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Vagal stimulation in heart failure

Autonomic imbalance, essentially con-
sisting in excessive sympathetic activa-
tion and concomitant vagal withdrawal,
is a pivotal element in the pathophys-
iology of chronic heart failure with re-
duced ejection fraction (HFrEF), regard-
less of the etiology. Accordingly, indirect
markers of reduced cardiac vagal output,
such as baroreceptor sensitivity (BRS)
andheart rate variability (HRV), are asso-
ciatedwith aworse hemodynamic profile
as well as a lower New York Heart As-
sociation (NYHA) functional class [1],
and directly convey unfavorable long-
term prognostic implications for these
patients [2]. Furthermore, episodes of
acutely decompensated HF are typically
preceded by a further, abrupt inhibition
ofcardiacvagalactivity(inadditionto the
chronic inhibition; [3]). Unsurprisingly,
correction of this autonomic imbalance
hasbecomean important therapeutic tar-
get in HFrEF. Interventions directly tar-
geting the autonomic nervous system are
generally referred to as “neuromodula-
tion” or “autonomic regulation therapy”
(ART). This review focuses on electrical
vagal nerve stimulation (VNS), which is
the most studied device-based ART in
the setting of HFrEF [4, 5].

Vagus nerve anatomy and
functions

The vagus nerve (VN) is a mixed nerve,
composed of approximately 80% affer-
ent and 20% efferent axonal projections.
Efferent fibers originate in the dorsalmo-
tornucleus and in thenucleus ambiguous
located in the brainstem, and project to
the heart, lungs, larynx, pharynx, stom-
ach, spleen, pancreas, liver, intestines,
and ovaries. At the cardiac level, it is now
well established that efferent vagal fibers
do not directly innervate cardiomyocyte

as previously believed, but relay on neu-
rons located in epicardial fat pads, which
constitute a complex neuronal network
better known as the “intrinsic cardiac
nervous system” (ICNS; [6]). The human
ICNS contains at least 10 major group-
ings of ganglionated plexuses, each one
providing a preferential, albeit not exclu-
sive, and largely overlapping distribution
todifferent cardiac regions. Therightand
the left VN do not share exactly the same
distribution on the plexuses of the ICNS;
asaresult, therightVNhasagreaterinflu-
ence on the sinus node activity, whereas
the left VN has a predominant control
over the atrioventricular node function.

From a structural point of view, the
VN contains a mixture of different types
of nerve fibers, which are organized into
bundles (fascicles). Unfortunately, de-
spite decades of extensive research, it is
still a matter of debate whether fascicles
into the VN are arranged according to
the type of fiber (afferent or efferent) they
contain or according to their peripheral
end-organ distribution (namely, soma-
totopic arrangement). The available evi-
dence, however, favors the latter possibil-
ity [7]. Neuronal fiberswithin theVNare
classified according to their diameter and
their conduction velocity, with Aα fibers
being the largest and fastest, unmyeli-
nated C fibers the smallest and slowest,
and Aβ, Aγ, Aδ, and B fibers intermedi-
ate. Cardiacvagalcontrol inmammalians
is mediated by B- (efferent) and C-type
fibers (afferent and efferent). Notably,
VNS recruits neuronal fibers based on
proximity to the stimulation electrode,
the local electric field strength, and in-
versely related to size—withA-typefibers
beingrecruitedfirstandC-typefibers last.

Preclinical data

Vagal nerve stimulation was first studied
as an antiarrhythmic intervention. The
first report dates back to 1859 [8], when
Einbrodt incidentally observed that dogs
receivingVNSwere less likely to die from
direct delivery of electrical current to the
ventricles. More than 100 years later, be-
tween 1973 and 1978, several studies on
anesthetized animals [9–12] confirmed
that VNS reduces the risk of ventricular
fibrillation (VF) during acutemyocardial
ischemia. In the study byMyers, the pro-
tective effect on VF was not abolished by
preventing heart rate (HR) decrease and
was only mildly reduced by VN decen-
tralization, therefore suggesting a direct
efferent effect of VNS at the ventricular
level [12]. Adefinitemechanisticdemon-
stration came in 1991, when a conscious
canine model of sudden death was used
to prove that cholinergic antagonism fa-
vors VF, while right VNS applied a few
secondsaftercoronaryocclusionprotects
against VF; almost 50% of this protective
effect was related to the significant HR
lowering achieved during right VNS [13,
14].

During the same period, we also pro-
vided the first evidence of the protective
and only partially HR-dependent effect
of VNS on reperfusion arrhythmias [15].
Themechanismunderlyingthiseffectwas
only recently unraveled, together with
the understanding that reperfusion ar-
rhythmias share common pathways with
ischemia/reperfusion injury. In both set-
tings, VNS exerts its protective effects
[16–18] by complex intracellular path-
ways including activation, through Gi-
coupled muscarinic receptors, of phos-
phatidylinositol 3-kinase and Akt. These
are the same pathways implicated in the
protective effect of ischemic precondi-
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Table 1 VNS studies: trial characteristics and stimulation protocols (modified from [4])
Parameter CARDIOFIT (2011) ANTHEM-HF (2014) NECTAR-HF (2014) INOVATE-HF

(2016)
ANTHEM-HFrEF pivotal
study (ongoing)

Trial characteristics
Phase I to II I to II II III III

Stimulation side R R vs. L R R R

Control group None R vs. L Stimulation off GDMT GDMT

Primary endpoint Safety LVESV; LVESD, LVEF LVESD Composite of death
and HF hospitaliza-
tion

Composite of cardiovas-
cular death, or first HF
hospitalization

Exclusion crite-
ria for diabetic
patients

Insulin-dependent
diabetesmellitus or
diabetic neuropathy

Autonomic or sensory neuropa-
thy of any cause; HbA1C> 8%
in the past 60 days

Type I diabetes,
type II diabetes for
over 5 years

Not specified Not specified

NYHA Class II–IV II–III II–III III III stable–II unstable

LVEF, LVEDD ≤35% ≤40%, LVEDD 50–80mm ≤35%, LVEDD
>55mm

≤40%, LVEDD
50–80mm

≤35%, LVEDD <80mm

Rhythm, QRS
duration (ms)

SR, QRS NA SR, QRS≤ 150 SR, QRS< 130 SR, QRS NA Both SR an AF, QRS not
specified

≥800 for patients in SRNT-pro BNP levels
(pg/ml)

Not specified Not specified Not specified Not specified

≥1200 for patients in AF

6MWT (m) >300 150–425 Not specified Not specified 150–450

Stimulation protocols
Implantable pulse
generator

Cardiofit, BioControl
Medical

Cyberonic IPG: Model 103 Precision, Boston
Scientific

Cardiofit, BioCon-
trol Medical

VITARIA System (LivaNova)

Electrode lead Asymmetric bipolar
multi-contact cuff

Helical bipolar Helical bipolar Asymmetric bipolar
multi-contact cuff

Helical bipolar

Asymmetric stim-
ulation

Yes (afferent block
above 4mA)

No No Yes (afferent block
above 4mA)

No

ECG Synch Yes No No Yes No

3.9± 1.0 at
6 months

Current amplitude
(mA)

4.1± 1.2 (range 1.1–5.5) 2.0± 0.6 (maximum 3) 1.4± 0.8 (range
0.3–3.5)

Target 3.5–5.5

NA

Frequency (Hz) 1–3 10 20 1–2 NA

Duty cycle (%) 21 17.5 17 ≤25% NA

On/Off (s) Variable 14/66 10/50 Variable NA

6MWT 6-Minute Walking Test, ANTHEM-HF Autonomic Regulation Therapy via Left or Right Cervical Vagus Nerve Stimulation in Patients With Chronic Heart
Failure, GDMT guideline-directed medical treatment, HF heart failure, INOVATE-HF Increase of Vagal Tone in Heart Failure, L left, LVEDD left ventricular end-di-
astolic diameter, LVEF left ventricular ejection fraction, LVESD left ventricular end-systolic diameter, LVESV left ventricular end-systolic volume, NA not available,
NECTAR-HF Neural Cardiac Therapy for Heart Failure, NYHA New York Heart Association class, R right, S sinus rhythm., Synch synchronization

tioning [19]. Finally, VNS leads to the
upregulation of the anti-apoptotic pro-
tein BCL-2 and to the suppression of
caspase-3 in cardiomyocytes, thus pro-
tecting from cell death [20]. Notably, an
increase in cardiac efferent vagal tone is
also likely tomediate the beneficial effect
of remote preconditioning [21, 22].

Studies of VNS on inflammation also
produced interesting findings. In 2002,
Tracy [23] provided conclusive evidence
supporting the so-calledcholinergic anti-
inflammatory pathway, a neural mech-
anism that inhibits pro-inflammatory
cytokine release via signals that require
α7 cholinergic receptor expression on

macrophages and other immunocom-
petent cells. In 2011 Calvillo et al. [24]
demonstrated the cardiac effects of this
pathway, underlying the crucial role
played by nicotinic receptors in this
HR-independent anti-inflammatory and
anti-apoptotic effect of VNS, which pro-
duced a marked infarct size reduction
following ischemia/reperfusion in rats.

Finally, the results of the first exper-
imental study showing the benefit of
chronic VNS for the treatment of HF
were published in 2004 [25]. At 14 days
after a large anterior myocardial infarc-
tion (MI) leading to HFrEF, rats were
randomized to sham stimulation or ac-

tive VNS (10s on, 50 s off), at 20Hz, with
0.2-ms pulses. The intensity of VNS was
adjusted to reduce HR by 20 to 30bpm
from a starting value of 360bpm. After
6 weeks of VNS, a duration mostly deter-
mined by the generator’s life, the treated
animals showed a significantly better
left ventricular (LV) function, a lower
normalized biventricular weight, lower
norepinephrine and B-type natriuretic
peptide (BNP) levels, and a strikingly
better survival (86% vs. 50%) at 140 days
compared to sham-operated animals, de-
spite a similar infarct size. Notably, the
lack of difference in the infarct size was
expected due to the relatively long time
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elapsed between coronary artery ligation
and the beginning of VNS.

Subsequently, between2005and2013,
the group ofHani Sabbah conducted sev-
eral studies assessing the effects of right
VNSon a caninemodel of chronicHF in-
duced by coronary microembolizations
[26, 27]. In the first two studies [26], the
authors used the CardioFit system (see
below) to deliver VNS. This system in-
cludes an intracardiac sensing lead aimed
to synchronize VNS to the cardiac cycle
and to continuously modulate VNS in-
tensity based on the extent of acute HR
reduction achieved during stimulation,
which was set at 10% of the baseline HR.
In the first study, 3months of VNS, com-
paredwith shamoperation, improvedLV
hemodynamics, decreased tumor necro-
sis factor (TNF)-α and interleukin (IL)-
6 levels, tended to normalize nitric oxide
synthase (NOS) expression, and dramat-
ically increased the expression of Cx43,
a gap-junction-forming protein whose
reduction is associated with conduction
blocks and increased arrhythmic suscep-
tibility. Notably, the histological compar-
ison between the right and the left VN
performedat theendof thestudyrevealed
normal right VN fascicular and cellular
structure. In the second study, the ben-
eficial effects of a 3-month combination
therapy of VNS and metoprolol on LV
hemodynamics were proven to be addi-
tional to those achieved with metoprolol
alone. Finally, in the third study [27],
the group used a different VNS system
(Boston Scientific Corporation) specifi-
cally set with a low stimulation inten-
sity, unable to affect HR. Nonetheless,
the beneficial effects of VNS on LV func-
tion were still evident, together with an
improvement in NT-proBNP, pro-ANP,
TNF-α, IL-6, BCL-2, caspase-3, Cx43,
and the three isoforms of NOS.

In 2009, Zhang et al. [28] studied
the effects of chronic VNS in a different
model of HF, induced by high-rate ven-
tricular pacing. Dogs in the active group
received 8 weeks of high-rate ventricu-
lar pacingwith concomitantVNS (20Hz,
pulse width 0.5ms, duty cycle 14 s on and
12s off), while the sham group only re-
ceived pacing. The intensity of VNS was
individually set before the start of pac-
ing to reduce sinus rate by approximately

Abstract · Zusammenfassung

Herz 2021 · 46:541–549 https://doi.org/10.1007/s00059-021-05076-5
© The Author(s) 2021

V. Dusi · G. M. De Ferrari

Vagal stimulation in heart failure

Abstract
Vagal nerve stimulation (VNS) has a strong
pathophysiological rationale as a potenti-
ally beneficial treatment for heart failure
with reduced ejection fraction. Despite
several promising preclinical studies and
pilot clinical studies, the two large, controlled
trials—NECTAR-HF and INOVATE-HF—failed
to demonstrate the expected benefit. It
is likely that clinical application of VNS in
phase III studies was performed before
a sufficient degree of understanding of the
complex pathophysiology of autonomic
electrical modulation had been achieved,
therefore leading to an underestimation of

its potential benefit. More knowledge on the
complex dose–response issue of VNS (i.e.,
pulse amplitude, frequency, duration and
duty cycle) has been gathered since these
trials and a new randomized study is currently
underway with an adaptive design and
a refined approach in an attempt to deliver
the proper dose to a more selected group of
patients.

Keywords
Neuromodulation · Autonomic regulation
therapy · Device therapy · Sympathetic
nervous system · Autonomic imbalance

Vagusstimulation bei Herzinsuffizienz

Zusammenfassung
Für die Vagusnervstimulation (VNS) als einer
sinnvollen Therapie bei Herzinsuffizienz
bestehen starke pathophysiologische Argu-
mente. Trotz mehrerer vielversprechender
präklinischer und Pilotstudien konnten
die beiden großen kontrollierten Studien
NECTAR-HF und INOVATE-HF den erwarteten
klinischen Nutzen jedoch nicht zeigen.
Vermutlich wurde hierbei die klinische
Anwendung dieser Therapie durchgeführt,
bevor die komplexe Pathophysiologie
der autonomen elektrischen Modulation
ausreichend verstanden worden war, sodass
diese Studien nicht in der Lage waren, das
Potenzial der VNS zu demonstrieren. Seit
diesen Studien wurde mehr Wissen über

die klinische Anwendung der VNS erlangt,
insbesondere zur Patientenselektionund zur
Art der Stimulation („Dosis“, d. h. Amplitude,
Impulsfrequenz [Hz], Dauer der Anwendung
und Arbeitszyklus der VNS). Eine neue
randomisierte Studie mit einem adaptiven
Design wird aktuell durchgeführt, um die
Fragen nach der optimalen Dosis der VNS zu
beantworten

Schlüsselwörter
Neuromodulation · Autonome Regulations-
therapie · Therapie unter Geräteeinsatz ·
Sympathisches Nervensystem · Autonomes
Ungleichgewicht

20%. Again, although HR was kept con-
stant by pacing, VNS elicited significant
benefits inLVhemodynamics, C-reactive
protein, norepinephrine and angiotensin
II levels, HR variability, and baroreflex
sensitivity compared to controls.

Notably, despite several demonstra-
tions of the beneficial effects of VNS in
post-MI animal models, data on tim-
ing, spatial distribution, and functional
consequences of parasympathetic re-
modeling occurring after MI have long
been lacking. Very recently, Vaseghi et al.
[29] demonstrated that, as opposed to
norepinephrine levels, cardiac acetyl-
choline levels are preserved 6–8 weeks
after MI in border zones and in viable

myocardium of infarcted hearts, sup-
porting the anatomical integrity of the
cardiac parasympathetic neuronal net-
work. Yet, in vivo neuronal recordings
from postganglionic parasympathetic
neurons unraveled both abnormal firing
frequencyat rest and abnormal responses
to stimuli, proving a profounddisruption
of parasympathetic cardiac control after
MI and reinforcing the strong rationale
for therapeutic interventions aimed at
restoring a proper cardiac vagal output,
such as VNS [30].
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Table 2 VNS studies: baseline characteristics and 6months results (modified from [5])
Parameter CARDIOFIT

(2011)
ANTHEM-HF
(2014)

NECTAR-HF
(2014)

INOVATE-HF
(2016)

Patient characteristics
Patients, n (male, %) 32 (30, 94) 60 (52, 87) 96, 87 paired 707 (558, 79)

Age (years) 56± 11 51± 12 59± 11 61± 10

Type II diabetes, % NA NA 26 36

NYHA II/III/IV 15/15/2 34/26/0 14/73/0 0/707/0

Ischemic HF, % 62 75 67 60

LVEF (%) 23± 8 32± 7 30± 6 25± 7

Basal LVESV (ml) 185± 63 108± 40 155± 58 103± 41ml/sqm

HR (bpm) 82± 13 78± 10 69± 13 72± 12

ICD/CRT/none (%) 19/0/13 0/0/60 73/9/13 48/34/28

NT proBNP (pg/ml) 1316 (227–1997) 868 (322–1875) 879 (370–1843) NA

hsCRP (mg/dl) NA 1.7 (0.9–6.0) 0.18 (0.10–0.36),
n= 96

NA

BB (%) 97 100 94 94

ACEi/ARB (%) 97 85 ACEi 78, ARB 25 89

MRA (%) 97 75 70 58

6-month results
Δ Mean HR at Holter
(bpm)

0 –3.9 +0.5 NA

Δ LVEF (%) +6.4 +4.5 +0.9 0

Δ LVESV (ml) –25 –4.1 0 –3.7± 5.9ml/sqm

Δ QoL –17 (MLHF) –18 (MLHF) –8 (MLHF) +5 (KCCQ)

NYHA improvement
(%)

59 77 17 13

Δ 6MWT (m) +60 +56 pVO2+ 0.7 +33

Δ NT proBNP (pg/ml) –594 (p= 0.06) +140 +93 NA

6MWT 6-Minute Walking Test, ACEi angiotensin-converting-enzyme inhibitor, ARB angiotensin II recep-
tor blockers, BB beta-blocker, CRP C-reactive protein, CRT cardiac resynchronization therapy, HF heart
failure, ICD implantable cardioverter defibrillator, KCCQ Kansas City Cardiomyopathy Questionnaire,
LVEF left ventricular ejection fraction, LVESV left ventricular end-systolic volume,MLHFMinnesota Liv-
ing with Heart Failure,MRAmineralocorticoid receptor antagonist, NA not available, NYHA New York
Heart Association class, NT proBNP N-terminal pro B-type natriuretic peptide, pVO2 peak oxygen con-
sumption at cardiopulmonary exercise testing

Clinical experience

Chronic electrical unilateral (left-sided)
VNS has been used clinically for decades
for the management of drug-refractory
epilepsy [31] and, more recently, also for
resistant depression [32] with more than
100,000patients treatedall over theworld
and no major safety concerns.

. Table1 lists thefiveclinical studiesof
cervical VNS in HFrEF (four published,
one ongoing), showing their main in-
clusion/exclusion criteria, the objectives,
and the stimulation protocols. . Table 2
presents the patient characteristics and
6-month results of the four published
studies.

The first proof-of-concept study of
electrical VNS in HFrEF was performed
as a single-center experience in Italy, with
eight participants (allmales: [33]). Based
on the favorable preliminary results at
6months, the studywas subsequently ex-
tended to amulticenter single-armopen-
label phase-II European study including
32 patients and using the same device
(CardioFit 5000; [34]). The study, usu-
ally referred to as European Multicenter
CardioFit Study, aimed to assess the
safety and tolerability of VNS (primary
endpoints) as well as to collect detailed
efficacy data (secondary endpoints). The
device had already been favorably tested
in the first animal studies by Sabbah’s
group and consisted of an implantable

neurostimulator and two leads: one
stimulating the right cervical VN, the
other connected to a standard bipolar
sensing electrode to sense each QRS
complex in the right ventricle. The vagal
electrode had been specifically designed
to achieve a preferential, albeit not ex-
clusive, stimulation of efferent fibers,
through simultaneous cathodic stimu-
lation and asymmetrical anodal block
combined to a multi-contact cuff design
(to maximize, at relatively high-current
amplitudes, B-type fiber recruitment
while minimizing A-type fiber recruit-
ment). The implanted system provided
a pulse synchronous (1–3 pulses per
cardiac cycle) VNS at 1–3Hz, with 10 s
on and 30s off, and was programmed
to temporarily stop in the case of HR
lowering below a predefined safety value,
which was initially set at 55bpm, thus
forming a so-called closed-loop system.
In five to six visits, VNS intensity was
up-titrated to reach a mean level of
4.1± 1.2mA; hoarseness and jaw pain
were the main limiting symptoms to
a further increase. Overall, the mean
HR reduction achieved during the on-
phase was modest (1.5bpm as mea-
sured by a 24-h Holter recording) but
consistent across patients, with a small
minority of patients showing as much as
a 10-bpm acute decrease. At 6 months,
ECG resting HR decreased from 82± 13
to 76± 13bpm. Notably, HRV tended to
increase during the study and the change
in pNN50 was statistically significant,
despite no changes in the mean HR
on Holter ECG. The latter finding was
thought to reflectmainly a greater level of
physical activity due to the improved HF
status. Patients were in a very advanced
baseline condition and on optimized
and stable medical therapy including
beta-blockers, angiotensin-converting
enzyme inhibitors/angiotensin receptor
blockers, and loop diuretics. Still, after
6 months of VNS, quality of life score
(QoL) and functional capacity based
on NYHA class and 6-minute walk test
(6MWT) significantly improved (see
. Table 2), together with a significant
improvement in LV end-systolic volume
(LVESV) and left ventricular ejection
fraction (LVEF, from22± 7% to 29± 8%)
as assessed by blinded ultrasound analy-
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sis. The results were maintained in those
who reached the 1- and 2-year follow-up,
with no major safety concerns. Notably,
59% of patients had an implantable car-
dioverter defibrillator (ICD) at baseline,
but none had cardiac resynchronization
therapy (CRT).

The second study assessing the effects
of VNS in HFrEF was the Autonomic
RegulationTherapy for the Improvement
of Left Ventricular Function and Heart
FailureSymptoms(ANTHEM-HF)study
[35]. The ANTHEM-HF was a multi-
center, open-label, phase II clinical trial
enrolling patients at 10 Indian sites.
Overall, 60 patients (NYHA class II–III,
LVEF≤ 40%, left ventricular end dias-
tolic diameter [LVEDD], between 50 and
80mm, QRS< 150ms, none with ICD
or CRT) were randomized to receive
either left (n= 31) or right (n= 29) VNS
system implantation (Demipulse Model
103 pulse generator and PerenniaFLEX
Model 304 lead, Cyberonics, Houston,
TX, USA). The stimulation system had
already been approved for clinical use
for drug-refractory epilepsy and tested
in the high-rate pacing-induced canine
model of HF. Vagal nerve stimulation
was performed through an open-loop
system lacking ECG synchronization
capability and delivering a 14-s on and
66-s off stimulation, at 10Hz; the vagal
electrodewas not designed for asymmet-
rical stimulation. After a 10-week up-
titration period, a mean output current
of 2.0± 0.6mA was reached, with a good
safety profile. The pooled right and left
efficacy analysis at 6 months showed
a significant (+4.5% in absolute values)
increase in LVEF and a nonsignificant
decrease of LVESV (co-primary end-
points). Further, QoL and NYHA also
significantly improved. Right VNS was
associated with a trend toward a greater
benefit compared to left-sided stimula-
tion. Improvements in cardiac function
and HF symptoms seen after 6 months
of VNS were maintained at 12 months
[36], and until 42 months [37], with
no significant difference between right-
and left-sided VNS. A recent subanal-
ysis including a 24- and a 36-month
follow-up, confirmed the long-lasting,
beneficial effect of VNS on autonomic
tone (HRV), baroreceptor sensitivity

(HR turbulence), and cardiac electrical
stability as assessed by T-wave alternans,
R-wave and T-wave heterogeneity [38].
Additionally, a significant reduction of
not-sustained ventricular tachycardia
episodes at 12, 24, and 36 months was
also reported [38].

The Neuronal Cardiac Therapy for
Heart Failure (NECTAR-HF) study was
a phase II, multicenter, sham-controlled
study including 96 patients with NYHA
class II–III, LVEF< 35%, a QRS< 130ms
and LVEDD> 55mm [39]. All patients
underwent implantation and were then
randomized 2:1 to active VNS or sham
treatment for the first 6 months; sub-
sequently, VNS was turned on in all
patients. The majority had an ICD,
only few had CRT. The primary safety
endpoint was 18-month all-cause mor-
tality. The VNS system, sponsored by
Boston Scientific (MN, USA), consisted
of a rechargeable device alreadyapproved
for chronic pain therapy (Precision) and
an investigational helical bipolar va-
gal electrode not pursuing preferential
stimulation and relatively similar to the
one used in ANTHEM. After a 4-week
up-titration period, a mean stimulation
intensity amplitude of 1.4± 0.8mA was
reached at a stimulation frequency of
20Hz. At 6-month follow-up, left ven-
tricular end systolic diameter (LVESD,
primary efficacy endpoint) was un-
changed, as was LVEDD, LVESV, LVEF,
peak VO2 at cardiopulmonary exercise
test, and NT-proBNP (all additional
secondary endpoints). Yet, there was
a statistical improvement in QoL score
and in NYHA class in treated patients.
The 18-month results (with all patients
on active VNS) showed the persistence
of a favorable adverse event profile with
acceptable survival rate (95%). How-
ever, LVESD and LVEF did not change
in the crossover group, confirming the
6-month findings. Finally, QoL scores
did not change either, while NYHA
class improved in all patients over the
18-month study period. Additionally,
a new technique to detect subtle HR
changes, namely, tridimensional heat
maps, was applied to 24-h Holter ECG
obtained at 6 and at 12 months: only
12% of the studies showed VNS-evoked
HR responses, as opposed to zero stud-

ies in the sham arm [40]. This rare
occurrence of even minimal HR effects
during vagal stimulation is at variance
with the findings with the same device
in the experimental studies and may
suggest lower amplitudes of stimulation
and lower fiber recruitment as a rea-
son for the different effects between
the preclinical and the clinical settings.
In the NECTAR-HF trial, no apparent
differences were found in conventional
measures of frequency and time domain
HR variability when comparing treated
patients with and without evidence of
VNS-evoked HR changes in the heat
map analysis.

The last and largest clinical trial of
VNS in HFrEF completed so far is the
Increase of Vagal Tone in Heart Failure
(INOVATE-HF), a phase III interna-
tional, multicenter, randomized trial
aimed at assessing the efficacy and safety
of chronic right-sided VNS using the
CardioFit system [41]. Beginning in
2011, 707 patients with NYHA class III,
LVEF≤ 40%, and LVEDD between 50
and 80mmwere enrolled at 85 centers in
the United States, Europe, and Israel and
randomized in a 3:2 ratio to either active
treatment (implanted) or continuation
of medical therapy (not implanted).
Except for a slightly lower LVEF in
the VNS group, the remaining baseline
characteristics were well balanced. Most
patients had cardiac devices, including
one-third with CRT. The primary ef-
ficacy endpoint was the composite of
all-cause mortality or unplanned HF
hospitalization equivalent, using a time-
to-first-event analysis. Freedom from
procedure and system-related complica-
tion events at 90 days and number of
patients with all-cause death or com-
plications at 12 months were the two
co-primary safety endpoints. The study
was stopped for futility in December
2015 after the second planned interim
analysis. Themean follow-up period was
16 months (range: 0.1–52) and the mean
stimulation current was 3.9± 1.0mA,
with 73% of patients achieving the goal
of ≥3.5mA. The LVESV index, a pre-
specified secondary endpoint, was un-
changed, whereas QoL, NYHA class,
and 6 MWT distance were improved by
VNS (p< 0.05), although the unblinded
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nature of the study should be kept in
mind. Subgroup analysis failed to detect
any significant interaction between the
primary endpoint and age, 6MWT at
baseline, HF etiology, diabetes, andCRT.

Open issues and expectations
from the ANTHEM-HFrEF pilot
study

The strong pathophysiological rationale,
combined with the favorable results of
preclinical studies and of the first two,
not controlled, clinical studies set great
expectations for VNS in HFrEF, which
were met by disappointment due to the
neutral results of NECTAR-HF and of
INOVATE-HF, leading to a general loss
of confidence in the technique. It should
be considered, however, that the trials
were undertaken in the absence of ade-
quate knowledge on the dose–response
relationship of VNS, on the subgroups of
patients most likely to benefit from VNS,
and on the most suitable study design.

The dose–response issue

The concept of “dose” for electrical
therapies is considerably more com-
plex than for pharmacological therapies,
since more than 10 different parameters
can be modulated at the same time,
with hundreds of possible combina-
tions. Nonetheless, clinical trials were
started long before the dose issue was
solved, resulting in different and largely
not comparable VNS protocols. For in-
stance, themeancurrent outputs attained
in NECTAR-HF (1.3mA at 20Hz) and
ANTHEM-HF (2.0mA at 10Hz) were
markedly lower than those achieved in
both the CardioFit pilot trial (4.2mA,
at 1–3Hz) and the INOVATE-HF (3.9at
1–3Hz). Importantly, in the setting of
VNS for HF, despite a slow and grad-
ual up-titration process, the maximum
current amplitude that can be reached is
generally limited by off-target side effects
such as local pain, voice alteration, and
coughing, reflecting the lower threshold
for recruitment of A-type fibers of the
recurrent laryngeal nerve compared to
cardiac B- and C-type fibers. In vivo, the
maximum tolerated current is inversely
related to pulse frequency, thus explain-

ing the low intensity reached in the
NECTAR-HF study. Nonetheless, both
the ANTHEM-HF and the CardioFit
trial, despite quite different stimulation
protocols, achieved good efficacy results
in association with proofs of acute and
chronic VN engagement as assessed by
traditional [34, 35] and advanced HR
dynamics [42, 43]. On the other hand,
the INOVATE-HF failed in improving
clinical outcomes, thus reducing the like-
lihood that an inadequate efferent fiber
recruitment caused by insufficient stim-
ulation amplitude could be the main
explanation for the divergent results.
Unfortunately, data on HR dynamics in
the treatment group of the INOVATE-
HF trial have not been reported yet, and
therefore the amount of vagal engage-
ment cannot be estimated. In addition
to stimulus amplitude, the choice of the
duty cycle, too, was empiric and mainly
driven by the need to minimize side
effects. Notably, the duty cycle in the
INOVATE-HF and CardioFit pilot trials
was variable and not standardized.

In recent years, some attempts to shed
light on the complex dose issues of VNS
in HF in tailored preclinical studies were
reported. In 2013, Kong et al. [44] eval-
uated the effect of different right cervical
VNSprotocols in reducing the infarct size
inanesthetizedratswithacuteMI,finding
an interesting disconnectionbetween the
combinationof parameters thatwasmost
effective in reducing infarct size (lower
amplitude, lower frequency, 2Hz, and
longer duration of stimulation) and that
whichproduced the greaterHRdecrease.
These data support the idea that a purely
efferent VNS, even if feasible, might not
be conceptually ideal since afferent fiber
activation may provide a significant con-
tribution to the beneficial effects of VNS.
Indeed, back in1973[45]anelegantstudy
on anesthetized cats by Schwartz et al.
demonstrated that afferent VNS at the
cervical level (performed on the cut cen-
tral end of the nerve, to completely avoid
efferent stimulation) reduces ipsi- and
contralateral sympathetic efferent output
at the cardiac level, while increasing con-
tralateral cardiac vagal output as assessed
via single-fiber recording. The relative
contribution of afferent versus efferent
VN activation to the acute HR responses

elicitedduring the active phase of chronic
right VNSwas recently evaluated in a ca-
nine consciousmodel [46]. Awide range
of stimulation parameters were used to
defineoptimal protocols forbidirectional
bioelectronic cardiac control, including
electrode configuration (anode/cathode
inversion), pulse frequency (2–20Hz),
intensity (0–3.5mA), and pulse widths
(130–750 μs). The HR responses were
determined for each combination over
14months. At low intensities andhigher-
frequency VNS, HR increased during
the VNS active phase due to afferent
modulation of parasympathetic central
drive. At higher intensity, afferent and
efferent fiber activation were balanced,
and a null HR response was evoked.
Finally, as intensity further increased,
a reduction in HR was observed dur-
ing the active phase of VNS. The oper-
ating point, based on frequency–ampli-
tude–pulse width, where a null HR re-
sponse was evoked during the on-phase
of VNS, was defined as the neuronal ful-
crum. The authors also demonstrated
that chronic VNS, delivered within the
constraints of the neuronal fulcrum, was
able to maintain the circadian control of
HRV.

The ANTHEM-HF trial was the only
study delivering VNS according to the
principium of the neural fulcrum at
a pulse frequency (10Hz) that is simi-
lar to the synaptic efficacy for intrinsic
cardiac neurons [47].

Patient selection and blinding
issues

As for any therapeutic intervention,
proper patient selection is crucial for
enrolling the participants most likely to
benefit from ART. For instance, patients
with a more pronounced autonomic
imbalance are expected to show a better
response to ART, thus the development
of a suitable screening tool to assess
sympathovagal balance should be pur-
sued. Relatively easy to obtain, direct
and indirect autonomic measurements
such as baseline levels of serum cate-
cholamines and a standardized way to
assess HR dynamics though Holter ECG
should be implemented both as inclusion
criteria and as a tool to detect a proper
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vagal engagement, with the potential
addition of more sophisticated measures
such as spontaneous BRS, or muscle
sympathetic nerve activity. For instance,
baselineHRwasappreciablyhigher in the
first two, successful studies (82± 13bpm
in the Cardiofit study, 78± 10bpm in
ANTHEM-HF), as compared to the last
two studies (70± 13bpm in NECTAR-
HF 69± 13bpm INOVATE-HF), sug-
gesting a more pronounced sympathetic
overactivity.

Due to the strong anti-inflamma-
tory effect of VNS, different baseline
levels of inflammation across studies
might also have influenced the observed
results. Baseline levels of high-sensi-
tivity (hs) TNF-α, hs IL-6, and hsCRP
in NECTAR-HF were lower than values
found inmost studieswithHF (including
the ANTHEM-HF, the only other study
of VNS in HFrEF that provided baseline
CRP levels) and more similar to those of
healthy individuals [48], suggesting that
patients enrolled in NECTAR-HF had
little active inflammation and therefore
less chance of benefiting from the anti-
inflammatory effect of VNS [23]. Yet,
it must be acknowledged that a recent
subanalysis of the ANTHEM-HF study
demonstrated that overall symptomatic
and functional improvement during
chronic VNS was independent of base-
line NTproBNP levels [49]. In turn,
some data suggest that inflammation
increases NT-proBNP levels more than
BNP levels, particularly in the setting of
HFrEF [50].

Diabetic patients and non-responders
to CRT might also be less likely to re-
spond toVNS, albeit no significant inter-
action was found in the INOVATE-HF
trial. The former may suffer from latent
diabetic neuropathy that typically affects
the long parasympathetic fibers first; the
latterhave ahighchanceofbeingpoor re-
sponders to any therapeutic intervention
due to several factors, including a large
LV scar. Accordingly, a post hoc ex-
ploratory analysis of INOVATE-HF in-
cluding patients with no CRT, a QRS
duration <130ms, and a baseline ability
to walk of more than 300 m (the inclu-
sion criteria used in CardioFit) showed
a weak favorable trend versus reverse LV
remodeling.

Finally, another methodological is-
sue for ART is blinding. On one hand,
conducting un-blinded clinical trials
may lead to bias and question the study
results, on the other hand, achieving
proper blinding is a significant challenge
in device-based trials. For instance,
the 6-month blinding assessment of
the NECTAR-HF showed that 70% of
the patients assigned to active VNS
properly guessed their randomization
group, probably due to the perception
of ongoing stimulation or to side effects.

ANTHEM-HFrEF study

An adaptive, open-label, randomized,
controlled pivotal study (ANTHEM-
HFrEF) is currently undergoing to fur-
ther evaluate VNS in patients with ad-
vanced HF [51]. The ANTHEM-HFrEF
is randomizing patients (2:1) to VNS
plus guideline-directed medical therapy
(GDMT) or GDMT alone. The esti-
mated study completion date is Decem-
ber 2024. In the trial, VNS is delivered
using the VITARIA System (LivaNova)
and according to the principle of the
neuronal fulcrum. ANTHEM-HFrEF
utilizes an innovative adaptive design
as allowed by the new Food and Drug
Administration breakthrough devices
program. Indeed, the primary outcome
will be a composite of cardiovascular
death, or first HF hospitalization tradi-
tionally assessed, but the sample size will
be determined using a Bayesian adaptive
approach.

Conclusion

In conclusion, although a very strong
pathophysiological rationale, combined
with highly convincing preclinical and
promising pilot studies, had set great
hope for vagal nerve stimulation, the
two large, controlled studies performed
to date have failed to fulfill the expecta-
tions. Yet, it must be acknowledged that
clinical translation was performed be-
fore a sufficient degree of understand-
ing of the complex pathophysiology of
autonomic electrical modulation had
been achieved, therefore jeopardizing
its potential benefit. An additional ran-
domized study is currently underway

using an innovative adaptive design
and a refined approach in an attempt to
solve the dose issues.
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Fachnachrichten

Kardiologen beunruhigt durch niedrige Impfquote –
Herzerkrankte sind besonders gefährdet

Nachdemdie Infektionszahlen in den vergan-

genen Monaten gesunken waren, kommt es
nun zu einem erneuten Anstieg der Corona-

Neuinfektionen in Deutschland. Modellierun-

gen zeigen, dass mit einem exponentiellen
Wachstum und einer vierten Welle unter

den Erwachsenen ab spätestens Oktober
gerechnet werden muss. Neue Varianten des

Virus sowie Lockerungen im Alltag und bei

Großveranstaltungen befeuern diesen Trend.
Hinzu kommt, dass ein recht großer Anteil

von Erwachsenen Impfangebote nicht an-

nimmt, obwohl der Impfstoff mittlerweile
in ausreichender Menge verfügbar ist. Ei-

ne niedrige Impfquote zum Zeitpunkt einer
vierten Welle birgt jedoch gerade für Pati-

ent*innen mit Herzkreislauferkrankungen

ein großes Risiko:

4 Patient*innenmit

Herzkreislauferkrankungen haben bei
einer COVID-Erkrankung ein zwei bis

dreifach erhöhtes Risiko für einen
schweren Krankheitsverlauf und Tod; die

Sterblichkeit hospitalisierter

Patient*innenmit
Herzkreislauferkrankungen ist bis zu

elffach erhöht.

4 Auch Geimpfte können sich erneut mit
COVID-19 infizieren. Es ist leider davon

auszugehen, dass Patient*innenmit
Herzkreislauferkrankungen hier deutlich

häufiger schwere Verläufe erleiden als

herzgesunde Personen.
4 Die Impfeffektivität ist zudem bei

Menschenmit

Herzkreislauferkrankungen leicht
geringer.

Umso wichtiger, dass ein überwiegender

Teil der Bevölkerung geimpft ist, bekräftigt

DGK-Präsident Prof. Dr. Stephan Baldus: „Eine
Impfquote von über 80 % hätte einen ent-

scheidenden Effekt auf die oben genannten

Punkte und stellt aus unserer Überzeugung
einen ganz wesentlichen Hebel dar, um die

Prognose herz- und kreislauferkrankter Pa-
tient*innen in der Pandemie zu verbessern.“

Die Experten der DGK bringen daher ihre

Sorge über die große Zahl der Impfunwil-
ligen in Deutschland zum Ausdruck und

bitten politische Entscheidungsträger*innen

eindringlich, umgehend aktiv zu werden.

Eine intensivere Aufklärung, das Schaffen
von positiven Anreizen und gleichzeitig

das frühzeitige Formulieren von geplanten

Einschränkungen für Nichtgeimpfte sind
vielversprechende Ansätze, um die Impfquo-

te jetzt kraftvoll zu erhöhen. Deutschland
solle ferner alle Anstrengungen unterneh-

men, seine Partnerländer mit niedrigem

Impfstatus kurzfristig und maximal mit der
Lieferung von Impfstoff zu unterstützen,

um das globale Pandemiegeschehen besser

einzudämmen, so die Herzmediziner weiter.
Prof. Dr. Michael Böhm, Pressesprecher der

DGK: „Nur auf diesemWeg werden wir es in
Deutschland schaffen, die besonders gefähr-

deten Patientengruppen, insbesondere auch

die Herzkreislauferkrankten besser zu schüt-
zen, um in einer Phase erneut steigender

Infektionszahlen Morbidität und Mortalität

unserer Patient*innen niedrig zu halten.“ In
diesemZusammenhang nimmt die DGK auch

Stellung zu dem Auftreten von Herzmuskel-
entzündungen bei hauptsächlich jungen

Männern in den ersten 14 Tagen nach einer

zweiten Impfungmit den Vakzinen von BioN-
Tech (Comirnaty) und Moderna (Spikevax).

Ein Rote-Hand-Brief, der am 19. Juli veröffent-

lichtwurde, berichtet, dass bis zum31.Mai im
europäischenWirtschaftsraum145 Fälle von

Myokarditis bei Personen, die mit Comirnaty,
und 19 Fälle bei Personen, die mit Spike-

vax geimpft wurden, festzustellen waren.

Zusätzlich traten nach der Anwendung von
Comirnaty 138 Fälle von Perikarditis auf und

nach der Gabe von Spikevax 19 Fälle. „Auch

wenn der Zusammenhang vermutlich kausal
ist, müssenwir diese Zahlen ins Verhältnis zu

den verabreichten Impfdosen setzen“, betont
Prof. Dr. Holger Thiele, zukünftiger Präsident

der DGK. Bis zum 31. Mai wurden im europäi-

schenWirtschaftsraum schätzungsweise 177
MillionenDosen Comirnaty und 20 Millionen

Dosen Spikevax verabreicht. „Sowohl die Pa-

tient*innen als auch wir Ärztinnen und Ärzte
müssen daher wachsam sein und auf die ent-

sprechenden Symptome achten. Dennoch
kann gar nicht oft genug betont werden,

dass der Nutzen der Impfung die Risiken bei

weitemüberwiegt“, so der Kardiologe weiter.

Quelle: www.dgk.org
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