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ABSTRACT|CONCLUSION

Numerous studies confirm that vagus nerve stimulation (VNS)
is an efficient, indirect neuromodulatory therapy with inter-
mittently applied electrical current used for epilepsy that either
cannot be treated by epilepsy surgery or is therapy-refractory.
Itis effective in drug therapy-refractory depressions as well.
VNS is an established, evidence-based and in the long-term
cost-effective therapy in an interdisciplinary overall concept.

Long-term data on the safety and tolerance of the method are
available despite the heterogeneity of the patient populations.
Stimulation-related side effects like hoarseness, paresthesia,
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cough or dyspnea depend on the stimulation strength and of-
ten decrease with continuing therapy duration in the following
years. Stimulation-related side effects of VNS can be well influ-
enced by modifying the stimulation parameters. Overall, the
invasive vagus nerve stimulation may be considered as a safe
and well-tolerated therapy option.

Antiepileptic and antidepressant as well as positive cognitive
effects could be proven using invasive and transcutaneous va-
gus nerve stimulation. In contrast to drugs, VNS has no nega-
tive effect on cognition. In many cases, an improvement of the
quality of life is possible.

iVNS therapy has a low probability of complete seizure-free-
dom in cases of focal and genetically generalized epilepsy. It
must be considered as palliative therapy, which means that it
does not lead to healing and requires the continuation of spe-
cific medication. The functional principle is a general reduction
of the neuronal excitability. This effect is achieved by a slow
increase of the effectiveness sometimes over several years.
Responders are those patients who experience a 50 % reduction
of the seizure incidence. Some studies even reveal seizure-
freedom in 20 % of the cases. Currently, it is not possible to
differentiate between potential responders and non-respon-
ders prior to therapy/implantation.

The current technical developments of the iVNS generators of
the new generation like closed-loop system (cardiac-based
seizure detection, CBSD) reduce also the risk for SUDEP (sudden
unexpected death in epilepsy patients), a very rare, lethal com-
plication of epilepsies, beside the seizure severity.

iVNS may deteriorate an existing sleep apnea syndrome and
therefore requires possible therapy interruption during night-
time (day-night programming or magnet use) beside the close
cooperation with sleep physicians.

The evaluation of the numerous iVNS trials of the past two
decades showed multiple positive effects on otherimmunolo-
gical, cardiological, and gastroenterological diseases so that
additional therapy indications may be expected depending on
future study results. Currently, the vagus nerve stimulation is
in the focus of research in the disciplines of psychology, immu-
nology, cardiology as well as pain and plasticity research with
the desired potential of future medical application.

Beside invasive vagus nerve stimulation with implantation of
an IPG and an electrode, also devices for transdermal and thus
non-invasive vagus nerve stimulation have been developed
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during the last years. According to the data that are currently
available, they are less effective with regard to the reduction
of the seizure severity and duration in cases of therapy-refrac-
tory epilepsy and slightly less effective regarding the improve-
ment of depression symptoms. In this context, studies are
missing that confirm high evidence of effectiveness. The same
applies to for other indications like tinnitus, cephalgia, gastro-

intestinal complaints etc. In contrast to implanted iVNS thera-
py systems another disadvantage of transcutaneous vagus
nerve stimulation is the stimulator which has to be applied
actively by the patients and is not permanently active. So they
are only intermittently active; furthermore, the therapy adhe-
rence is uncertain.
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1. Introduction

Epilepsy and depression are the most frequent neurologic-psychia-
tric diseases. Worldwide, about 50 million people suffer from epi-
lepsy [1]. Every person has a life-time risk of 8—10 % to experience an
epileptic seizure [2]. Every year, 50-100 of 100,000 people are newly
diagnosed with epilepsy or an epileptic syndrome [3]. According to
the classification of the International League Against Epilepsy (ILAE),
epileptic seizures are classified into focal and generalized seizures
and seizure of unknown origin [4, 5].

The annual incidence of depression amounts to 1-2 patients per
100 persons. The risk to experience depression in life (life-time pre-
valence) amounts to 16-20 % [6-8]. The incidence of monopolar de-
pression in the general population is estimated to 7.7 % in an inter-
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val of 12 months, the 12-months prevalence for major depression
to 6 %, and for dysthymia to 2 %. In Germany, the number of affected
people amounts to about 6.2 million people who are diagnosed with
monopolar depression in an interval of 12 months [9].

The treatment of epilepsy and depression is based on the current
guidelines. Different therapeutic approaches exist and their central
components are drug-related mono- or combination therapies.

In the context of multilevel therapy concepts the option of sur-
gery is available for conservatively therapy refractive courses of
epilepsy and depression. According to the current S3 guideline/na-
tional disease management guideline on monopolar depression
[9] as well as the S1 guideline on first epileptic seizure and epilep-
sies in adults [10] (approval of the following S2k guideline applied
for December 31, 2021), the vagus nerve stimulation is mentioned
as non-drug somatic therapy procedure, which is a neuromodula-
tory therapy consisting of intermittent electrical stimulation of the
left vagal nerve by means of a programmable pulse generator [11].
The S3 guideline on the treatment of depressive disorders in child-
ren and adolescents from 2013 is currently being revised.

Depending on the etiology of depression, non-drug somatic
therapy procedures include electroconvulsive therapy (ECT), sleep
restriction therapy, phototherapy, physical exercise, repetitive
transcranial magnetic stimulation (rTMS), and vagus nerve stimu-
lation (VNS) [9] in accordance to the respective guideline.

According to the current ILAE definition, pharmaco-resistant
epilepsy is diagnosed when two independent attempts of antiepi-
leptic drug applications have been performed without any success
despite adequate dosage and duration in mono- and/or combina-
tion therapy. This definition applies for about one third of all epi-
lepsy patients [12]. From a surgical point of view, deep brain sti-
mulation (DBS) and vagus nerve stimulation are available beside
resective and non-resective surgery techniques.

While the last-mentioned interventions belong to the field of neuro-
surgery, the implantation of a vagus nerve stimulator is meanwhile
included in the clinical routine of large ENT surgery centers. The treat-
ment with an implantable vagus nerve stimulator (VNS Therapy) is
always an interdisciplinary approach. The ENT surgeon is responsible
for the surgical part, the neurologist and/or psychiatrist cares for the
fitting of the IPG (implantable pulse generator) and for therapy moni-
toring. Further, the indication for implantation of a vagus nerve sti-
mulator is generally made by the treating neurologist or psychiatrist.

In Germany, currently only one implantable system is available,
which is called VNS Therapy manufactured by LivaNova Deutschland
GmbH, Munich, Germany.
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For meanwhile 30 years, VNS Therapy is approved in many coun-
tries of the world for additional treatment of epilepsy and depres-
sion and has been applied since then in more than 130,000 pati-
ents (status of August 2021).

2. History of vagus nerve stimulation

Since the end of the 19t century, neuroscientists have tried to de-
velop methods for the stimulation of the brain. In 1882, the Ame-
rican neurologist James Corning presented a procedure called “ca-
rotid fork” for treatment of seizures by means of mechanical com-
pression of the common carotid arteries since at that time
assumption prevailed that disorders of the cerebral blood flow were
the reason for epilepsy. Later, Corning combined this method even
with transcutaneous electrical stimulation of the vagus nerve [13].
In the middle of the 20t century, numerous animal experimental
investigations were performed. In 1952, Zanchetti and co-workers
discovered by means of epilepsy models in cats that vagus nerve
stimulation may block strychnine-induced epileptic spikes [14].
Further animal experiments with cats, dogs, and monkeys showed
basic correlations between vagus nerve stimulation and EEG alte-
rations as well as their influence on seizures [15, 16].

The knowledge gained from the multitude of animal experi-
ments regarding the effect of vagus nerve stimulation and the in-
duced changes of cerebral activities led to animal experiments with
the objective to specifically interrupt seizures via vagus nerve sti-
mulation [17-19].

In 1992, Zabara observed that experimentally induced seizures
in dogs could be interrupted by VNS [20]. The detection of the an-
ticonvulsive effect in promising preclinical trials led to the further
development of VNS for clinical application of vagus nerve stimu-
lation as treatment option for patients with therapy-refractory epi-
lepsy. It was first in 1988 that Penry and Dean [21], Rutecki [22],
and Uthman [23] introduced the therapeutic application of VNS in
the context of the treatment of epilepsy patients.

Since the mid-1990s, VNS has been applied for the treatment
of therapy-refractory epilepsies in Europe (1994) and in the USA
(1997). Since the beginning of the 2000s, VNS has been applied in

Milestones of implantation of vagus nerve stimulators:

1988 First implantation in epilepsy patients by |. Kiffin Penry;
Bowman Gray School of Medicine (North Carolina, USA) [21]

1988-1996  Study program, epilepsy (E-01-E-05; 454 patients) [24]

1994 CE certification for epilepsy

1997 FDA approval for epilepsy

2000 Pilot study, epilepsy (Early Observation Mood Improve-
ment) [25]

2000 Study program, depression (D-01 & D-03) [26-28]

2001 CE certification for depression (Europe & Canada)

2005 FDA approval for depression

2007 Further clinical trials, depression (D21; D-23; Medicare)
[29-30]

Since 2007  Commercialization of “VNS for depression” worldwide
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the USA, Canada, and Europe (in Germany since 2001) also for
treatment of depression [31,32].

In 2015, vagus nerve stimulation was approved in Europe for the
therapy of chronic heart failure (CHF). In a trial with 60 heart failu-
re patients, a significant improvement of some cardiac parameters
could be revealed [33].

Outside the USA, the invasive vagus nerve stimulation (VNS The-
rapy System, LivaNova PLC) is currently a certified additional the-
rapy of epilepsy in order to reduce the incidence of seizures in phar-
maco-resistant patients with focal seizures with or without secon-
dary generalization orin patients with generalized seizures [34, 35].
There is no age limit defined for this kind of treatment.

In the context of depression, the VNS Therapy System is indica-
ted for treatment of chronic or recurrent depressions in patients
who are in a therapy-refractory or intolerant episode of a major de-
pression [35].

In contrast to interventions in the context of resective epilepsy
surgery, stimulation therapy with invasive nerve stimulation has
the great advantage of reversibility [5].

For treatment of epilepsy and depression by means of vagus
nerve stimulation, currently (status of August 2021) more than
1,300 peer-reviewed publications are available in the databases
(» Table 1), among them 12 basic research/approval studies.

Beside the invasive form of vagus nerve stimulation (VNS The-
rapy), non-invasive transcutaneous stimulation procedures have
been developed. In 2010, the first transcutaneous vagus nerve sti-
mulators (tVNS) were approved in Europe for application in the area
of the auricle (auricular branch), first for therapy of epilepsy and
depression [28], since 2012, it has also been approved for pain the-

rapy [36].

3. Anatomical basics of the vagus nerve

The vagus nerve (VN), also called tenth cranial nerve or CN X, ac-
tually comprises two nerves (the right and the left one) and is the
longest cranial nerve running from the head to the abdomen. Be-
side somato- and viscero-efferent (= parasympathetic), it also has
somato- and viscero-afferent fibers as well as sensory fibers inner-
vating the posterior part of the tongue [37]. Single afferent sensi-
tive fibers originate from the concha of the ear [38]. The vagus

» Table 1 Number of published papers on VNS in the context of
depression and therapy-refractory epilepsy (source: www.ncbi.nih.
nlm.gov, retrieved in August 2021).

Primary focus Number of publications

Effectiveness >500
Safety >150
Handling >30
Economics >15
Mechanism of action >250
Review articles >50
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nerve is the main parasympathetic nerve of the autonomous ner-
vous system [39].

The vagus nerve innervates the following organs: heart, airways
and lung, esophagus, stomach, liver, pancreas, gastro-intestinal
tract, and kidneys [40-43].

The vagus nerve exits from the posterior lateral sulcus of the
medulla oblongata between the olive and the fasciculus cuneatus/
graciles [44] and leaves the skull together with the glossopharyn-
geal nerve (CN IX) and the accessory nerve (CN XI) through the ju-
gular foramen [37]. Four cranial nerve nuclei belong to it: the soli-
tary tractus nucleus, the spinal trigeminal nucleus, the dorsal nu-
cleus of vagus nerve, and the nucleus ambiguous [45]. In the
cervical area, the vagus nerve is located deep in the carotid bifurca-
tion between the carotid artery and the internal jugular vein and
runs caudally on the right and the left side of the trachea with fol-
lowing complex abdomino-pelvine course [46].

Cervically, the nerve includes about 80 % of afferent and 20 % of
efferent fibers [47]. The vagus nerve is a mixed nerve and in the
cervical area, it consists of about 10-15 single nerve fiber bundles
[48-50].

Due to systematic functional investigations, the neurons of the
vagus nerve could be classified into A, B, and Cfibers [51]. The Afi-
bers (including Aa, AB und Ad) consist of myelinated somatic, af-
ferent and efferent neurons with diameters of 1-22 um and line
speeds of 5-120m/s. The B fibers are moderately myelinated, ef-
ferent and mainly preganglionic autonomous fibers with diameters
of 3um and line speeds of 3-15m/s. The myelinated A and B fibers
represent about 20 % of the vagus nerve neurons. The remaining
about 80 % of unmyelinated C fibers are definitely not involved in
the anticonvulsive effect of VNS therapy [52] but are responsible
for pain transmission [5].

The sensory afferent fibers with cell bodies in the inferior gang-
lion (formerly: nodose ganglion) connectin the nucleus tractus so-
litarius (NTS) and project to different brain regions [53-57] (> Figs.
1 and » 2). They transmit pain, temperature, and tactile percep-
tions [58, 59]. Non painful visceral stimuli are transmitted via pa-
rasympathetic fibers [60], while visceral pain stimuli are transmit-
ted via sympathetic fibers [61].

Incoming sensory information of the NTS are transmitted via
three main pathways to the other parts of the brain: 1) an autono-
mous feedback loop, 2) direct projections to the reticular formation
in the medulla oblongata, and 3) ascending projections over the pa-
rabrachial nucleus (PB) and locus coeruleus (LC) to the forebrain
[63,64]. Due to the multiple parabrachial reflex projections, the NTS
may influence respiratory activities as well as pain modulation.

Via projections of the NTS to the amygdala, the NTS has direct
access to the amygdala-hippocampus-entorhinal cortex of the lim-
bic system, which is the site that generates most frequently com-
plex partial seizures [5].

The parabrachial nucleus (PB) and locus coeruleus (LC) project
directly to key structures of the limbic system that play a signifi-
cantrolein the processing of affects and the emotional evaluation
of information (hypothalamus, certain thalamic regions, island re-
gions, orbitofrontal and prefrontal cortex, amygdala, and terminal
stria) [66]. The functional significance of these connections of the
vagus nerve to the brainstem and the limbic system have been de-
scribed in multiple publications [67-71].

Mobius H, Welkoborsky H. Vagus Nerve Stimulation for... Laryngo-Rhino-Otol 2022; 101: S114-S143 | © 2022. Thieme. All rights reserved.

The vagus nerve contains somatic and visceral afferences as well
as efferences. The efferent fibers mainly originate from the dorsal
nucleus of the vagus nerve located in the medulla oblongata [72]
and the ambiguous nucleus. They are responsible for the parasym-
pathetic autonomous innervation of most thoracic and abdominal
organs, for the motor innervation of larynx and pharynx[31,44] as
well as the vocal cords [72]. The pathway vagus nerve-NTS-para-
brachial nuclei is further involved in the processing of pulmonary
information so that altered vagal sensory input into this system du-
ring vagus nerve stimulation sometimes leads to subjectively per-
ceived dyspnea, however, without measurable changes of pulmo-
nary parameters [5].

The vagal parasympathetic efferences lead to neurons that are
found in the parasympathetic ganglia. These ganglia are located
near the target organs. The vagus nerves are asymmetric with re-
gard to cardiacinnervation. The left vagus nerve contains more pa-
rasympathetic fibers predominantly innervating the ventricles and
the AV nodes; and the right vagus nerve contains more fibers that
innervate mainly the cardiac atrium [72] as well as the sinus node.
Different animal experimental studies confirmed the stronger car-
diac effect on the right side [73, 74].

Therefore, the use of the left vagus nerve is preferred over the
right one in the context of invasive vagus nerve stimulation in order
to avoid cardiac side effects like arrhythmia [31, 44].

The afferent fibers mainly originate from two parasympathetic
ganglia near the skull base [72]. They transmit visceral information
to the nucleus tractus solitarii (NTS) - and afterwards to the locus
coeruleus, hypothalamus, thalamus, amygdala, and insula cortex
- as well as other regions of the brain such as the spinal nucleus of
the trigeminal nerve, the area postrema, and the medial reticular
formation of the medulla oblongata[31, 44], the dorsal nucleus of
the vagus nerve, and the ambiguous nucleus [72].

The auricular branch of the vagus nerve (also called Arnold s
nerve) is responsible for the sensitive innervation of parts of the au-
ricle and the posterior wall of the auditory canal. This is important
for the therapy approach of non-invasive VNS. Also, Arnold’s reflex,
aninvoluntary cough reflex, is triggered by stimulation of the auricu-
lar branch of the vagus nerve for example in cases of mechanical ma-
nipulation [75]. Arnold’s nerve runs from the superior ganglion
above the jugular foramen through a bony ostium in the petrous
bone and together with the facial nerve in the canal of the facial
nerve. It exits from the tympanomastoid fissure above the styloid
foramen and splits into fibers for the posterior wall of the auditory
canal and for parts of the auricle (see chapter 5.2) [75-77]. Centrally,
via the superior ganglion, the auricular branch of the vagus nerve is
connected to the brainstem and in particular to the NTS [78].

4. Neurophysiological basics of the effect
mechanism of vagus nerve stimulation

In the synapses of the vagal afferences, excitatory (glutamate and
aspartate) and inhibitory (GABA) neurotransmitters are found like
acetylcholine and a large number of neuropeptides.

Via the nucleus tractus solitarius, the vagal afferences are pro-
jected to noradrenergic as well as serotonergic neuromodulatory
systems in the brain and spinal cord. In the locus coeruleus the high-
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ACC = anterior cingulate cortex
AMY = amygdala

DRN = dorsal raphae nuclei
HYP = hypothalamus

INS = insula

LC = locus coeruleus

NTS = nucleus tractus solitarii
PB = parabrachial nucleus

PFC = prefrontal cortex

S1 = primary somatosensory cortex
THA = thalamus

CNX = vagus nerve

> Fig. 1 Anatomical connections of the vagus nerve 1: Courtesy of S. Fetzer, LivaNova 2021, modified according to Hachem et al. 2018 [62].

Hypothalamus

Thalamus

Pons
Medulla Nucleus
oblongata parabrachialis

medial
Formatio
reticularis

Nucleus
tractus
solitarius

Spinal cord

> Fig. 2 Anatomical connections of the vagus nerve 2. Drawn by Mdbius i

est density of noradrenergic neurons in the brain is found. Thus,
the LC is responsible for a wide noradrenergic innervation of the
entire cortex, diencephalon, and many other cerebral structures.
In contrast to the morphologically clearly defined LC, the raphe nu-
cleiin the reticular formation are diffusely distributed. They repre-
sent the main source for serotonin and are responsible for an ex-
tensive serotonergic innervation of the whole cortex, diencepha-
lon, and other cerebral structures [5].

Interactions between vagus nerve and locus coeruleus or vagus
nerve and raphe nuclei are potentially congruent to the mechanism
of invasive vagus nerve stimulation because noradrenaline, adre-
naline, and serotonin have, among others, anticonvulsive and an-
tidepressant effects [5].

M&bius H, Welkoborsky H]. Vagus Nerve Stimul
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n 2021 according to Rush et al. 2002 [65].

Walker and colleagues revealed experimentally the central role
of the NTS in the anticonvulsive effect of invasive VNS. The increa-
se of GABA and the decrease of the glutamate concentration with
subsequently reduced activity in the NTS had an anticonvulsive ef-
fect [79]. In a rat model of limbic seizures, Raedt and colleagues
confirmed that the anticonvulsive effect of VNS is due to the incre-
ased release of noradrenaline in the hippocampus; a correlation
was found between the noradrenaline concentration and the anti-
convulsive effect [38, 80].

The affect-modulating function of the limbic system is a field of
major research in the indication of depression. The physiological
impact of the vagus nerve stimulation on this and higher cerebral
structures was investigated frequently by means of modern ima-
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ging procedures (fMRI, PET, SPECT, MEG) making the effect mecha-
nism of this therapy more and more transparent [81-85].

In summary, noradrenaline, adrenaline, and serotonin seem to
have also anticonvulsive and mood-lifting effects.

Two of the main functions of the vagus nerve are speaking and
swallowing, mediated via specific visceral efferent fibers originating
from the ambiguous nucleus [58, 59]. The recurrent laryngeal nerve
also includes such specific fibers and innervates the adductors and
abductors of the larynx [86], which is necessary to form rough
sounds in differentiated language [59]. This fact might explain voice
irritations during the active stimulation phase of VNS therapy. So-
matosensory thalamic neurons project to the inferior post-central
gyrus and the inferior parietal flap. Vago-trigemino-thalamocortical
processes control laryngeal and pharyngeal sensations [5].

Furthermore, the vagus nerve is an important part of comba-
ting chronicinflammatory processes in the body. There is a bidirec-
tional communication between the brain and the gastrointestinal
tract. The anti-inflammatory role of the vagus nerve is performed
either due to vagal afferences, by means of the hypothalamus-pi-
tuitary gland-adrenals axis (stress axis) or vagal efferences that aim
at the cholinergic anti-inflammatory pathway and block the release
of inflammation mediators by macrophages like the tumor necro-
sis factor (TNFa). Neuroimmunology is a rather young, ambitious
research field for the application of VNS Therapy [87-89]. All these
vagal functions lead to the following model of vagus nerve stimu-
lation (see > Fig. 3).

An improved daytime vigilance by means of VNS is achieved by
an improved reticular activating system function even if the me-
chanism of change due to invasive vagus nerve stimulation is still
not exactly known [72].

5. Types of vagus nerve stimulation

As non-drug, somatic therapy procedure, vagus nerve stimulation
is a neuromodulatory treatment that consists of intermitting elec-
trical stimulation of the left vagus nerve by means of a (program-
mable) pulse generator.
Generally, the types of vagus nerve stimulators may be classi-
fied as follows:
= Vagus nerve stimulator that has to be implanted surgically
(invasive vagus nerve stimulation, iVNS or VNS Therapy)
= Non-invasive transcutaneous auricular or cervical vagus nerve
stimulation (taVNS and tcVNS)

5.1. Invasive vagus nerve stimulation (iVNS)

In the context of invasive VNS Therapy (LivaNova PLC Company),
the battery-operated generator (model Sentiva) and the stimula-
tion electrode are implanted surgically in a procedure which takes
about 1-2 h. After wound healing (about 15 days), the electrical
stimulation (and thus therapy) is started. Hereby, the nerve fibers
of the left vagus nerve leading to the brain are depolarized by
means of weak electrical impulses and action potentials are trigge-

2

Cerebral blood
flow

Neurotransmitter
release and receptor
expression

1 Noradrenaline 1.2.7 1 Thalamus 810

Desynchronization of

\ 4
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Inflammation

Anti-inflammatory pathways 1!
 Hypothalamic-adrenal-pituitarty-

epileptic EEG / A
7 GABA 356 1 Cortex 810 potentials 9 axis (“stress axis”)
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1. Roosevelt RW, Smith DC, Clough RW et al. Increased extracellular concentrations of norepinephrine in cortex and hippocampus following vagus
nerve stimulation in the rat. Brain Res 2006;1119 (1):124-32. 2. Hassert DL, Miyashita T, Williams CL. The Effects of Peripheral Vagal Nerve
Stimulation at a Memory-Modulating Intensity on Norepinephrine Output in the Basolateral Amygdala. Behavioral Neuroscience 2004; 118
(1):79-88. 3. Woodbury DM, Woodbury JW. Effects of Vagal Stimulation on Experimentally Induced Seizures in Rats. Epilepsia 1990;
31(2):7-19. 4. Hammond BM, et al. Neurochemical effects of vagus nerve stimulation in humans. Brain Research 1992; 583(1-2):300-3. 5. Ben-
Menachem E, Hamberger A et al. Effects of vagus nerve stimulation on amino acids and other metabolites in the CSF of patients with partial
seizures. Epilepsy Res 1995; 20(3):221-7.6. Marrosu F, Serra A et al. Correlation between GABAA receptor density and vagus nerve stimulation
in individuals with drug-resistant partial epilepsy. Epilepsy Res 2003; 55(1-2):59-70. 7. Krahl SE, Clark KB et al. Locus Coeruleus Lesions
Suppress the Seizure-Attenuating Effects of Vagus Nerve Stimulation Epilepsia. 1998; 39(7):709-14. 8.Henry TR, Bakay RAE et al. Brain
Blood-flow Alterations Induced by Therapeutic Vagus Nerve Stimulation in Partial Epilepsy: II. Prolonged Effects at High and Low Levels of
Stimulation Epilepsia. 2004;45(9):1064-70. 9.Koo B. EEG changes with vagus nerve stimulation. ] Clin Neurophysiol. 2001;18:434-41. 10.Vonck
K et al. Thalamic and limbic involvement in the mechanism of action of vagus nerve stimulation, a SPECT study. Seizure 2008; 17(8):699-706
11 . Bonaz et al. Anti-inflammatory properties of the vagus nerve: potential therapeutic implications of vagus nerve stimulation. | Physiol

2016; 20: 5781-5790.

> Fig. 3 Effect model of vagus nerve stimulation. Drawing: Mobius 2021.
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> Fig. 4 Wand model 2000.

> Fig. 6 Magnet for VNS Therapy. (Fig. 4-6 privat. H. M&bius 2021)
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> Fig.5 Programmer model 3000.

red afterwards. Via the afferences, this procedure leads to multip-
le physiological and structural effects in the brain without influen-
cing the inner organs. The latter would only be possible with clear-
ly higher amperage than the VNS generator can technically
produce and would require a specific polarity of the stimulation
electrodes.

Postoperatively, the generator is connected externally with a
computer (programmer) and a programming unit held in front of
the chest (“wand”) and programmed patient-specifically by the
physician (> Figs. 4 and » 5).

Beyond regular stimulation impulses which are automatically ap-
plied by the VNS Therapy generator, it is also possible for epilepsy
patients to externally activate the generator with a particular VNS
Therapy magnet if needed (e. g. when the patient feels an epileptic
aura). The patient passes a magnet (> Fig. 6) over the impulsor. In
this way it is possible for epilepsy patients and family or caring staff
to avoid, shorten, or alleviate the onset of a seizure. Furthermore, it
is possible to stop stimulation by placing the magnet on the IPG, for
example in cases of undesired side effects [90].

5.1.1. Surgical technique

The implantation is performed under general anesthesia on the left
cervical side in supine position. The application of perioperative
antibiotic prophylaxis (single shot) is obligatory. The incision is per-
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formed with observation of the skin tension lines (RSTL) and ideally
on the level of the cricoid cartilage/anterior edge of the sternocle-
idomastoid muscle (> Fig. 7).

With preservation of the cervical vessel sheath, the bipolar elec-
trode is placed around the cervical part of the vagus nerve at the
level of the fifth to sixth cervical vertebras. In this region, it may be
expected that the connection of the electrode contacts is perfor-
med caudally to the superior and inferior cervical cardiac branches
of vagus nerve. The course of the electrodes is fixed with threads
forming loops (> Figs. 8 and > 9). The use of a bipolar nerve stimu-
lation device or an intraoperative neuromonitoring is recommen-
ded, at the end of surgery, the regular recurrent response at the
larynx (via the inferior laryngeal nerve) can be measured after final
vagal nerve stimulation proximally to the electrode connection.

Afterwards, the impulse generator is implanted and fixed with
threads below the left clavicula on the fascia of the major pectora-
lis muscle. The electrode and the impulse generator are intercon-
nected via a subcutaneous tunnel (> Figs. 10 and » 11).

During surgery, the VNS Therapy generator is tested by means
of the described programming system (impedance test). After 15
days, VNS Therapy is started with a stimulation intensity of 0.25
milliampere (mA) (see chapter 5.1.4). As of this time, the vagus
nerve is electrically stimulated and activated in regular intervals
(e.g. every 5minutes for 30 seconds). The used amperages are very
low (0.25-0.3 mA) and are set patient-specifically (dose increase).

On the first or second postoperative day, radiographic control
of the implant position is performed routinely (> Fig. 12).

If the generator battery turns low after about 6-10 years, de-
pending on the stimulation parameters, (only) the VNS generator
is exchanged in another surgical intervention that takes about one
hour.

5.1.2. Contraindications

Contraindications of VNS implantation that have to be taken into
consideration are the condition after left-sided vagotomy, treat-
ment with therapeutic ultrasound as well as special electrothera-
pies where the body is exposed to current or energy flow (e. g. hy-
droelectric bath, TENS, therapeutic ultrasound etc.). Note: The use
of diagnostic ultrasound is always possible! Regarding MRI sui-
tability, see chapter 9.1.

Regarding the patients’ age at the time of implantation, there
is no limitation according to the manufacturer’s recommendations
in Germany and Europe.

Known allergies concerning implant materials (e. g. titanium,
polyurethanes, silicone) and pre-existing severe cardiopulmonary
or general anesthesiological contraindications are limiting factors
of the implantation and have to be evaluated in an interdisciplina-
ry expert board. The VNS Therapy system does not contain any na-
tural latex.

In cases of multiple drug resistance microorganism (MDR) like
MRSA, treatment according to the current hygienic concepts has to
be performed previously in order to minimize the risk of postopera-
tive wound infection with consecutive transplant colonization.

Condition after radiotherapy in the planned surgical area is no
contraindication. Furthermore, there is no limitation of potentially
required radiotherapy in the VNS implantation area for patients with
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already implanted VNS. However, the manufacturer indicates that
cumulated X-ray might generally damage microelectronics.

In the context of later surgeries, the use of monopolar coagulati-
on above the implantation area should be avoided. It is recommen-
ded to use bipolar electrocautery. However, if the use of monopolar
coagulation is obligatory, attention must be paid that the current vec-
tor (plus to minus) does not run through the VNS Therapy generator,
which might damage the electronics and lead consequently to revi-
sion.

5.1.3. Possible side effects and risks

Surgery-related and stimulation-related risks and side effects
must be differentiated.

The implantation is associated with justifiable low risks and side
effects compared to other epilepsy surgeries. Operative side effects
like bleeding, postoperative bleeding, wound infection (3-6 % of
the patients) [91], and intraoperative trauma at the structures of
the surgery site can mostly be avoided if the usual standards are
observed. The same is valid for intraoperative cerebrovascular com-
plications in the context of underlying arteriosclerotic disease of
the carotid arteries. A possibly increased anesthetic risk must be
discussed with regard to previous polypharmacy (simultaneous in-
take of multiple antiepileptic drugs).

Rarely, protracted wound infection leads to explantation of the
devices [92]. Some studies reveal a rate of 4-6 % of postoperative
infections as well as 1-5.6 % vocal fold paresis that decreased with
improved surgery techniques [93].

Arare intraoperative side effect in the context of perioperative
impedance testing is the occurrence of bradycardia or asystole
[94, 95]. Testing is performed under strict cardiovascular monito-
ring and intervention standby of anesthesiologists. The reason for
the intraoperative occurrence of asystole might be: failed placing
of the electrode, indirect stimulation of the cervical cardiac nerves,
technical failure of the stimulator, polarity inversion by the surge-
on, or specific reactions of the patient [96].

Case reports describe the occurrence of cardiac syncopes even
afterlonger therapy durations of stimulation with interruption after
switching off the vagus nerve stimulation [97]. There might possib-
ly be an estimated number of unknown cases with cardiac symptoms
in epilepsy patients because loss of consciousness in these patients
is often explained by the occurrence of epileptic seizures [32].

Rarely, the therapy is interrupted due to an electrode defect
(cable break) caused by intensive movements or local trauma
[98,99]. The best prophylaxis for migration of the generator in the
graft site (so-called twiddler) with subsequent change of the elect-
rode position is the initially consequent fixation of the IPG with non-
resorbable threads to the pectoralis muscle fascia during implanta-
tion. Even the risk of cable break or dislocation of the electrodes in
the neck area can be minimized by consequent laying and fixing of
the relief loop by means of non-resorbable thread material.

The most frequently observed stimulation-related side effects
are hoarseness, cough, or the sensation of dyspnea during the short
electrical stimulation phases. More rarely, breathing and swal-
lowing disorders, sore throat, and headaches are reported. In ne-
arly all patients, these side effects decrease in the further course
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1 =Prominentia laryngis/median line

2 =Anterior edge of the sternocleidomastoid muscle
3 =Clavicula

4 =Skin incision (electrode)

5=Skin incision (IPG)

» Fig. 7 Skin incisions. Private picture (H. Mbius, 2021).

Cathode

Fixation

> Fig. 8 Alignment of the electrodes around the vagus nerve (cour-
tesy of LivaNova PLC Company, 2021).

of treatment. Data about side effects of vagus nerve stimulation
from 5 clinical trials that were already published in 1999, described
hoarseness (28 %), paresthesia in the neck-chin area (12 %), and
cough (7.8 %) one year after therapy as the most frequent therapy-
associated complaints. After three years of stimulation, the inci-
dence of hoarseness amounted to 2 %, cough to 1.6 %, and short-
ness of breath to 3.2 % while 72.1 % of the patients still continued
VNS after three years. These side effects could be confirmed by
Ben-Menachem in another trial of 2001 [96]: low-grade voice chan-
ges after three months of implantation in 62 % of the patients and
5 years after implantation in 18.7 % of the patients [100].

The results of more recent studies confirm that VNS Therapy is
well tolerated and associated only with mild (physiological), tran-
sitory side effects like hoarseness or cough [101-104].

5122

> Fig.9 Vagus nerve with stimulation electrode (private picture,
H. Mabius, 2021).

These side effects can be explained by the stimulation itself and
decrease with the further course of therapy [105]; they should all
be tolerable. With about one mild side effect that can be expected
per person and a risk-benefit assessment, therapy should always
be attempted in cases of uncontrollable epileptic seizures or de-
pression that is refractory to conservative therapy [5].
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» Fig. 10 Schematic illustration of the VNS Therapy System in situ
(courtesy of LivaNova PLC Company, Munich, Germany, 2021).

» Fig. 11 Implants in situ (private picture, H. M&bius, 2021).

The occurrence or deterioration of obstructive sleep apnea syn-
drome (OSAS) under iVNS in adults and children is well-known
[106, 107]. Beside increased daytime symptoms of OSAS, the dis-
turbed sleep architecture may lead to deteriorated seizure situa-
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» Fig. 12 Postoperative radiography (private picture, H. Mébius,
2021).

tions [108]. Existing or newly occurring OSAS under VNS Therapy
should be accompanied by closely cooperating colleagues with
sleep medical control in an interdisciplinary setting; modifications
of the VNS stimulation parameters of frequency and stimulation
interval mostly improve the complaints [109-111]. This clinical re-
quirement led to the fact that the youngest generation of VNS The-
rapy generators (model Sentiva) disposes of a so-called day/night
mode allowing the programming of different stimulation parame-
ters during two defined time frames (e. g. day/night). It would also
be possible to switch off the vagus nerve stimulator by fixing the
magnet on the aggregate during sleep. However, reliable data on
the VNS effectiveness or the epilepsy course are currently not
available [32].

Stimulation-related side effects of VNS can be well controlled
by modifying the stimulation parameters. Overall, the invasive
vagus nerve stimulation can be considered as safe and well-tolera-
ted therapeutic option [112].

5.1.4. Stimulation parameters

In the context of VNS Therapy, the vagus nerve is electrically sti-
mulated. The following stimulation parameters are relevant (see
> Fig. 13).

(a) Amperage. The unit for this parameter is milliampere (mA);
it defines the strength of one single electrical impulse that is ap-
plied. VNS Therapy works with the constant-current principle: ta-
king into consideration the existing resistance (R), the generator
varies only the voltage (V) and controls and ensures a safe and pre-
cise stimulation of the vagus nerve. The therapeutic range amounts
t01.5-2.25mA [113].

(b) Pulse width. It defines the duration of the single stimulati-
on impulse and is programmed in microseconds (usec). Possible
programmable pulse widths for VNS Therapy are 130, 250, 500,
750, or 1,000 psec. The result of the multiplication of the pulse
width (sec) with the amperage (A) represents the electrical charge
(Coulomb; Q=A *sec).

(c) Frequency. During a stimulation cycle (e. g. 30 seconds), the
number of stimulation impulses per second defines the stimulati-
on frequency in Hertz (Hz). Usually, frequencies of 20, 25, or 30
Hertz are applied.
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Pulse width (usec) & > _~

Signal frequency (Hz)

ON time (sec)

Amperage (mA)

Electrical charge (Q)

4 _____.//

ON time (sec)

e.g. 30 sec., 30Hz, 1.5mA

e.g. 30 Sec., 30Hz, 1.5mA
OFF time (min)
e.g. no stimulation for 5 minutes

» Fig. 13 Schematic description of VNS Therapy stimulation parameters (courtesy of LivaNova PLC company, 2021).

(d) Operating cycle (ON/OFF time). This parameter reflects
the relation between stimulation (ON) and interruption (OFF) du-
ring therapy. In the practical application, each ON time is followed
by a defined OFF time. The relation of both parameters may be
given as percentage and is individually programmed by the user.
For example, an ON time of 30 seconds followed by an OFF time of
5minutes (300 seconds) corresponds to an operating cycle of about
10%. In contrast to this, there are “rapid” stimulation-interruption
changes like 7 seconds ON and 18 seconds OFF, which results in an
calculated operating cycle of 44 % (in the literature [5] it is often
described as “rapid cycle”).

(e) Duration of stimulation. This parameter is defined as the
cumulative time of VNS Therapy [114]. If a patient regularly under-
goes therapy for one year, it corresponds to a therapy duration of
12 months. However, this statement has to be assessed critically
because it does not reflect the actually applied electrical charge
(Q) since therapy could have been interrupted during these 12
months or the amperage could have been modified.

A decisive factor for the effectiveness of VNS Therapy is a suf-
ficient activation of the vagus nerve. The measure of vagus activa-
tion depends on the interaction of the stimulation parameters of
amperage, frequency, and pulse width and follows a conventional
dose-effect relationship. So, the application of shorter pulse widths
may require an increased stimulation current in order to achieve
the same clinical response [115, 116]. Other trials on the dose-ef-
fect relationship in animal models present similar results in dogs
[117], but not in rodents [118]. Helmers and colleagues [115] ex-
plain the variable findings by the differences in the anatomy of the
vagus nerve or differences in the measurement techniques.

Anotherimportant aspect for the choice of the stimulation pa-
rameters, in particular of the amperage and the impulse width, is
the patients’ age. All three parameters show an interdependence.
Line velocity and excitation threshold of the vagus nerve are age-
dependent, and the excitation threshold correlates with the ap-
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> Fig. 14 Schematic description of the dose-increase in VNS Therapy.
Drawing: H. Mébius according to LivaNova dosage guidelines, 2021.

plied pulse width. Koo et al. could show that the line velocity in
children younger than 12 years is significantly slower compared to
older patients. The authors explain this observation by the missing
maturation of the vagus nerve. The excitation threshold is not only
age-dependent (it is lower with increasing age) but correlates with
decreasing pulse width (lower pulse widths need a higher stimula-
tion current) [119].

In 2004, Evans et al. [120] could show during surgery that the
stimulation of the vagus nerve creates a compound action poten-
tial while the activation of the A fibers dominated. Cfibers need sti-
mulation current which is 10- to 100-fold higher [121-123]. As
soon as the stimulation current was high enough to activate all em-
bedded nerve fibers, the registered signal achieved its maximum.
Further increase of the stimulation current (supramaximal stimu-
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lation) did not increase the measured compound action potential.
In this study published by Evans, the saturation was already achie-
ved with an original current of 1 mA and a pulse width of 130 ysec.
It may be assumed that scarring occurs postoperatively (fibrosis)
which increased the electrical transition resistance at the nerve so
that higher amperage is needed in order to achieve a maximum ac-
tivation of the vagus nerve [124].

Postoperatively, the physician adjusts the IPG externally by means
of a computer (tablet) and a wireless connected programming unit
(wand) thatis held against the chest. With therapy onset two weeks
after surgery a stimulation intensity of 0.25 mA is set which is upre-
gulated individually in 0.25 mA steps until a target dose of 1.25-
2.5mA s achieved (dose increase, phase 1, see > Fig. 14). Frequent-
ly applied stimulation parameters are a frequency of 20-30Hz, a
pulse width of 250-500 psec, and an operating cycle of 10-50%.

VNS Therapy allows a multitude of operating cycles. There is for
example the possibility to program a rapid cycle, which has an ON
time of 7 seconds and an OFF time of 18 seconds [125]. Several trials
regarding the different operating cycles (standard vs. rapid cycling)
showed that the rapid cycles were superior to the standard cycles
[126-128].

An animal experimental study revealed that rapid cycling has a
higherimpact on the electrophysiology of the hippocampus [129].

Already in 2004, Suresh and colleagues found similar results in
patients with pharmaco-resistant epilepsy. They could show in their
trial that the standard operating cycle (10 %) of vagus nerve stimu-
lation as well as the rapid cycle (44 %) could reduce the frequency
of seizures. However, an operating cycle of 44 % was significantly
more effective in children but not in adults. Pediatric patients suf-
fering from Lennox-Gastaut syndrome showed the highest respon-
se [130]. Another trial could not reveal a statistically significant dif-
ference in the impact of the operating cycle on the incidence of
seizures [131].

Mu et al. investigated the effect of different pulse widths (130,
250, and 500 psec) on specific brain regions in patients with major
depression by means of functional magnet resonance imaging
(fMRI). They could show that different pulse widths have different
acute effects for the activation but also deactivation of specific
brain regions [132].

In the context of vagus nerve stimulation, the objective of titra-
tion is the optimization of the current on a therapeutic level which
is well tolerated by the patient. Supratherapeutic dosage should
be avoided because it leads to rapid battery discharge resulting in
early surgical intervention for stimulator replacement.

In order to optimize personalized therapy, the current IPG ge-
neration model 1000 (SenTiva) disposes of additional time-based
functions like day-night programming (for setting two different
stimulation parameters within a 24-hour interval) as well as the
possibility of planned programming where dose adjustments are
preset in the context of therapy settings. Narrow follow-up appoint-
ments may be reduced in this way. Day-night programming, how-
ever, does not switch between summer and winter time or other
time zones. If this feature is used, the physician has to program time
shifts in the generator [34].

Each patient or relative has the possibility to trigger an additio-
nal stimulation by means of a magnet in order to interrupt or redu-
ce the severity of a seizure [133]. The triggered stimulation is ge-

Mobius H, Welkoborsky H. Vagus Nerve Stimulation for... Laryngo-Rhino-Otol 2022; 101: S114-S143 | © 2022. Thieme. All rights reserved.

nerally increased in amperage by 0.25 mA and in duration by 60 se-
conds compared to the interval stimulation.

In studies analyzing the use of the magnet, 50 % of the patients
stated that they benefit from additional stimulation in cases of sei-
zures [134].

In general, patients with implanted VNS Therapy system (re-
gardless of the model) always have the possibility to interrupt sti-
mulation in cases of undesired side effects by permanently fixing
(sport tape) the VNS Therapy magnet on the generator and to con-
sult their treating physician.
5.1.4.1.Biomarker: ictal tachycardia The disturbed electrical sti-
mulation patterns in the brain associated with epileptic seizures
lead to hypersynchronous excitations in the autonomous nervous
system (amygdala and hypothalamus) and consecutively to an in-
creased heart rate called ictal tachycardia [135]. Itis nowadays con-
sidered as potential biomarker and extracerebral indicator for the
occurrence of a seizure in patients suffering from epilepsy.

The prevalence of ictal tachycardia in epilepsy patients amounts
to 82% [136]; in cases of temporal flap epilepsy, it develops mostly
early and prior to measurable epileptic potentials in the EEG
[137,138].

In the current generation of VNS Therapy generators, ictal ta-
chycardia became a parameter to detect seizures, which could be
confirmed in several studies [139, 140].

The VNS models of Sentiva and AspireSR dispose of so-called
closed-loop Cardiac-Based-Seizure-Detection (CBSD). The algo-
rithm behind CBSD continuously measures the patient’s heart rate.
Over arolling interval of 5 minutes, the average heart rate is calcu-
lated and defined as baseline. When a specific increase of the heart
rate is registered with the onset of an epileptic seizure (the algo-
rithm is able to interpret the increase dynamism), the generator is
activated and starts the predefined and programmed stimulation
parameters (AutoStim/autostimulation). A crucial parameter in this
context is the preset level of the threshold for triggering the Auto-
Stim. Only after exceeding this value, stimulation is started. This
value may be programmed between 20 and 70 % of the relative
heart rate increase.

With a set threshold of 20 %, the heart rate must increase by only
20% in order to trigger the automatic stimulation. This setting is
very sensitive, and the seizure detection algorithm can register
most seizures (sensitivity of 98 %). The clinically significant effect
is that vagus nerve stimulation (AutoStim) starts as closely as pos-
sible to the development of the epileptic seizure. In the clinical pi-
votal trials, the latency until the onset of AutoStim (with a threshold
of 20 %) amounted to only about 5 seconds. This means that VNS
Therapy starts less than 5 seconds after the cerebral seizure deve-
lopment [141].

The preset threshold is not rigid and unchangeable but adjusts
to the respective situation (so-called floating threshold). When the
algorithm calculates a permanently higher baseline heart rate
(e.g., during sports) taking into consideration the steepness of the
tachycardia over the past 5 minutes, the programmed threshold is
adjusted to this new active situation (higher baseline) and accor-
dingly increased. Thus, permanent stimulation during physical ac-
tivities is avoided. Furthermore, the overall duration of the stimu-
lation is limited by a specific feature of the generator, a technical
refractory period as safety time window.
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The clinical pivotal trials (E36 & E37) showed significantly that
the shorter the latency of stimulation, i. e., the earlier the stimula-
tion starts with regard to ictal tachycardia, the shorter the durati-
on of the patients " seizure was [140]. Other trials confirmed that
the closed-loop VNS (responsive VNG Therapy) significantly redu-
ced the seizure duration [142]. The duration of the seizures is shor-
ter because the expansion of the pathological potentials during an
epileptic seizure over the entire brain is suppressed [143]. This in-
duces less generalized tonic-clonic seizures. With reduced genera-
lization, also the autonomous dysfunction normalizes and shortens
the duration of ictal tachycardia. Beside seizure-related risks, this
normalization may also be discussed as a reduced cardiac risk. The
duration of the ictal tachycardia is shorter which leads to a reduced
risk of SUDEP. The sudden unexpected death in epilepsy patients
(SUDEP) is a very rare but lethal complication of epilepsies, most
probably caused by an inhibition of the cardiopulmonary function
after a generalized tonic-clonic seizure [144, 145].

With the development of the Cardiac-Based-Seizure-Detection
(CBSD) algorithm, the traditional vagus nerve stimulation is up-
graded to a responsive system that is able to react within a very
short timeframe to the onset of epileptic seizures.

The increase of the overall duration of the stimulation is limited
due to the properties of the IPG. After a closed-loop (responsive)
stimulation usually set to 60 seconds, an automatic refractory
phase of the same duration follows. Furthermore, the normal OFF
period (standard value of 5 minutes) is reset after the closed-loop
stimulation so that the next regular interval stimulation occurs only
after this period [32].

5.2. Non-invasive transcutaneous vagus nerve
stimulation (tVNS)

Non-invasive transcutaneous stimulations are classified into au-
ricular (taVNS) and cervical (tcVNS) procedures. The basic idea of
tVNS was to perform vagus nerve stimulation via an atraumatic ap-
plication pathway without the risks of iVNS (see chapter 5.1.3). Fur-
thermore, it was intended to be less cost-intensive and simple to
handle. A high therapy adherence was expected. Both methods are
explicitly patient-controlled stimulations but without closed-loop
function.

5.2.1. Transcutaneous auricular vagus nerve stimulation
(taVNS)

The stimulation of the sensitive auricular branch of the vagus nerve
was the first type of tVNS and is often used as synonym for trans-
cutaneous vagus nerve stimulation (tVNS). Up to now, a multitude
of publications and pilot studies are available on transcutaneous
vagus nerve stimulation with most different indications. A proce-
dure for electrical stimulation in form of transcutaneous electrical
nerve stimulation (TENS) in the area of the auricular branch of the
vagus nerve (ABVN) was first described in 2000 [146].

The initial investigations in the pivotal trial (CE certification in
2010 for therapy of epilepsy and depression) are based on the
Nemos system (Cerbomed Company, Erlangen, Germany) [147].
The electrical stimulation is performed in the area of the cymba
conchae, an area of the Ramsay Hunt zone via specifically shaped
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> Fig. 15 Model of the auricle. Red: cymba conchae =stimulation site
of taVNS (private picture; H. Mobius, 2021).

» Table 2 Innervation of the auricle by the auricular branch of the
vagus nerve; according to Peuker and Filler, 2002 [149].

Auricular region Innervation by the auricular branch of

the vagus nerve in%

Crus of helix 20
Antehelix 73
Tragus 45
Cymba conchae 100
Cavum conchae 45

superficial electrodes. Comprehensive analyses document the ra-
mifications of the nerve in the area of the auricle [75, 148].

The density of the afferent sensitive fibers of the auricular bran-
ch of the vagus nerve of the auricular concha is depicted in > Fig. 15
and > Table 2.

Accordingly, a bipolar stimulation electrode has been develo-
ped for non-invasive stimulation in the area of the external ear/the
left auricle. With an external generator of the size of a mobile phone
the patients select a perceivable but not uncomfortable amperage
within defined limits resulting in biphasic impulses (25 Volt, 10Hz,
0.3 ms of pulse). The stimulus intensity mostly amounts to 0.8 mA
[5,150]. Stimulation parameters like impulse frequency or stimu-
lation intervals are set according to the indication. It is recommen-
ded to undergo therapy 4 times per day for one hour each.

The effectiveness of taVNS for therapy was initially investigated
by means of a randomized, double-blind, controlled trial. The high-
level group (stimulation frequency of 25 Hz) showed a significant
reduction of the seizure incidence of 23.4 % compared to the low-
level group (1 Hz, increasing number of seizures of 2.9 %). Higher
numbers of patients were necessary to confirm the effectiveness
with higher statistical power [151].
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Another trial shows a reduction of the seizures in 38 % of the par-
ticipants after 6 months of therapy; in 16 % even elimination of the
seizures was achieved. The success rates increased with therapy
duration [152].

Electrophysiological and imaging studies with healthy partici-
pants confirmed that comparable neuronal activity changes occur
in taVNS like in iVNS, e. g., activity changes of innervation areas of
the vagus nerve [153] or in the thalamus and the limbic system
[154,155] which were visible in the EEG.

The approval for pain therapy (pain and migraine) was achieved
in 2012 [156] and for therapy of anxiety disordersin 2019 [157].

Severe side effects have not been reported up to now [158-
160], especially no cardiac arrhythmia [161]. In single cases, the
known spectrum of side effects comprises hoarseness, obstipation
[162], nasopharynagitis, vertigo, balance disorders, nausea, fatigue,
diarrhea [163], skin irritations, headaches [164, 165].

Based on the knowledge of iVNS (regarding possible cardiac side
effects), taVNS has been developed for the left ear. However, re-
cent studies in healthy participants do not show cardiac side effects
even in the context of right-sided auricular stimulation [166]. A trial
with patients suffering from chronic heart defects did not reveal
any unfavorable effects during right-sided or bilateral stimulation
[167,168].

Currently, the system can only be purchased commercially in
Germany as low-frequent electrostimulation device for symptom
alleviation of sympathovagal imbalance and migraine. The patent
is distributed by a medical products company from Erlangen, Ger-
many (tVNS technologies GmbH). The treatment is not registered
in the catalogue of the statutory health insurances in Germany.
Currently, there is a commenting procedure of the Gemeinsame
Bundesausschuss der Krankenkassen und Arzte (GBA) (Federal Joint
Committee of Insurance Companies and Physicians): Transcutane-
ous vagus nerve stimulation for treatment of patients with phar-
maco-resistant epilepsy who are not suitable for surgical interven-
tion orrefuseit (§ 137e, SGB V [volume 5 of social insurance code]).
The procedure was opened in 2017 [169].

In Germany, the system is currently used exclusively in the con-
text of evidence finding in studies.

However, one aspect has to be questioned critically. According
to the product catalogue and the website, the current provider re-
commends the treatment for anxiety disorders, asthma, atrial fib-
rillation, autism, cognitive impairment, Crohn’s disease, depressi-
on, epilepsy, fibromyalgia, inflammation, migraine, Parkinson’s di-
sease, Prader-Willi’s syndrome, sleep disorders, stroke, tinnitus
without providing sufficient clinical evidence. It is mandatory to
conduct systematic trials in order to identify the effect mechanisms
and optimal stimulation modalities. Future systematic studies with
standards of electrode and stimulation parameters and compara-
ble protocols are required [170].

5.2.2. Transcutaneous cervical vagus nerve stimulation
(tcVNS)

In the context of transcutaneous cervical vagus nerve stimulation
(tcVNS) impulses are applied over the area of the cervical nervous
course along the sternocleidomastoid muscle, in accordance with
the historically known therapy approach of Cornings (see also chap-
ter 2). The system of gammaCore-Sapphire™ (ElectroCore LLC,
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Morris Plains, NJ, USA) creates an electrical low-voltage stimulati-
on with five 5,000 Hz pulses and a frequency of repetition of 25 Hz.
The maximally possible output current is 60 mA. Acute (with pain
onset) or prophylactic (several times per day) applications with du-
rations of seconds to minutes are recommended (Instructions of
Use, GammaCore Sapphire™, ElectroCore LLC, Morris Plains, NJ,
USA)[171].

Initially, the procedure was investigated for the treatment of
chronic headaches. During application, a discomfortable twitching
and local pains in the neck region are observed as side effects. This
stimulation procedure is not CE approved and can only be
purchased commercially. tcVNS is FDA approved for the treatment
of migraine and cluster headaches [172,173] and is recommended
by the manufacturer for the treatment of primary headaches (clus-
ter headaches, migraine, and hemicrania continua) and drug-indu-
ced headaches in adults.

The manufacturer mentions the following contraindications re-
garding the application of tcVNS: pre-existing active implanted me-
dical products like pacemakers, hearing implants, or other implan-
ted electronical devices, carotid atherosclerosis, condition after
cervical vagotomy.

Possible risks and complications are: temporary larynx irritati-
on, dysphagia, dyspnea, cough, hoarseness or changed voice, mu-
scle tics, discomfort or pains during stimulation, dysgeusia under
treatment as well as paresthesia or dysesthesia that may last even
after the treatment period. Furthermore, skin irritation is menti-
oned in the product catalogue as an allergic reaction to the elect-
rode gel as well as increasing headache symptoms, syncopes,
numbness, or vertigo (Instruction of Use, GammaCore Sapphire™,
ElectroCore LLC, Morris Plains, NJ, USA).

Currently, transcutaneous electrical stimulation of the vagus
nerve is the object of research in the disciplines of psychology, im-
munology, cardiology as well as pain or plasticity research with
desired potential for future medical application [174,175].

Itis mandatory to conduct systematic trials in order to identify the
effect mechanism and optimal stimulation modalities. Due to the mul-
titude of studies published on the topic of transcutaneous cervical
vagus nerve stimulation with sometimes confusing and incomparab-
le designs, the “Minimum Reporting Standards for Research on Trans-
cutaneous Vagus Nerve Stimulation (version of 2020)” were formula-
ted at the beginning of 2021 in order to guarantee clear standards for
future studies in the sense of a guideline [174].

5.2.3. Percutaneous auricular VNS (paVNS)

This rather young type of VNS is minimally invasive and already a
research topic. With 2-3 small needle electrodes the skin in the tar-
get area of the cymba conchae is penetrated [176]. Possible side
effects are skin irritations (dermatitis), local bleeding, stimulation
pain, vertigo. Sufficient evidence-based data are currently not
available [175]. Currently, no assessment on the validity and on the
therapeutic effect can be given.

Considering the currently available results (see also chapter 7)
of invasive and transcutaneous vagus nerve stimulation, there is
only sufficient evidence for iVNS. In Germany, the transcutaneous
procedures are currently distributed only commercially (taVNS) or
are not CE approved (tcVNS, FDA approved).
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6. Patient selection/predictors for VNS
response

According to the current criteria of the International League Against
Epilepsy (ILAE) and the Arbeitsgemeinschaft der Wissenschaftli-
chen Medizinischen Fachgesellschaften (AWMF; German Associa-
tion of the Scientific Medical Professional Societies), invasive VNS
Therapy is one option for treatment of patients with pharmaco-re-
sistant epilepsies, i. e. patients who do not satisfactorily respond
to drugs alone. These criteria are characterized by two failed the-
rapy attempts with antiepileptic drugs despite adequate dosage
and duration in mono- and/or combination therapy or missing
other therapeutic options or in patients who are not suitable for
epilepsy surgery or refuse it.

In about one third of the epilepsy patients, sufficient control of the
seizures cannot be achieved by means of anticonvulsive drugs [32].

In Europe and many other parts of the world, VNS Therapy may
be applied age-independently.

In this heterogenous patient population, vagus nerve stimula-
tion has a mainly palliative effect, it does not lead to healing from
epilepsy. Only in about 10 %, complete elimination of the seizures
may be achieved [177,178].

According to the current AWMF guidelines, VNS Therapy may
be applied age-independently in the context of depression thera-
py in patients with chronic or recurrent depression who do not re-
spond to drug therapy or who suffer from treatment-resistant
major depression.

Valid predictors for a positive response to invasive VNS are cur-
rently not available, however, some publications with mostly small
numbers of cases discuss individual predictors [179-183]. Possib-
ly favorable factors are the absence of bilateral interictal activity,
the presence of malformation of the cortical development, early
implantation [184, 185] as well as reduced synchronization in the
surface EEG [186, 187].

A clear contraindication for iVNS is a condition after left-sided
vagotomy.

The multivariate analysis revealed that a higher age at epilepsy
onset (> 12 years) and predominantly generalized seizure types
were predictors for achieving seizure-freedom [197].

7. Therapy results and quality of life

The main objective of the initial trials was the evidence that epilep-
sies which are refractory under conservative therapy respond to
this new therapy option of stimulation procedures. The main focus
was placed on the responder rate of patients who achieved a re-
duction of seizures of 50 % or more. The complete elimination of
seizures was observed in about 10 % of the patients, among them
even patients with severe complex epilepsy types. Already 50 % of
reduced seizures significantly increased the quality of life of the af-
fected patients. The possibility of autonomous magnet utilization
strengthened the patients’ sovereignty [5].

Compared to interventions in the context of resective epilepsy
surgery, stimulation therapy with invasive vagus nerve stimulation
has the major advantage of reversibility [34]. Negative effects on
cognition as they have been observed with antiepileptic medica-
tion have not been reported [5].
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7.1. Vagus nerve stimulation for epilepsy refractory
conservative therapy

iVNS

Vagus nerve stimulation is applied to reduce the incidence of epilep-
tic seizures. In class-I trials, an average seizure reduction of 25-28 %
was found compared to a placebo rate of 6-15 %. Open trials report
about clearly higher effects [ 188]. By definition, a patient is conside-
red as responder to vagus nerve stimulation therapy with a reduc-
tion of at least 50 % of the seizure incidence. In the conclusion of the
studies, an additional reduction of the severity of the seizures is re-
gularly reported. This includes the following aspects: shorter dura-
tion of the seizures, reduction of postictal complaints, longer seizu-
re-free periods or absent development of generalized seizures due
to VNS therapy with only focal seizure pattern.

In 1995, the VNS study group published a randomized cont-
rolled trial on invasive vagus nerve stimulation in 114 patients. The
group with therapeutic stimulation showed a significant reduction
(p=0.02) of the seizure incidence compared to the initial baseline
and compared to the group with the non-therapeutic stimulation
approach. 31 % of the patients with therapeutic stimulation had re-
duction of over 50 % of the seizure incidence [189]. In 1998, Hand-
forth et al. also showed a significant reduction of the seizure inci-
dence of 28 % in the therapeutically stimulated group (p=0.04) of
198 patients with complex-focal seizures [190]. The level of impro-
ved seizure control by VNS was considered as comparable to the
application of an additional medication [191].

A prospective randomized controlled trial on VNS Therapy in
children with a similar design as the blinded pilot study in adults
did not show significant differences with regard to the responder
rate and severity of seizures between the therapeutically and
subtherapeutically stimulated groups [192]. After a follow-up pe-
riod of 19 weeks, 26 % of the patients were considered as respon-
ders. Even improvements regarding the severity of seizures were
observed (p<0.001). Itis notable that a relevant percentage of pa-
tients of the subtherapeutically stimulated control group belonged
to the responders. A possible therapeutic effect even of low stimu-
lation doses is discussed [32].

In 1999, Morris and colleagues published first long-term data of
VNS Therapy in 440 patients. One of the most important discove-
ries was the observation of a long-term effect which means that
the effectiveness of the treatment increased with longer applica-
tion periods. After one year of VNS Therapy, 36.8 % of the patients
achieved a reduction of seizures of 50 %, after 2 and 3 years, there
were 43.2 and 42.4 %, respectively [32,193].

In addition to the reduction of the seizure incidence, Tatum et
al. showed the effect of VNS on the duration of the seizures and the
postictal complaints in 71 % of the patients as well as a reduction
of the number of applied anticonvulsive drugs [194]. McHugh et
al. also described a reduction of the severity of the seizures and
postictal complaints [195].

In 2014, Orosz and colleagues revealed in an assessment of the
long-term effect of VNS Therapy with a follow-up period of 2 years
in 347 children that 43.8 % of the patients had a=50% reduction
of the seizure incidence. Furthermore, the duration and severity of
the seizures improved as well as postictal complaints, quality of life,
and clinical overall impression. In addition, Orosz and colleagues
describe a significant dose-effect relationship in responders [196].
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In 2015, Englot et al. [197] published their results on the effec-
tiveness of VNS with a particular focus on seizure-free rates and
their predictors. Data of 5,554 patients from a registry were ana-
lyzed and a literature review of 78 studies with 2,869 patients was
conducted. Responder rates and the percentage of completely sei-
zure-free patients increased with longer duration of stimulation.
After 24-48 months, 63 % of the patients belonged to the group of
responders and 8.2 % of the patients were considered as seizure-
free. The multivariate analysis revealed that a higher age at epilepsy
onset (>12 years) and predominantly generalized seizure types
were predictors for achieving seizure-freedom. Also in the context
of literature research, 60.1 % of the patients belonged to the res-
ponders, 8.0 % were seizure-free [32].

In 2007, Montavont et al. could show comparable responder
ratesin 50 patients [198] and in 2006 Alexopoulos et al. in 46 child-
ren [199] with a follow-up period of 3 and 2 years, respectively. In
a prospective trial, Ardesch et al. [200] reported the reduction of
the average seizure incidence of up to 50 % after six years. 47 % of
the examined patients reported a reduction of the severity of the
seizures and the postictal period.

An evaluation of 51 patients by Hamilton et al. (2018) could
show a positive outcome in 70 % of the patients due to the heart
rate-based recognition of seizures and the closed-loop autostimu-
lation [201]. Results of Data et al. in 2020 confirm the seizure re-
duction with autostimulation in 28 % of their patients [202].

Arecent meta-analysis published by Debue et al. in 2020 shows also
in the severe epilepsy type of Lennox-Gastaut syndrome a responder
rate of 54 % with the safe and well-tolerated VNS Therapy [203].

The chapters 5.1.4.1 and 7.3 describe comprehensively the pro-
blems of ictal tachycardia as well as the T wave alternans; a redu-
ced cardiac morbidity and mortality (SUDEP) [204] achievable with
iVNS therapy increases the quality of life and the life expectancy.
Thus, the benefit of VNS Therapy is superior to the described car-
diac risks [205]. The persistence of epileptic seizures leads to an in-
creased morbidity and mortality.

The status epilepticus is a life-threatening emergency; between
24 and 38% of the cases have a lethal outcome. Theirincidence in-
creases with age-associated cardio-respiratory concomitant disea-
ses [206,207]. Due to iVNS therapy, the risk for a status epilepticus
can be reduced by factor 3; furthermore, a reduction of factor 2 for
seizure-associated hospitalization is observed [208].

Even in cases of refractory or super-refractory status epilepti-
cus, acute VNS implantation may interrupt this life-threatening
condition in 74 % of the cases [209].

Beside influencing the seizure situation, one side effect of vagus
nerve stimulation is the positive effect on the quality of life, vigi-
lance, and cognition (see also chapter 7.3). In a prospective rando-
mized parallel-group, open-label designed trial, Ryvlin et al. [210]
investigated the effects of VNS on the quality of life. The quality of
life of the patients who additionally underwent VNS improved sig-
nificantly compared to a control group where only the pharmaco-
therapy was optimized. There was a clear superiority of the VNS
group [32,211].

VNS also has a positive effect on the mood, memory, and qua-
lity of life of the patients [212] assessed by means of visual ana-
logue scales (VAS) without iVNS causing cognitive or systemic side
effects like fatigue, psychomotor slowing, irritations, or nervous-
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ness in contrast to most anticonvulsive drugs [213]. Cerebral nerve
complications [214] or teratogenicity [215] as well as changes of
the cardiac rhythm, pulmonary function, or gastrointestinal moti-
lity and secretion have not been described [5]. Studies confirm an
improved cognitive function under invasive vagus nerve stimulati-
on [216] as well as reduction of anxiety under iVNS therapy. The
reduction correlates with the reduction of the seizure incidence
and might be considered as possible secondary psychological ad-
vantage of the treatment [5, 217].

The patients’ satisfaction with iVNS is generally observed. Stu-
dies confirm that 97, 85, and 72 % of the users after one, two, and
three years, respectively, continue the iVNS therapy in cases of sa-
tisfaction. About 75 % of the patients opted for a generator change
after battery discharge [218]. Due to the autonomously triggered
stimulation with the magnet in cases of seizures, the patients have
the feeling of better controlling their seizures which compensates
the described phenomenon of learned helplessness of epilepsy pa-
tients [219].

Further also patients under guardianship with a lower intelli-
gence quotient showed a better quality of life with improved at-
tention, speaking ability, balance as well as performance of every-
day tasks [220].

Another trial [5] showed significantly happier moods in 20 % of
the questioned iVNS patients under stimulation than before the-
rapy; 5.71% were tenser. 8.57 % of the patients complained post-
operatively about a deteriorated sleep quality; 2.86 % reported
aboutimproved sleep. 17.24 % of the iVNS patients mentioned im-
proved concentration under stimulation therapy. However, it must
be considered that sometimes patients took antidepressants si-
multaneously because of comorbid depression. 60 % of the iVNS
users would opt again for iVNS and only 11.43 % felt impaired by
the device in their daily routine [221].

Carius et al. [222] report about an improved psychological
mood in 24.19 % of the patients. Some of them who did not expe-
rience reduction of the seizures despite iVNS did not wish explan-
tation of the IPG due to the subjectively perceived positive effect
on their mood [5]. Further trials confirm the improved mood after
therapy durations of sometimes even only three months [223,224]
independently from the improved seizure control/responder rate
or specific setting parameters.

Based on the standardized tests of POMS and QOLIE-89, Klin-
kenberg et al. [225]investigated prospectively the effect of invasi-
ve vagus nerve stimulation on the mood and the quality of life in
relation to the seizure control. After six months of therapy, mood
and quality of life as well as cognition showed significant improve-
ments. Also Sherrmann et al. confirmed in their study that 56 % of
the patients experienced a subjectively perceived improvement of
the quality of life [226].

In a double-blind randomized trial, Dodrill et al. [227]showed
less emotional and psychological problems in the group with high
iVNS parameters compared to lower stimulation. It becomes obvi-
ous that the iVNS has a positive impact on the moods, indepen-
dently from the seizure control. The quality of life of iVNS epilepsy
patients cannot be measured alone with the effect on the seizure
situations; other factors have to be taken into account that might
contribute to an improved overall situation [5].
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Bernstein et al. [228] as well as Alexopoulos et al. [229] descri-
bed a statistically significant reduction of the number of visits in
emergency units, hospitalizations, and duration of inpatient stays
afteriVNS implantation. The average hospitalization that patients
underwent in the context of their epilepsy disease was significant-
ly reduced (p<0.001). iVNS reduces hospitalization.

By use of the QOLIE-89 and ELDQL, two standardized question-
naires on the quality of life of epilepsy patients, McLachlan et al.
[230]analyzed in a prospective study the outcome of iVNS therapy
after one year with regard to seizure incidence, antiepileptic me-
dication, and quality of life. With a responder rate of 19 %, the num-
ber of anticonvulsive drugs could be reduced under stimulation
therapy in 43 %. Significant improvements of the quality of life (si-
gnificant improvement concerning attentiveness/concentration,
memory as well as speech) as well as improvement of the severity
of seizures were calculated without correlation with the seizure in-
cidence. 84 % of the patients confirmed a subjectively perceived
improvement of their overall situation under iVNS therapy. In con-
trast, Chavel et al. [231] evaluated the QOLIE-89, BAI, BDI tests and
found no statistically significant difference regarding the quality of
life and the comorbid depression with a responder rate of 54 %.
However, significantly less anxiety symptoms were observed.

In epilepsy patients with the comorbidity of depression, the sui-
cide rate is increased by 22 %. Evaluations of 636 patients revealed
a statistically significant reduction of the mortality, suicides, and
suicide attempts under iVNS therapy [232].

iVNS therapy has a positive effect on patients with conservatively
therapy-refractory epilepsy by improving their quality of life as well
as their overall situation, whereas not always an optimized seizure
control can be achieved. Also, other parameters positively influence
the quality of life under iVNS. Cordes et al. showed in only 30 % of
seizure responders that 60 % of the patients would opt again for the-
rapy. It seems to be important that patients who do not benefit from
iVNS regarding their epileptic situation are asked about changes of
their quality of life since therapy onset before explanting or deacti-
vating the IPG because of a missing objective effect [5].

tVNS

As a non-invasive therapy procedure, transcutaneous VNS allows
interesting applications under certain circumstances, for example
as an alternative to invasive VNS or as possible non-invasive step to
predict the success of invasive VNS. In this way, patients could be
identified prior to iVNS implantation who probably turn out to be
responders to therapy. Future studies are needed to confirm a clear
effectiveness of transcutaneous VNS [32,233].

In 2012, the evidence of a reduction of the seizure incidence
was performed initially in a proof-of-concept study of NEMOS
(Cerbomed Company) transcutaneous VNS (tVNS), however, wit-
hout achieving the set threshold of 50 % reduction of the seizure
incidence [234].

In a randomized, double-blind controlled trial of 2016, the ef-
fectiveness of tVNS was investigated over a 20-weeks observation
period. The seizure incidence decreased significantly by 34 % in pa-
tients of the 25 Hz high level group [235].

Aretrospective analysis of Cordes in 2019 [5] identified one third
of 12 tVNS patients as responders, 20 % became seizure-free in a fol-
low-up period of about 5 years. In the study of Stefan et al. from
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2012, areduction of the average monthly seizure incidence was ob-
served in a clearly shorter follow-up period of 9 months without
achieving the reduction of 50% [236]. This aspect is discussed as pos-
sible hint to the fact that VNS therapy should be planned as long-
term treatment in order to increase the treatment effect [237].

Positive effects on cognition could be confirmed by Jacobs et al.
in a simple blinded study with older healthy participants with an
improved associative memory performance after only one stimu-
lation session [238].

According to Morris et al., the non-invasive tVNS is associated
with less side effects compared to iVNS; he discusses a higher to-
lerance of the less cost-intensive device that is easier to handle
[239]. However, it must be taken into account that the therapy ad-
herence of a required long-term treatment is reduced.

Overall, a tendency of reduced seizures was observed under
tVNS therapy along with a slight tendency to reduction of the ave-
rage number of monthly taken drugs per patient [5].

While the majority of cognitive functions and also the measu-
rement values of the BDI were constant over the time of tVNS the-
rapy in single studies [240], others showed a significant improve-
ment of SAS, SDS, and Liverpool Seizure Severity Score (LSSS) [241]
and improvements of the LSSS, the MADRS, and the CGI-S [242].
In these studies, also positive effects on the seizure severity, mood,
anxiety disorders were observed during tVNS beside an improved
seizure situation. It seems to be appropriate to assess the outcome
of tVNS also regarding reduced anxiety, improved mood and con-
centration, and in particular the subjective perception of the pati-
ents of an improved overall situation and the quality of life, beside
its effect on the seizure incidences [5]. Independently from the sei-
zure control, tVNS has positive effects on the mood and the quali-
ty of life [5, 240, 241].

7.2. Vagus nerve stimulation for chronic depression
iVNS

The results of the studies mentioned in chapter 7.1 on the quality
of life show an improved mood situation as well as quality of life
under invasive vagus nerve stimulation in epilepsy patients, inde-
pendently from the influence on the seizure control [243] and con-
firm the antidepressant effect of iVNS which is of greatimportance
for mood disorders in epilepsy patients regarding the high comor-
bidity. Vagus nerve stimulation is used for treatment of depression
and turned out to be effective in several trials [244]. Different ra-
ting scales are used for measurement like the 24 item Hamilton De-
pression Rating Scale (HDRS24), Montgomery-Asberg Depression
Rating Scale (MADRS), Geriatric Depression Scale (GDS).

Based on the observed antidepressant effect of VNS in epilepsy
patients, trials on the effectiveness of VNS in therapy-refractory
depressions have been conducted [38]. In a 10-week sham stimu-
lation-controlled study, there was first no statistical difference bet-
ween the group of sham stimulation and the therapeutic stimula-
tion with regard to the 24 item Hamilton Depression Rating Scale
(HDRS24). In the open label extension study over one year (n=205),
significant improvements of the HDRS24 score became obvious
[245].1n 2005, the FDA approval of VNS was achieved for treatment
of therapy-refractory depression.

In the context of a prospective, non-randomized trial, Aaronson
et al. investigated a total of 795 patients with drug therapy refrac-
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tory depression over a 5-year period. According to the MADRS, VNS
therapy showed a response rate of 67.7 % and a significantly high
remission rate.

iVNS has an effect on affect and cognition [32]. Sackeim et al.
[246] observed cognitive improvements in non-epileptic depres-
sive patients under iVNS therapy.

An improved daytime vigilance under VNS is assumed due to
improved reticular activating system function even if this mecha-
nism based on invasive vagus nerve stimulation is unclear [72].

Patients with depression show a disturbed balance of the auto-
nomous nervous system with increased sympathetic tonus resul-
ting in physiological stress reactions with hypertonia, tachycardia
etc. They have an increased risk to develop arrhythmia and sudden
cardiac death [247, 248]. Depressions, acute stress, and rage may
cause angina pectoris and heart attacks [249]. According to the
KORA heart attack registry, depression ranks third after smoking
and diabetes as risk factor for heart attack beside hypertonia [250].
Obese patients with comorbid depression even have a triple risk.
With aresponse to VNS therapy, the cardiac morbidity and morta-
lity are reduced.

The increased suicide rate of depressive patients described in
chapter 7.1 isreduced with VNS therapy leading to a lower morta-
lity rate, suicides, and suicide attempts [251].

tVNS

Even for transcutaneous VNS, antidepressant effects are described.
Hein et al. [252] were the first to report about antidepressant ef-
fects of transcutaneous auricular VNS in a randomized controlled
pilot study. Kraus et al. [253] detected in 22 healthy participants a
reduced BOLD signal (blood oxygenation level dependent signal
activities) in the limbic system and temporal brain regions and in-
creased BOLD signals in the island, the precentral gyrus on both
sides as well as the right thalamus by means of functional MRl under
transcutaneous VNS. Psychometric tests revealed a significant im-
provement of the well-being after stimulation. Further studies
[254,255] also identified clear antidepressant effects of transau-
ricular VNS, some patients even achieved remission [32]. Positive
effects on cognition have been described for transcutaneous VNS
with improved associative memory performance after only one sti-
mulation session [256].

7.3. Other therapeutic effects - future indications?

It has been proven that epilepsy patients have a significantly incre-
ased risk for high blood pressure, depression, stroke, gastrointes-
tinal disorders, and trauma due to falls [257]. The evaluation of nu-
merous trials on VNS Therapy from the past two decades showed
multiple positive effects on other diseases so that possibly other
therapy indications may be expected [258].

Cardiology

Chapter5.1.4.1 describes comprehensively the occurrence of ictal
tachycardia in patients with epilepsy, the prevalence amounts to
82 %. By integrating the Cardiac-Based Seizure Detection (CBSD)
in the implantable vagus nerve stimulator, not only generalized to-
nic-clonic seizures are reduced, but also the duration of ictal tachy-
cardia. This means a reduced cardiac risk and thus a significant re-
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duction of the so-called SUDEP risk (sudden unexpected death in
epilepsy patients).

Epilepsy may additionally cause most severe ECG abnormalities
and cardiac arrhythmia with a significantly increased risk for sud-
den cardiac death (SCD). One critical parameter in this context is
the T wave alternans (TWA). The estimated risk for life-threatening
arrhythmia due to TWA was confirmed in studies with 7,000 pati-
ents with numerous cardiac diseases [259].

Patients after myocardial infarction with stable coronary heart
electricity had low TWA values after one year (21.1 V) which indi-
cates a favorable restoration of heart substrate and physiology [260].

The TWA limit was defined to 47 yV. Patients with TWA values
beyond this limit value had a 4-7-fold higher probability to deve-
lop life-threatening arrhythmia [258].

Prior to VNS therapy, 82 % of the patients had TWA values above
the 47 pV value. VNS therapy reduced the TWA value in 70 % of the
patients to alevel of 21 uV and thus also the seizure-associated car-
diac dysfunctions [261,262]. Libbius and colleagues describe a re-
duction of ventral tachycardia of over 73 %. Furthermore, this ef-
fectis dose-related and correlates strongly with the used VNS the-
rapy power intensity [263].

In chapter 7.2 the significance of depression is already descri-
bed as third most important risk factor for heart attack according
to the KORA heart attack registry. A response to VNS therapy re-
duces the cardiac morbidity and mortality.

In 2015, the vagus nerve stimulation obtained the approval for
therapy of chronic heart failure (CHF) in Europe. In a trial with 60
heart failure patients, a significant improvement of some cardiac
parameters could be shown [264]. Currently, subsequent investi-
gations and evaluations are conducted in Germany in the context
of the VITARIA registry: Prospective observations of therapy of sym-
ptomatic heart failure with the vagus nerve stimulation procedu-
re; application in the DRKS (Deutsches Register Klinischer Studien,
German Registry of Clinical Trials) [265].

Pain therapy

Headaches and facial pains rank among the frequent pain diseases.
They may be treated with or without drugs. In cases of headaches
and facial pains that are difficult to diagnose and to treat, multimo-
dal pain therapy may lead to positive results [266, 267].

Already in the first years of VNS Therapy, it could be shown in
2000 that vagus nerve stimulation can effectively reduce pains in
humans [268]. In their study, Busch et al. found a lower mechani-
cal pain sensitivity with tVNS [269].In 2012, transcutaneous vagus
nerve stimulation was approved in Europe for pain therapy with ap-
plication in the area of the auricle (auricular branch) [270]. Epilepsy
patients with the comorbidity of migraine showed reduced migrai-
ne symptoms under tVNS therapy [271-273].

In the current AWMF guidelines (status of September 2021),
VNS is mentioned in the following documents:
= Application of neuromodulating procedures for primary

headaches (S1, registry number 062-008, status of 2011,

currently under revision and application for re-submission on

August 31, 2021)
= Therapy of migraine attacks and prophylaxis of migraine (S1,

registry number 030-057; status of August 31, 2018): The

effectiveness of non-drug procedures has not been sufficiently
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investigated for the therapy of acute migraine attacks. The
transdermal stimulation of the vagus nerve (taVNS) has an
effect on cluster headaches proven in a double-blind study
[274]. In a pilot study, the method for treatment of acute
migraine attacks was effective [275, 276]. Further studies are
missing that confirm the effectiveness and analyze the
long-term course. The stimulation device that has been used
in the trials is currently not available in Germany.

= Cluster headaches and trigemino-autonomous headaches
(ST, registry number 030-036, status of 2015, currently
under revision): In a current migraine update, the following is
postulated based on the current study situation: The stimula-
tion of the vagus nerve (tVNS) can be successful for migraine
prophylaxis. However, it cannot be considered as surely
effective [277]. In single cases, it is a suitable addition to the
therapy regimen [278-280].

Currently, 3 research projects are registered for therapy of pain syn-
dromes and chronic migraine in the German Registry for Clinical
Trials [281].

Gastroenterology

Gastrointestinal diseases like irritable bowel syndrome and gastro-
intestinal bleedings are more frequently observed in epilepsy pa-
tients than in the healthy control group. The hazard ratio for gast-
rointestinal bleedings of patients with generalized epilepsy
amounts to 3.50 (95 % Cl, 2.59-4.72). The irritable bowel syndro-
me is presentin 16 % of epilepsy patients compared to the healthy
control group with 3% (p=0.04) [282, 283]. With VNS therapy and
reduction of the seizures, also a reduction of these symptoms may
be expected. In a small clinical trial with patients suffering from
Crohn’s disease, clinical and endoscopic remission was found after
6 months of iVNS therapy [284, 285].

Rheumatoid arthritis

Different side effects of iVNS therapy may be explained by the vagal
anti-inflammatory circle [284]. Epilepsy patients with comorbid
rheumatoid arthritis showed a reduction of proinflammatory cy-
tokines (TNF, IL-1f, and IL-6) under iVNS therapy and an improved
rheumatoid arthritis. These results reveal that iVNS therapy has an
anti-inflammatory effect via immunomodulatory approaches of
the autonomous nervous system [286].

Cognition in patients with Alzheimer’s disease

Beside the already described antidepressant effect of VNS therapy
for epilepsy patients [287], effects possibly also exist on the cog-
nition of patients with Alzheimer’s disease. There are hints to a po-
sitive effect of VNS therapy on the cognitive performance [288-
290], however, they are controversially discussed [291].

Tinnitus

Numerous studies investigate the therapeutic effect of VNS on tin-
nitus. The current AWMF guideline on chronic tinnitus (S3, regist-
ry number 017-064, status of September 15, 2021) gives the fol-
lowing evidence-based recommendation: Transcutaneous or inva-
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sive vagus nerve stimulation alone orin combination with acoustic
stimulation is not recommended for chronic tinnitus. Transcutane-
ous vagus nerve stimulation as well as invasive, cervically implan-
ted stimulation can be safely applied, however, there is no evidence
for an effect on chronic tinnitus.

8. Health economics: cost-benefit analysis

From a health economic point of view, the assessment, analysis, and
evaluation of general and disease-specific costs is also necessary for
neuromodulatory therapy [292]. For cost assessment of health eco-
nomic analyses, the cost-of-illness method (COl) is applied that dif-
ferentiates between direct (outpatient and inpatient medical care,
treatments, diagnostics, therapies, rehab, transportation, remedies
and aids, drugs, nursing services), indirect (reduced working time,
absences from work, early retirement, unemployment, early morta-
lity), and intangible (sleep disorders, cognitive deficits, depression,
social isolation) disease-specific costs [293].

High direct costs occur in the context of the first diagnosis of
epilepsy, but also in therapy-refractory courses and status epilep-
ticus. As chronic diseases, epilepsies cause high costs with mostly
long-term course, time- and cost-intensive diagnostics and the ne-
cessity of permanent drug therapy. According to the German Fe-
deral Statistical Office (Statistisches Bundesamt), the epilepsy-re-
lated costs amounted to 17.8 billion Euro in 2016, which corres-
ponds to 0.5 % of the annual health-related expenses. Especially in
the context of the first diagnosis of epilepsy, high costs arise due
to the intensive initial diagnostic measures that decrease in the fol-
lowing years. In Germany, about 14 % of disease-related costs exist
due to newly diagnosed epilepsies [294, 297].

For VNS Therapy, a middle to long-term cost effectiveness could
be proven. A study from the USA calculated the reduction of the
annual treatment costs after VNS implantation to 2,742 Euro in
comparison to only conservative therapy. Already 10 years ago (in
2010/2011) when the implantation costs were higher compared
to the current reduced DRG situation, a cost effectiveness could be
achieved after 11 years considering the direct epilepsy-specific
costs [295]. Taking into account the indirect and intangible costs,
Forbes (2008) [296] assumes an earlier rentability; his analysis con-
firms a cost reduction of 5,270 Euro per quality-adjusted life year.

Because of the limited data situation, no clear statement can be
given regarding the cost-effectiveness of transcutaneous VNS in
cases of therapy-refractory epilepsy [297].

9. Invasive vagus nerve stimulation from an
interdisciplinary point of view — particularities

9.1. Magnet resonance imaging (MRI)

According to their approval, the current VNS Therapy systems are
MRI compatible to a limited extent. This means that defined con-
ditions have to be met to apply 1.5T and 3T MRl scanners. Parti-
cular attention must be paid to the used radiofrequency coils. As
depicted in » Fig. 16, some VNS Therapy models (group A) allow
the application of a body coil as sender unit (Tx) in combination
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Safe 1.5T and 3T MRI conditions for VNS Therapy Systems

Group A

Itis allowed to use an MRI body coil in combination
with a local receiver coil

VNS Therapy Systems of
group A:
MRT Exklusionszone MRI exclusion

B 103 Demipulse® 7-13 zone

® 105 AspireHC™

¥ 106 AspireSR®

¥ 1000 Sentiva®

= 1000-D Sentiva Duo®

= 3] ®
SICE SR Applicable only for

generator location
according to the
implantation guidelines of
the manufacturer.

Group B

It is allowed to only use a local
sender/receiver coil.

VNS Therapy Systems of

group B: MRT Exklusionszone R
c7-T8 MRI exclusion

® 102 Pulse™ zone

= 102R Pulse Duo™
¥ 104 DemiPulse Duo™

Applicable only for
generator locations
according to the
implantation guidelines of
the manufacturer.

» Fig. 16 MRI guideline. Drawing by H. M6bius, 2021, according to LivaNova, MRI with the VNS Therapy System, Guidelines, August 2020. Further
specifications can be retrieved from the LivaNova VNS Therapy Manual of 2020.

with a local receiver coil (Rx). Older models (group B) may only be
used with a specific sender and receiver head coil (Rx/Tx) which
clearly limits the possibilities of application. A precondition for both
groups is a correctly implanted VNS Therapy system according to
the manufacturer’s manuals (in the upper left thoracic area, sub-
clavicular and above the 4thrib).

In preparation of MRI, the according center reads out the gene-
rator and thus ensures that the function is regular before MRI (no
cable break). During MRI scan, the VNS system should be switched
off (stimulation flow set to 0 mA). In cases of possible local pains,
discomfortable complaints, or flushing, the examination mustim-
mediately be interrupted. The VNS Therapy patient magnet is not
MRI compatible and must not be brought into the examination
room [35].

Numerous trials have been published since the approval of the
VNS Therapy confirming the tolerability and safety for patients with
theimplanted VNS Therapy System. Two review articles comprehen-
sively describe the knowledge of the past two decades [297,298].

9.2. Other warnings

According to the safety information of the manufacturer, the safe-
ty and/or effectiveness of VNS Therapy is not proven for patients
with known condition after therapeutic brain surgery or brain trau-
ma, dysautonomia, obstructive pulmonary diseases including
shortness of breath and asthma, peptic ulcer disease, vasovagal
syncopes, cardiac arrhythmia as well as progressive neurological
diseases or existing hoarseness. Also, other types of simultaneous
brain stimulation are not admitted [35].

The presence of a pacemaker or cardiac defibrillator at the
same time is no contraindication for VNS Therapy. The different ag-
gregates, however, should have a minimum distance from each
other and the electrode cables of both systems should not cross.
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Programming of the different aggregates should be performed at
different times. The activation of the CBSD is not recommended
because the technical signals of the VNS might be misinterpreted
by the CBSD algorithm and possibly a false autostimulation may be
triggered.

Preexisting therapy with betablockers should be discussed with
the cardiologist in the sense of benefit-risk evaluation.

For patients with obstructive sleep apnea syndrome (OSAS),
descriptions are available that the OSAS symptoms might be enhan-
ced with VNS therapy. In this patient group, a close interdisciplinary
cooperation with a sleep-medical center should be ensured in cases
of VNS implantation. The use of the day-night programming (model
SenTiva, LivaNova Germany GmbH, Munich, Germany) should be
discussed or placing the magnet on the iVNS during nighttime in
order to interrupt the stimulation therapy.

For patients with implanted VNS, a possibly required radiothe-
rapy may be limited (treatment with irradiation, cobalt devices,
and linear accelerators) in the VNS implantation area. This therapy
might damage the generator. However, the actual effect of the ra-
diation on the IPG is not known [291].

The use of short-wave diathermia, microwave diathermia, and
therapeutic ultrasound diathermia is contraindicated in patients
with implanted VNS system. However, the application of diag-
nostic ultrasound and radiography is not limited. In cases of
mammography, a particular position must possibly be taken [291].

The use of monopolar coagulation above the implantation area
in the context of surgical interventions should be avoided.

VNS may be continued during pregnancy [299]; according to the
safety instructions of the manufacturer, however, the effectiveness
and safety of the device are not confirmed in pregnant women [291].

In cases of swallowing disorders, the genesis should be consi-
dered. Accordingly, the active stimulation may lead to a deteriora-
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tion of the swallowing disorders, under certain circumstances it
may even result in aspiration. The use of the magnet for tempora-
ry interruption of the stimulation during meals may reduce the risk
for aspiration [300].
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