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Abstract: Vagus nerve stimulation (VNS) shows long-term efficiency worldwide in most 

pharmacoresistant patients with epilepsy; however, there are still a small number of patients 

who are non-responders to VNS therapy. It has been shown that VNS treatment outcomes for 

drug-resistant epilepsy may be predicted by preoperative heart-rate variability measurements 

and that patients with epilepsy with ictal tachycardia (IT) during seizures have good responses 

to VNS. However, few studies have reported the efficacy of VNS in patients with epilepsy 

with ictal bradycardia (IB) or normal heart rate (HR), and none have explored the possible 

mechanisms of VNS efficacy based on different HR types. HR during seizures varies, and we 

presume that different HRs during seizures may impact the effects of VNS. It has been shown 

that blood pressure in the human body needs to be maintained through the arterial baroreflex 

(ABR). VNS efficacy in patients with epilepsy with IT, IB, and normal HR during seizures may 

be related to ABR. Mechanical signals generated by VNS are similar to the autonomic nerve 

pathways and, thus, we propose the hypothesis that different HRs during seizures can predict 

VNS efficacy in patients. If VNS is highly efficient in patients with IT during seizures, VNS 

in patients with a normal HR during seizures may be less efficient, and may even be inefficient 

in patients with IB during seizures.
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Introduction
Vagus nerve stimulation (VNS) is an effective palliative treatment option for focal and 

generalized treatment-resistant epilepsy (TRE) in adults and children. Data obtained 

from clinical trials support this idea. Elliot et al examined 436 patients and observed 

that $90% seizure control was achieved in 90 patients (22.5%), $75% seizure control 

in 162 patients (40.5%), $50% improvement in 255 patients (63.75%), and ,50% 

improvement in 145 patients (36.25%).1,2 The efficacy of VNS varies substantially 

due to clinical factors, including epilepsy type, etiology, antiepileptic drug use, and 

severity of the epilepsy, and usually does not result in complete cessation of seizures.3 

Furthermore, doctors still cannot predict which patients will respond to VNS treat-

ment and to what extent. Prognostic biomarkers would be very useful for counseling 

patients and predicting the outcome of VNS seizure control. A previous study has 

shown that an interictal electroencephalogram (EEG) can predict the outcome of 

VNS therapy.4 Nevertheless, the aforementioned study contained several limitations, 

such as the inclusion of a small number of patients and subjective measurements of 

seizure outcome. In addition, a recent study has shown that VNS treatment outcomes 

for drug-resistant epilepsy may be predicted by preoperative heart-rate variability 
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(HRV) measurements, and that patients with drug-resistant 

epilepsy and higher parasympathetic cardiac control or vagal 

tone are more likely to respond to VNS treatment.5

Epileptic seizures can lead to changes in autonomic func-

tions affecting the sympathetic, parasympathetic, and enteric 

nervous systems. Changes in cardiac signals are potential 

biomarkers that may provide an extracerebral indicator of 

ictal onset in some patients.6 Therefore, preoperative cardiac 

rhythm abnormalities induced by epileptic stimulation may 

affect the efficacy of VNS. A previous report has shown that 

heart-rate (HR) changes can precede clinical and encephalo-

graphic seizure onset, and early detection of these changes 

can have an application in seizure-detection systems.7 Our 

recent work has also suggested that ictal HR increases occur 

in 91.36% (74/81) of patients with epilepsy, that HR increases 

rapidly within 10 seconds prior to seizure onset and typically 

slows to normal rate with seizure offset,8 and, therefore, ictal 

tachycardia (IT) can be a prevalent clinical manifestation 

during the course of a seizure.

Clinical research has shown that the AspireSR VNS 

system is effective in detecting IT and provides automated 

on-demand stimulation, and improves the sensitivity and 

specificity of ictal stimulations.9–11 However, no studies have 

evaluated whether VNS therapy on patients with epilepsy 

who have ictal bradycardia (IB) or normal HR may be inef-

fective or less ineffective than on patients with IT. It is very 

important to screen out candidates who potentially will not 

benefit from VNS to avoid unnecessary, invasive procedures 

and to improve the overall clinical efficacy of VNS treat-

ments. Therefore, it is imperative to elucidate the potential 

physiological interpretations of these findings for establishing 

accurate prognosis following epilepsy treatment.

Experimental theory and clinical evidence have demon-

strated that blood pressure (BP) in the human body needs to 

be maintained through the arterial baroreflex (ABR).12 A good 

response to VNS in patients with epilepsy with IT during 

seizures may be related to a hypersensitive ABR. Patients with 

IB or normal HR during seizures may also have responses 

related to the ABR; however, the sensitivity may be different. 

Accordingly, we propose the following hypothesis.

The hypothesis
VNS therapy is effective in patients with epilepsy with IT 

during seizures, and this efficacy may be associated with a 

hypersensitive ABR. VNS therapy in patients with epilepsy 

with IB and normal HR during seizures may also involve 

the ABR; however, its efficacy may be different due to 

different ABR sensitivity. Mechanical signals generated 

by autonomic nerve pathways, such as the aortic depressor 

nerve, the carotid sinus nerve, and the nucleus of the tractus 

solitarius (NTS), are similar. Accordingly, we propose the 

hypothesis that VNS efficacy for patients with epilepsy 

differs on the basis of HR during seizures: in patients with 

IT during seizures, it is efficient; in patients with normal HR 

during seizures, it may be less efficient than in patients with 

IT during seizures, and it may be inefficient in patients with 

IB during seizures.

Evaluation of hypothesis
VNS is effective in epilepsy patients with IT during 
seizures, but it is difficult to predict preoperatively 
whether it is effective or not for patients with IB and 
normal HR
Findings from previous research support the idea that 

epileptic stimulation may affect the heart via direct neural 

pathways.13 Analysis of TRE etiology shows that patients 

with neuronal migration disorders tend to have a poorer 

response to VNS (mean reduction: 44.5%) compared to 

patients with other etiologies.1 Importantly, decreased effi-

cacy has not been noted in patients with IT, an indication 

that IT can potentially be detected prior to the EEG and onset 

of the clinical seizure.14 A previous report has shown that 

tachycardia-based detection may not only offer advantages 

in terms of ease of recordings and computational analyses, 

as compared to EEG-based seizure detection, but also may 

offer advantages in the timing of a closed-loop intervention 

for certain patients. Furthermore, the tolerability of additional 

tachycardia-based stimulation was good in this report, and 

two out of three patients showed an improvement in seizure 

frequency.9 Hampel et al has reported a sensitivity of 92% 

and a specificity of 13.5% for the seizure detection algo-

rithm in a single patient and has also reported a significant 

decrease in seizure duration as a result of closed-loop VNS 

with the AspireSR.11 In addition, a prospective multicenter 

study of cardiac-based seizure detection to activate VNS 

demonstrated the ability to detect seizures based on cardiac 

changes that were as low as a 20% above the baseline HR 

with high sensitivity.10

Most studies reported the efficacy of VNS and have found 

a significant improvement in seizure control in a consider-

able proportion of the implanted patients;2,15,16 however, the 

efficacy in a limited number of patients has been worse. It is 

unclear why VNS efficacy is limited in certain individuals, 

and predictive measurements to identify patients that are 

most likely to respond to VNS are lacking. Moreover, the 

mechanism of action of VNS is not fully understood. IB is 

considered a rare phenomenon, and is thought to be caused 

by an increase in parasympathetic activity or disruption 
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of sympathetic activity resulting from propagative ictal 

activity in the respective autonomic cortical or subcorti-

cal networks.17 However, it is difficult to predict whether 

VNS therapy is effective in patients with IB and normal HR 

during seizures.

VNS efficacy in patients with normal HR, IT, and IB 
during seizures is related to the ABR
Considerable research has shown that autonomic alterations 

during seizures are associated with a variety of cardiac mani-

festations. These manifestations include changes in HRV, IT, 

IB, atrioventricular block, and asystole.13 The latest research 

has shown that patients with IT during seizures demonstrate 

good responses to VNS therapy,9–11 yet, its mechanism of 

action in treating epileptic seizures remains unclear.

Blood pressure in the human body needs to be maintained 

within a relatively narrow physiological range.12 Changes 

in BP are recognized by baroreceptors at the sensory nerve 

terminals innervating the aortic arch and carotid sinus. 

Mechanical signals are then converted into an action potential 

frequency, which propagates along afferent fibers (the aortic 

depressor nerve which joins with the vagal nerve [X] and 

the carotid sinus nerve which joins with the glossopharyn-

geal nerve [IX]) to the cell body located in the nodose and 

petrosal ganglions and, subsequently, to the cardiovascular 

control center in the brainstem, causing reflex adjustments in 

HR, heart contractility, and vascular tone, which eventually 

restores normal BP levels.18 The NTS is a transfer station 

of afferent cardiovascular sensory receptors, which receive 

a wide range of visceral sensory afferents and projections 

from a range of peripheral sources.19–21 These involve the 

peripheral nerves (X and IX), perform extensive information-

processing internally, and produce autonomic efferent out-

puts. Therefore, the afferent fibers of the vagus nerve first 

reach the NTS which, in turn, has multiple connections to 

many other regions of the brain. Through its own mono-

synaptic projections, the NTS can directly influence activi-

ties of parasympathetic and sympathetic effector neurons, 

ascending visceral and somatic sensory pathways, and the 

local arousal system.22 In addition, a role for the inhibitory 

neurotransmitter gamma aminobutyric acid (GABA) in VNS-

mediated seizure suppression in humans undergoing VNS 

therapy has also been suggested.23

Several theories exist with regard to the therapeutic 

mechanism of VNS, but it is certain that activation of vagal 

afferents through electrical stimulation influences seizure-

related circuitry within the brain,24 and it is presumed that 

different HRs during seizures influence activities of para-

sympathetic and sympathetic effector neurons and GABA, 

through different sensitivity of the ABR, which may also 

play an important role.

Based on the aforementioned theory, we speculated 

that mechanical signals originating in patients with normal 

HR during seizures and those in patients upon activation of 

vagal afferents through VNS could all possibly play a role 

to produce responses to VNS therapy. The sensory threshold 

for arterial pressure is higher than that of the baroreceptor 

in patients with normal HR during seizures. Changes in BP 

are sensed by the normal ABR. These mechanical signals 

are then converted into an action potential frequency, which 

propagates along X and IX nerves to the NTS in the brain-

stem, causing an increased parasympathetic (the vagus nerve 

projection area releases an increasing amount of GABA) and 

decreased sympathetic drive, which would be manifested 

as a reflex response to the rise in arterial pressure through a 

normal ABR, and possibly sufficient to produce VNS effi-

cacy. In addition, activation of vagal afferents through VNS 

and mechanical signals coming from electrical stimulation 

propagates to the NTS in the brainstem, causing an increased 

parasympathetic (the vagus nerve projection area releases an 

increasing amount of GABA) and decreased sympathetic 

drive, which is possibly sufficient to ensure VNS efficacy 

(Figure 1). In a similar way, we speculated that mechanical 

signals from patients with IT during seizures and those from 

Figure 1 The mechanism of action of VNS efficacy in patients with normal HR 
during seizures.
Notes: The mechanical signals coming from patients with normal HR during 
seizures and the mechanical signals coming from patients with the activation of vagal 
afferents through VNS all possibly play a role to produce responses to VNS therapy. 
→↓↑: The arrows show the signals coming from patients upon the activation of 
vagal afferents through VNS; →↓↑: The bold arrows show the signals coming from 
patients with normal HR during seizures.
Abbreviations: HR, heart rate; BP, blood pressure; ABR, arterial baroreflex; VNS, 
vagus nerve stimulation; X, vagal nerve; IX, glossopharyngeal nerve; NTS, nucleus 
of the tractus solitarius.
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patients upon the activation of vagal afferents through VNS 

all possibly play a role to produce good responses to VNS 

therapy. The sensory threshold is higher in arterial pressure 

than that of the baroreceptor in patients with IT, and its 

sensitivity to the ABR is higher than that of patients with 

normal HR. Changes in BP are recognized by a hypersensi-

tive ABR. Mechanical signals are then converted into an 

action potential frequency, which propagates along X and IX 

nerves to the NTS in the brainstem, resulting in an increased 

parasympathetic (the vagus nerve projection area releases an 

increasing amount of GABA) and decreased sympathetic 

drive, which would be expected as a reflex response to the rise 

in arterial pressure through a hypersensitive ABR, together 

with the positive effect of the mechanical signals coming 

from the activation of vagal afferents through VNS, and 

further improving the effects of VNS (Figure 2). Conversely, 

we speculate that mechanical signals from patients with IB 

during seizures may be insufficient to support the efficacy of 

VNS. The sensory threshold is lower in arterial pressure than 

that of the baroreceptor in patients with IB during seizures, 

and the sensitivity of the ABR is lower than in patients with 

normal HR. Changes in BP are sensed by a hyposensitive 

ABR. Mechanical signals are then converted into an action 

potential frequency, which propagates along X and IX nerves 

to the NTS in the brainstem, and results in an increased 

sympathetic and decreased parasympathetic drive (the vagus 

nerve projection area releases a lesser amount of GABA), 

which would be expected as a reflex response to the drop in 

arterial pressure through a hyposensitive ABR, together with 

the positive effect of the mechanical signals coming from 

the activation of vagal afferents through VNS, and possibly 

insufficient to produce VNS efficacy. We further speculate 

that, if the action potential frequency from patients upon the 

activation of vagal afferents through VNS is greater than the 

frequency from patients with IB during seizures, patients with 

IB during seizures may display a less efficient response than 

patients with normal HR. Furthermore, if the action potential 

frequency from VNS is less than the frequency from a seizure 

with IB, patients with IB during seizures may not respond 

efficiently to VNS therapy (Figure 3).

In recent years, anatomical, physiological, experimental 

epilepsy, human imaging, EEG, and cerebrospinal fluid 

studies have suggested that multiple mechanisms contribute 

to the antiseizure effects of VNS and alterations of vagal 

parasympathetic efferent activities.22 Meanwhile, electrical 

Figure 2 The mechanism of action of VNS efficacy in patients with IT during seizures.
Notes: The mechanical signals coming from patients with IT during seizures and 
the mechanical signals coming from patients upon the activation of vagal afferents 
through VNS all possibly play a role to produce better responses to VNS therapy. 
→↓↑: The arrows show the signals coming from patients upon activation of vagal 
afferents through VNS; →↓↑: The bold arrows show the signals coming from 
patients with IT during seizures.
Abbreviations: IT, ictal tachycardia; HR, heart rate; BP, blood pressure; ABR, 
arterial baroreflex; VNS, vagus nerve stimulation; X, vagal nerve; IX, glossopha­
ryngeal nerve; NTS, nucleus of the tractus solitarius.

Figure 3 The mechanism of action of VNS efficacy in patients with IB during seizures.
Notes: The mechanical signals coming from patients with IB during seizures may be 
insufficient to support the efficacy of VNS. If the action potential frequency coming 
from patients upon activation of vagal afferents through VNS is greater than the 
frequency coming from patients with IB during seizures, response from patients with 
IB during seizures may be less efficient than patients with normal HR. Conversely, 
if the action potential frequency coming from VNS is less than the frequency 
coming from seizure with IB, patients with IB during seizures may be inefficient 
to VNS therapy. →↓↑: The arrows show the signals coming from patients upon 
activation of vagal afferents through VNS; →↓↑: The bold arrows show the signals 
coming from patients with IB during seizures.
Abbreviations: IB, ictal bradycardia; HR, heart rate; BP, blood pressure; ABR, 
arterial baroreflex; VNS, vagus nerve stimulation; X, vagal nerve; IX, glossopha­
ryngeal nerve; NTS, nucleus of the tractus solitarius.
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stimulation of the vagus nerve requires polysynaptic trans-

mission to mediate anti-seizure effects.4

It has been shown that patients with epilepsy with IT 

during seizures have good responses to VNS therapy,9–11 

and its treatment mechanism may be related to a hypersen-

sitive ABR. We presume that the treatment mechanism of 

VNS in patients with epilepsy with IT, IB, and normal HR 

during seizures all involve ABR with different sensitivities. 

Mechanical signals generated by the autonomic nerve path-

ways are similar, which means that the effect and efficacy 

of VNS in the brain could be inefficient or less efficient 

in patients with IB during seizures than in patients with 

normal HR.

Discussion
Most studies to date show the efficacy and safety of VNS; 

however, a limited number of patients often have poorer 

efficacy and undesirable side effects. VNS involves the 

implantation of costly stimulation devices via an invasive 

neurosurgical procedure, which may result in common side 

effects such as hoarseness, throat pain, coughing, and skin 

infection. Occasionally, side effects may be more serious, 

such as dysphagia and ipsilateral vocal cord paralysis, for 

some patients. Therefore, screening candidates who may 

potentially not benefit for VNS therapy remains important 

to avoid unnecessary invasive procedures and postoperative 

side effects.

VNS therapy may be efficient and can be performed for 

certain patients with epilepsy with IT and normal HR during 

seizures, while VNS therapy may be inefficient and not worth 

undertaking for patients with IB during seizures.

As previously mentioned, VNS therapy may be efficient 

and safe in patients with epilepsy with normal HR and IT 

during seizures. Even so, there are a limited number of papers 

reporting late-onset bradycardia during VNS therapy.25 These 

papers hypothesize that the mechanism of bradycardia-

involved mechanical deformation of the vagus nerve resulting 

in a hypersensitive baroreceptor reflex is manifested by the 

observed bradycardia. Continual stimulation in this setting 

can theoretically promote a tendency toward bradycardia. 

Mechanical stimulation is caused by nerve traction exerted by 

the stimulator lead.26 Cardiac complications of VNS therapy 

are very infrequent, but clinicians should be alerted to its 

possibility. A cardiac evaluation is mandatory before VNS 

implantation and periodically thereafter. We also hope that 

clinical randomized controlled trials will be conducted as soon 

as possible to verify whether our hypothesis is true or false.
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