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1. Introduction – Drug-resistant epilepsy 

    1.1 Epidemiology, definition and health-care implications 

Epilepsy is a neurological condition affecting approximately 70 million people worldwide, 

accounting for almost the 0.5% of the ‘global burden of disease’1. Currently, more than thirty 

antiseizure medications (ASM)s are commercialized and effective in treating seizures, with almost a 

60-70% of people with epilepsy that will achieve prolonged seizure control2.  

However, it is estimated that approximately 30% of people with epilepsy exhibit a form of disorder 

that is refractory to commonly prescribed antiseizure medications, a condition referred to as drug-

resistant epilepsy or DRE3,4, which is defined, according to the International League Against 

Epilepsy (ILAE), as ‘the failure of adequate trials of two tolerated, appropriately selected, and 

properly used antiseizure medications - whether administered as monotherapy or in combination - 

to achieve sustained seizure freedom’5.  

The incidence of DRE ranges from 0.06 to 0.51, and the prevalence from 0.11 to 0.585. However, 

prevalence and incidence of DRE may substantially change across studies for different reasons. One 

of these is the lack of a standardized terminology before the 2010 ILAE consensus proposal. In their 

systematic review and metanalysis, Kalilani et al.4 evidenced that only few studies (the 10% of their 

cohort) referred to the ILAE’s criteria terminology for the definition of DRE, thus resulting in a 

false estimation of the real prevalence. Moreover, the duration of epilepsy itself may affect the 

epidemiological studies, since for DRE diagnosis the failure of at least two antiseizure drugs is 

required; consequently, patients with newly diagnosed epilepsy tend to show a lower proportion of 

drug-resistance compared to those with a longer history of disease. Additionally, as some authors 

suggested, drug responsiveness should be considered as a dynamic rather than a fixed state6 as most 

types of epilepsy behave as ‘relapsing-remitting’ diseases, where periods of seizure recurrence are 

alternated with seizure-free periods7,8, with the consequences that a real estimation of DRE 

prevalence and incidence at a time is difficult to extrapolate. 

The burden of drug-resistance epilepsy is high for the patients, their caregivers and the health-care 

system.  

A significantly increased risk of injury and SUDEP (sudden unexpected death in epilepsy) has been 

observed in DRE patients compared to general population9,10. Drug-resistant epilepsy increases the 

probability of unfavourable evolution into a status epilepticus, a neurological emergency that often 

requires hospitalization in intensive care units and may necessitate invasive interventions, such as 

sedation, endotracheal intubation, and artificial nutritional support; conversely, status epilepticus 

itself is a negative predictor for subsequent drug-unresponsiveness11. Psychiatric comorbidities - 
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particularly depression (30%), anxiety disorders (10-25%), psychoses (2-7%) and personality 

disorders - are also frequent and contribute to worse patients’ quality of life12. In newborns and 

children, certain epileptic syndromes are typically associated with drug resistance with catastrophic 

consequences in terms of neurocognitive outcome13. 

1.2 Predictors of risk  

Early identification of individuals at risk for developing DRE is crucial for guiding clinicians in 

management of epilepsy and estimating prognosis.  

The major clinical predictors of DRE identified from systematic reviews and metanalyses are the 

following: a younger age at onset, ‘symptomatic’ epilepsy (an old terminology referring to epilepsy 

due to an acquired cause), the presence of neurologic deficits and abnormal EEG, seizure types and 

poor response to the first antiepileptic drug3,14,15.  

Younger age at epilepsy onset: In newborns and children, drug resistance is strictly connected to 

the aetiology. The group of the self-limited epileptic syndromes is typically associated with a good 

prognosis and pharmaco-responsiveness is one of the key features for diagnosis. On the contrary, 

children affected by certain epileptic syndromes - such as the group of the developmental and 

epileptic encephalopathies - usually become drug-resistant in the early stages of disease13.  

‘Symptomatic’ epilepsy – an old terminology referring to infectious, metabolic, immune-mediated, 

structural disorders, as well as other acquired conditions underlying the aetiology of epilepsy - are 

frequently accompanied by neurological impairments and EEG abnormalities which are strong 

predictors of a poor prognosis in terms of seizure relapse. It has been estimated that delaying a pre-

surgical evaluation in children with early pharmaco-resistance and an abnormal neuroimaging study 

is the strongest prognostic factor for a poor prognosis15,16. 

Among seizure types, complex febrile seizures and focal to bilateral tonic-clonic seizures have been 

linked to a major risk of developing DRE17. In adults with focal epilepsy, complex partial seizures 

(an old terminology referring to focal seizures with loss of awareness) are the strongest predictors 

of DRE18, as well as focal onset seizures or multiple seizure types are in children15,19.  

Patients with epilepsy failing the initial AED trial are at increased risk of poor outcomes for the 

first years after diagnosis, including future pharmaco-resistance20. It is well-known from literature 

that the rate of responsiveness after multiple ASMs trial decreases proportionally (with an 

estimation of 11%, 4% and 2% for the second, third and subsequent ASMs regimens, 

respectively)21, thus the responsiveness to the first or second ASM is crucial to determine the 

‘clinical trajectory’ of that patient.  
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1.3 Pathogenetic mechanisms 

Various theories have been advanced to explain the biological mechanisms of drug resistance6: 

- The transporter hypothesis suggests that chronic seizures – or genetic determinants - might 

induce the expression of drug efflux transporters or multidrug resistance proteins at the 

blood-brain barrier, resulting in a lower concentration of the antiseizure medication at its site 

of action22. 

- The target hypothesis points out that drug-resistant populations, for acquired or genetic 

factors, carry an ‘intrinsic’ modification in antiseizure medication target proteins that may 

contribute to a reduction in drug response23. 

- The intrinsic severity hypothesis supports the theory that drug resistance is intrinsically a 

more complex phenomenon, and its underlying molecular abnormalities are so ‘strong’ or so 

extensive that they cannot be adequately suppressed by antiseizure medications22. The 

therapeutic failure results in recurrent seizures which chronically induce neuronal 

degeneration, axonal sprouting, gliosis remodelling which overall alter the neural network 

by further worsening seizure recurrence and reducing the effect of drugs at their target.   

- The neuroinflammation hypothesis is a recent concept according to whom seizure 

unresponsiveness is chronically responsible for a serious of inflammatory cascade reactions 

at the brain level resulting in a remodelling of the neural network and a reduction of ASMs 

effects. These novel findings have provided the basis for trials where inflammatory 

molecules are the targets to treat or prevent drug-resistant epilepsy, yet research in this field 

is currently at a very early stage24.  

According to this evidence, drug resistance should be viewed as a heterogeneous and multifactorial 

phenomenon where each of these mechanisms may exert its effects at various levels in a more 

interconnected way. 

1.4 Management 

Epilepsy surgery is a valid option for managing DRE and the treatment of choice, when 

practicable, for its high rate of success in terms of seizure remission. Nevertheless, most people 

with DRE would be addressed to a first surgical-evaluation only after 15-20 years from diagnosis, 

thus delaying the access to a potential life-changing treatment25. The aim of epilepsy surgery is to 

remove the focal epileptogenic zone – the area of cortex that is indispensable for the generation of 

epileptic seizures, and whose removal (or complete disconnection) is necessary for complete 

abolition of seizures26 – and this is the case where surgery might be potentially curative; however, 

when pre-surgical evaluation is not able to define a clear seizure-onset zone, surgery may be a 

palliative intervention (i.e. corpus callosotomy) to reduce the burden of seizures and improve 
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patients’ quality of life27,28. The seizure-free rate of epilepsy surgery ranges from approximately 75-

80% in hippocampal sclerosis and 70%–75% for other temporal lobe lesions29, to 40% for extra-

temporal lobe resection and 64% for hemispherectomy30. Patients affected by Rasmussen’s 

encephalitis and focal infarcts seem to have the best prognosis after hemispherectomy with a 

seizure-free rate of 75%–85%, while hemi-megalocephaly has the worst prognosis31. 

Among non-pharmacological approaches for DRE, ketogenic diet is one of the most efficacious in 

seizure control, especially for children and adolescents. It consists in an extremely low-

carbohydrate, high fat and adequate (or low) protein-diet which induces the production of ketone 

bodies. Its mechanism is not still fully understood although various hypotheses have been proposed 

(increased levels of neurotransmitters involved in seizure reduction, decreased glutamatergic 

synaptic transmission, increased GABA concentrations in the brain, and neuronal hyperpolarization 

by activation of potassium channels)32. In a cohort of 63 children and infants receiving ketogenic 

diet for at least 3 months, the responder rate (≥50% reduction in seizure frequency) ranged from 

52% at 3 years to 30% at more than 3 years of follow-up, while the seizure-free rate was 14%-

17%33. Similarly, other meta-analyses have found seizure free rates of 15%–20%34. In particular, 

the highest success rate was achieved by those patients remaining on the diet for the prescribed 

period35. 

Over the past decade, novel antiseizure medications have emerged in the therapeutic landscape of 

drug-resistant epilepsy. Among these, Cenobamate is a recently approved, third-generation ASM, 

licensed for use as add-on treatment for focal epilepsy in patients aged 18 years or older. It reduces 

neuronal excitability by inhibiting the persistent component of the sodium channel current and 

acting as a positive allosteric modulator of high-affinity GABA-A receptors at a non- 

benzodiazepine site36,37. Efficacy and safety of cenobamate have been evaluated in two randomized, 

double-blind, placebo-controlled adjunctive therapy trials in adults with focal seizures38,39 and in a 

large, phase 3, multicentre, open-label safety study40. In the first trial, median percentage changes in 

seizure frequency were -35.5% for the 100 mg dose group, -55% for the 200 mg dose group, and -

55% for the 400 mg dose group (compared to -24% for the placebo group); responder rates during 

the maintenance phase were 40%, 56% and 64% for the 100 mg, 200 mg and 400 mg dose group, 

respectively (compared to 25% for the placebo group); most of treatment-related side effects were 

recorded at increasing doses (65%, 76% and 90% in the 100 mg, 200 mg and 400 mg group, 

respectively)38. In the second trial, the responder rate was 50.4% for the 200 mg group compared to 

22.2% of placebo, while seizure freedom rate was 28.3% for cenobamate-treated versus 8.8% of 

placebo; treatment-emergent adverse events were reported in >10% of either group39. The most 

frequent treatment-related adverse effects - emerged from a large, phase 3, multicenter, open-label 
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safety study - were somnolence (28.1%), dizziness (23.6%), and fatigue (16.6%); however, the 

retention rate was high (with >80% of patients continuing cenobamate for ≥6 months), thus long-

term treatment with cenobamate as adjunctive therapy could be considered safe and well tolerated40. 

No cases of severe idiosyncratic adverse events were reported in this trial by adopting a slow 

titration rate which is currently a standard for clinical practise: a starting dose of 12.5 mg with 

subsequent increase at 2-week intervals to 25, 50, 100, 150, and 200 mg/d are allowed, with 

eventually additional biweekly 50 mg/d increases to a maximum of 400 mg/d40. 

2. Neuromodulation for DRE treatment: an overview 

Neurostimulation is an option for patients with DRE who are not eligible for resective surgery for 

several reasons, for example when the epileptic focus is within an eloquent cortex, or when no clear 

localization can be found on pre-surgical assessment (invasive or not).  

Three neurostimulation techniques have been approved by the Food and Drug Administration 

(FDA) for treatment of drug-resistant epilepsy: vagus nerve stimulation (VNS), deep brain 

stimulation (DBS) and responsive neurostimulation (RNS)41. All these neurostimulation techniques 

are based on open-loop or closed-loop stimulation paradigms that deliver stimulation when specific 

physiological parameters are detected42. 

      2.1 Deep brain stimulation 

Deep brain stimulation or DBS consists into the implantation of deep electrodes targeting 

specifical brain regions, which are connected to a subclavicular implantable pulse generator. The 

most promising DBS targets for the treatment of DRE include the anterior (ANT) and centromedian 

(CM) nuclei of the thalamus. In the SANTE (the Stimulation of the Anterior Nucleus of the 

Thalamus for Epilepsy) trial, median seizure frequency percent reduction from baseline was 75% at 

seven years from implantation and the most severe seizure type, i.e. focal to bilateral tonic–clonic 

seizures, was reduced by 71%43. Concomitantly, CM-DBS is the primary choice for treatment of 

primary generalized DRE for its well demonstrated effectiveness in treating generalized epilepsies 

and patients with Lennox-Gastaut syndrome (LGS)44. The ESTEL (DBS of the Thalamic 

Centromedian Nucleus for Lennox-Gastaut Syndrome) trial – a prospective, double-blind, 

randomized study of continuous, cycling stimulation of CM-DBS in patients with LGS – 

demonstrated a median seizure reduction of 46.7% for diary-recorded seizures and 53.8% for 

electrographic seizures after three months of stimulation45. The therapeutic mechanisms of DBS are 

not yet fully elucidated. Principal hypotheses suggest that ANT stimulation would modulate limbic 

and thalamocortical networks and reduced functional connectivity between the ANT and 

hippocampus, thus explaining its efficacy in treating especially focal (limbic and temporal lobe) 
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epilepsies46. CNT-DBS may explicate its anti-seizure effects by desynchronizing thalamocortical 

circuits and modulating reticular formation and somatomotor cortices, brain regions typically 

associated with the spread of epileptic seizures in LGS patients47,48. 

2.2 Responsive neurostimulation 

Responsive neurostimulation (RNS) consists of a pulse generator, an external programmer and 

depth or subdural strip leads targeting the ictal onset zone and, consequently, the area to be 

stimulated to stop the seizure or to prevent its initiation. RNS system is based on a closed-loop 

paradigm, an algorithm capable of detecting specific patterns of epileptogenic activity and 

triggering focal stimulation to interrupt the seizure49. Data of RNS efficacy are extrapolated mainly 

from the Randomized multicenter double-blinded controlled trial of responsive focal cortical 

stimulation (RNS System): at a four-months follow-up period, seizure reduction was of 37.8% with 

stimulation vs 17.3% in the sham group50; rates of responsiveness increased over time, with a 44% 

seizure reduction after 1 year to a 66% after 6 years from implantation51,52.  

Safety for neurostimulators is acceptable with a rate of severe adverse effects inferior to 10%, 

principally surgically related (implant site infection and neurostimulator explantation)52. 

3. Vagus Nerve Stimulation (VNS) 

3.1 Definition and functioning 

Among the above mentioned neurostimulation techniques, implantable Vagus Nerve Stimulation 

(VNS) is the most advantageous for being less invasive. It has been approved by the FDA in 1997 

for the treatment of people with DRE with focal or generalized epilepsy who are not eligible for 

surgery (or where epilepsy surgery failed)53. The VNS device consists of a pulse generator that is 

subcutaneously implanted under the left clavicle (or in the axilla if preferred by the patient for 

cosmetic reasons) and connected to a lead wire with two helicoidal stimulating electrodes placed 

around the left vagus nerve, distal to the recurrent laryngeal nerve54. Stimulation of the left vagus 

nerve, rather than the right, is preferred to reduce cardiovascular effects (bradycardia, asystole)55.  

There are three main paradigms of VNS stimulation, that may be resumed as follows56: 

- VNS baseline stimulation is usually started 2 weeks after implantation, with recommended 

settings of stimulation (1.0–2.0 mA; 500 µs pulse width; 20–30 Hz; 30 s ON, 5 min OFF) 

that must be gradually reached with 0.25 mA increases per week. The recent VNS models 

are provided with an auto-titration schedule previously set to reach automatically the desired 

output current, generally higher than 1.3 mA (1.25–2.0 mA), which is defined as 

therapeutic57.  
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- A magnet-induced stimulation which may deliver a single extra-stimulation when passed 

over the battery to arrest seizures at their onset. 

- The recent VNS models (AspireSR® Model 106 and SenTiva™ Model 1000 (VNS 

Therapy®, LivaNova)) are provided with a novel modality of stimulation known as 

‘AutoStim’, a cardiac-based seizure detection automatic stimulation. This algorithm 

recognizes tachycardia as a surrogate marker to predict the onset of seizure, and the battery 

delivers a closed-loop electrical current which provides an extra-stimulation in addition to 

the baseline stimulation58.  

Baseline stimulation is not continuous but intermitting, with ‘on’ time of activation cyclically 

alternated with ‘off’ time where the stimulation is not provided. This ‘duty cycle’ (calculated as the 

“ratio (on time+4s)/(on time+off time)” - where the 4s included in the calculation is 2s of ramp-up 

plus 2s of ramp-down) is usually set to 10% in the classical modality of stimulation, which 

corresponds to a 30-seconds ‘on’ period cyclically alternated with a 300 seconds (5 minutes) ‘off’ 

period56. 

3.2 Safety 

Current literature supports the relative safety of VNS in epilepsy treatment. Side effects may be 

divided into early and late-onset54. Early-onset adverse effects can be reconducted to the surgical 

procedure and are relatively rare, with an average incidence of less than 5%: minor postoperative 

superficial infection, cough, neck pain, vocal cord paresis and lower facial paresis are the most 

reported, although advances in surgical techniques have significantly lowered their incidence59. 

Late-onset side effects are usually limited to the stimulation phases: mild voice hoarseness (38.8%), 

dysphonia (<5%), cervical pain (<5%), exertional dyspnea (<5%), cough (≈ 5%), snoring (<5%), 

hypersialorrhea (<5%). Laryngopharyngeal side effects (hoarseness, dyspnea, and coughing) are 

usually transitory due to the stimulation of the inferior (recurrent) laryngeal nerve and may be 

managed by reducing VNS intensity of stimulation60. Obstructive sleep apnoea syndrome can be 

worsened by VNS; therefore, patients should be evaluated for sleeping disorders before 

implantation61,62.  

3.3 Efficacy: seizure reduction and improvement of quality of life (QoL) 

In most published studies, response rates (expressed as more than 50% reduction in seizure 

frequency) for implantable VNS vary from 45 to 65%60. The therapeutic effects of VNS compared 

to placebo in DRE have been evaluated in two pivotal randomized clinical trials63,64. In the first 

study (EO3), 114 patients were randomly assigned in a double-blind fashion to receive either high- 

or low-intensity stimulation; after 14 weeks of therapy, patients in the high-stimulation group 
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exhibited a mean seizure frequency reduction of 24.5% compared to 6.1% in the low-stimulation 

group63. The second randomized trial (EO5), which enrolled 196 patients, reported a seizure 

frequency reduction of 28% in the active treatment group versus 15% in controls after three months 

of follow-up64. As concern the other modalities of stimulation, magnet stimulation proved to be a 

useful tool to stop seizures in more than 50% of patients65, and similarly AutoStim function seems 

to further reduce seizures in both adults66 and children67.  

Growing evidence indicates that the therapeutic efficacy of vagus nerve stimulation in epilepsy 

increases progressively with long-term treatment. Data from pivotal trials, long-term observational 

studies, and patient registries consistently show that seizure reduction improves over time, 

suggesting a cumulative neuromodulatory effect. For instance, Morris et al. reported median seizure 

reductions of 35%, 44.3%, and 44.1% at one, two, and three years following VNS implantation, 

respectively68. Similarly, a large prospective study conducted in Japan by Kawai and colleagues 

showed progressive improvement over time, with median seizure reductions reaching more than 

60% after two years of therapy69. Evidence from the VNS Therapy Patient Outcome Registry 

further supports this time-dependent effect, with increasing responder rates observed over 

prolonged follow-up70,71. The mechanisms underlying this delayed and cumulative efficacy may be 

searched in neural plasticity, synaptic reorganization and long-term modulation of epileptic 

networks induced by chronic vagal afferent stimulation. 

The role of VNS in epilepsy management should not be considered solely in terms of seizure 

reduction, as beneficial effects on cognitive function and mood disorders have also been reported. 

In numerous cases, enhancing patients’ quality of life and alleviating the burden on caregivers may 

be even more clinically relevant than achieving optimal seizure control. Although long-term studies 

have yielded contrasting results72, VNS seems to improve some cognitive domains such as 

cognition tasks, short-term visual memory and working memory73,74. Conversely, VNS efficacy in 

treating mood disorders is well-demonstrated, with FDA approval also for treatment-resistant 

depression75. In a prospective longitudinal observational study including 41 patients with drug-

resistant epilepsy undergoing VNS therapy, the authors observed reductions in anxiety, tension, and 

depressive symptoms at six-month follow-up; notably, these improvements appeared to occur 

independently of seizure control76. Overall, these effects have a clear repercussion on quality of life 

of epileptic individuals. In the PuLsE (Open Prospective Randomized Long-term Effectiveness) 

trial, Ryvlin and colleagues demonstrated that VNS improved the overall quality of life - assessed 

with specific scale: the Quality of Life in Epilepsy Inventory-89 total score (QOLI-89) and the 

Clinical Global Impression-Improvement scale (CGI-I) - compared to best medical practise alone77. 

An analysis of over 5,000 patients included in the VNS Therapy Patient Outcome Registry 
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demonstrated that VNS therapy was associated with significant improvements across multiple 

quality-of-life domains, including alertness, postictal recovery, seizure clustering, mood, verbal 

communication, academic or professional performance, and memory, particularly among 

responders78. In conclusion, VNS efficacy should be evaluated not only in terms of seizure 

reduction but also for its substantial impact on overall quality of life, which can profoundly 

influence the long-term outcomes of both patients and their caregivers. 

3.4 Mechanisms of action 

Over the past decades, numerous animal and human studies have investigated the mechanisms 

through which VNS may exert its effects in aborting seizures. Most vagus nerve afferent fibers 

terminate in the nucleus of tractus solitarius, which further projects to several key structures in the 

brainstem such as the noradrenergic locus coeruleus, serotoninergic raphe nucleus, cerebellum, 

periaqueductal gray matter, and parabrachial nuclei. The parabrachial nuclei seem to play a key role 

in epilepsy for their connections to structures such as insula, thalamus, hippocampus, and amygdala. 

The principal hypothesis to explain VNS functioning in epileptic individuals may be summarized as 

follows79:  

- Reduction in excitatory neurotransmitters: VNS may modulate the release of some 

neurotransmitters such as noradrenaline, dopamine, serotonin, GABA at strategic brain 

levels which are involved in seizure onset and propagation80. 

- Changes in cerebral blood flow: this evidence comes mainly from functional imaging 

studies. Following VNS implantation, increased and sustained cerebral blood flow has been 

observed in the bilateral thalami, hypothalami, and inferior cerebellum, suggesting a 

potential role of VNS in long-term modulation of cortical network81. 

- Reduction of cortical excitability: GABA-mediated effects have been proposed as a 

possible mechanism underlying VNS reduction of cortical excitability, as demonstrated by 

transcranial magnetic stimulation paradigms82,83. 

     3.5 Exploring EEG modifications in VNS epileptic patients 

To assess the therapeutic effects of VNS in epileptic patients, several studies in the last years have 

focused on the EEG modifications induced by VNS.  

After VNS implantation, a significant reduction in epileptiform abnormalities - both ictal and 

interictal – has been observed over both short- and long-term follow-up periods84,85. 

VNS stimulation may also contribute to EEG desynchronization for specific band frequencies thus 

contributing to lower the epileptic threshold and reduce the spread of epileptic abnormalities (EEG 

spatial synchronization is considered a measure of seizure propagation). Marrosu et al. reported 
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changes in spectral power in gamma bands for patients treated with VNS at one-year follow-up 

from implantation86; the same authors observed a significant decrease in synchronization in theta 

frequencies, as confirmed by Ernst and colleagues in patients implanted with dual (VNS and RNS) 

neurostimulators87. Brádzil et al. demonstrated significant differences in EEG reactivity between 

responders and nonresponders and found that the changes in the alpha and gamma bands were the 

most associated with VNS efficacy88.  

Among quantitative EEG (qEEG) parameters, EEG functional connectivity (EEG-Fc) has been also 

widely explored in the past decades to assess VNS mechanisms of action in epilepsy. EEG-Fc refers 

to the statistical relationships between electrical activities recorded from different regions of the 

brain using electroencephalography; essentially, it measures how different brain areas interact or 

communicate with each other, based on their synchronized activity, even if they are not directly 

anatomically connected.  

EEG functional connectivity may be assessed with different measures89: 

• Linear measures (correlation/coherence): they quantify the degree of synchronous 

activity between two signals, with coherence additionally providing frequency-specific 

information about oscillatory coupling. 

• Phase-based approaches: they include phase-locking value (PLV) and phase-lag index 

(PLI) and assess the consistency of phase relationships over time, thereby capturing non-

amplitude-dependent interactions and mitigating the effects of volume conduction. 

• Causal or directed connectivity frameworks: including Granger causality and dynamic 

causal modelling, which aim to infer the directionality of influence between brain regions, 

offering insights into effective connectivity. 

• Graph theory metrics: represent the brain as a network and quantify connectivity strength, 

hubs, and network efficiency. 

Current literature seems to suggest significant remodulation of Fc induced by VNS in epileptic 

patients. Fraschini et al. observed that functional connectivity in the gamma band – assessed with 

the PLI model – significantly decreased in the group of responders to VNS therapy, thus indicating 

a global signal desynchronization; notably, in the subjects who failed to respond to VNS therapy, no 

differences were detected in the global mean PLI for all frequency bands before and after VNS 

implantation90. Bodin et al. measured EEG-Fc in patients with chronic VNS and compared 

responders and non-responder patients during ON and OFF periods; the authors observed that Fc 

tended to decrease in the ON period, and that this effect was also maximal for responder patients91. 

Sangare and colleagues replicated the same protocol in a wider cohort (35 patients) and compared 

effects on Fc-EEG (measured with PLI) between VNS-stimulated ON and OFF periods and 
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between responder and nonresponders; they observed that, for responder patients, Fc-EEG during 

ON periods was significantly lower than that during OFF periods in delta, theta and beta frequency 

bands, while no significant differences between ON and OFF periods was observed for non-

responders92.  

These above-mentioned studies assessed Fc from scalp-EEG recordings, however similar evidence 

has been reported from intracortical EEG. Bartolomei et al. recorded intracortical EEGs from five 

patients with epilepsy during ongoing VNS therapy. They observed significant modifications in 

EEG-Fc induced by VNS by comparing ON period with OFF periods and, interestingly, the only 

patient with a decreased connectivity during the ON period was a responder93.  

Taken together, this evidence suggests that the therapeutic effect of VNS may be mediated by a 

global reduction in Fc-EEG activity. 

4. Objective of the study 
 

The objective of this study was to investigate the neuromodulatory effects of VNS on large-scale 

brain network organization in individuals with drug-resistant epilepsy, using a longitudinal 

quantitative electroencephalography (qEEG) framework. Specifically, this work aimed to 

characterize changes in cortical functional connectivity derived from scalp EEG recordings 

acquired before VNS implantation and after 12 months of therapy. 

Considering the conceptualization of epilepsy as a network disorder, rather than a condition 

confined to a single epileptogenic focus, the study was designed to evaluate VNS-related 

modulation of distributed neural activity under different physiological and pathological conditions. 

To this aim, functional connectivity was assessed during periods of background activity free of 

epileptiform discharges, during active stimulation (ON condition), and in association with interictal 

epileptiform events, thereby allowing a comprehensive evaluation of both baseline and pathological 

network dynamics. 

Additionally, the study sought to determine whether VNS-induced changes in electrophysiological 

measures—specifically connectivity and spectral properties across conventional frequency bands—

were associated with clinical outcomes, including seizure frequency reduction and global measures 

of patient improvement.  

By integrating longitudinal neurophysiological data with clinical indices, this work aimed to 

explore the potential of qEEG-derived functional connectivity as a biomarker of treatment response 

and to provide further insight into the mechanisms through which VNS exerts its therapeutic effects 

on epileptic brain networks. 
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5. Materials and Methods 

5.1 Subjects 

Ten consecutive patients with drug-resistant epilepsy, including six women, who were deemed 

eligible for VNS therapy, were recruited for the study. EEG and clinical data were collected as part 

of routine clinical practice and analysed retrospectively for this specific study. The inclusion criteria 

were as follows: (a) age between 18 and 75 years; (b) completion of a comprehensive presurgical 

evaluation (in individuals with focal epilepsy) that ultimately ruled out resective surgical 

intervention; (c) suitability for VNS therapy. Patients presenting with additional neurological 

comorbidities—excluding mild mood disorders—or receiving high doses of antidepressant or 

antipsychotic medications potentially affecting EEG recordings were excluded. VNS implantation 

was performed using the VNS Therapy® SenTiva™ Model device. No perioperative complications 

or short-term adverse events related to the device were observed. The stimulator was activated 

approximately three-four weeks after implantation, and stimulation parameters (output current, 

frequency, pulse width, and duty cycle) were individually adjusted. In the study cohort, output 

current ranged from 1.25 to 2.25 mA, with a maximum of 2.25 mA, depending on clinical efficacy 

and tolerability. Further stimulation parameters were a pulse width set to 500 µs and a frequency set 

to 30 Hz. Duty cycle settings varied across patients: 10% (30 s ON / 5 min OFF) in three patients, 

16% (30 s ON / 3 min OFF) in four patients, and 25% (30 s ON / 1.8 min OFF) in the remaining 

three patients. Throughout the follow-up period, antiepileptic drug regimens - including number of 

medications, dosages, and administration schedules - were kept constant to minimize confounding 

effects. 

Clinical outcomes were assessed by evaluating seizure frequency reduction, based on seizure diaries 

maintained by patients and caregivers, as well as changes in ictal and post-ictal severity and overall 

quality of life. Two clinical scales were used to assess modification in quality of life: the McHugh 

classification and the Clinical Global Impression of Improvement (CGI-I) scale, respectively. 

Seizure freedom and seizure responsiveness, defined as a ≥50% reduction in seizure frequency 

during the observation period, were classified according to ILAE criteria94. 

In addition to quantitative seizure reduction, we introduced the qualitative concept of “global 

responder” to capture patients’ overall satisfaction with VNS therapy. This classification was based 

on a combination of two clinical scales: (a) the McHugh classification, a standardized five-class 

outcome measure for VNS efficacy (classes I–V)95, and (b) the Clinical Global Impression of 

Improvement (CGI-I) scale, a four-point clinician-rated measure of treatment-related clinical 

change (1 = worsened; 2 = no change; 3 = improved; 4 = markedly improved)96. Outcomes were 

categorized as “good” when, at the final follow-up, patients met the following criteria: a seizure 
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frequency reduction of at least 50% and/or a McHugh score of ≥ IIIA (indicating ≤50% seizure 

reduction accompanied by improvement in ictal or post-ictal severity), together with a CGI-I score 

of ≥ 3. Patients who did not fulfil these criteria were classified as having a “poor” outcome. 

5.2 Quantitative EEG analysis  

High-density EEG recordings were obtained using a 64-channel system for a total duration of 35 

minutes at two time points: prior to VNS implantation (T0) and twelve months post-implantation 

(T1). EEGs were recorded during quiet rest with eyes closed while patients remained awake. 

Electrodes were positioned using a prewired cap according to the international 10–10 system, in 

compliance with ACNS guidelines97. Recordings were acquired using a 64-channel Micromed 

system (SystemPlus software; Micromed, Mogliano Veneto, Italy), with electrode impedance 

maintained below 5 kΩ. 

Following VNS implantation, an additional electrode was placed over the left anterior chest wall at 

the projection site of the stimulator, with the reference electrode positioned contralaterally. This 

configuration allowed identification of VNS activation periods through the detection of stimulation-

related interference on the electrocardiographic trace during active stimulation trains [Figure 1]. 

EEG data were processed using the Brainstorm toolbox for Matlab™ (version R2018a)98. 

Preprocessing was conducted via a semi-automated pipeline implemented in Matlab™ within the 

Brainstorm environment. Signals were filtered using a 1–70 Hz band-pass filter and notch filters at 

50, 100, and 150 Hz. Channels exhibiting poor signal quality were visually identified and excluded 

from further analysis. 

Two primary event types were defined for each EEG recording based on VNS activity: OFF 

periods, corresponding to intervals of VNS inactivity (“background” or “BG_OFF” events), and ON 

periods, corresponding to active stimulation (“ON” events). Both BG_OFF and ON events were 

selected during EEG segments free from interictal epileptiform activity. Interictal epileptiform 

discharges (spikes) were independently marked during both OFF and ON conditions and analyzed 

separately (“Spikes_OFF” and “Spikes_ON”). Background and ON events were segmented into 2-

second epochs, yielding 90 BG_OFF epochs and 30 ON epochs per recording. All EEG data were 

re-referenced to the average reference prior to analysis. 

Quantitative EEG analyses focused on two main measures: power spectral density (PSD) and 

functional connectivity. PSD was computed using Welch’s method (2-second window length, 1-

second step size, 50% overlap), and relative power (band power divided by total power) was 

calculated for each channel across the following frequency bands: delta (1–4 Hz), theta (5–7 Hz), 

alpha (8–12 Hz), beta (13–29 Hz), and broadband (1–70 Hz). Gamma-band activity was excluded 

due to the high susceptibility of this frequency range to muscle artifacts99. 
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EEG-Fc was assessed using the Amplitude Envelope Correlation (AEC) NxN method implemented 

in the Brainstorm toolbox, applying orthogonalization of signal pairs prior to envelope computation 

within 2-second windows. Connectivity analyses were performed separately for each frequency 

band to evaluate VNS-induced network changes.  

Mean values of PSD and functional connectivity, computed across all channels for each frequency 

bands, were obtained for each experimental condition (“BG_OFF”, “ON”, “Spikes_OFF”, 

“Spikes_ON”) and subsequently analysed using custom-developed MATLAB™ scripts. 

For each paradigm, we measured the global connectivity obtained as follows: connectivity matrices 

computed for each frequency band (delta, theta, alpha, and beta) were averaged to obtain a single 

composite connectivity matrix for each condition and subject. This averaged matrix was then used 

for the statistical analyses to provide a global measure of functional connectivity while reducing 

band-specific variability. 

5.3 Statistical analysis 

Data were analysed and plotted with JASP, version 0.16.4.0. Levine’s test was used to assess the 

homogeneity of variance and Shapiro-Wilk test to verify if our cohort was normally distributed. 

Comparison between times of observation (T0 and T1) was performed with the Wilcoxon signed-

rank test (for non-parametric data) for both the spectral and connectivity data. Connectivity data 

were also compared with the two outcome groups (good and poor outcome) with a one-way 

analysis of variance (ANOVA). p-value was set at 0.05 for statistical significance; all p-values are 

presented after correction for multiple comparisons. 

6. Results 

6.1 Clinical data 

Ten patients, six of whom were female, met the inclusion criteria and were enrolled in the study. 

The mean age of the cohort was 43.2 ± 13.9 years (standard deviation, SD), with a mean disease 

duration of 40.3 ± 13.2 years (SD). A defined epilepsy syndrome was identified in only two 

individuals (ring chromosome 20 syndrome and Sturge–Weber syndrome). Seven patients were 

diagnosed with focal epilepsy, predominantly characterized by multifocal seizure onset. The clinical 

presentation was heterogeneous, with seizure types including focal seizures, focal to bilateral tonic–

clonic seizures, atonic, myoclonic, and absence seizures. All patients were receiving polytherapy 

with anti-seizure medications, with a median number of 2.8 drugs per patient. Magnet activation 

was employed by five patients; however, only three reported a perceived benefit in reducing or 

interrupting seizures. In the remaining patients, the brief duration of seizures represented the 

primary factor limiting effective magnet use.  
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Seizure frequency was quantified as the mean number of seizures occurring during the six months 

preceding the observation period and ranged from 5 to 163 seizures per month. In one patient, 

accurate seizure quantification was challenging due to institutionalization. At the final follow-up, 

none of the patients achieved seizure freedom, and only three individuals met the criteria for seizure 

responsiveness, defined as a reduction in seizure frequency greater than 50%. Specifically, one 

patient experienced an 85% reduction in seizure frequency, another achieved a 55% reduction, and 

a particularly robust and sustained response was observed in the patient with ring chromosome 20 

syndrome, who reported a 65% reduction in seizure frequency within three months of treatment 

initiation. An additional patient reported a 40% reduction in seizure frequency following VNS 

therapy. Among the seven patients classified as non-responders based on seizure frequency 

reduction, four (28%) attained a McHugh classification score of IIIA (indicating a reduction in 

seizure frequency < 50% but with an improvement in ictal or post-ictal severity). These four 

patients were also rated as “minimally improved” or better on the CGI-I scale, receiving scores of 3 

or 2, respectively. According to our classification of prognosis, the overall outcome assessment 

indicated that seven patients (70%) achieved a favourable outcome, comprising three responders 

and four global responders, whereas the remaining 30% of the cohort was classified as having a 

poor outcome.  

Adverse events in our cohorts were reported by 50% of the patients and were predominantly device-

related, including transient voice changes, hoarseness, cough, and throat discomfort. To improve 

tolerability, minor adjustments to VNS stimulation parameters were implemented when necessary. 

The main clinical and demographic characteristics of the study population are summarized in Table 

1.  

       6.2 EEG connectivity and spectral modifications after VNS therapy 

We investigated changes in EEG-Fc before and after VNS therapy by considering the following 

four variables: “BG_OFF” and “ON”, referring to the connectivity of VNS OFF and ON-mode free 

of epileptiform activity and “Spikes_OFF” and “Spikes_ON”, which corresponded to the 

connectivity of interictal spikes marked during the OFF and ON period, respectively.  

For each paradigm, we measured the global connectivity obtained as follows: connectivity matrices 

computed for each frequency band (delta, theta, alpha, and beta) were averaged to obtain a single 

composite connectivity matrix for each condition and subject. This averaged matrix was then used 

for the statistical analyses to provide a global measure of functional connectivity while reducing 

band-specific variability. Subsequently, a comparison for outcomes (good vs. bad) was performed. 
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Our findings revealed a significant decrease in Fc during the ‘BG_OFF’ state over a period of 

approximately 12 months (p=0.001) [Figure 2]. In contrast, no significant changes were observed 

in functional connectivity during the ON state.  

Notably, spike-related connectivity exhibited significant reductions in both the OFF and ON 

conditions over the same 12-month period (p=0.002 and p=0.001, respectively) [Figure 3 and 

Figure 4, respectively].   

Power spectrum analysis did not indicate significant changes across the variables examined 

(“BG_OFF,” “ON,” “Spikes_OFF,” “Spikes_ON”). Although there was a trend towards increased 

theta frequency over time, statistical significance was not achieved.  

Comparison of connectivity values for outcome showed no significant differences between the good 

and poor response groups for all the four paradigms. 

 

 

 

Figure 1. The figure shows the interferential signal on the electrocardiographic trace acquired 

during VNS trains of stimulation (obtained with the positioning of an adjunctive recording 

electrode placed over the projection of the VNS stimulator in the left anterior chest wall), 

which corresponds to the ‘ON’ modality of activation. 
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Figure 2. On the left, a raincloud plot representing a reduction in connectivity values for the 

background(BG)_OFF paradigm from T0 to T1 (p=0.001). On the right, an example of the 

average connectivity matrix for the BG_OFF paradigm (for all the band of frequencies) is 

provided, showing a reduction of connectivity power from T0 to T1. 

 

 

Figure 3. On the left, a raincloud plot representing a reduction in connectivity values for the 

Spikes_OFF paradigm from T0 to T1 (p=0.002). On the right, an example of the average 

connectivity matrix for the Spikes_OFF paradigm is provided, showing a reduction of 

connectivity power from T0 to T1. 
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Figure 4. On the left, a raincloud plot representing a reduction in connectivity values for the 

Spikes_ON paradigm from T0 to T1 (p=0.001). On the right, an example of the average 

connectivity matrix for the Spikes_ON paradigm is provided, showing a reduction of 

connectivity power from T0 to T1. 

 

7. Discussion 
We examined the EEG-Fc changes induced by VNS over a 12-month period. As a first result, as 

expected from literature review, we observed that EEG-Fc in the ‘background’ – i.e. in periods free 

of epileptiform discharges - decreases over time. Recent evidence reinforces the idea that epilepsy 

is a network disorder rather than simply a dysfunction confined to a single brain region and this 

concept has surprisingly been demonstrated also in epilepsy syndromes characterized by a well-

defined focal onset100,101. Most patients included in our cohort have epilepsy without a clear focal 

onset (that is one of the reasons of their exclusion from surgery). Our hypothesis is that in this 

specific population (patients with a long duration of disease) a high-powered ‘dysfunctional’ 

network is present even in the background (free of epileptiform discharges) activity. In this 

scenario, the reduction of a global (dys-)functional background connectivity may indicate a reduced 

connection among abnormal temporally related-brain areas, explaining how VNS may reduce the 

odds of seizure onset and propagation. Interestingly, we observed that also the interictal spike-

related connectivity decreased significantly over time (in both the paradigms, ON and OFF). No 

seizures were recorded in our population therefore connectivity could not be analysed during 

periods of seizure activity. However, recent studies indicate that the epileptogenic network exhibits 

an altered dynamic not only during seizure onset, but also during the interictal period102 and the 

spatiotemporal mapping of interictal spike propagation seems to be more valuable in predicting 

outcome after surgical resection than the seizure onset zone itself103. The observed decreased 
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connectivity in the interictal epileptiform network after VNS therapy may be expression of a 

reduced tendency to the propagation of the epileptiform activity. This is consistent with literature, 

which describes how VNS implantation leads to a progressive synchronization of epileptiform 

activity, resulting in longer spike-free intervals and a contextual reduction in both the duration and 

frequency of spikes and spike-and-wave activity over time. These effects are particularly evident in 

patients with more ‘active’ EEG patterns during a follow-up period of one year. Similar results were 

obtained by Kuba and colleagues who observed that VNS-induced reduction of epileptiform activity 

is higher in responder patients during the active mode104.  

A modulatory effect on subcortical structures involved in seizure-generation, such as thalamus, may 

explain the potentiality of VNS in reducing the spread of epileptiform activity to the overall cortex 

by reducing the risk of generalization. The long-lasting modifications induced by VNS on thalamus 

and cortical regions have been explored by neuroimaging functional studies105.  

Interestingly, our results suggest that VNS acts in both ‘ON’ that ‘OFF’ modality. As previously 

noted, the baseline activation of the VNS system employs a duty cycle that switches two activation 

modalities. However, the effects of VNS appear to extend beyond the brief duration of stimulation 

itself, maybe for long-lasting neuropathological effects induced by chronic vagal stimulation itself. 

Animal studies have documented significant anatomical changes in the stimulated cortex as a result 

of VNS therapy, highlighting its role in consistently altering synaptic transmission106. These 

modifications require time to manifest, which aligns with the observation that VNS efficacy tends 

to improve over time64,69.  

Spectral power analysis did not reveal significant changes induced by VNS, as already reported in 

our previous study107.  

As stated above, gamma frequencies were not included in the final analysis for the high 

susceptibility of this frequency range to muscle artifacts99. In literature, the most robust biomarker 

for VNS response, particularly in epilepsy, has been found into the reduction of theta band 

synchronization, often termed "desynchronization". Research suggests that VNS-induced theta 

desynchronization—especially during sleep—can accurately distinguish "responders" from "non-

responders" with high sensitivity and specificity. Using measures like the Weighted Phase Lag 

Index (wPLI), researchers have found that responders exhibit a significant decrease in theta 

connectivity during stimulation periods86. Unfortunately, no differences between spectral frequency 

bands, nor clinical correlations with good or poor outcomes emerged from our analysis, although it 

should be noted that the study population was small and the percentage of effective responders after 

one year of therapy was low (only the 30%).  
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8. Conclusions 
Our study is in line with literature review, providing evidence that VNS therapy, over time, 

modulates EEG connectivity. We observed how VNS therapy may reduce the global functional 

connectivity and the potentially pathological interictal network during spike activation, thus 

promoting a reduction in the spread of interictal epileptiform abnormalities. Our study has some 

obvious limitations: the small sample size is a significant limitation, but it is important to note that 

patients eligible for VNS therapy represents a minority of those observed in clinical settings; 

secondly, the overall response rate in these patients was too low (30% of our cohort) to allow 

detection of significant differences in these metrics; however, as previously reported, VNS efficacy 

in reducing seizure frequency is cumulative, with the best results obtained after almost one year 

from implantation. Therefore, an extended follow-up may provide additional insights into the real 

efficacy of VNS therapy.  

Further and larger studies are mandatory to understand if these EEG modifications may be 

‘biomarkers’ of a clinical response induced by neuromodulation techniques such as VNS. 
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Table 1. Clinical and neurophysiological data of our sample are shown. M = Male, F = Female, ASMs = Anti-Seizure Medications, AE = 

Adverse Events. CBZ = Carbamazepine, LCM = Lacosamide, LEV = Levetiracetam, LTG = Lamotrigine, PB = Phenobarbital, VPA = 

Valproic Acid, OXC = Oxcarbazepine, ESL = Eslicarbazepine, ZNS = Zonisamide.  
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