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risk of one of the most lethal conditions in epilepsy—sudden 
unexpected death.
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Anatomy of the vagus nerve

The vagus nerve, historically cited as the pneumogastric 
nerve, is the tenth cranial nerve (CN X) and provides para-
sympathetic innervation to the heart, lungs and digestive 
tract. It is the longest nerve of the autonomic nervous system 
in the human body and runs throughout the neck, thorax 
and abdomen. The vagus nerve also has sensory, motor and 
sympathetic function via the peripheral chemoreceptors.

The vagus nerve originates in the medulla and leaves 
the skull through the jugular foramen. Then it passes inside 
the carotid sheath throughout the neck between the inter-
nal carotid artery and the internal jugular vein and gives 
off branches to different viscera. All the major thoracic and 
abdominal organs are innervated by the vagus [1].

The vagus nerve carries mostly afferent but also effer-
ent fibres. The afferent fibres (sensory), which constitute 
approximately 80% [2], originate in several organs such as 
the lungs, the heart, the gastrointestinal tract, the aorta and 
a small area in the concha of the ear, and they project bilat-
erally to the caudal portion of the medial nucleus of the 
solitary tract. This nucleus sends fibres to the parabrachial 
nucleus, the pons, and the respiratory and cardiovascular 
centres located on the ventral surface of the medulla [3]. 
Other nuclei in the brainstem, the locus coeruleus and the 
raphe nuclei, also receive projections. Other connections 
reach different brain centres, such as the hypothalamus, the 
amygdala and the thalamus, and thus reach the cortex. At the 

Abstract  The vagus nerve is responsible for the parasym-
pathetic innervation of the major thoracic and abdominal 
organs. It also carries sensory afferent fibres from these 
viscera and reaches different brain structures. These con-
nections have proven useful in the treatment of different dis-
eases. Afferent stimulation of the left vagus nerve is used to 
treat epilepsy and major depression, and stimulation of the 
right vagus nerve is being tried for the treatment of heart 
failure. The device used for the therapy delivers intermittent 
stimuli. It is indicated worldwide for the treatment of drug-
resistant epilepsy in patients who are not appropriate can-
didates for respective surgery. It has also received approval 
for the treatment of major depression, obesity and episodic 
cluster headache by the Food and Drug Administration. 
Randomised controlled trials and prospective studies have 
confirmed the efficacy and safety of this therapy in epilepsy. 
Nevertheless, sporadic cases of ventricular asystole have 
been reported. To evaluate the effect of vagus nerve stimu-
lation therapy on the autonomic nervous system, different 
studies that assess heart function and blood pressure changes 
have been conducted, although the methods employed were 
not homogeneous. These studies have found subtle or no sig-
nificant changes in heart rate variability and blood pressure 
in epileptic patients. Moreover, this therapy may reduce the 
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cervical level, the afferent component of the vagus nerve is a 
composite of myelinated A and B fibres and unmyelinated C 
fibres. The afferent C fibres are the most numerous, account-
ing for 65–80% of the fibres in the cervical vagal trunk [4, 
5]. The efferent fibres provide parasympathetic innervation 
to the lungs, heart and gastrointestinal tract, and motor inner-
vation to the striated muscles of the larynx and the pharynx. 
Their cell bodies are located in the nucleus ambiguus and the 
dorsal motor nucleus, respectively. There is an asymmetri-
cal innervation to the heart, as the left vagus nerve inner-
vates the atrioventricular node and the right vagus nerve the 
sinoatrial node. When the right vagus nerve was stimulated 
in dogs, bradycardia was induced in a greater degree [6]. 
However, in animal models, when hyperstimulated the left 
vagal branch predisposes the heart to conduction block at 
the atrioventricular node.

Vagus nerve stimulation therapy

Stimulation of cranial and peripheral nerves has been inves-
tigated for the treatment of different diseases, such as chronic 
pain. Currently, left cervical vagus nerve stimulation (VNS) 
is an approved therapy for refractory epilepsy worldwide. 
This therapy also received approval from the Food and Drug 
Administration (FDA) for treatment-resistant depression. 
Recently, the FDA also granted approval to an abdominal 
VNS device for patients with obesity and to transcutaneous 
stimulation of the right vagus nerve at the neck for episodic 
cluster headache. Right cervical VNS has been effective in 
treating heart failure in preclinical studies and a phase II 
clinical trial. Small open-label studies and case series reports 
have described the use of VNS for rapid cycling bipolar 
disorder, treatment-resistant anxiety disorders, Alzheimer’s 
disease and chronic migraine, although none of these uses 
has been given worldwide approval.

VNS in epilepsy

The vagus nerve stimulator is a device that was approved 
by the European Medicines Agency (EMA) in 1994 and the 
FDA in 1997 for the treatment of intractable partial epilepsy 
in adults and children over 12 years of age [7].

The prevalence of epilepsy is estimated in about 0.5–1% 
of the population. In addition to the impairment of the qual-
ity of life due to the seizures, one of the main problems 
is sudden unexpected death in epilepsy (SUDEP) [8]. The 
major risk factor for SUDEP is the occurrence of general-
ised tonic–clonic seizures (GTCS) [8]. More than 30% of 
epileptic patients will not achieve seizure freedom after two 
(or more) tolerated, appropriately chosen and appropriately 
used antiepileptic drug (AED) regimens; they are considered 
as suffering from drug-resistant epilepsy (DRE) [9]. VNS is 

indicated for those patients with DRE not amenable to epi-
lepsy surgery or when surgery has failed. The most widely 
used neurostimulation therapy is VNS therapy. The possible 
therapeutic effect of VNS had been studied for more than a 
hundred years [10].

The VNS device (Cyberonics, Inc., Houston, TX, USA) 
consists of a pulse generator implanted in the chest and a 
helical electrode around the cervical portion of the left vagus 
nerve. This side is chosen to reduce the risk of bradycardia, 
by avoiding parasympathetic stimulation of the atrial node. 
The surgical procedure requires dissection of the carotid 
sheath in the neck and exposure of the vagus nerve [11], 
where the electrode is placed (Fig. 1). The pulse genera-
tor delivers periodic electric impulses to the vagus nerve 
that generate action potentials by cathodic induction while 
simultaneously applying asymmetric anodal blocks, acti-
vating more afferent than efferent nerve fibres [12]. These 
pulses propagate through various pathways into the brain in 
order to reduce seizures (Fig. 2). The electric stimuli may 
vary in intensity, frequency and duty cycle, i.e. the ratio 
between stimulation time (“on” period) and inactivation 
time (“off” period), and they are programmed using a wand 
connected to a handheld computer system [13]. The usual 
parameters are shown in Table 1 [13–15]. An extra stimulus 
may be delivered to prevent a seizure if a handheld magnet 
is placed over the generator. The latest advancement in VNS 
therapy, AspireSR®, also monitors for heart rate increases 
that may be associated with seizures. When a certain change 
in heart rate occurs, a burst of stimulation is delivered auto-
matically  [16]. In exceptional cases, patients who are not 
suitable for left-sided VNS (L-VNS) may benefit from right-
sided VNS (R-VNS) [17, 18]. In a case series, albeit small, 
patients with right VNS therapy did not suffer from asystole 
or bradycardia, and the efficacy was quite similar to left-
sided stimulation.

Recently, a less invasive VNS therapy has been devel-
oped—the transcutaneous VNS (t-VNS). This device 

Fig. 1   Lead placement in the cervical vagus nerve during surgery. In 
the left, the anchor tether is in the most distal part of the lead. The 
positive anode is in the middle, from where the stimuli spread to 
the negative anode (right), and in the cranial direction to the brain. 
(Courtesy of Dr Galbarriatu, Neurosurgery Department, Cruces Uni-
versity Hospital)
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(NEMOS®, Cerbomed, Erlangen Germany) stimulates the 
auricular branch of the vagus nerve with a bipolar electrode 
attached to the left ear conch [19]. The auricular branch of 
the vagus nerve supplies sensory innervation to the skin 
of the ear canal, tragus and auricle. Although pilot stud-
ies showed a responder rate up to 50% [20], a randomised, 

double-blind controlled trial to assess efficacy and safety 
found a responder rate of about 25–27% [21]. Adverse events 
were usually mild to moderate, such as headache, ear pain or 
application site erythema.

Little is understood about exactly how vagal nerve stimu-
lation modulates mood and seizure [22]. The antiepileptic 
effect seems to be mediated through myelinated fibres, as 
destruction of C fibres in rats did not reduce the efficacy of 
the VNS [23]. Proposed mechanisms include alteration of 
norepinephrine release by projections of the solitary tract 
to the locus coeruleus, elevated levels of inhibitory GABA 
related to vagal stimulation and inhibition of aberrant corti-
cal activity by the reticular activating system [24]. Related 
to these mechanisms, cerebrospinal fluid studies in humans 
have also shown changes in neurotransmitters and amino 
acids. An increase in GABA and serotonin metabolite con-
centrations has been found [25]. Many findings suggest that 

Fig. 2   Schematic view of the mechanism of action of VNS for epi-
lepsy, depression and heart failure. AVN atrioventricular node, DVN 
dorsal vagus nucleus, NA nucleus ambiguus, NS nucleus solitarius, 

NST nucleus of the solitary tract, SAN sinoatrial node, ST solitary 
tract. (Courtesy of Dr Gabilondo, Biocruces Research Institute, 
Barakado)

Table 1   Parameters of stimulation for VNS therapy in epilepsy and 
depression

Initial parameters Efficacy parameters

Output current (mA) 0.25 1.5–2
Frequency (Hz) 20–30 20–30
Pulse width (µs) 250–500 250–500
On time (s) 30 21–60
Off time (min) 5 0.8–5
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the VNS desynchronises the electroencephalogram (EEG), 
reducing the hypersynchronous cortical state which char-
acterises the seizures [26]. Reduction in interictal epilep-
tiform activity has also been reported. Cerebral blood flow 
studies have found increased activation in bilateral thalami. 
The thalamocortical system participates intimately in the 
generation of generalised seizures and is involved in the 
synchronisation, propagation and secondary generalisation 
of focal seizures as well. The action of VNS may involve 
enhancement of the antiseizure activity of the thalamocorti-
cal neurons.

The efficacy of VNS in the treatment of drug-resistant 
epilepsy has been established in pivotal trials [27, 28], long-
term studies [29, 30] and daily clinical practice [31–33]. 
As VNS is a palliative surgical procedure, a new scale [34] 
considers a favourable outcome to be if seizure frequency 
is reduced by half or more. According to different series, 
the mean seizure reduction ranges from 24.5% to 58%, and 
the responder rate ranges from 23.4% to 63.8% (Table 2) 
[35–38], including in some studies of children under 
12 years of age. Sustained efficacy in seizure control has 
also been demonstrated [39, 40]. Some small series and case 
reports have also shown efficacy in controlling status epi-
lepticus [41–43]. Moreover, the results of a large long-term 
study suggest that patients with DRE treated with VNS have 
a reduced risk of SUDEP [44].

Regarding safety, adverse events may be due to the sur-
gical procedure or to the normal functioning of the VNS. 
The main perioperative complications are infections, vocal 
cord palsy and infections [29, 30, 34]. Bradycardia and asys-
tole have been reported during lead tests performed during 
implantation of the device [45, 46]. A plausible mechanism 
may be vagal nerve traction or injury. Other potential mecha-
nisms are stimulation of cervical cardiac branches of the 
vagus nerve either by collateral current spread or directly 
by inadvertent placement of the electrodes on one of these 

branches; improper plugging of the electrodes into the pulse 
generator, resulting in erratic varying intensity of stimula-
tion; or reverse polarity.

Out of the immediate postoperative period, the adverse 
effects are usually related to the stimuli, such as coughing, 
throat pain and hoarseness, and shortness of breath [30, 33, 
34]. Nevertheless, central nervous system adverse effects 
usually associated with AEDs, such as dizziness, cogni-
tive impairment or behaviour impairment, have not been 
described. Isolated cases of late-onset bradycardia and 
asystole have been reported, but no clear explanation can 
be found [47–51].

VNS in depression

Anecdotal clinical observations of mood improvement in 
epilepsy patients, even in the absence of better control of 
seizures after VNS implantation, led to a pilot prospective 
study of the effects of VNS on mood in epilepsy patients, 
treated either with the VNS device or AEDs [52, 53]. The 
mechanism of action in depression has not been fully deter-
mined either. An enhancement of some neurotransmitters, 
such as the serotonergic and dopaminergic system, were seen 
after chronic stimulation with VNS. Another hypothesis is 
that VNS promotes neuroplasticity in the hippocampus. A 
recent study demonstrated that the locus coeruleus plays a 
key role in the antidepressant effect, through noradrener-
gic enhancement [54]. An acute, randomised, controlled, 
masked trial which compared active VNS with sham treat-
ment did not find definitive evidence of the efficacy of 
VNS in the treatment of depression [55]. Previously, an 
open study including 30 patients indicated VNS efficacy in 
patients with treatment-resistant major depressive disorder 
[56]. It was approved by the FDA for the treatment of severe, 
recurrent unipolar and bipolar depression in July 2005, but 
has not yet been approved by the EMA.

Table 2   Outcomes in different series of VNS therapy

NA not assessed

Series Design Patients Age ≥ 50% seizure reduction Seizure free

The Vagus Nerve Stimula-
tion Study Group [27]

Randomised controlled trial 114 Children/adults 31% NA

Handforth et al. [28] Randomised controlled trial 198 Children/adults 23.4% NA
DeGiorgio et al. [30] Prospective 195 Children/adults 35% NA
Helmers et al. [35] Retrospective 125 Children 51% 0%
Vonck et al. [36] Prospective 118 Children/adults 51% NA
De Herdt et al. [31] Retrospective 138 Children/adults 59% 9%
Elliott et al. [32, 39] Retrospective 436 Children/adults 63.8% 7.5%
Ryvlin et al. [38] Open prospective randomised 48 Adults 32% NA
Galbarriatu et al. [33] Retrospective 59 Children/adults 34.8% 0%
Fernandez et al. [37] Retrospective 17 Children < 3 years old 33% improved 0%
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VNS in obesity

In 2015 the FDA approved the use of intermittent intra-
abdominal vagal blockade as a less invasive alternative to 
standard bariatric surgery for patients suffering from mod-
erate to severe obesity. The device (Maestro Rechargeable 
System®) consists of two leads placed around the anterior 
and posterior vagal trunks near the gastroesophageal junc-
tion using laparoscopic surgery and a pulse generator placed 
subcutaneously on the thoracic wall. It delivers intermit-
tent charges with an amplitude ranging between 6 and 8 mA 
for at least 12 h per day. The ReCharge trial included 239 
patients with a body mass index (BMI) of 35 or greater and 
compared 162 patients with active blockade versus a control 
group of 77 patients with a sham device [57]. The study 
found that after 12 months, the active group lost 8.5% more 
of its excess weight than the control group. Although it did 
not achieve the desired endpoint of 10% of excess weight 
loss, a low rate of serious adverse events was found. A pre-
vious trial (EMPOWER) had not found significant differ-
ences regarding weight loss but demonstrated the safety of 
the device. An extension open label study was performed 
[58] and found sustained weight loss.

VNS in cluster headache

Different devices that stimulate cranial nerves have been 
developed with the aim of treating a variety of primary head-
aches. Concerning the vagus nerve, as migraine improve-
ment in patients receiving VNS therapy for epilepsy was 
suggested, this nerve became a target for headache treat-
ment. The cluster headache (CH) is the most prevalent 
trigeminal autonomic cephalalgia, with strong parasym-
pathetic activation during attacks. The inhibition of pain 
by VNS is presumably mediated by inhibition of vagal 
afferents to the nucleus caudalis of the spinal trigeminal 
nucleus and by modulation of inhibitory neurotransmitter 
release. In 2012, a prospective, multicentre, open-label, ran-
domised, controlled, parallel-group study (PREVA study) 
[59] evaluated the efficacy of a non-invasive VNS therapy 
(gammaCore®) as adjunctive prophylactic therapy for CH 
attacks in patients with chronic CH. The device was applied 
over the right side the neck twice daily, in a series of three 
consecutive 2-min stimulations. It showed a mean reduc-
tion of 3.9 attacks per week, with statistical significance. 
A year later, a randomised, double-blind, sham-controlled 
prospective study (ACT1) was performed [60]. Patients with 
chronic and episodic CH were included. Subjects adminis-
tered the three consecutive stimulations at the onset of pre-
monitory symptoms or pain. Response was defined as pain 
relief 15 min after treatment initiation for the first CH attack 
without rescue medication use through 60 min. The response 
rate was significantly higher in patients with episodic CH 

with active VNS than in patients with a sham device, but the 
same response was not achieved for those with chronic CH. 
This response in episodic CH was confirmed in another pro-
spective randomised study (ACT2). Thus, the FDA released 
the use of gammaCore® for the acute treatment of pain asso-
ciated with episodic CH in adult patients.

VNS in heart failure

Another pathological condition in which VNS therapy is 
being studied is heart failure. However, no official approval 
has been granted yet. The rationale for this is the imbal-
ance in the autonomic function, with an increase in sym-
pathetic activity and a reduction in parasympathetic when 
heart failure occurs [61]. The reduction of parasympathetic 
tone increases the risk of life-threatening arrhythmias and 
contributes to ventricular remodelling. Thus, VNS tries to 
equilibrate this imbalance. Three different devices have been 
developed: (1) Precision, Boston Scientific Corporation©, St. 
Paul, MN, USA; (2) CardioFit, BioControl Medical Ltd©, 
Yehud, Israel; (3) Cyberonics IPG: Model 103 Cyberonics©, 
Houston, TX, USA. The functioning and placement are 
rather different from those applied in epilepsy. First, the 
pulse helical electrode is placed in the right vagus nerve. 
The generator delivers the electrical pulses, with a preset 
delay from the R wave. Another difference is that the pulses 
head in an afferent way to the heart, instead of to the brain. 
The parameters also vary from those used for epilepsy. 
When the heart rate drops below a programmed threshold, 
stimulation is interrupted. To assess efficacy and safety in 
patients with heart failure, an open label study in a small 
series of 32 patients with heart failure was performed [62]. 
As it suggested favourable outcomes, a randomised trial, the 
NECTAR-HF (NEuralCardiac TherApy foR Heart Failure), 
started in 2011 [63]. The recommended stimulation param-
eters were a frequency of 20 Hz and a pulse width of 300 µs 
with an activity period of 10 s and an inactivity period of 
50 s. The output current was the maximum tolerated or the 
maximum allowed (4 mA). The primary end point was the 
change in left ventricular end-systolic diameter (LVESD) 
at 6 months and secondary endpoints were other echocar-
diography measurements, quality-of-life assessments and 
other biomarkers. Ninety-six patients were randomised, in 
a 2:1 ratio for the VNS therapy versus patients with VNS 
implanted but inactivated. It failed to demonstrate a signifi-
cant effect on primary and secondary endpoint measures of 
cardiac remodelling and functional capacity in symptomatic 
heart failure patients, but quality-of-life measures showed 
significant improvement. Another open-label multicentre 
study, Autonomic Neural Regulation Therapy to Enhance 
Myocardial Function in Heart Failure (ANTHEM-HF), was 
carried out between 2012 and 2013 to assess safety, toler-
ability, and efficacy [64]. This study compared VNS therapy 
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for heart failure stimulating either the left vagus or right 
vagus nerve in a 1:1 ratio. Sixty patients were randomised, 
30 for each arm. In the overall combined cohort, there was 
significant improvement in Left Ventricular Ejection Frac-
tion; but LVESD did not achieve statistically significant 
improvement. All subjective efficacy measures showed 
statistical improvement. Right-sided VNS obtained better 
results, but the differences were not statistically significant. 
After 12 months the improvement was maintained [65]. 
They also found that a subtle, beat-to-beat fluctuation in the 
morphology and amplitude of the ST segment or T wave in 
the electrocardiogram (ECG), which has been considered 
a biomarker of life-threatening arrhythmias named T wave 
alternans, was reduced in patients treated with VNS [66]. 
However, the INNOVATE-HF trial (Increase of Vagal Tone 
in Heart Failure), which included 707 patients, did not show 
such efficacy [67]. In this trial, 436 patients and 271 con-
trols were compared. The estimated annual mortality rates 
were 9.3% in the active therapy group and 7.1% in the con-
trols. However, quality of life, New York Heart Association 
functional class and 6-min walking distance improved, but 
the LVESD index did not. One recent study performed on 
guinea pigs showed that chronic VNS may preserve ven-
tricular function after myocardial infarction by mitigating 
the remodelling of the intrinsic nervous system and the tis-
sue innervated by it [68].

The adverse events reported in the series are mostly the 
same as those described during epilepsy treatment [63, 65, 
67]. Severe device-induced bradycardia is very rare, owing 
to the stimulation interruption when the heart rate drops.

VNS effect on the autonomic nervous system 
in epileptic patients

The main indication for VNS therapy is refractory epilepsy. 
Epileptic seizures, especially GTCS, or the AEDs may affect 
the autonomic nervous function [69]. One study found dif-
ferences in heart repolarisation between complex partial sei-
zures (CPS) and secondarily GTCS [70]. For instance, sym-
pathetic tone tends to be increased, whereas parasympathetic 
tone appears to be decreased in chronic epilepsy, ultimately 
leading to depressed heart rate variability (HRV). GTCS can 
also severely impair ventricular contractility in the absence 
of coronary pathology. This stress-induced cardiomyopathy 
(which is also known as Takotsubo cardiomyopathy) can 
dramatically decrease cardiac output, thereby leading to a 
cardiogenic shock. T wave alternans, which has been consid-
ered a biomarker of risk for suffering from sudden death in 
patients with heart disease, has also been shown to be more 
frequent after secondary GTCS.

More than 80,000 people have received VNS worldwide. 
The intimate relationship between VNS and the autonomic 
system may theoretically cause a disturbance in the heart 
function or the control of blood pressure (BP). Some series 
report diverse changes in heart function and BP control, but 
the methodology in each study is different (Table 3).

Prior to VNS approval for epilepsy, Kamath et al. stud-
ied the effect of vagal electrostimulation in HRV in eight 
patients [71]. They compared four patients with a high stim-
ulation schedule (30 Hz frequency and 500 µs pulse) with 
four more subjects with low stimulation (2 Hz and 130 µs). 
Continuous ECG was assessed before and 15 days after sur-
gical implantation. They found no presurgical differences 
between the groups in HRV variables. In the low stimulation 
group, no significant change was found in cardiac param-
eters, namely heart rate, high frequency peak power (HF) 

Table 3   Studies assessing effects of VNS therapy in the autonomic system

Series Design Patients Controls Cardiac function 
assessment

Blood pres-
sure assess-
ment

Setty et al. [72] Cross-sectional 10 No Yes No
Frei and Osorio [73] Cross-sectional 5 No Yes No
Galli et al. [74] Prospective 7 Patients before implantation Yes No
Ronkainen et al. [75] Prospective 14 Patients before implantation

Healthy controls
Yes No

Stemper et al. [76] Cross-sectional 21 No
On/off periods

Yes Yes

Zaaimi et al. [77, 78] Cross-sectional 10 No
On/off periods

Yes No

Cadeddu et al. [79] Prospective 10 Patients before implantation Yes Yes
Garamendi et al. [82] Prospective 15 Patients before implantation Yes Yes

Cross-sectional 14 On/off periods
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or low frequency/high frequency (LF/HF) ratios. On the 
contrary, when a high stimulation schedule was used, the 
LF/HF peak power ratio decreased, and patients showed a 
significantly higher HF compared to those with low stimula-
tion. Thus, an increased parasympathetic cardiac tone was 
suggested.

In 1998, Setty et al. performed a study centred on the 
effect of VNS on cardiac function in humans [72]. They 
selected ten patients who were participating in the open-
label continuation study (Cyberonics XE5 protocol). Some 
VNS parameters were fixed: frequency of 30 Hz, pulse width 
of 750 µs, on-time of 30 s and off-time of 5 min. The output 
current was set at the maximum tolerable level for a mini-
mum of 1 month prior to the study. Heart rate changes were 
studied using prolonged ECG. A 7-min baseline segment 
was obtained with the pulse generator inactivated. Then the 
stimulator was activated for five 30-s stimulation periods for 
a total continuous stimulation period of 2.5 min. It is fol-
lowed by a vagal nerve post-stimulation period in which the 
stimulator was again inactivated for 7 min. They found no 
significant changes in RR intervals (RRI), the total power or 
the low frequency (LF) and high frequency (HF) bands with 
stimulation of the left vagus nerve. So, they concluded that 
left vagal nerve stimulation has little acute effect on cardiac 
rhythm or heart period variability.

Frei and Osorio [73] studied five patients who had VNS 
implanted and had not obtained benefit from this therapy. 
They performed prolonged ECG (mean 45.6 h per subject) 
in order to study changes in the heart rate and its variability. 
They found that VNS had a complex chronotropic effect 
with appreciable interindividual variability. In some patients 
they found bradycardia and in others tachycardia followed by 
bradycardia. HRV was either increased or decreased depend-
ing on the subject and on the stimulation parameters.

Galli et al. evaluated the cardiac vagal tone in patients 
chronically treated with VNS by carrying out 24-h electro-
cardiography monitoring before the device implantation, 
1 month and 36 months after VNS therapy onset [74]. Anal-
ysis of RRI variability was performed. They did not observe 
significant changes in the mean values of the following spec-
tral parameters: total power, very low frequency (VLF), LF, 
HF and LF/HF ratio. However, they found a reduction of 
the HF component of the spectrum during the night and a 
flattening of sympathovagal circadian changes, not inducing, 
however, clinically relevant cardiac side effects after long-
term VNS. The responder rate was 57.1% (4 out of 7), and 
one of them was seizure free.

The study reported by Ronkainen et  al. included 14 
patients with refractory epilepsy who underwent VNS 
implantation, and 28 healthy sex- and age-matched con-
trols, in which a 24-h ECG was performed [75]. Patients 
who underwent VNS therapy were evaluated before and 
1 year after implantation. No significant changes in HRV 

were found between the basal and the 1-year evaluations. 
However, in patients with refractory epilepsy, even before 
the VNS implantation, the mean value of the RRI, standard 
deviation of NN intervals (SDNN), VLF, LF and HF spectral 
components of HRV, and the Poincaré components SD(1) 
and SD(2) were significantly lower than those of the control 
subjects before VNS implantation. In the same way, patients 
with refractory epilepsy did not show the circadian HR fluc-
tuation seen in healthy control subjects, and VNS therapy 
did not seem to affect the circadian HRV. In this series, a sei-
zure response was achieved in nine patients (64.3%), which 
is higher than previous series.

Stemper et al. studied 21 patients with active VNS ther-
apy, but analysing the on and off phases for each patient 
[76]. It comprised an assessment of the heart and BP control, 
using an ECG, and a non-invasive arterial tonometry. The 
VNS generator was programmed at fixed parameters of fre-
quency and pulse width, and to stimulate for 60 s (“on”) and 
then pause for 5 min (“off”), and the measures were assessed 
for each period. RRI, systolic and diastolic BP did not show 
significant changes during the on and off phases. They also 
found that the baroreflex sensitivity (BRS) increased slightly 
during stimulation. The LF power of BP and the LF and 
HF power of RRI increased significantly. They concluded 
that VNS influences both sympathetic and parasympathetic 
cardiovascular modulation. Nevertheless, they stated that 
VNS does not negatively influence autonomic cardiovas-
cular regulation.

Ten children (between 7 and 18 years old) with active 
VNS treatment were studied by Zaaimi et al., who per-
formed polysomnography recordings to detect changes 
during sleep [77], comparing the on and off phases. While 
the VNS generator was stimulating, the heart rates of four 
children increased significantly, decreased for one child and 
increased at the end of the stimulation for one child. Changes 
in heart rate varied during VNS, within stimulation cycles 
for individual children and from one child to another. They 
also found that in six of the ten children the respiratory sinus 
arrhythmia (RSA) magnitude decreased significantly [78]. 
These changes in RSA magnitude varied from one child to 
another.

Cadeddu et al. performed a prospective study to evaluate 
both heart function and BP changes in ten patients, prior 
to and during active VNS treatment [79]. They performed 
an ECG, echocardiography examination and 24-h BP moni-
toring. They found that while the echocardiography assess-
ment did not vary from baseline to active VNS therapy, a 
significant increase in the high frequency components and a 
significant reduction in the LF/HF ratio was observed. Blood 
pressure showed a significant increase in both systolic and 
diastolic values. Thus, they concluded that VNS therapy is 
safe regarding cardiac function and suggested an increase in 
the parasympathetic activity. Eight of the ten patients (80%) 



190	 Clin Auton Res (2019) 29:183–194

1 3

improved their seizure frequency by 50% or more, which is 
much higher than reported by other series.

In 2011, 17 children with refractory epilepsy were studied 
before and after VNS implantation [80]. Twenty-four-hour 
EEG and ECG were performed, but only data from dur-
ing sleep stages were analysed. To determine whether an 
imbalance in autonomic cardiac control due to chronic epi-
lepsy was present, a sex- and age-matched cohort of healthy 
subjects was also evaluated. Children with drug-resistant 
epilepsy, before VNS implantation, showed a lower para-
sympathetic activity in stage 2 sleep compared with sub-
jects without epilepsy. Conversely, during slow-wave sleep, 
patients with refractory epilepsy exhibited sympathetic 
dominance. VNS treatment seemed to increase sympathetic 
activity in every sleep stage.

To evaluate the effect of the stimulation therapy in exer-
cise and rest, Mulders et al. studied ten patients with VNS 
therapy, five who had reported side effects (shortness of 
breath) and five who had not. Five healthy subjects were 
also recruited. ECG, oxygen and respiratory monitoring 
were performed during a 20-min rest period and 20 min of 
exercise. For each patient, data from “on” and “off” peri-
ods were obtained [81]. During active stimulation, patients 
showed a decrease in HR, compared with the “off” periods, 
both in rest and exercise. Regarding respiratory parameters, 
a small decrease in tidal volume and an increase in breath-
ing frequency were observed, but no significant changes in 
oxygen saturation. All patients had achieved good response 
to VNS therapy

In our centre we conducted a study to determine the effect 
of VNS therapy on patients with DRE in the autonomic 
nervous system [82]. This study comprised two parts. The 
first was a prospective longitudinal evaluation comparing the 
pre-implantation period and two post-implantation periods, 
one using intermediate parameters and later using the best 
stimulation setting. The second was a cross-sectional assess-
ment comparing the on and off periods of the stimulation 
cycles. All the patients underwent continuous non-invasive 
ECG tracing, beat-to-beat continuous BP (obtained with fin-
ger plethysmography) and impedance cardiography (Task 
Force® Monitor, CNSystems © Medizintechnik AG, Aus-
tria). Fifteen patients were included in the first part of the 
study and 14 in the second. One patient was on active right-
sided VNS. This patient had previously undergone implanta-
tion in the left vagus nerve but as malfunction due to nerve 
fibrosis occurred, it was removed and changed to the right 
vagus nerve. In the prospective study, no differences were 
observed between the baseline, the intermediate visit and the 
final visit for the variables related to parasympathetic cardio-
vagal tone, namely expiratory to inspiratory (E/I) ratio, Vals-
alva ratio or HRV HF. Regarding the markers of sympathetic 
tone, only systolic and diastolic BP upon 5 min of head-up 
tilt increased significantly after VNS implantation. BRS was 

not different between visits. Similar results were observed 
in the patient with right VNS. In the cross-sectional part 
no changes were found in the parasympathetic cardiovagal 
markers between on and off situations. The LF/HF ratio was 
higher during the on situation, showing a trend toward sym-
pathetic tone dominance. No other markers of sympathetic 
tone showed significant changes. Baroreflex sensitivity and 
haemodynamic parameters, such as stroke index (SI), accel-
eration index (ACI) or left ventricular stroke work index 
(LVSWI), were the same during the on and off situations. 
This result supports the conclusion that VNS has no major 
autonomic cardiovascular or haemodynamic effects. The 
responder rate was 42.9% and 45.5% at the intermediate and 
final visits, respectively.

Regarding SUDEP, Schomer et al. found that, as occurred 
with VNS for heart failure, VNS therapy for epilepsy may 
also have a protective effect on the heart [83]. They per-
formed ambulatory 24-h ECG in nine patients undergoing 
VNS therapy and evaluated the HRV and the T wave alter-
nans. Six patients were also evaluated prior to VNS implan-
tation. They found reduction in LF HRV and the LF/HF ratio 
pointing to a dominance of parasympathetic function. The 
T wave alternans was also reduced, suggesting protection 
against lethal arrhythmias. In the same way, Verrier et al. 
studied 28 patients who underwent VNS therapy with the 
cardiac frequency-triggered device (AspireSR Model 106 
VNS Therapy®) before and after implantation [84]. They 
also found that T wave alternans was elevated prior to VNS 
surgery and decreased when the patients were undergoing 
active therapy. Neither heart rate reduction nor modification 
in HRV was observed. This study supports the protective 
effect of VNS.

Conclusion

The vagus nerve connects, through different afferent and 
efferent fibres, several areas of the brain and major organs of 
the thorax and abdomen, providing parasympathetic innerva-
tion to those organs and receiving sensory inputs from them. 
Electric stimulation of the afferent fibres of the cervical left 
vagus nerve has demonstrated efficacy in reducing the epi-
leptic activity and improving mood, and the activation of the 
efferent fibres of the right vagus has done so in preventing 
lethal arrhythmias in heart failure, and also reducing the 
severity of episodic CH. Vagus nerve stimulation is the only 
neurostimulation therapy for epilepsy approved worldwide. 
It is indicated for drug-resistant epilepsy not amenable to 
the respective surgery in patients 12 years and older. The 
adverse events are usually stimuli-related, usually throat 
pain, hoarseness and cough, but sporadic cases of ventricu-
lar asystole have been reported. In order to establish the 
autonomic effects on the autonomic function, many studies 
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of cardiac function and BP control have been performed. 
Some of them have suggested that this therapy has a possible 
protective effect against SUDEP.

Why were differences found in all these studies? The first 
observation is that the studies were performed in different 
situations, namely some at rest, some for prolonged periods 
of time and others include night sleep. The series comprised 
small numbers of patients, so none were fully representative 
of the majority of patients on VNS therapy. For instance, the 
responder rate ranges from 45% to 100%. Moreover, there 
are no homogeneous groups regarding pharmacological 
treatment, so comparisons may be difficult to establish. It 
should be noted that some AEDs, such as sodium channel 
blockers, are negative chronotropic drugs. In addition, the 
study methodology was not the same, as some performed a 
spectral analysis of the heart rate, some monitored BP and 
others simply analysed the heart rate in the prolonged ECG. 
The main conclusion that can be drawn is that as long as the 
vagus nerve is undamaged and the stimulus is afferent to the 
solitary tract nucleus, there is no interference with the vagal 
stimulation of the heart. The few changes in the vegetative 
nervous system are subtle, and afferent. As in other diseases 
in which nerve stimulation is applied, the frequency, pulse 
width and amplitude of the stimulus can modify the effect 
on the different types of nerve fibres. Studying the different 
stimulation parameters on the vagus nerve in animal models 
can clarify these subtle differences.
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