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ABSTRACT

Background and Objective: The cardiac autonomic nervous system (CANS) plays an important role in the pathophysiology of
atrial fibrillation (AF). Cardiovascular disease can cause an imbalance within the CANS, which may contribute to the initiation and
maintenance of AF. Increased understanding of neuromodulation of the CANS has resulted in novel emerging therapies to treat
cardiac arrhythmias by targeting different circuits of the CANS. Regarding AF, neuromodulation therapies targeting the vagus
nerve have yielded promising outcomes. However, targeting the vagus nerve can be both pro-arrhythmogenic and anti-
arrhythmogenic. Currently, these opposing effects of vagus nerve stimulation (VNS) have not been clearly described. The aim
of this review is therefore to discuss both pro-arrhythmogenic and anti-arrhythmogenic effects of VNS and recent advances in
clinical practice and to provide future perspectives for VNS to treat AF.

Materials and Methods: A comprehensive review of current literature on VNS and its pro-arrhythmogenic and anti-
arrhythmogenic effects on atrial tissue was performed. Both experimental and clinical studies are reviewed and discussed
separately.

Results: VNS exhibits both pro-arrhythmogenic and anti-arrhythmogenic effects. The anatomical site and stimulation settings
during VNS play a crucial role in determining its effect on cardiac electrophysiology. Since the last decade, there is accumulating
evidence from experimental studies and randomized clinical studies that low-level VNS (LLVNS), below the bradycardia threshold,
is an effective treatment for AF.

Conclusion: LLVNS is a promising novel therapeutic modality to treat AF and further research will further elucidate the
underlying anti-arrhythmogenic mechanisms, optimal stimulation settings, and site to apply LLVNS.
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The vagus nerve is responsible for the parasympathetic inner-
vation to the heart. Initial studies demonstrated that high-level
vagus nerve stimulation (VNS)—inducing bradycardia—leads
pro-arrhythmogenic ~ effects on atrial  tissue.”® The

INTRODUCTION

The autonomic control of the heart involves a complex interplay
between the cerebral cortex, brain stem, spinal cord, extra-cardiac to
ganglia, and intracardiac ganglia. During physiological circum-

stances, the cardiac autonomic nervous system (CANS) consists of a Address correspondence to: Natasja M.S. de Groot, MD, PhD, Department of
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well-balanced sympathetic and parasympathetic nervous system.
Cardiovascular diseases may cause an imbalance within the CANS
which may contribute to initiation and maintenance of atrial
tachyarrhythmias such as atrial fibrillation (AF)."* In patients who
underwent cardiac surgery, this imbalance may also be induced by
systemic inflammation, acute hemodynamic alterations, and
inotropic or vasoactive drugs, which all facilitate the development
of postoperative AF.>°

Multiple studies in the past few decades have shown that the
CANS plays an import role in cardiac arrhythmogenesis.'
Increased understanding of neuromodulation has resulted in
novel emerging therapies to treat cardiac arrhythmias by target-
ing different circuits of the CANS. Concerning AF, neuro-
modulation therapies targeting the vagus nerve have yielded
promising outcomes.

Cardiology, Erasmus Medical Center, Rotterdam, Doctor Molewaterplein 40, 3015
GD Rotterdam, The Netherlands. Email: n.m.s.degroot@erasmusmc.nl

! Department of Cardiology, Erasmus Medical Center, Rotterdam, The
Netherlands; and

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

Indicates equal contribution.

For more information on author guidelines, an explanation of our peer review
process, and conflict of interest informed consent policies, please see the
journal's Guide for Authors.

Source(s) of financial support: N.M.S. de Groot, MD, PhD, is supported by funding
grants from CVON-AFFIP (grant number 914728), NWO-Vidi (grant number
91717339), and Medical Delta. Rohit K. Kharbanda is supported by a grant
from the Dutch Heart Foundation (2019T091).

www.neuromodulationjournal.org

© 2022 The Authors. Published by Elsevier Inc. on behalf of the

Neuromodulation 2022; 25: 356-365

International Neuromodulation Society. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



VAGUS NERVE STIMULATION AND ATRIAL FIBRILLATION

pro-arrhythmogenic effects consist of slowing of atrial conduction,
shortening of the atrial effective refractory period (AERP), and
increase in dispersion of atrial refractoriness. This type of VNS is
commonly used to induce and maintain AF in experimental
models. In contrast, low-level vagus nerve stimulation (LLVNS)—
not inducing bradycardia—has been shown to possess anti-
arrhythmogenic effects.” "' Increasing evidence from preliminary
clinical studies have demonstrated that LLVNS is effective in
reducing the incidence and burden of (postoperative) AF.'*'°

The initial success of LLVNS has resulted in the remarkable
paradox that VNS can both enhance and reduce susceptibility
to AF. So far, the opposing effects of high-level and low-level
VNS have not been clarified. In contrast to high-level VNS, the
underlying anti-arrhythmogenic effects of LLVNS have been
poorly investigated. This review aims to discuss both the pro-
arrhythmogenic and anti-arrhythmogenic effects of VNS. In
particular, the underlying anti-arrhythmogenic mechanisms
and recent advances in the clinical use of LLVNS will be
discussed.

NEURO-CARDIAC FEEDBACK

The heart is richly innervated by the CANS, which is subdivided
into an extrinsic and intrinsic part, distributed either extra-cardiac
or at the level of the heart, respectively.'®”'® The intrinsic cardiac
nervous system consists of a network of ganglionated plexi that
contain parasympathetic and sympathetic afferent and efferent
neuronal circuits with overlapping areas of influence.'”™’
Sympathetic-parasympathetic interactions within the intrinsic car-
diac nervous system play an important role in the control of cardiac
function.”*?*

Parasympathetic cardiac innervation is mediated by the vagus
nerve which contains predominantly (~80%) afferent fibers. The
vagus nerve emerges from four nuclei in the medulla oblongata and
contains different types of nerve fibers which are labeled as A-, B-
and C-group fibers, ranked by increasing degree of myelination and
diameter.”* Preganglionic parasympathetic fibers synapse at auto-
nomic ganglionic plexi (AGP) directly at the surface or inside the
myocardium. In contrast, preganglionic sympathetic nerve fibers
course through the intermediolateral column of the spinal cord and
synapse at the extra-cardiac ganglia, including cervical and thoracic
(stellate) ganglia.”® Postganglionic fibers then directly innervate the
atrial and ventricular myocardium. Sympathetic nerve fibers are
responsible for adrenergic cardiac stimulation. Afferent neurons
carry cardio-neuro feedback from the heart toward different levels
within the CANS. This neuro-cardiac feedback system is essential for
the control of the sympathetic tone and parasympathetic tone of
the heart and to secure a well-balanced CANS. As mentioned pre-
viously, there are also local regulatory circuits within AGPs inde-
pendently regulating the sympatho-parasympathetic balance.'’*°
Acute (eg, hemodynamic changes) and chronic factors (eg, cardio-
vascular risk factors) may cause imbalances within the CANS, which
may enhance vulnerability to AF."°

PRO-ARRHYTHMOGENIC MECHANISMS OF
HIGH-LEVEL VNS

Acetylcholine (ACh) and vasoactive intestinal peptide (VIP) are
released during vagus nerve activation and are responsible for
parasympathetic activation of the heart. ACh binds to muscarinic

receptors (M2) that, in turn, have an inhibitory effect on G protein
a-subunit. This decreases levels of cyclic adenosine mono-
phosphate (cAMP) and protein kinase A. In addition, ACh shortens
repolarization, predominantly by way of activation of the ACh-
activated outward potassium current (IKACh), which also impedes
depolarization by inducing hyperpolarization of the resting cell
membrane potential of the cardiac cell. There is an approximately
linear relation between parasympathetic preganglionic discharge
rates and prolongation of sinus rhythm cycle length and atrio-
ventricular (AV) conduction time.?” Furthermore, shortening of the
action potential duration consequently promotes onset and
perpetuation of AF by reducing wavelength, which in turn facili-
tates reentry.”®

Initial experimental studies demonstrated that administration of
ACh and high-level VNS enhance AF susceptibility, particularly in
combination with programmed premature atrial stimulation.”?3*
Subepicardial injection of ACh into the canine sinoatrial node
(SAN) area induced a short SAN pause followed by an atrial flutter
which quickly disorganized to AF. Subsequently, intravenous
administration of atropine, which is a competitive inhibitor of ACh
muscarinic receptors, effectively terminated AF.%° Intravenous ACh-
induced AF was maintained by either anti-acetylcholinesterase
agents or high-level VNS. In contrast, atropine administration
either slowed the fibrillatory rate or resulted in conversion to sinus
rhythm. Moreover, atropine prevented subsequent AF induction by
ACh administration. These results were reproduced in a larger
study conducted on several animal species.*®

Importantly, a higher density of IKACh has been found in the left
atrium compared with the right atrium (RA).>* Arora et al** inves-
tigated the effect of VNS and propranolol in canine hearts. Spe-
cifically, ERP shortening in response to autonomic manipulation
was most outspoken in the pulmonary veins and posterior left
atrium.*®

Another mechanism by which high-level VNS may initiate AF is
focal activity. Haisaguerre et al*® demonstrated that focal activity
originating from the pulmonary veins and the posterior left atrium
plays an essential role in AF induction. Since then, multiple
underlying mechanisms for focal activity have been proposed
including abnormal automaticity, triggered activity, and (trans-
mural) micro-reentry. Emerging evidence suggests that the CANS
plays an important role in focal and rotational activity originating
from the pulmonary veins.”*”*® Focal and rotational activity orig-
inating from the pulmonary veins are often co-localized with car-
diac ganglionated plexi (GPs), suggesting a causal relation
between altered GP activity and focal or rotational sources.*”
Interestingly, ectopic activity and bursts of AF originating from
the pulmonary veins could be suppressed by reflex vagal activa-
tion, eg, by way of phenylephrine injection.” Hyperactive cardiac
GPs may increase both sympathetic and parasympathetic tone,
which both may initiate AF by triggered focal activity or micro-
reentry, respectively.®**° Multiple studies have demonstrated
that sympathetic and parasympathetic co-stimulation are syner-
gistic to the induction of atrial tachyarrhythmias.>®*** Para-
sympathetic firing enhances spatially heterogeneous action
potential duration and dispersion in atrial refractoriness, promoting
the occurrence of the re-entrant activity. Co-stimulation of the
sympathetic nervous system may induce triggered activity by way
of an increase in intracellular Ca®*. Thus, the combination of
parasympathetic and sympathetic stimulation promotes the
development of AF as triggered focal activity encounters aniso-
tropic atrial tissue.**
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EFFECT OF HIGH-LEVEL VNS ON ATRIAL
REFRACTORINESS

As mentioned previously, high-level VNS shortens the atrial
refractory period, which has been demonstrated in multiple pre-
clinical mapping studies. For example, Hoffman et al” performed
epicardial mapping during left or right VNS to assess the relation
between stimulus strength and electrophysiological changes in the
atrial appendages. After vagus nerve transection, VNS was per-
formed with different stimuli intensities defined by induced
changes in AV conduction. Weak, intermediate, and maximal
stimulation was defined as PR interval prolongation from 20 to 50
ms, a 2:1 AV block, and higher degrees of AV block, respectively. In
these patients, activation of IKACh channels through VNS resulted
in shortening of the atrial refractory period. This effect was most
pronounced during maximal VNS. Whether refractoriness changed
homogeneously across both atrial appendages was not examined
in this study. The authors postulated that increasing the intensity of
VNS results in higher concentrations of ACh released by the vagus
nerve endings, thereby also gradually increasing the effect on atrial
refractoriness.

Taking into consideration that the vagus nerve supply is not
homogeneously distributed between both atria, it is likely that
changes in refractoriness induced by VNS are nonuniformly
distributed over both atria as well. Therefore, another study
investigated the effect of high-level VNS on different parts of the
RA.Z During VNS, large dispersion in atrial refractoriness, ranging
from 50 to 140 ms, was observed. Shortening in the refractory
period was more pronounced at the inferior RA (A100 ms)
compared with the RA appendage (A10 ms) and the superior RA
(A30 ms). Interestingly, premature programmed electrical stimula-
tion at areas with substantial shortening of the refractory period
during VNS resulted more often in AF induction compared with
pacing at areas that were less affected by VNS. This effect was
attributed to increased local differences in the excitability of atrial
cardiomyocytes.

Interestingly, in another study, it was found that this heteroge-
neity in response to VNS could not be attributed to heterogeneous
nerve supply only, but also the heterogeneous distribution pattern
of IKACh channels.®® Enhanced dispersion in atrial refractoriness
during high-level VNS was confirmed in multiple studies.** ¢

FROM HIGH-LEVEL TO LOW-LEVEL VNS: THE
TURNING POINT

The anti-arrhythmogenic effects of VNS at lower intensity were
initially observed in a canine AF model. It was demonstrated that
20 minutes of VNS, which slowed the heart rate by <30%, pro-
tected canine atria from atrial electrical remodeling (AERP short-
ening and enhanced AERP dispersion) during seven hours of high
fixed rate atrial pacing (HFRAP)."

When the first-in-human pilot study using invasive LLVNS
demonstrated that LLVNS is safe and improves functional status in
patients with advanced heart failure, only a trivial effect on heart
rate was observed.** Furthermore, during a follow-up period of six
months, none of these patients developed atrial tachyarrhythmias.
These findings initiated a discussion on the relation between VNS
intensity and its effect on heart rate and arrhythmogenicity. To
elucidate the turning point from high-level to low-level VNS, Zhang
et al'' examined the effect of four different VNS intensities,

corresponding to 20%, 40%, 60%, and 100% sinus rhythm cycle
length prolongation, on AF inducibility. VNS resulting in <40%
prolongation in cycle length did not increase AF inducibility and
was therefore considered as an upper limit for therapeutic LLVNS
modalities.'" In most experimental and clinical studies using LLVNS
for its anti-arrhythmogenic effects, LLVNS is performed at an
intensity lower than at which SAN or AV nodal slowing is observed.

ANTI-ARRHYTHMOGENIC EFFECTS OF
LOW-LEVEL VNS

The mechanism behind the anti-arrhythmogenic effect of LLVNS
has not been fully unraveled. The effect on cardiac ion channels,
which will provide more insight into the anti-arrhythmogenic
effects on a cellular level, is yet to be demonstrated. However,
various studies have investigated the involved neurotransmitters
underlying the effects of LLVNS.

As suggested by the investigators of the studies discussed in the
following paragraphs,’®®' the pro-arrhythmogenic and anti-
arrhythmogenic effects of VNS may depend on the release of
certain pro-arrhythmogenic and anti-arrhythmogenic neurotrans-
mitters. Their release, in turn, may be dependent on the activation
of specific nerve fibers. However, it could also be a matter of bal-
ance in the released neurotransmitters, with various strengths of
VNS tipping the balance toward a pro-arrhythmogenic or anti-
arrhythmogenic effect.

The pro-arrhythmogenic effect of high-level VNS is mediated by
(high concentrations of) the neurotransmitter ACh.> More recent
studies also found a pro-arrhythmogenic role for the non-
noradrenergic, noncholinergic transmitter VIP.>*> >°

The anti-arrhythmogenic effects of LLVNS involve the non-
noradrenergic, noncholinergic transmitter nitric oxide and its
signaling pathway including phosphatidylinositol-3 kinase.”’ An
earlier study found that the neurotransmitter vasostatin-1, when
injected into GPs, exhibited anti-arrhythmogenic effects (eg,
decrease in AF inducibility) and an inhibiting effect on ARGP. As
these effects mimic the effects seen during LLVNS, it was hypoth-
esized that vasostatin-1 might in part mediate the anti-
arrhythmogenic effect of LLVNS.>°

Several studies have also investigated the effects of LLVNS on
the neural activity of thoracic and cardiac GPs. An overview of these
studies and their outcomes is provided in Table 1. Sha et al®®
demonstrated that baseline neural activity and SAN response
during stimulation of cardiac GPs (ARGP and superior left gangli-
onated plexus [SLGP]) and stellate ganglia (SG) were suppressed
during LLVNS, indicating that LLVNS exerts an inhibitory effect on
the CANS. They postulated that the inhibitory effect on the cardiac
GPs was the main anti-arrhythmogenic effect of LLVNS, as hyper-
activity of the cardiac GPs contributes to AF induction. In another
study, ARGP neural activity was normalized by LLVNS during
HFRAP. Three hours of RAP significantly increased ARGP neural
activity, but when LLVNS was added, ARGP neural activity returned
to baseline values.”” The mediating effects of VNS (above the
bradycardia threshold) on ARGP exhibited memory; arrhythmia
induction during high-level mediastinal vagus stimulation was
prevented or the induced arrhythmias were shorter for 26 minutes
after cessation of stimulation.®

In contrast to these previous studies,””° no difference in SLGP
activity was found in another study in which one week of LLVNS
was performed in canines.®® A suppressing effect was only
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Table 1. Invasive and Transcutaneous LLVNS in Experimental Setting.

Author(s),

year

Invasive LLVNS
Lietal”®

2009

Yu,”” 2011

Shen et al,>®

2011

Sheng
et al,”
2011

60

Sha et al,
2011

Yu et al,”’
2012

|(ﬂ
i

Shen et a
2013

Right, left,
or bilateral
VNS

R+L

R+1L

R+ 1L

Frequency
Pulse width
Waveform
On-off/Continuous

20 Hz
100 ps
Square
Continuous
20 Hz
100 ps
Square
Continuous

13 Hz
450 us
NA
Continuous

20 Hz
100 ys
Square
Continuous

20 Hz
100 us
NA
Continuous
20 Hz
100 ps
Square
Continuous
15 Hz
500 s
Square
On (60 s) — off (12s)

Intensity

1V below voltage
slowing SAN/AVN

10% and 50% below
voltage slowing
SAN/AVN

1V below voltage
decreasing HR >20%

10% or 50% below
voltage slowing
SAN/AVN

50% below voltage
slowing SAN/AVN

50% below voltage
slowing SN/AVN

mA below stimulus
strength (mA)
decreasing heart rate
>20%

Duration

3 hicw. high-frequency
stimulation at PV and
atrial appendage sites
during measurements

3 h icw. high-frequency
ARGP + SLGP stimula-
tion during
measurements

Group 1: 7 d continuous
Group 2: 3 x 1 d per
7 d (sham or active),
other days HFRAP,
total 21 d

Group 1. 3 h i.cw. HFRAP

(after 3 h only HFRAP)
Group 2. 6 h i.cw.
HFRAP

3 h i.cw. high-frequency

stimulation and pacing

at various atrial sites,
SLGP and (R)SG

3 hicw. HFRAP (after 3 h

only HFRAP)

Group 1.7 d
Group 2. Control

Cardiac

AF threshold 1

Suppression of 1.AERP |
+ dispersion 1
2. WOV 1

Group 2:
PATs |

1.AERP normalization/
unchanged
2. WOV normalization/
unchanged
3. AFCL 1
4. AF duration |

AF threshold 1

1. AERP normalization
2. WOV normalization

None

Outcomes
Neural measurements

None

. VARGP function*
2. ARGP neural activity
normalization
3. SLGP neural activity
normalization
Group 1:
1. (LSGNA |
2. (L)SG function |
3. VNA—no effect
4. SLGPNA—no effect
Group 2:
1. (L)SGNA |
2. VNA—no effect
3. SLGPNA—no effect
None

1. 1 SLGP function*®
2. | (R)SG function*®
3. | ARGP NA

ARGP neural activity
normalization

None

Other

Transection of vago-
sympathethic trunk

None

Group 1: (L)SG:
1. Density of TH+
ganglion cells |
2. Density of TH—
ganglion cells 1

Suppression of AF
induced by cholin-
ergic stimulation

None

None

1.1 SK2 proteins
2.1 SK2 protein
expression in cell
membrane
3.1 TH— ganglion
cells (most were
ChAT+)

(Continued)
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Author(s),
year

Stavrakis
et al”’
2013

Liu et al,”*
2013

Cho,%? 2014

Yuan et al®’

2015

Lu et al,”

2016

65
l

Yu et a
2013

Chen et al®®

2015

Chen et al®’

2015

Table 1. Continued

Right, left,
or bilateral
VNS

R

R+ 1L

Transcutaneous LLVNS

R

Frequency
Pulse width
Waveform
On-off/Continuous

20 Hz
100 us
Square
Continuous
20 Hz
100 ps
Square
Continuous
20 Hz
200 us
Square
Continuous

1 Hz
40 ms
Rectangular
Continuous
20 Hz
100 ps
Square
Continuous

20 Hz
1000 ps
Square
Continuous
20 Hz
1000 ps
Square
Continuous
20 Hz
1000 ps
Square
Continuous

Intensity

10% below voltage slow-
ing SAN/AVN

50% below voltage pro-
longing SR CL 30 ms or
less

40% below voltage
decreasing HR

2V

50% below voltage slow-
ing SAN or second
degree AV block

80% below voltage slow-
ing SAN/AVN

80% below voltage slow-
ing SAN/AVN

80% below voltage slow-
ing SAN/AVN

Duration

3 hicw. HFRAP (after 3 h
only HFRAP)

3 h + HFRAP

Group 1. 3 h + HFRAP
Group 2. Control

Group 1.4 wk icw. HFRAP
Group 2. Only RAP

Group 1. 12 h i.cw. HFRAP
Group 2. Only HFRAP
Group 3. Control

3 h icw. HFRAP (after 3 h
only HFRAP)

Group 1. 9 h icw. HFRAP
Group 2. Only HFRAP
Group 3. Control

Group 1. 9 h icw. HFRAP
Group 2. Only HFRAP
Group 3. Control

Cardiac

1. Duration ACh-induced
AF |
2. WOV normalization

. AERP—no effect
dispersion—no effect
2. WOV unchanged

. AERP unchanged
2. WOV unchanged
3. AF inducibility
unchanged

. Incidence sustained
AF |

AERP—no effect

. AERP normalization
2. WOV normalization

. AF duration |
2. AFCL 1

. AF duration |
2. AFCLYT
3. AERP + AERP disper-
sion unchanged
4. WOV unchanged

Outcomes
Neural measurements

ARGP function* |

None

None

None

None

ARGP neural activity
normalization

None

None

Other

NO inhibitors abol-
ished effects of
LLVNS

None

No difference in nerve
density and sprout-
ing evaluated by
anti-TH and anti-
growth associated
protein-43 staining

. GAP43 nerve
density |
2. TH nerve
density |

. ARGP expression of
nerve growth factor
and neurturin |
2. glycogen
accumulation |

None

x40 1
Cx43 1

x40 1
Cx43 1

AFCL, atrial fibrillation cycle length; AVN, atrioventricular node, ChAT, choline acetyltransferase; Cx, connexin; GAP43, anti—-growth-associated protein 43; HR, heart rate; i.cw., in combination with; L, left; (L)SG,
(left) stellate ganglion; NA, not available; NO, nitric oxide; PATs, paroxysmal atrial tachyarrhythmias; R, right; TH, tyrosine hydroxylase; WOV, window of vulnerability; 1, higher; |, lower.
*Function is defined as sinus rate slowing (in case of ARGP/SLGP stimulation) or sinus rate increase (in case of SG stimulation).
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VAGUS NERVE STIMULATION AND ATRIAL FIBRILLATION

observed on left SG nerve activity, although SLGP activity remained
unchanged. In the group with HFRAP and left LLVNS, similar effects
on neural activity were found. In addition, LLVNS reduced the
density of tyrosine hydroxylase-positive nerves in the SG, which
could explain the reduced SG nerve activity. In a subsequent study,
a higher expression of small-conductance calcium-activated
potassium channels and proteins was found in the cell membrane
of the SG of canines who underwent LLVNS for one week.®' Small-
conductance calcium-activated potassium channels are responsible
for slow afterhyperpolarization, which hyperpolarizes neurons and
thus suppresses nerve activity from the SG.

The investigators attributed the difference in outcomes to the
duration of stimulation, proposing that short-term LLVNS does
suppress nerve activity at cardiac GPs, yet this effect does not
sustain with long-term LLVNS. However, there are some differences
in methodology between this study®® and the previously
mentioned studies,’”®® including the duration of LLVNS (three
hours vs seven days) and also the site and settings of LLVNS (right
or both vs left, 20-30 Hz vs 13 Hz) differed. Finally, in their long-
term study, no anesthetics were used during neural measure-
ments and LLVNS.

Only a few studies examined changes in neural-cardiac activity
during noninvasive transcutaneous LLVNS (tLLVNS). One study
performed recordings of ARGP in canines during three hours of
HFRAP followed by three hours of tLLVNS at the right tragus.®®
Anterior right GP activity increased during HFRAP and returned
to baseline values during tLLVNS, which was set at 80% of the
threshold voltage required to slow SAN depolarization rate or AV
nodal conduction. A causal relation was demonstrated, as the effect
of tLLVNS was abolished after transection of the vagus nerve. This
effect on ARGP activity in a tLLVNS model is similar to the out-
comes during acute models with invasive LLVNS.>”*°

Clancy et al®® investigated the effects of tLLVNS (30 Hz, sensory
threshold) on cardiovascular autonomic function in healthy vol-
unteers. In 34 participants, they found improved heart rate vari-
ability with a shift toward vagal dominance during 15 minutes of
tLLVNS. This study was the first clinical study to demonstrate that
transcutaneous LLVNS changes the autonomic balance toward a
vagal dominance.

EXPERIMENTAL AND CLINICAL APPLICATION
OF INVASIVE LLVNS

Multiple experimental and clinical studies have been performed
to assess the anti-arrhythmogenic properties of invasive LLVNS. In
2009, Li et al’® reported that three hours of bilateral LLVNS in
anesthetized canines was effective in decreasing AF susceptibility.
High-frequency stimulation (40 ms train of VNS) was performed 2
ms after premature atrial stimulation at the pulmonary veins and
both atrial appendages. After LLVNS, the AF threshold, defined as
the lowest voltage of high-frequency stimulation that induced AF,
was increased. However, the increase was unequally distributed in
the different atrial sites, highlighting that the CANS is heteroge-
neously spread over the atria. After transection of both cervical
vagosympathetic trunks, subsequent stimulation at the distal ends
of the vagus nerve trunks did not change study outcomes. This
indicates that the anti-arrhythmogenic effect of LLVNS was mostly
dependent on the activation of efferent vagus nerve fibers. How-
ever, minimal differences in anti-arrhythmogenic effects between

stimulation before and after transection indicate the interaction
between afferent and efferent fibers.

Subsequent studies confirmed the anti-arrhythmogenic effect of
invasive LLVNS and also provided evidence that atrial electrical
remodeling (AERP shortening and enhanced AERP dispersion),
which occurs during HFRAP, was inhibited, or even reversed by
LLVNS (Table 1). Sheng et al®® investigated the effect of LLVNS
during AF. In anesthetized canines, AF was induced with strong
cholinergic stimulation by applying ACh into the anterior right
ganglionated plexus (ARGP) or the RA appendage. Bilateral invasive
LLVNS (20 Hz, 10%-50% below threshold slowing SAN depolari-
zation rate or AV conduction) prolonged AF cycle length and
shortened the duration of AF episodes.*®

Interestingly, LLVNS has also been shown to inhibit structural
remodeling. In comparison with canines with only HFRAP, 12 hours
of HFRAP in combination with right LLVNS (20 Hz, 50% below
voltage slowing SAN depolarization rate or inducing second degree
AV block) inhibited glycogen accumulation,® a biomarker for
structural remodeling.”®

Yuan et al®® demonstrated that tachycardia-induced autonomic
remodeling could be prevented by LLVNS. Histological examination
of the rabbit atria was performed after four weeks of HFRAP-
induced persistent AF and compared with rabbit atria receiving
simultaneous LLVNS (rectangular pulses, 40 ms duration at 1 Hz,
2V). Tyrosine hydroxylase and growth-associated protein 43 den-
sities were significantly lower in the LLVNS group, indicating less
sympathetic nerve sprouting. In line with these findings, Beaumont
et al’"”? demonstrated that remodeling in the CANS induced by
pressure overload or myocardial infarction can be mitigated by
chronic VNS. The possibility to suppress autonomic remodeling
by LLVNS was further substantiated during HFRAP,”” confirming
that LLVNS may indeed be a promising strategy to break the
vicious cycle of “AF begets AF.” The various ways through which
LLVNS may break this cycle are depicted in Figure 1.

In a clinical setting, LLVNS reduced levels of postoperative
inflammatory markers associated with AF after cardiac surgery. As
demonstrated in Table 2, Rossi et al”* performed invasive LLVNS (50
Hz, PR interval prolongation of =30%) in a pilot study with 35
patients who underwent cardiac surgery (20 active, 15 control) and
evaluated the levels of postoperative inflammatory markers. A
temporary pacemaker wire, which was stitched at the inferior vena
cava-inferior ganglionated plexus, was used to perform neuro-
stimulation at the intensive care unit. After six hours, the stimula-
tion group had significantly lower levels of interleukin 6, tumor
necrosis factor alpha, vascular endothelial growth factor, and
epidermal growth factor. Postoperative AF occurred in 7% and 25%
in the stimulation group and control group, respectively.

Subsequently, Stavrakis et al'? applied invasive LLVNS as a novel
approach to prevent postoperative AF. Patients who underwent
cardiac surgery received a temporary pacemaker wire at the pre-
ganglionic vagus nerve fibers alongside the lateral aspect of the
superior vena cava. A total of 54 patients were randomized to 72-
hours of active LLVNS (20 Hz, 50% below the threshold for a sig-
nificant slowing of SAN depolarization rate) or sham (n =26 vs n =
28, respectively). Postoperative AF occurred less frequently in the
LLVNS compared with the sham controls (12% vs 36%, p = 0.027)
and was partly explained by attenuation of the inflammation
response (lower levels of tumor necrosis factor alpha and inter-
leukin 6). These anti-inflammatory effects have also been found
during transcutaneous LLVNS (tLLVNS), possibly revealing a simple,
noninvasive intervention to prevent postoperative AF."® The vagus
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Targets for LLVNS to break the AF cycle

J: AF vulnerability
I AERP + AFCL

LLVNS decreases cardiac
sympathetic tone

Electrical
remodeling

HFRAP + LLVNS inhibits

HFRAP + LLVNS inhibits structural remodeling

autonamic remodeling

Anti-inflammatory properties of LLVNS

Figure 1. The various pathways are depicted by which LLVNS may inhibit the
occurrence and continuation of the cycle in which “AF begets AF.” AFCL, atrial
fibrillation cycle length; LLVNS, low-level vagal nerve stimulation; 1, higher; |,
lower. [Color figure can be viewed at www.neuromodulationjournal.org]

nerve attenuates the inflammatory response by activation of the
cholinergic anti-inflammation pathway.”*’> Although the out-
comes seem promising, at present, there are no randomized
controlled trials investigating the efficacy of (t)LLVNS in preventing
inflammation-related complications after cardiac surgery.

EXPERIMENTAL AND CLINICAL APPLICATION
OF TRANSCUTANEOUS LLVNS

The sensible auricle branch of the vagus nerve, which is
distributed to the skin of the external acoustic meatus and the
auricle, serves as the target for tLLVNS. In 14 ears of seven cadavers,
these vagal nerve endings were most frequently found at the
cymba conchae, antihelix, tragus, and cavity of the concha.”®
Although some inconsistencies have been found in this study,””
functional magnetic resonance imaging studies have reported
activity in afferent vagus nerve projection sites during tLLVNS at
the left tragus and cymba conchae.”® The auricle branch of the
vagus nerve contains solely vagus nerve afferents. This may serve
as an advantage for tLLVNS compared with LLVNS, because the
vagus nerve contains sympathetic nerve fibers that are also stim-
ulated during invasive LLVNS, although tLLVNS stimulates solely
afferent fibers at the earlobe which then relay their action through
a mostly unknown vagal pathway.”® In contrast, much is unknown
on the mechanisms of LLVNS. For example, the importance and
effect of (contralateral) afferent-efferent interactions in LLVNS is
largely unknown, thus we cannot predict all consequences.®

The efficacy of tLLVNS was established in several experimental
and clinical studies. Yu et al®® were the first to perform tLLVNS
(20Hz, 80% below bradycardia threshold) in an AF canine model
(n = 6). After three hours of HFRAP, progressive shortening and
enhanced dispersion in ERP were observed. Subsequently, three
hours of right tLLVNS reversed these changes. This protective effect
was not observed in canines who underwent bilateral vagus nerve
transection, again implying an important role of efferent vagus
nerve fibers in the anti-arrhythmogenic effects of LLVNS. tLLVNS
did not affect AF cycle length or duration. In another study per-
formed in 32 canines, a shorter duration of AF was observed after
nine hours of HFRAP including left or right tLLVNS (20 Hz, 80%

below threshold slowing SAN depolarization rate or AV conduction)
compared with controls who received RAP only.°>®” The authors
proposed that the anti-arrhythmogenic effects of tLLVNS are not
exclusive to right VNS. As tLLVNS also prevented RAP-induced
reduction in connexin expression, the anti-arrhythmogenic effects
of tLLVNS were partly attributed to inhibition of structural
remodeling.

At present, three randomized clinical trials have been published
examining the anti-arrhythmogenic efficacy of tLLVNS. In the first
study, 40 patients scheduled for catheter ablation of paroxysmal AF
were randomized."® Under general anesthesia, baseline AERP, and
AF cycle length measurements were performed after inducing AF.
Subsequently, patients either received one hour of right tLLVNS (20
Hz, 50% below threshold slowing sinus rate or prolonging atrial-his
interval) or sham control (ear lobe) (20 vs 20 patients). After one
hour, AF was induced for a second time and the measurements
were repeated. More attempts were required to induce AF and AF
duration was shorter in patients who received tLLVNS. Atrial ERP
and AF cycle length were prolonged in the tLLVNS group. In
addition, one hour of tLLVNS acted anti-inflammatory by
decreasing tumor necrosis factor alpha and C-reactive protein
levels.

In the second study, patients were randomized to tLLVNS via the
triangular fossa or sham (sham device) after cardiac surgery.'
Patients who received tLLVNS were less likely to develop post-
operative AF compared with controls (20% vs 55%, p = 0.02).

In the third study, Stravrakis et al'® examined the effect of
tLLVNS on AF burden in ambulatory patients with paroxysmal AF.
During six months, patients received either tLLVNS via the ear lobe
(sham) or tragus (active arm) for one hour per day. Two weeks of
continuous rhythm monitoring was performed at baseline after
three and six months. A substantial decrease in AF burden of 85%
was observed in the active arm (p = 0.01, confidence interval [Cl] =
0.03-0.65). In addition, long-term tLLVNS exhibited anti-
inflammatory effects; tumor necrosis factor alpha levels were low-
ered at six months compared with baseline.

Experimental and clinical studies on LLVNS for the treatment of
AF are listed in Table 1 and 2, respectively. Thus, in recent years
various clinical studies have confirmed tLLVNS to be a safe and
promising therapeutic procedure for AF.

CONSIDERATIONS REGARDING LLVNS
STIMULATION SETTINGS

The difference between anti-arrhythmogenic LLVNS and pro-
arrhythmogenic high-level VNS is partly based on the stimulation
intensity, which corresponds to stimulation of different vagus nerve
fibers. As mentioned earlier, high-level VNS is performed with an
intensity above the bradycardia threshold; bradycardia indicates
stimulation of smaller myelinated slow B-fibers and/or unmyelin-
ated C-fibers. Low-level VNS is set below the bradycardia threshold,
thereby stimulating the larger and myelinated A-fibers and fast
B-fibers.2'#2

Importantly, LLVNS settings—frequency, pulse width, amplitude,
and waveform—are not completely uniform throughout the pre-
viously discussed studies. The stimulation of specific vagus nerve
fibers depends on pulse intensity; a function of pulse width and
output current.®* Activation thresholds for the various vagus nerve
fibers by stimulating the right cervical vagus nerve were examined
in canine atria. The activation threshold for slow B-fibers (4.4 + 0.5
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Table 2. Invasive and Transcutaneous LLVNS for Atrial Fibrillation in Humans.
Frequency
Pulse width VNS settings Outcomes
Author(s), year Location Waveform Stimulation intensity Duration Cardiac Inflammation response
Invasive LLVNS
Rossi et al,”? 2012% IVC-IAGP 50 Hz At intensity resulting in PR 6 h/train duration 180 ms POAF—no effect TNF-a |
+ 1000 ps interval >30% IL-6 |
R-VN NA VEGF |
EGF |
Stavrakis et al,'” 2017% R-VN 20 Hz 50% below threshold 72 h POAF | TNF-a |}
100 ps slowing SAN IL-6 |
NA
Transcutaneous LLVNS
Stavrakis et al,'”” 2015 R-UN 20 Hz 50% below threshold 1h AF duration | TNF-a |
1000 us square slowing SAN or pro- AFCL t CRP |
longing AH interval AERP 1
Andreas et al,"* 2019*  NA 1 Hz T mA 40 ms (LLVNS) — 20 ms  POAF | CRP—no effect
NA (pause) IL-6—no effect
NA Up to 2 wk after surgery
Stavrakis et al,'” 2020* R-VN 20 Hz 1 mA below discomfort Th per day for 6 mo AF burden | TNF-a |
200 ps threshold HRV |
NA
AFCL, atrial fibrillation cycle length; AH interval, atrial-His bundle interval; CRP, C-reactive protein; EGF, epidermal growth factor; HRV, heart rate variability; IVC-
IAGP, inferior vena cava-inferior atrial ganglionated plexus; NA, not available; POAF, postoperative atrial fibrillation; R-VN, right vagus nerve; TNF-q, tumor
necrosis factor alpha; VEGF, vascular endothelial growth factor.
*Post-cardiac surgery setting.

mA), which induced bradycardia,®* was eight times higher than the
threshold for A-fibers (0.52 + 0.08 mA) and almost three times
higher than the threshold for fast B-fiber (1.5 + 0.2 mA) activation.®?
Based on these observations, the slight variations in settings in the
previously mentioned LLVNS studies do not seem to be of great
importance. The lowest stimulation intensity used during invasive
LLVNS is 50% below the bradycardia threshold; therefore, it is likely
that A-fibers and fast B-fibers are stimulated in these studies.

The frequency setting seems to mainly influence the strength of
the effect exerted by the stimulated fibers.®? Interestingly, two
studies on invasive LLVNS and tLLVNS found that high pulse
intensity and low frequency selectively activated C-fibers.”®®" The
upper limit for frequency during invasive LLVNS is set to be 50 Hz,
as irreversible damage to the vagus nerve after continuous stim-
ulation at higher frequencies was found.”* The various waveforms
of stimulation can be used to increase energy efficiency or increase
stimulation selectivity.®®

Although various settings seem to be effective, the exact
underlying anti-arrhythmogenic effect of LLVNS on human atria
remains largely unknown. However, these settings might become
of importance to optimize the therapeutic effect of LLVNS.
Furthermore, it is also unknown whether stimulation settings used
during invasive LLVNS can be translated to tLLVNS. Transcutaneous
LLVNS using the sensible auricle branch of the vagus nerve only
stimulates afferent vagus nerve A-fibers, which then relay a
response to the nucleus tractus solitarius.®> Although direct stim-
ulation at the vagus nerve also activates efferent fibers coursing
toward the heart. It is therefore most likely that VNS stimulation
settings are dependent on the anatomical stimulation target site
and may differ between patients. Future research is therefore
warranted to investigate the different stimulation settings at

different anatomical target sites and correlate this with electro-
physiological changes in the atria.

FUTURE PERSPECTIVES FOR LLVNS TO
TREAT AF

The switch from invasive to noninvasive LLVNS for the treat-
ment of AF was an important step. The noninvasive methodology
provides us the possibility to further unravel, develop, and
implement this promising treatment into clinical practice. Clinical
studies using tLLVNS have shown promising results such as
reduction in the incidence of postoperative AF, a lower AF burden,
and suppression of the inflammatory response. However, to
establish an evidence-based method of LLVNS for the treatment
of cardiac arrhythmias, a better comprehension of the exact
underlying neurological and anti-arrhythmogenic pathways is
needed. More extensive research on optimal stimulation settings
as well as short- and long-term outcomes is essential. Further-
more, the selection of the correct VNS target for each patient is
important, as the anatomical distribution of the vagal nerve
branches may vary between patients.

To optimize LLVNS, Napadow et al®® aimed to synchronize
tLLVNS with respiration. During respiratory-gated auricular VNS,
stimuli are only delivered during expiration, as the vagal outflow is
inhibited during inspiration by a feedback loop which causes the
well-known respiratory sinus arrhythmia.?® In this way, stimulation
may be more effective, as it is ineffective to stimulate during a
period in which vagal outflow will be inhibited. Innovations such as
these may be useful in optimizing the anti-arrhythmogenic effect
of LLVNS. Currently, it can be concluded that LLVNS is a promising
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novel therapeutic modality for AF and further research will further
elucidate the mechanisms behind the anti-arrhythmogenic effects

of

LLVNS.
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OMMENT

This review provides an excellent overview of the preclinical and
nical literature with respect to control of the atrial arrhythmia

potential as affected by focal vagal nerve stimulation. It highlights
important aspects of efficacy as affected by site of delivery and stim-
ulation protocol. Likewise, it considers critical mechanisms affected by
AF and VNS, including changes in the neural and electrophysiological

su

bstrates as well as the effects on focal cardiac immune responses.
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