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Abstract

In the last decade, neuromodulation via baroreflex activation therapy
(BAT) and vagus nerve stimulation (VNS) has emerged as an innova-
tive approach for the treatment of heart failure with reduced ejection
fraction (HFTEF). A review of the literature was conducted to examine
the latest efficacy and safety data on neuromodulation for the treat-
ment of HFrEF. Two independent researchers searched the PubMed,
clinicaltrials.org, and the Cochrane databases for the most recent data
on BAT and VNS published between 2013 and 2019. A total of nine
studies were identified. BAT and VNS therapy consistently improved
subjective heart failure parameters including New York Heart Asso-
ciation class and Minnesota Living with Heart Failure Questionnaire.
Improvements in objective cardiac parameters such as left ventricular
ejection fraction (LVEF) were less consistently seen; however, where
present, ranged from +3% to +6%, in line with improvements seen
after other guideline directed therapy such as left ventricular assist
device (LVAD). Benefits of BAT showed a predilection for patients
without cardiac resynchronization therapy (CRT) and efficacy of VNS
therapy varied with device type. The clinical application of BAT and
VNS was found to be limited due to low-powered data, inconsisten-
cies in study design, short-term follow-up and lack of diversity in pa-
tient recruitment. Well-powered studies with consistent design, longer
follow-up and diverse populations are warranted before BAT and VNS
can be incorporated into heart failure guidelines and clinical practice.
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Introduction

Progression of heart failure with reduced ejection fraction
(HFrEF) to an advanced state often necessitates the introduc-
tion of advanced therapies to relieve heart failure (HF) symp-
toms. Shortage of donor hearts, longer times on heart trans-
plant waitlists, and transplant ineligibility combined with high
mortality rates associated with HF (about 50% within 5 years
of diagnosis [1]) have caused a move towards finding newer
technologies to manage resistant HF symptoms.

In recent years, neuromodulation has been introduced as a
novel approach for treatment of advanced HF. HFrEF involves
hallmark anatomical and physiological changes including in-
creased renin-angiotensin system activity, decreased vagal and
increased sympathetic stimulation of the heart and body [2].
This results in tachyarrhythmias [2, 3], increased sympathetic
stimulation of peripheral blood vessels [4], and diminished ba-
roreceptor control over heart rate and peripheral resistance [4].
These hallmark changes act as compensatory mechanisms fol-
lowing the onset of HF but later contribute to the progression
of the disease and have been linked to mortality in advanced
HF patients [5, 6]. Mechanistically, neuromodulation serves to
counteract the physiological changes seen in advanced HF to
improve functional capacity.

In this review, we highlight the most recent trends in the
management of advanced heart failure, focusing on data from
two new neuromodulatory device therapies, baroreflex activa-
tion therapy (BAT) and direct vagus nerve stimulation (VNS)
between the years 2013 and 2019. Areas of progress, evalua-
tion of evidence, remaining gaps in knowledge and recommen-
dations for future study are presented herein.

Methods

A review of the literature was conducted using the PubMed,
clinicaltrials.gov, and the Cochrane Library databases. The
most recent studies reporting clinical outcomes published
between 2013 and 2019 were included. Studies that reported
statistical data with an n > 30 were preferred. Studies that did
not report qualitative data and case reports were excluded.
The search term “barostim” or “baroreflex activation therapy”
AND “heart failure” was used for BAT while “vagus nerve
stimulation” AND “heart failure” was used for VNS. Two in-
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dependent researchers were involved in literature review and
data selection.

Results

Literature review

A total of nine studies representing the most recent data on
neuromodulatory therapies for advanced heart failure were
selected for further analysis (Table 1 [7-15]). Commonly re-
ported patient baseline characteristics are summarized in Table
2 [7-15]. The mean age of study participants was 61.5 years.
On average, 84% of study participants were male. The major-
ity of study participants (85%) had New York Heart Associa-
tion (NYHA) class III HF with a mean left ventricular ejection
fraction (LVEF) of 28% across studies. Eight out of nine stud-
ies reported presence of implantable cardioverter defibrillator
(ICD) therapy in their patients at baseline, with an average of
82% of study participants with ICDs.

BAT

Out of the advanced HF therapies chosen for review, BAT is
the most recent with initial proof of concept studies dating
back to 2014 [16]. BAT, also known as Barostim (Barostim™
neo™, CVRx Inc., Minneapolis, MN, USA) has previously
been shown to be safe and effective for the treatment of re-
sistant hypertension [17], and is currently being explored
for its ability to effectively counteract the autonomic imbal-
ance present in HF [7, 16]. BAT involves a battery operated,
pacemaker-like pulse-generating device implanted in the chest
wall with leads surgically placed in the carotid sinus. The leads
provide continuous electrical stimulation at the carotid sinus
baroreceptors to counteract the sympathetic overdrive that is
seen in heart failure. The result is a centrally-mediated decline
in sympathetic hyperactivity via vagal nerve response, leading
to decreased heart rate and blood pressure [18].

Review of the literature showed BAT significantly de-
creased muscle sympathetic neuronal activity (MSNA), a
surrogate for sympathetic activity, hospitalization rates, hos-
pitalization days, NYHA class, LVEF, 6-minute hall walk
distance (60 MHWD) and Minnesota Living with Heart Failure
Questionnaire score within a 6 - 43 month follow-up period
(Table 1 [7-15]). In general, MSNA declined between -13.6
+ 1.6 bursts/min at 6 months [8] and -19.6 + 4.4 bursts/min at
43 months of BAT [9]. HF hospitalization improved between
-6.28 + 2.7 days at 6 months [10] and -9.29 + 3.9 days at 43
months [9]. LVEF improved +3.3 and +4.4, and 6MHWD im-
proved between +69.7 = 24.4 m and +106.8 + 58 m at 6 and
43 months [8, 9]. An average improvement in at least a single
NYHA class was seen at 6 or 43 months of BAT [8, 9]. BAT
was shown to be safe, with no device-related complications
and major adverse neurological and cardiovascular events
(MANCE)-free rate between 85% and 100% [10].

Importantly, the clinical benefits associated with BAT
showed a predilection for patients without concurrent CRT [7]
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since significantly greater improvement in measures of func-
tional capacity was noted in patients without CRT compared
to those with CRT. One proposed explanation for this phe-
nomenon as explained by BAT researchers is that by helping
ventricles contract simultaneously, CRT may inhibit activation
of the sympathetic baroreflex at the level of carotid barorecep-
tors, reducing the sympathovagal imbalance seen in advanced
HF and thus limiting the effect of BAT [19]. Therefore, the
suggested use for BAT is currently in NYHA III HF despite
guideline-directed medical therapy (GDMT) only when not
eligible for CRT [20].

VNS

Like BAT, autonomic regulation therapy (ART) via VNS is
an emerging treatment for advanced HF in patients with re-
duced ejection fraction. VNS has previously been used as a
safe and effective treatment for refractory epilepsy and depres-
sion. Similar to BAT, VNS serves to counteract the sympa-
thetic overload seen in chronic heart failure by activation of
a parasympathetic response [21]. To that end, an implantable
neurostimulator activates the parasympathetic response via ac-
tion of a pulse-delivering electrode placed at either cervical
vagus nerve. A second, heart rate sensing electrode may be in-
serted directly into the right ventricle, which allows heart rate
to be synchronized to pulse generation [21]. There are three
different VNS devices that have been studied in clinical trials
for HF: 1) the Cyberonics VNS System (Cyberonics, Houston
Texas); 2) the Boston Scientific VNS system (St Paul, Minne-
sota, USA); and 3) the CardioFit System (BioControl Medical,
Yehud, Israel). The devices differ by the degree of electrical
stimulation applied and the presence of an intracardiac sen-
sor lead, which is only found in the CardioFit system. In the
studies under review, the Cyberonics system delivered 2.0 mA
of electrical stimulation, the Boston Scientific 1.4 mA and the
CardioFit system 4.1mA.

Review of the literature showed efficacy of VNS to vary
with device type. The Cyberonics VNS device significantly
increased LVEF (+4.5%, 95% confidence interval (CI): 2.4 -
6.6), 6OMHWD (+56 m, 95% CI: 37 - 75), and Minnesota Liv-
ing with Heart Failure Questionnaire (MLHFQ) (-18 points,
95% CI: -20 to -13) at 6 [11] and 12 months [12] with no
statistical significant difference between findings at 6 and 12
months [12]. In comparison, the Boston Scientific VNS sys-
tem showed increase in quality of life measures at 6 months
including MLHFQ (-7.7 points, 95% CI: -14.3 to -0.03) and
NYHA class (+1 class in 62% of patients) while no signifi-
cant improvement in cardiac parameters including left ven-
tricular end systolic diameter (LVESD) or LVEF were found
at either 6 [13] or 18 months [14]. The CardioFit device im-
proved 6MHWD by +28.2 m at 12 months (P < 0.01) and
NYHA class in 54.3% of patients; however no improvement
in the primary end point of death from any cause or time to
first event of worsening heart failure was found [15]. Overall,
mortality in the VNS-treated patients ranged from 1.7% [11]
t0 9.3% [15] and the most commonly reported adverse events
were cough, dysphonia, implant site pain, and implant site
infection [11].
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Table 2. Baseline Characteristics

Baseline characteristics fo () Sex NYHA class NYHA LVEF Patients on Patients on
(% male) III (%) class II (%) (%) ICD (%) CRT (%)

BAT (Gronda et al, 2015 [8]) 67+9 72.7 100 - 32.6 63.6 -

BAT (Abraham et al, 2015 [10]) 64+ 11 87.3 98.6 - 24 88.7 33.8

No BAT control (Abraham et al, 2015 [10]) 66 + 12 84.1 100 - 25 85.5 30.4

BAT + CRT (Zile et al, 2015 [7]) 68+9 91.1 100 - 24 91.1 -

BAT + no CRT (Zile et al, 2015 [7]) 63+ 12 83.2 98.2 - 25 853 -

BAT (Dell’Oro et al, 2017 [9]) 66.5+3 85.7 100 - 332 - -

VNS (Premchand et al, 2014 [11]) 51.5+12.2 87 43 57 324 0 0

VNS (Zannad et al, 2015 [13]) 59.8+12.2 89 81 11 30.5 81

No-VNS control (Zannad et al, 2015 [13])  59.3 +10.1 81 69 22 30.8 69 13

VNS (Premchand et al, 2016 [12]) 52+ 13 86 43 57 33 0 -

VNS (Gold et al, 2016 [15]) 61.7+10.5 77.8 100 - 23.9 49.3 332

No-VNS control (Gold et al, 2016 [15]) 60.9+11.2 80.8 100 - 25.2 46.9 35

VNS (De Ferrari et al, 2017 [14]) 59.8+£11.5 85 76 17.9 29.9 78 9

BAT: baroreflex activation therapy; VNS: vagus nerve stimulation; NYHA: New York Heart Association; LVEF: left ventricular ejection fraction; ICD:
implantable cardioverter defibrillator; CRT: cardiac resynchronization therapy.

Discussion

In the last 10 years, neuromodulation via BAT and VNS has
emerged as an innovative approach for the treatment of HFrEF.
In this review, we summarized the recent efficacy data on BAT
and VNS therapy. The total number of patients evaluated by
our analysis were n = 157 for BAT and n = 866 for VNS. BAT
and VNS showed improvement in subjective heart failure pa-
rameters such as NYHA class and MLHFQ almost consistent-
ly in all studies under investigation. Improvements in objective
cardiac parameters such as LVEF and LVESD, however, were
less consistently seen amongst both BAT and VNS studies. In
studies where LVEF improved, the magnitude ranged from
+3% to +6%.

Our findings raise two important points. First, whether an
improvement in LVEF by +3 to +6% after neuromodulatory
therapy translates to clinically significant improvement in car-
diovascular status is considered. Interestingly, improvements
in LVEF by 4-6% have been reported following LVAD therapy
[22]. These findings suggest that the ability of BAT and VNS
to improve cardiovascular parameters may be in line with
more standard advanced therapies, such as LVAD. Second, it
has been postulated that the improvement in subjective param-
eters such as NYHA class and MLHFQ seen after BAT and
VNS can be explained by the placebo effect alone. Given the
difficulty of blinding and having true negative controls with
invasive device treatments, the degree to which the placebo ef-
fect has contributed to the improvements seen in subjective pa-
rameters may be difficult to ascertain. The placebo effect how-
ever does not by itself explain the near consistent improvement
in 6 MHWD seen after BAT and VNS therapy, ranging between
+30 m to +100 m. We postulate that by limiting sympathetic
overdrive at the level of the heart and thus allowing more equal
fractionation of sympathetic activity to other vital organs, neu-
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romodulation reduces vagally induced dyspnea at the level of
lungs, thus improving functional capacity.

Despite these encouraging early findings, the data on BAT
and VNS remains limited due to poor study design including
low-powered direct or between-group comparison, absence
of a comparison group, lack of long-term follow-up, and non-
primary design (Table 1 [7-15]). There was and still remains a
general paucity of adequately powered, randomized studies on
BAT and VNS therapy in HF patients. Keeping these limita-
tions in mind, the use of BAT or VNS has yet to be included in
official HFrEF guidelines due to lack of sufficient evidence in
their favor [23].

A point on patient recruitment is worth highlighting. From
close analysis of baseline characteristics reported in the studies
under review, we found the majority of patients recruited for
BAT and VNS therapy are on average about 80% male (Table
2 [7-15]), and where race was reported, 80-90% Caucasian [7,
10, 24]. The lack of patient race and gender diversity in the
articles chosen for our analysis is likely a reflection of study
sites and recruitment, which are typically based in European
populations. This, however, will be an important point to con-
sider as future trials are planned elsewhere, including the USA,
for the generalizability of clinical data and its ability to inform
cardiology society guidelines.

Limitations

Though we provide a detailed account of the novel neuro-
modulatory therapies currently utilized for the treatment of ad-
vanced heart failure, our review carries some limitations. First,
additional modes of neuromodulatory therapy beyond what is
reported in this review exist for the treatment of advanced HF.
One example is cardiac contract modulation where electrical

www.cardiologyres.org 15
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stimulation is provided via pulse leads to the right ventricular
septum during the ventricular refractory period with a goal
of improving ejection fraction [25]. Our focus, however, was
on the newest interventions with similar functionality which
includes BAT and VNS. Our findings are additionally limited
by the quality of studies under review, including an overall
small patient size, particularly in the BAT group. The lack of
more robust and higher powered studies likely is a reflection
of the novelty of neuromodulation as a therapeutic approach
for HFrEF. Finally, the inherent difficulty in blinding stud-
ies on device therapies serves as a limitation of this review.
Use of an external sham control device would help overcome
this limitation, as was seen in two out of the nine studies
analyzed.

Conclusions

Analysis of recently published data shows successful progress
in advanced therapies for HFrEF, including novel neuromodu-
latory therapies such as BAT and VNS. Despite early promis-
ing findings, the clinical application of BAT and VNS remains
limited due to low-powered data, inconsistencies in study de-
sign, and lack of diversity in patient recruitment. Well-powered
trials with consistent design, longer follow-up and recruitment
of diverse populations are warranted before neuromodulation
can be incorporated into official HF guidelines and thus into
clinical practice.
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