and LVEF ≤35%.
After 12 months, cVNS was safe, well tolerated, and improved
6-min walk distance (mean difference 60 m, p< 0.001) and LV func-
tion (mean difference +6.4%, p< 0.001).34 However, the multicen-
tre, sham-controlled Neural Cardiac Therapy for Heart Failure
(NECTAR-HF) study failed to show an improvement in the effi-
cacy endpoints with cVNS at 18 months of follow-up. This study
randomized 96 patients (NYHA classes II and III, LVEF ≤35%) in a
2:1 fashion to active or inactive cVNS (Precision, Boston Scientific)
for 6 months, thereafter cVNS was activated in all patients. The pri-
mary safety endpoint was 18-month all-cause mortality, which was
not different between the groups (12.6% vs. 3.2%, p= 0.17).35

Recently, two other randomized trials were performed to
assess the utility of cVNS in HF. The Autonomic Neural Regu-
lation Therapy to Enhance Myocardial Function in Heart Failure
(ANTHEM-HF) study evaluated the efficacy and safety of cVNS
(Cyberonic IPG: Model 103) in 60 symptomatic HFrEF patients.36

At 42-month follow-up, cVNS was associated with beneficial effects
on LVEF (+4.5%, p< 0.001) and 6-min walking distance (+56 m,
p< 0.001) without safety concerns.

The Increase of Vagal Tone in Heart Failure (INOVATE-HF) trial,
which was the largest randomized trial on cVNS in HF, assessed
the safety and efficacy among 707 HFrEF patients. Patients were
randomized 3:2 to cVNS (CardioFit, BioControl Medical) plus
GDMT or GDMT alone. The trial failed to meet its primary
efficacy endpoint of mortality or HF hospitalization, which was
not significantly different between groups after a mean follow-up
of 16 months (30.3% vs. 25.8%, p= 0.37)37 (Table 1).

The ANTHEM-HFrEF study, originally planned for up to 800
participants randomized to cVNS plus GDMT or GDMT alone,
uses a novel design with an adaptive sample size and assesses
the impact on morbidity and symptoms and functional status.38

This study was early terminated and following the second interim
analysis, which was conducted after enrolling 500 patients, the

© 2024 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Neuromodulation interventions in the management of HF 507

Company is stopping enrolment, beginning the process to close
the clinical study and winding down the HF programme. Further
evaluation of the study data has not revealed a sufficiently strong
positive impact on functional or mortality endpoints, and it is
unlikely that the study would demonstrate such an impact. While it
appears that there may be benefit for some patients, the magnitude
of the expected benefit is insufficient to continue the study. It
is important to note that the decision to stop enrolling was not
associated with any safety concerns.

In summary, and based on the available evidence, the long-term
effects of cVS on HF outcomes remain uncertain.

Aortic vagal nerve stimulation
Ventricular–arterial coupling (which characterizes the interaction
between the contractile function of the myocardium and the
arterial circulatory load) and aortic compliance are controlled by
aortic endothelial cells and neural parasympathetic transmission,
which are involved in the maintenance of autonomic balance.39,40

In addition, the vagal aortic afferent nerves, located in the upper
part of the thoracic aorta, mediate parasympathetic neuronal
transmission to the brain.39–41 Device-based aortic stimulation
targets these vagal afferents (mechanoreceptors) in the descending
aorta to modulate parasympathetic tone via chronic stimulation.
The Endovascular NeuromoDulation Treatment for Heart Failure
Patients (ENDO-HF, NCT02633644) feasibility study evaluates the
safety and feasibility of the Harmony aortic stimulation system
in the treatment of up to 20 patients with HF over 5 years of
follow-up. This self-expandable stent is implanted in the descending
aorta after verification of response to stimulation with an acute
decrease in heart rate. Long-term stimulation aims at decreasing
sympathetic tone and increasing parasympathetic tone, resulting in
lowering of heart rate and LV afterload.41 However, according to
the United States Clinical Trials Registry, the ENDO-HF trial has
been terminated.42

Spinal cord stimulation
Spinal cord stimulation (SCS) is performed by placing electrodes in
the upper thoracic segments of the spinal cord.43 SCS reduces car-
diac sympathetic nerve activity by attenuating the signalling through
the spinal cord and the dorsal root ganglia and the preganglionic
sympathetic efferents.44,45 The sympatholytic effects of SCS have
shown to reverse remodelling and exhibit antiarrhythmic effects in
animal models with HF.46–48

Two randomized clinical trials evaluated the safety and efficacy of
this therapy in HF.49,50 The Spinal Cord Stimulation for Heart Fail-
ure (SCS HEART) study enrolled 17 patients with symptomatic HF
with an LVEF of 20–35% and implanted cardioverter-defibrillator.49

Dual thoracic SCS leads were used at the T1–T3 level, and the
device was programmed to provide SCS during 24 h per day. At
6 months, SCS improved symptoms (NYHA class −1, p= 0.002)
and LVEF (+5%, p< 0.001). However, the Determining the Fea-
sibility of Spinal Cord Neuromodulation for the Treatment of
Chronic Heart Failure (DEFEAT-HF) study failed to document
significant changes in clinical outcomes in patients with HF who ..
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.. received SCS.50 In this prospective, randomized study, 66 patients
with symptomatic HF with LVEF ≤35% were randomized to SCS
(stimulation at the T2–T4 level for 12 h per day) versus stimulation
off. The primary endpoint was the reduction in LV end-systolic
volume index at 6 months (Table 1). One may speculate that the
discordant results of these two studies are related to differences
in both electrode positioning and duration of stimulation. Larger,
randomized trials are necessary to evaluate the optimal location,
rate, and intensity of SCS and its potential impact on clinical
outcomes in HF patients.

Baroreflex activation therapy
Baroreflex activation therapy (BAT) was initially developed and
clinically used in resistant hypertension.51 It acts by applying
electrical impulses and stimulating baroreceptors in the carotid
sinus region. This stimulation of afferent nerves through the dorsal
medulla may cause sympathetic attenuation and increased vagal
tone, leading to decreases in blood pressure and heart rate.52,53

In HF, the excessive sympathetic tone and chronic autonomic
imbalance causes impaired baroreceptor sensitivity and abnormal
inhibitory function.10,53

The first-in-human proof-of-concept study of chronic BAT in
HFrEF included 11 patients with advanced HF (NYHA class III)
on GDMT.53 All patients underwent unilateral BAT and showed
improvement in HF symptoms, 6-min walk distance, and LVEF at
6 months.54 These findings persisted through 2 years of follow-up.55

Following this study, the randomized controlled trial HOPE4HF
was conducted and enrolled 146 symptomatic HFrEF patients, who
were randomized to receive GDMT alone or GDMT plus BAT. At
6 months, there was a significant improvement in NYHA functional
class, quality of life (QoL), and 6-min walk distance.56

The larger Baroreflex Activation Therapy for Heart Failure
(BeAT-HF) study included 408 symptomatic HF patients with LVEF
≤35% on GDMT who were ineligible for cardiac resynchronization
therapy (CRT).57 Patients were randomized 1:1 to receive either
GDMT alone or GDMT plus unilateral BAT. This pivotal trial
utilized an adaptive design and divided into two phases, i.e. the
pre-market (n= 264) and post-market phase. After 6 months of
follow-up, BAT was safe and significantly improved QoL (mean
difference in Minnesota Living with Heart Failure Questionnaire
−14, p< 0.001), 6-min walk distance (+60 m, p< 0.001), and
NT-proBNP reduction (−25%, p= 0.004).57

The post-market phase of the BeAT-HF study evaluated the
potential of this therapy to reduce mortality and hospitalizations
in HFrEF patients.57,58 The patients were randomized into two
groups, treatment with BAT plus GDMT versus GDMT alone.
The trial included 323 HFrEF patients with a median follow-up of
3.7 years. According to a preliminary results report, the study did
not meet its primary endpoint demonstrating a neutral effect on
CV death and HF hospitalizations. It did, however, demonstrate
the long-term durability in symptomatic improvement (QoL, 6-min
walking distance, and NYHA class) and confirmed the safety of this
approach to neuromodulation in HFrEF patients58 (Table 1).

Recently, a meta-analysis of patient-level randomized controlled
trials evaluating BAT in 554 patients with HFrEF receiving GDMT

© 2024 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.

 18790844, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ejhf.3147 by U

niversitaet D
es Saarlandes, W

iley O
nline L

ibrary on [16/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



508 A. Abdin et al.

confirmed that BAT may improve exercise capacity, NYHA func-
tional class, and QoL.59 BAT demonstrated a statistically significant
improvement in 6-min walking distance, QoL and NYHA class in
all patients irrespective of gender, age, presence or absence of CRT
or the presence or absence of atrial fibrillation. NT-proBNP levels
appeared to improve in all patients, but only achieved statistical sig-
nificance in the cohorts that excluded patients with NT-proBNP
values >1600 pg/ml. Consequently, BAT with the Barostim Neo
System was approved by the Food and Drug Administration (FDA)
in 2019 for the use in HFrEF with NYHA class II or III, an
NT-proBNP of <1600 pg/ml or ineligibility for CRT.11

The MobiusHD System (Vascular Dynamics) is an endovascu-
lar, device-based baroreceptor enhancement system that works by
inducing passive activation of the baroreceptors through changes
in the geometric shape of the carotid body thereby increasing
carotid artery wall stretch while maintaining pulsatility.60,61 This
change in signalling causes a negative feedback response, resulting
in decreased sympathetic activity and increased parasympathetic
activity. The device has initially been investigated in a first-in-human
trial in patients with resistant hypertension.61 Data on its perfor-
mance in patients with HF are scarse.60 The Effect of the MobiusHD
in Patients With Heart Failure (HF-FIM, NCT04590001) study is
an ongoing, open-label, single-arm study with the primary objective
of evaluating the safety and effectiveness of the MobiusHD system
in HFrEF patients.

The recent European Society of Cardiology guidelines for the
management of HF, in light of the lack of hard outcome data,
deemed the available evidence for improvements in exercise
capacity and QoL insufficient to support specific guideline rec-
ommendations for BAT therapy in HFrEF.3 BAT could repre-
sent an adjunctive device-based approach for HFrEF in case all
guideline-recommended HF therapies have been implemented and
patients remain symptomatic. However, until further evidence on
the safety and efficacy of BAT in HF patients becomes available,
careful patient selection for BAT is recommended.

Splanchnic nerve modulation
The visceral abdominal organs contain a large venous system, i.e.
the splanchnic venous compartment, which accounts for about
30% of the total blood volume and is heavily innervated by
sympathetic nerves.62 Stimulation of the splanchnic vein leads to
vasoconstriction and can mobilize up to 25% of the total blood
volume from the splanchnic blood pool into the central venous
system, thereby rapidly increasing cardiac preload and cardiac
index.62,63

This first-in-human study of splanchnic nerve modulation
included 11 patients with HFpEF and showed both the safety
of the procedure over 12 months of follow-up and sustained
improvement in NT-proBNP, health status and 6-min walk dis-
tance compared to this time window.64 The REBALANCE-HF trial
randomized 116 patients with HFpEF to greater right splanchnic
nerve ablation with the Satera™ Ablation System or a sham pro-
cedure (Fudim M., unpublished data presented at the Heart Failure
Society of America 2023 Annual Scientific Meeting). Patients in
the ablation group demonstrated a 13-point improvement of ..
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.. the Kansas City Cardiomyopathy Questionnaire overall sum-
mary score (p= 0.02), a 36 m improvement of the 6-min walk
test (p= 0.08), and a 39% relative improvement of NT-proBNP
(p= 0.10). Furthermore, ablation resulted in a PCWP reduction
of −4.5 mmHg at 1 month, compared to a maximum PCWP of
−1.6 mmHg with sham treatment (p= 0.10).

These favourable outcomes in HFpEF patients are promising
but the results need to be confirmed by larger, powered trials to
assess the safety and efficacy of splanchnic nerve modulation in HF
mangament.

Conclusion and future direction
Despite the significant improvements in HF therapies, there
remains an unmet need for additional therapeutic strategies beyond
drug therapy to further improve symptoms and prognosis in both
HFrEF and HFpEF. Because the autonomic nervous system plays
a crucial role in the pathophysiology of HF, therapeutic interven-
tions that reverse autonomic imbalance are potentially promising
and currently under investigation. However, robust data demon-
strating the efficacy and safety of these devices in HF are cur-
rently lacking and larger studies are needed to finally evaluate
their potential role in the armamentarium of HF therapies. There-
fore, it is still a challenge to identify the ideal patient group
for interventions with neuromodulation devices. The first impor-
tant step remains the initiation and optimization of treatment
with the available prognosis-improving drug classes (GDMT) and,
potentially, the implementation of evidence-based device therapies
such as CRT, when indicated. When HF patients remain symp-
tomatic despite optimally recommended guideline HF therapies,
patient phenotyping using clinical, haemodynamic and structural
approaches is required to determine which device may be utilized
to exert additional effects, such as BAT, which is currently the only
FDA-approved and CE-marked device. Another crucial element of
this approach is its intensity, which is associated with the quantity
and frequency of stimulation administered during therapeutic pro-
cedures. The idea of treatment intensity within neuromodulation
emphasizes the significance of customizing therapeutic approaches
based on individual patient characteristics, optimizing settings for
sustained efficacy, and continually advancing our understanding of
how to modulate neural circuits effectively.

More robust clinical evidence is needed for other therapies
and ongoing studies will hopefully provide more insights into the
potential benefits of such therapies in HF patients.
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