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Abstract 

Chronic Vagal Nerve Stimulation (VNS) is an approved neuromodulation therapy that 

is effective in the treatment of drug-resistant epilepsy (DRE). Despite the high number of 

devices implanted and subjects treated (over 100,000), the exact mechanism of action is 

still debated in the literature: widespread effects on neurotransmitter expression, blood 

flow, brain network and EEG, neuroinflammation, and neurotrophins (e.g. BDNF and NGF) 

have been proposed as key to understanding the efficacy of VNS on seizure frequency, 

psychiatric symptoms, memory, and quality of life of DRE subjects. 

Neuroplasticity is the ability of the human brain to reorganize its functions in response 

to any experience. Several pathways are activated to lead to short- and long-term changes 

and a central role is played by neurotrophins, including BDNF. The action of the latter is 

negatively affected by the presence of the Val66Met polymorphism.  

The analysis of the human brain according to a network perspective allows studying 

its functional connections and their modifications, for example by the use of EEG. The 

study of EEG aperiodic components allows to analyze the basic brain activity, specific to 

the individual. The mechanisms of brain plasticity represent the neurophysiological 

substrate that leads to modifications in the brain network. 

Based on these premises, this study aims to analyze the effects of VNS on brain 

plasticity of DRE subjects, through the study of high-density EEG brain network and the 

BDNF expression. Furthermore, it aims to infer how the clinical outcome of VNS therapy 

is affected by the presence of the Val66Met polymorphism. 
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In order to do so, we investigated (1) the change in functional connectivity and 

aperiodic EEG components after one year of VNS chronic therapy, and its correlation with 

clinical response, (2) the clinical response to VNS in subjects with and without BDNF 

Val66Met polymorphism, and (3) the expression of serum BDNF during VNS titration and 

its correlation with the presence of the polymorphism. 

The results showed that: (1) VNS therapy modifies the brain network differently in 

responder and non-responder subjects, and changes in aperiodic components correlate 

with the clinical response; (2) clinical response to VNS is worse in subjects carrying the 

Val66Met polymorphism; and (3) serum BDNF expression is variable across subjects 

during VNS titration. 

Thus, this study paves the way to the analysis of the effect of VNS on the brain 

background rhythm through aperiodic components and to the identification of a 

predictive factor of clinical response in the BDNF Val66Met polymorphism. Future 

directions will be aimed to the sample size enlargement and to the analysis of clinical 

outcomes more suitable to evaluate all the beneficial effects of VNS, to understand even 

better the mechanism of action of this neuromodulation technique. 
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1. Background 

1.1. Brain Plasticity 

Neuroplasticity is the ability of the human brain to modify its synaptic connections to 

reorganize itself in response to the neural activity generated by any experience, i.e. 

ontogenesis, learning, or after injury.1,2 

Synaptic plasticity has been implicated over the years in a large number of 

neurophysiological processes, including learning processes and the development of brain 

circuits; alterations in neuronal plasticity are thought to be implicated in the development 

of neuropsychiatric disorders such as autism spectrum disorders and schizophrenia, for 

which it could represent a possible treatment target.3 The action of neuronal plasticity is 

expressed in different time scales, depending on the action performed: for this reason, 

several mechanisms have been shown to lead to more or less rapid and more or less 

lasting changes in synaptic transmission and the same excitatory synapse can express 

different forms of synaptic plasticity simultaneously.2 

Based on the lasting of action, neuronal plasticity can be divided into short-term 

synaptic plasticity and long-term synaptic plasticity. 

1.1.A. Short-term plasticity. 

Phenomena of short-term plasticity have been demonstrated from invertebrates to 

mammals, last from milliseconds to minutes, and are strongly influenced by changes in 

the concentration of Calcium ions (Ca2+) at synaptic terminals.4 
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Paired-pulse facilitation/depression. A second stimulus within a short interval from the 

first, can either facilitate or depress the response to the first stimulus:5 paired-pulse 

depression is observed with short interstimulus intervals (less than 20 ms), whereas 

paired-pulse facilitation is observed with longer intervals (20 – 500 ms). The same 

synapse may, however, exhibit both facilitation and depression depending on the recent 

history of activation and modulation. This phenomenon is due in part to the contribution 

of residual calcium after the first action potential, as well as activation of protein kinases 

that modulate the activity of synaptic phosphoproteins and other mechanisms that 

modify the probability of neurotransmitter release such as activation of presynaptic 

receptors. 

Augmentation and post-tetanic potentiation (PTP). Prolonged trains (200 ms – 5 s) of 

high-frequency (10 – 200 Hz) stimuli can lead to longer-lasting forms of plasticity, on the 

order of seconds (augmentation) to minutes (PTP).   

These phenomena lead to increased neurotransmitter release and increased probability 

of transmitter release in response to an action potential due to Ca2+ accumulation in the 

presynaptic terminal, which adds to the Calcium released in response to the action 

potential, ultimately leading to enhanced transmitter release or biochemical changes in 

presynaptic terminal proteins.4 On the contrary, in some synapses, repeated activation 

leads to a depression lasting from several seconds to minutes. Depression is highly 

dependent on synapse utilization: so greater depression is seen at higher-transmission 

synapses and vice versa.  

The reduction in synaptic strength may depend on several mechanisms: depletion of the 

synaptic vesicle pool due to prior high activity, release of modulatory substances from 



6 

presynaptic terminals via signaling cascades, or a post-synaptic receptor desensitization 

mechanism.2 

Depolarization-induced Suppression of Excitation/Inhibition (DSE/DSI). Short-term 

plasticity phenomena can occur not only at the postsynaptic level but also at the pre-

synaptic level through feedback plasticity:6 in fact, at the presynaptic level, there are G 

protein-coupled metabotropic receptors and ionotropic receptors whose occupancy 

depends on the concentration of ligands in the extracellular space. The activation of these 

presynaptic receptors can lead to the enhancement or depression of synaptic 

transmission and can be regulated by the release of several neuromodulators at the 

postsynaptic level, including dopamine, dynorphin,7 glutamate,8 GABA,9,10 nitric oxide 

(NO), brain-derived neurotrophic factor (BDNF),10 and oxytocin.11   

The release of retrograde messengers can be mediated by Ca2+-dependent vesicle fusion 

mechanisms or by non-vesicular mechanisms, as demonstrated for endocannabinoids: 

their exact behavior is not yet known, but it is believed that their release is triggered by a 

strong depolarization or activation of postsynaptic metabotropic receptors and leads at 

the presynaptic level to an increase (DSE) or decrease (DSI) in neuron strength.12–14 

Glial cells are also involved in short-term plasticity because of their association with 

neurons: they regulate neurotransmitter clearance and express receptors for several 

neurotransmitters that, when activated, produce modulating substances that act at the 

postsynaptic level to regulate neurotransmitter release.15,16 

Functions of short-term synaptic plasticity. Although the mechanisms underlying short-

term plasticity phenomena have been widely studied and understood, their functional 

role is far less clear.17 
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As mentioned, the action exercised by the same plasticity mechanism depends in part 

on the prior activity and thus the prior probability of neurotransmitter release (p), which 

is variable between different synapses and in the same synapse at different times:18 this 

allows synapses to act as filters.18–21 (Figure 1a) Synapses with a high p (e.g., climbing-

fiber synapses) act as a low-pass filter leading to depression in response to high-

frequency stimuli and facilitation for low-frequency stimuli; in contrast, synapses with a 

low p (e.g., parallel-fiber synapses) exert a high-pass filter, responding with facilitation to 

high-frequency stimuli and depression for low-frequency stimuli. Finally, intermediate p 

synapses (e.g. Schaffer collateral synapses) act as effective filters for intermediate 

stimulus frequencies. 6,18–21 

Synaptic depression might play a role in the contrast adaptation and suppression from 

masking stimuli that occurs in the primary visual cortex:22–24 neurons, in fact, respond 

more intensely to a new stimulus while habituating to static stimuli. On the contrary, 

synaptic facilitation leads to sensitization, increasing the effect of subsequent 

stimuli.17(Figure 1b) 

Cortical neurons receive a large number of stimuli with very variable frequencies 

(from less than 1 Hertz to more than 200Hz): short-term depression allows, through a 

Figure 1: Schematics of some functional roles of STP at the level of single synapses. (Anwar, et al, Curr Opin Neurobiol 2017) 
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dynamic mechanism of gain control, to increase the sensitivity to small percentage 

changes in the stimuli received.25 (Figure 1c) 

 

1.1.B. Long-term plasticity. 

Experiences can modulate connections and synaptic strength even with long-term 

modifications. The first hypotheses on this subject date back to the '20s with the studies 

of Santiago Ramon y Cajal26 who, however, failed to demonstrate neurogenesis in adults, 

assuming that this phenomenon stopped at the end of brain development, leading to the 

formulation of the paradigm on the immutability of the adult brain.27 Later, in the '40s, 

Hebb formulated his own postulate, according to which the activity of a cell close enough 

to persistently excite another one can lead to growth processes or metabolic changes such 

as to facilitate the efficiency of excitation.28 This hypothesis was then experimentally 

demonstrated in the 1970s by Bliss and colleagues who showed that repeated activation 

of excitatory synapses in the hippocampus stimulated an increase in synaptic strength 

over hours or days.29,30 In the following years this phenomenon, called Long-Term 

Potentiation (LTP), has been extensively studied and it has been shown that also 

phenomena of Long-Term Depression (LTD) often coexist in the same cell. These 

phenomena would be responsible for the formation of memories at the hippocampal 

level.31–33 

In recent years, other forms of long-term plasticity have been discovered, such as 

homeostatic plasticity (synaptic scaling)34 and metaplasticity.35 

In all long-term plasticity phenomena, we can distinguish mechanisms related to the 

induction, expression, and maintenance of plasticity itself. 
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Long-Term Potentiation (LTP) and Long-Term Depression (LTD). The most studied 

mechanisms of TLP and LTD are triggered by the activation of N-Methyl-D-Aspartate 

(NMDA) receptors (NMDARs) in the CA1 region of the hippocampus, but similar 

phenomena can also be activated by different receptors in other brain areas, leading to 

different effects depending on the cell type in which they occur. 

 

 

 

 

 

 

 

 

- NMDAR-Dependent LTP. Induction of LTP in the CA1 region of the hippocampus 

requires activation of NMDARs through strong membrane depolarization: this leads to an 

increase in Ca2+ concentration at postsynaptic dendritic spines,36 until the threshold is 

reached that can initiate LTP.37,38 Simultaneous presynaptic glutamate release and 

postsynaptic depolarization are required to activate this NMDAR-mediated mechanism.36 

Induction of LTP causes activation of a large signal transduction system: in particular, 

Ca2+-Calmodulin-Dependent Protein Kinase (CAM-kinase) is activated by 

autophosphorylation39,40 and plays a role as a mediator of induction. Activation of cyclic 

Figure 2: NMDAR-dependent LTP and LTD (Citri and Malenka, Neuropsychopharmacology Reviews 2008) 
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adenosine monophosphate-dependent protein kinase (PKA) increases CAM-kinase 

activity probably through reduction of competing protein phosphatase activity.41,42 Other 

pathways hypothesized to be involved in LTP are the Extracellular-Signal-Regulated 

Kinase (ERK)/Mitogen-Activated Protein kinase (MAPK) pathway, Src kinase43 and 

protein kinase C (PKC) and in particular the atypical PKC isoenzyme (PKMζ).32,44 

Expression of LTP at the level of the CA1 region of the hippocampus occurs primarily 

through the activity-dependent increase of AMPARs in post-synaptic density (PSD),45–47 

(see Figure 2) due to a modification in the composition of the tetramer with insertion of 

heteromeric GluR2/3 receptors instead of GluR1, which allows their expression first in 

the perisynaptic space and then lateral migration to arrive in the PSD.48 This migration is 

in part carried by membrane-associated-guanylate kinases (MAGUKs) and in particular 

by PSD-9549,50 to which AMPARs bind through auxiliary subunits called trans-membrane 

AMPAR regulatory proteins (TARPs).51,52 Activation of AMPARs migration would occur 

precisely through phosphorylation of TARPs by CAM kinases, in addition to 

phosphorylation of the GluR1 monomer.53–55  

LTP also leads to an increase in conductance of AMPA receptors,56 through 

phosphorylation of the GluR1 segment by CAM-kinase45 but this mechanism appears of 

secondary importance on the increase in synaptic strength.2  

Finally, a mechanism via modification of the probability of neurotransmitter release has 

been hypothesized: the retrograde messenger has not yet been identified but it is 

speculated that it may be BDNF.57  

The maintenance of LTP (after the first 60 minutes) requires the synthesis of new 

proteins,58 at the dendritic level through the activation of transcription in the nucleus, 

mediated by several proteins including PKA, CAM-kinases, and ERK/MAPK that activate 

transcription factors such as cAMP response element-binding protein (CREB) and the 
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genes c-Fos and Zif268/Egr-159 This leads to translation in situ, which is highly dependent 

on synapse activity.60 Among the mechanisms of maintenance of hippocampal LTP, 

structural changes at the synapse have been demonstrated, including the development of 

new dendritic spines, enlargement of synapses and their PSD, and cleavage into two 

functional synapses.61,62 Subsequently, changes are also supposed to occur at the 

presynaptic level with an increase in the active zone corresponding to the PSD (see 

beyond).63 

- NMDAR-Dependent LTD. In the CA1 region of the hippocampus, at the excitatory 

synapses where LTP occurs, it has been demonstrated that LTD also exists: thus there is 

the possibility by activity to modulate synaptic strength both positively and negatively.64 

The induction of LTD occurs after low-frequency stimuli, in response to which Ca2+ is 

released at the postsynaptic level in smaller quantities than the LTP:65 this would be the 

signal that allows the cell to initiate LTD rather than LTP, suggesting that the two 

phenomena are not the opposite of each other but may actually occur in parallel.37  

In contrast to LTP, this mechanism does not activate phosphorylation phenomena but 

protein phosphatases, including calcium/calmodulin-dependent calcineurin (protein 

phosphatase 2B), PP1,63 and to a smaller extent other signaling proteins.66–68 These lead 

to dephosphorylation of PKA, PKC, and GluR153 resulting in reduced conductance of 

AMPARs.69 

The expression of NMDAR-dependent LTD is endocytosis of AMPARs45,70,71 through 

mechanisms not yet understood including hypothesized separation of AMPARs from 

anchor proteins at the PSD, lateral migration of receptors away from the PSD, and finally 

clathrin- and dynamin-dependent endocytosis.72,73 This mechanism of endocytosis is 

regulated by calcium-dependent dephosphorylation of AMPARs themselves and other 
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proteins, among which stargazin plays a role.55  

The maintenance of LTD occurs through poorly understood phenomena including 

mechanisms opposite to those involved in LTP, i.e. reduction in the size of dendritic 

spines74 and translation of proteins involved in LTD such as phosphatases.75 

- Presynaptic Long-term Plasticity. Although currently much less studied and known,3 

long-term plasticity phenomena have also been demonstrated at the presynaptic level. 

Interestingly, these do not always comply with Hebb's paradigm that presynaptic and 

postsynaptic activity must coordinate to initiate plasticity: in fact, presynaptic plasticity 

can be both induced and expressed at the presynaptic level alone.76  

Although studies have focused more on hippocampal "mossy fiber (MF) synapses" 

between the mossy fibers of the dentate gyrus and the dendrites of CA3 pyramidal cells 

(MF-CA3),77,78 presynaptic plasticity has also been demonstrated in several other brain 

areas including cerebellum,79 thalamus,80 subiculum,81 amygdala,82 and neocortex.83 

The induction of presynaptic LTP in mossy fiber-CA3 synapses (MF-LTP) would be due to 

a high-frequency stimulus that induces the rapid increase of Ca2+ in presynaptic terminals 

through the activation of voltage-gated Ca2+ channels (VGCCs). The increase in Ca2+ 

activates Ca2+/calmodulin-dependent adenylyl cyclase, then the subsequent increase in 

cAMP levels, and finally the activation of PKA.84,85 However, several other mechanisms are 

hypothesized to be involved in the induction of MF-LTP.77,86 A similar form of LTP is also 

evident in parallel fiber-Purkinje synapses.79  

In contrast, induction of presynaptic LTD in MF-CA3s (MF-LTD) would be linked to 

activation of type II metabotropic glutamate receptors (mGluR II), leading to inhibition of 

the cAMP pathway87 but also other mechanisms not yet known.88  

MF-LTP and LTD can be regulated by several factors: in fact, GABA, dynorphin, adenosine, 
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and glutamate have been shown to inhibit LTP through activation of presynaptic GABAB, 

k opioid, A1, and mGluR receptors, respectively,89–91 whereas activation of presynaptic 

kainate receptors (KARs) facilitates MF-LTP.92  

Presynaptic NMDARs may also be involved in inducing presynaptic plasticity by 

modulating glutamate and GABA release,93,94 primarily through presynaptic terminal 

depolarization or Ca2+ influx.95 This phenomenon occurs at the level of visual and 

somatosensory cortex and would be implicated in spike timing-dependent plasticity 

(STDP), i.e., a form of plasticity in which the triggering of LTP rather than LTD depends on 

the timing of pre- and postsynaptic activation.96 The induction of preNMDAR-dependent 

plasticity is linked to the postsynaptic increase in Ca2+ and the subsequent activation of 

group I mGluRs.86 Analogous phenomena have also been shown in the amygdala97 and 

cerebellar GABAergic synapses.98  

Presynaptic plasticity can also be activated at the postsynaptic level through retrograde 

messengers that are released in response to increased postsynaptic Ca2+. Many molecules 

have been identified as possible messengers, including arachidonic acid,99 platelet-

activating factor,100 carbon monoxide,101 nitric oxide (NO),101 neurotrophins 

(BDNF),102,103 and conventional transmitters such as glutamate and GABA, but the most 

extensively studied pathway is the one involving endocannabinoids (eCBs). eCBs are 

released in response to synaptic activity and activate the pre-synaptic type 1 cannabinoid 

receptor (CB1R), thus triggering LTD mechanisms such as STDP by activation of 

preNMDARs:104,105 this eventually leads to the reduction in glutamate and GABA release.13 

The induction of this eCB system can be influenced by other pathways including the 

dopamine type 2 receptor (D2R) which has a synergic action in the prefrontal cortex106 

and ventral tegmental area107 and the BDNF/TrkB pathway which, in contrast, inhibits 

eCB-induced LTD in the visual cortex.108 Indeed, BDNF has been shown to act as a 
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retrograde messenger released from postsynaptic dendrites and increases GABA release 

through activation of presynaptic TrkB receptors in the visual cortex,109 optic tectum,110 

and hippocampus,111 through not completely understood mechanisms.  

The final common pathway, i.e. expression, of presynaptic plasticity is a change in 

neurotransmitter release, which may depend on several factors including variation in 

release probability (p), which is strongly correlated with Ca2+ input,112 and recruitment of 

new neurotransmitter release sites,113 through phosphorylation by PKA of proteins 

involved in the release mechanism.114  

Little is known about the mechanisms of presynaptic plasticity maintenance, although 

they seem to involve protein synthesis at the presynaptic level in the MF-CA3 

synapse115,116 and the dorsal striatum,117 aimed at structural changes such as the increase 

of the presynaptic area corresponding to the PSD. 63  

Presynaptic and postsynaptic show common principles (Figure 3):3  

a. bidirectionality: different patterns of 

Calcium increase induce LTP or LTD at both 

presynaptic and postsynaptic levels;118  

b. associativity: Presynaptic and postsynaptic 

NMDARs are coincidence-detectors that 

activate plasticity when a specific stimulus 

acts on an active synapse;86  

c. structural changes: changes at pre- and 

postsynaptic levels can be coordinated in 

order to increase or decrease synaptic 

strength;119  

Figure 3: Principles of long-term presynaptic plasticity 
(Monday and Castillo, Curr. Op. in Neurobiology, 2017) 
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d. protein synthesis: protein synthesis has also been recently demonstrated at the 

presynaptic level, aimed at maintaining plasticity.120 

- mGluR-Dependent LTD. Low-frequency stimulations of Schaffer's collaterals (CA1 

pyramidal cells) lead to the induction, in parallel to NMDAR-dependent LTD, of another 

form of LTD through activation of metabotropic Glutamate receptors (mGluR).70,121  

This form of mGluR LTD has also been observed in other brain areas and the cerebellum 

in the parallel fiber to Purkinje cell synapse.122  

Activation of mGluR type I (mGluR1) triggers hydrolysis of phosphoinositide, leading to 

the production of diacylglycerol (DAG) and inositol triphosphate (IP3) in CA1 pyramidal 

cells, cerebellum, ventral tegmental area (VTA), and neostriatum; otherwise, mGluR5 is 

activated in the hippocampus, nucleus accumbens, and cortex. Several signal molecules 

have been hypothesized to be involved in mGluR LTD transduction: among them, in the 

cerebellum123,124 and VTA,125 MAPK p38, ERK, and c-Jun Amino Terminal Kinase 

(JNK),126,127 tyrosine phosphatase,128,129 and phosphatidyl-IP3-kinase.130  

Expression of mGluR LTD is common to NMDAR-dependent LTD, which is the lateral 

migration and clathrin-dependent endocytosis of AMPARs,131,132 but this occurs through 

different molecular mechanisms: PKCa phosphorylates the GluR2 subunit leading to its 

dissociation from binding proteins and new binding to PICK1.133  

Maintenance of mGluR LTD occurs through protein synthesis at the hippocampal level, 

even though other yet unknown mechanisms appear to be involved.130,132 

Homeostatic Plasticity. The role of homeostatic plasticity is to maintain the stability of 

a continuously changing and adapting synaptic system, specifically by preventing LTP and 

LTD from driving neuronal activity toward epileptogenic activation and quiescence, 

respectively.134,135 
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These mechanisms are critical for simultaneously maintaining the flexibility and 

stability of brain circuitry necessary to ensure the specificity of different synaptic 

pathways. While not yet fully understood, independent mechanisms are hypothesized to 

act at presynaptic and postsynaptic levels and at global and local levels.134 

- Synaptic Scaling. The most studied form of homeostatic plasticity is synaptic scaling, 

which can detect prolonged changes (12-24 hours) in the excitation or blockage of 

synaptic transmission and influence it to avoid extreme changes (Figure 4).34  

  

  

  

  

  

  

  

Synaptic scaling has been demonstrated in several brain areas including neo-

cortical136,137 and hippocampal138 pyramidal neurons and spinal neurons,139  acts on both 

AMPARs and NAMDARs,140,141 and is able to stabilize neuronal activity without, however, 

changing synaptic strength and thus without disrupting the effect of synaptic 

transmission. Although factors such as external signaling may intervene, the individual 

synapse can start down-scaling if an activity is excessive or up-scaling if an activity is 

abolished by recognizing Calcium influx as a trigger.134 Expression of synaptic up-scaling 

in excitatory synapses appears to be linked to increases in the concentration of AMPARs 

and NMDARs,140–145 which can be influenced by the action of numerous molecules 

including BDNF,146 the immediate-early gene Arc,147 Tumor Necrosis Factor-α (TNF-

Figure 4: Mechanism of synaptic scaling (adapted from Turrigiano G, Cold Spring Harb Perspect Biol 2012) 
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α),148,149 the immune molecule MHC1,150 the β3 integrins,143 the AMPAR binding protein 

PICK1,151 and the scaffold proteins PSD-95 and PSD-93.152 Down-scaling also involves a 

Ca2+ influx-related pathway that triggers gene transcription153 and activation of pathways 

leading to the reduction of AMPARs through their degradation;154 molecules such as 

BDNF, TNF-α, Arc, and PICK1 also play a key role in these mechanisms.146–148,155  

The mechanisms involved in homeostatic plasticity differ from those of LTP and LTD as 

they involve different molecules and receptors (e.g. GluA2 instead of GluA1),70 different 

domains of PSD-95156 and act on a larger temporal and time scale.157  

During synaptic scaling, changes at the presynaptic level have also been demonstrated 

and act on shorter time scales:135 these include increased expression of the presynaptic 

Glutamate transporter (VGlut) following blockade of activity.158,159  

For a long time, it was assumed that down-scaling phenomena were particularly activated 

during sleep,160,161 but more recent studies have shown that this phenomenon is more 

evident in adults, while at young age plasticity phenomena would be favored.162,163 

- Local homeostatic plasticity. The ability of the individual synapse to locally modify 

conduction as a function of changes in synapse activation has long been hypothesized but 

currently, the literature is conflicting164,165 and its eventual functional role debated.166  

Metaplasticity. Metaplasticity, the so-called "plasticity of plasticity", leads to a lasting 

change in synaptic activity, without changing synaptic strength. 167 In fact, metaplasticity 

acts by changing the properties of synaptic plasticity, such as direction, degree, or 

persistence.168 

One of the mechanisms through which this occurs is the modification of the threshold 

at which LTP and LTD are activated, related to previous synaptic activity: even if the 

activity is insufficient to activate LTP or LTD by itself, metaplasticity promotes in the long 
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term the triggering of these phenomena.169,170 Other mechanisms, however, are described 

as heterosynaptic, i.e., involving neighboring dendritic compartments, the whole cell, or 

groups of cells:171 among these, modification of the conductance of NMDARs in the 

hippocampus172–174 and modification of protein synthesis175,176 have been hypothesized. 

According to another hypothesis, metaplasticity induced by individual synapses can 

spread heterosynaptically177 through the action of diffusible messengers such as IP3 and 

cyclic adenosine monophosphate.178 Intracellular molecular mechanisms have also been 

described, mediated by activation of M1-acetylcholine receptors (M1-AChRs) or release 

of intracellular stores mediated by IP3 and Ca2+: these mechanisms would be crucial in 

initiating the metaplasticity signal.179 A key control of these molecular pathways occurs 

through GABAergic inhibitory synapses that are activated by eCB release from excitatory 

synapses, ultimately promoting LTP13,180 (see Figure 5a). Astrocytes can affect the 

plasticity of even distant synapses through various and complex molecular mechanisms, 

including activation of G-protein-coupled receptors,181–183 control of extracellular ion 

concentrations, the release of gliotransmitters, and reuptake of neurotransmitters182,184–

186 (see Figure 5b). 

Figure 5: Intercellular pathways for heterosynaptic metaplasticity (Hulme SR, et al., Phil.Trans.R.Soc.B. 2014) 
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Functions of Long-term synaptic plasticity. All the mechanisms described so far 

represent experimental reproductions and their real biological function is under constant 

investigation, also because a better understanding of their physiological functions could 

help to understand the pathophysiology of several diseases.2 

As seen, LTP has been for the first time demonstrated in the hippocampus, a crucial 

structure in the encoding of new memories: for this reason, LTP and LTD plasticity 

phenomena are believed to play a central role in hippocampus-related memory.31 It has 

been shown experimentally that inhibition of key factors of induction (NMDARs)187 and 

maintenance (PKMζ)32 of LTP/LTD, alter the ability to memorize. 

Synaptic scaling would also play a role in learning and memory: in particular, it is 

supposed to facilitate the transition from generalized to a specific memory.188,189 

LTP/LTD phenomena in the visual and somatosensory cortex are involved in the early 

development of neuronal circuits as a result of experience soon after birth.169,190–192 

Enhancement phenomena of LTP have been demonstrated in the amygdala as the basis 

of the phenomenon of fear conditioning:193 this in fact leads to the increase of synaptic 

AMPARs and the expression of a peptide that inhibits their endocytosis.194 NMDARs are 

also involved in fear extinction learning195 which seems to be promoted by D-cycloserine: 

this could therefore represent a therapeutic option for phobic disorders.196–198 

Alterations in plasticity pathways are hypothesized to be implicated in the 

pathogenesis of several psychiatric disorders. Among these, schizophrenia is thought to 

be related to a dysfunction of NMDARs, resulting in an alteration of LTP/LTD;199–202 a 

modification of MF-LTP has also been identified that would negatively affect presynaptic 

plasticity.203 
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Also, autism spectrum disorders(ASDs) have been associated with alterations in 

synaptic plasticity, particularly in alterations in LTP/LTD mechanisms involved in the 

early development of neuronal circuits.204,205 

In the animal model of Fragile X syndrome (FMR1 knockout mice), alteration of eCB 

production, dependent on the group I mGluR, would lead to an increase in presynaptic 

eCB-LTD at inhibitory synapses in the hippocampus,206 its reduction at excitatory 

synapses,207 and an impairment of presynaptic LTP at excitatory synapses in the anterior 

cingulate cortex.208 This hypothesis has led to speculation about the development of 

potential therapies acting as mGluR antagonists.209,210 

Moreover, alterations in presynaptic plasticity have been shown in the animal model 

of neurodegenerative diseases such as Alzheimer's211,212 and Parkinson's213,214 disease, 

but have not yet been demonstrated in humans.3 

In limbic epilepsy, an altered balance between arousal and inhibition has been 

demonstrated due to altered synaptic connectivity resulting from structural alterations 

in the granule cell mossy fiber synaptic terminal.215 

In drug addiction it is assumed that the acute intake of substances triggers in the VTA 

a phenomenon similar to LTP that leads to the upregulation of AMPARs,216 acting on the 

mesolimbic dopaminergic system responsible for reward-based learning;217,218 chronic 

intake would instead lead to LTD phenomena in the Nucleus Accumbens.219 Therefore, 

substances of abuse are able to facilitate or inhibit synaptic plasticity in different brain 

areas. In contrast, mood-stabilizing drugs, like lithium, valproate, and lamotrigine, 

showed an effect on phosphorylation of AMPARs, thus stimulating LTP/LTD.220–223 
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It is therefore clear that the study of the biological function of plasticity and its 

alteration in diseases involving the nervous system may represent a key to developing 

new targeted therapeutic strategies. 

 

1.1.C. Role of BDNF in brain plasticity.  

BDNF is a neurotrophin involved in a wide range of neurophysiological processes 

thanks to its unique pattern of synthesis, where several biologically active isoforms 

interact with different receptors, eventually controlling numerous signaling pathways 

with opposite effects.224 

The BDNF gene is located on chromosome 11 

and comprises 11 exons and 9 promoters225 and, 

depending on the stimulus, is capable of 

producing 34 different mRNAs.226 The BDNF 

protein is synthesized and folded into the 

endoplasmic reticulum as a precursor, pre-pro-

BDNF;227 after translocation to the Golgi 

apparatus, it is cleaved, resulting in the 

formation of the pro-BDNF isoform, consisting of 

129 amino acids containing an N-terminal 

domain and 118 amino acids with a C-terminal 

domain.228 Pro-BDNF is cleaved again to reach the mature isoform (m-BDNF).227 

Intracellular proteolytic cleavages of pro-BDNF can occur in the trans-Golgi network or 

Figure 6: Multistage synthesis and maturation of BDNF. 
(Kowiański P, et al., Cell Mol Neurobiol. 2017) 
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inside intracellular secretory vesicles, while extracellular cleavage of pro-BDNF is 

dependent on plasmin and metalloproteases 2 and 9 (MMP2 and MMP9).228 (Figure 6)  

Pro-BDNF and m-BDNF are then accumulated in vesicles along membranes and 

released in response to cell membrane depolarization in neuronal cells.229 The 

physiological action of m-BDNF and pro-BDNF depends on their secretion into the 

extracellular space. 

This peculiar pattern of synthesis explains the role of BDNF in regulating various 

physiological processes, often with opposing effects due to the interaction of its isoforms 

with different receptors,224 located on the membrane of intracellular vesicles and released 

through the fusion with the cellular membrane in response to an electrical impulse or 

increase of Ca2+ o cAMP.230 

The biological function of pro-BDNF has long been debated:229,231 initially thought to 

be an inactive protein, it has been shown to play a central role in several mechanisms 

required for neuronal plasticity, memory, and cognitive phenomena.232 Pro-BDNF has 

been shown to interact with the p75 neurotrophin receptor (p75NTR) via the mature 

domain and with the sortilin receptor or other vacuolar protein sorting 10 protein 

(Vps10p) via the pro-domain. Activation of p75NTR requires the creation of complexes 

with neurotrophin precursors or signaling adaptors within the cell membrane: each 

complex performs different functions, as already said, sometimes with opposite final 

pathways.233 The pro-BDNF/p75NTR/sortilin complex mainly leads to the activation of c-

Jun amino-terminal kinase (JNK), Ras homolog gene family member A (RhoA), and nuclear 

factor kappa B (NF- kB) and each pathway plays a specific role (Figure 7):224 
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- JNK-related pathway activation stimulates 

neuronal apoptosis,234 critical during brain 

development and posttraumatic recovery;235,236 

- RhoA-dependent signaling pathway 

regulates the development and motility of the 

neuronal growth cone;237 

- activation of NF-kB promotes neuronal 

survival and regulates neuronal numbers during 

brain development.237 

Pro-BDNF is, therefore, able to promote both neuronal death and survival but high 

levels of pro-BDNF, as recorded during brain development or in post-lesional recovery, 

preferentially promote apoptosis.238 

On the other hand, m-BDNF binds the receptor tyrosine kinase B (TrkB), thereby 

activating its dimerization and phosphorylation of the tyrosine residue.239 

Phosphorylated-TrkB activates several enzymes: phosphatidylinositol 3-kinase(PI3K), 

mitogen-activated protein kinase (MAPK), phospholipase C-c(PLC-c), and guanosine 

triphosphate hydrolases (GTPases) of the Ras homolog (Rho) gene family.231 

As is the case for pro-BDNF, each of these pathways activates different cellular 

functions (Figure 8): 

Figure 7: Intracellular pathways activated by 
interactions of pro-BDNF with p75NTR and sortilin. 
(Kowiański P, et al., Cell Mol Neurobiol. 2017) 
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- the PI3K/Akt-related pathway has an anti-apoptotic action, modulates NMDAR-

dependent synaptic plasticity,231,240,241 and stimulates dendritic growth and 

branching;242,243 

- the MAPK-related pathway regulates protein synthesis during neuronal 

differentiation and activates extracellular-signal-regulated kinase 1/2 (ERK 1/2) and 

cAMP response element-binding protein (CREB), thereby acquiring a key role in dendritic 

growth and branching in hippocampal neurons;244,245 

Figure 8: Physiological pathways activated by the binding of mBDNF with TrkB. (Kowiański P, et al., Cell Mol Neurobiol. 2017) 
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- the PLC-c-related pathway activates protein kinase C (PKC) and Ca2+calmodulin-

dependent protein kinase (CAM kinase), leading to an increase in calcium ions and 1,2-

diacylglycerol (DAG) concentration and ultimately to an enhancement of synaptic 

plasticity;237 

- Rho family GTPases activation leads to an increased number of neuronal fibers 

through actin and microtubule synthesis.231 

Therefore, the functions performed by BDNF depend primarily on the balance 

between its isoforms, which varies during brain development, in adulthood, and in 

response to injury.224 

During the early period after birth, there is a prevalence of pro-BDNF, whose role is to 

promote the regulation of cell death and the elimination of unnecessary connections, 

indirectly promoting gliogenesis and synaptogenesis: in particular, pro-BDNF would 

promote LTD in hippocampal neurons in response to low-frequency stimuli, by promoting 

the elimination of surplus or damaged cells, therefore useless for neuronal 

plasticity.241,246,247 

In contrast, during adulthood m-BDNF prevails and plays a role in synaptic plasticity 

by promoting LTP in response to high frequency stimuli,246–249 through the inhibition of 

hippocampal GABAergic interneurons241,250 and stimulates neuronal differentiation in the 

hippocampus: this allows for greater synaptic efficiency during processes requiring 

increased brain activity such as memory and cognition. It has also been shown a 

neuroprotective action of m-BDNF, linked to the activation of the NMDAR/Ca2+-driven 

pathway that inhibits the flow of extra-synaptic Ca2+ with consequent elimination of 

glutamatergic excitotoxicity, responsible for mitochondrial dysfunction and cell death 
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during degenerative diseases: this has been proven by the demonstration of impairment 

of these neuroprotective mechanisms in neurodegenerative diseases such as Alzheimer's 

and Huntington's disease.251 

Alterations in the signaling cascades physiologically triggered by BDNF would lead to 

altered dendritic arborization and reduced neuronal plasticity252–254 and could be 

responsible for the pathogenesis of other diseases, including increased risk of depression 

and suicide, and development of anxiety.255–258 

After a brain injury, BDNF promotes cell survival259 preferentially towards gliogenesis, 

leading to the formation of reactive gliosis;260 BDNF would also exert an action on 

serotonergic, cholinergic, and dopaminergic systems, confirming a possible role in 

controlling neurotransmitter systems and preventing the development of 

neurodegenerative or psychiatric disorders.227 

BDNF-induced neurogenesis could also be promoted by environmental 

enrichment,261,262 learning,263 and physical activity264,265 through mechanisms not 

completely known: it is postulated that the expression and cellular activity caused by it 

have a reciprocal effect, reinforcing each other.224 

Therefore, the broad spectrum of physiological actions carried out by BDNF depends 

not only on the balance between its isoforms but also on external stimuli to which the 

brain is subjected and can influence synaptic plasticity both in the short and long term, 

acting both at presynaptic and postsynaptic levels. In the short term, neurotransmitter 

release is controlled, preexisting proteins are modified, or synapse structure is altered;250 

in the long term, LTP phenomena are activated and the synaptic proteome is altered, 

through modulation of micro-RNA expression or activation of the ubiquitin-proteasome 
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system to control degradation of BDNF-related proteins.250,266 At the presynaptic level, 

BDNF acts by modifying receptor expression and, within the hippocampal LTP, on 

Schaffer's collaterals,267 by modifying Glutamate and GABA release.247 The postsynaptic 

effect is evident in the dentate gyrus268 where the m-BDNF/TrkB complex phosphorylates 

the NR1 and NR2B subunits of the NMDA receptor269 and upregulates the GluR1 and 

GluR2/3 subunits of AMPARs receptors,270,271 enhancing LTP in a Ca2+-dependent 

manner248,249,272,273 or reduces GABAA receptor expression in the hippocampus.274 

In addition to functional changes in synaptic transmission, the m-BDNF/TrkB complex 

is able to promote structural changes, such as increased spines and dendritic arborization, 

thereby increasing transmission efficiency.231,243,275 

According to recent studies, BDNF would interact with neurotransmitters such as 

nitric oxide (NO) to more effectively regulate synaptic strength and eliminate improper 

neuronal projections.276 Through a complex and not completely known system of 

reciprocal modulation, this interaction would result in the activation of both LTD (by 

presynaptic action of NO) and LTP (by postsynaptic action) phenomena as well as changes 

in CREB gene expression, so resulting in altered receptor connection and action of BDNF 

on synaptic plasticity.277 

Since BDNF is present in almost every brain area,278 recent studies have focused on 

understanding how this neurotrophin reaches target synapses for modulation: neuronal 

activity would increase TrkB expression on the cell membrane and endocytosis of the 

BDNF/TrkB complex, triggering BDNF-induced synaptic plasticity phenomena.10 

Finally, BDNF functions are strongly influenced by the presence of a non-conservative 

single nucleotide polymorphism (SNP) producing the Methionine (Met) – Valine (Val) 
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substitution at position 66 (Val66Met Polymorphism), within the coding region of the pro-

domain: this SNP leads to a misfolding of pro-BDNF, with a consequently reduced binding 

to sortilin and reduced release of mature neurotrophin in the synaptic cleft and finally to 

the impairment of synaptic plasticity phenomena induced by BDNF.234,247,255 
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1.2. Vagal Nerve Stimulation in Drug-Resistant Epilepsy 

Vagal Nerve Stimulation (VNS) is a neuromodulation technique that was approved in 

1997 by the FDA as palliative therapy in drug-resistant epilepsy (DRE)279 and 2005 also 

for the treatment of drug-refractory major depression.280 Although there are new devices, 

which can be used transcutaneously, in clinical practice the term VNS refers to the 

invasive, surgically implanted technique. 

Specifically, in Italy, VNS is indicated in all subjects with DRE (defined according to the 

ILAE definition as the failure of at least two therapeutic trials with tolerated, adequate, 

and appropriately dosed drugs281) in whom surgery is not feasible due to the multifocal 

origin of epilepsy or due to patient refusal or in subjects in whom surgery has had no 

curative effect.282 The most common indications are therefore Lennox-Gastaut syndrome 

(LGS), Tuberous Sclerosis Complex (TSC), idiopathic and secondary generalized epilepsy, 

multifocal epilepsy, tonic/atonic seizures (drop attacks).283  

The device (Figure 9) consists of a programmable titanium generator equipped with a 

single battery and placed subcutaneously in a subclavicular position, to which is 

connected a lead that is usually placed on the 

left vagal nerve below where the superior and 

inferior cervical cardiac branches separate 

from the vagal nerve, so as not to affect the 

innervation of the sinoatrial node.284 The 

implantation is performed under general 

anesthesia through a standardized technique 

using an intraoperative microscope.283,285 

Figure 9: Representation of VNS generator and lead position 
(LivaNova USA) 
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The generator is programmed through a dedicated device in order to establish the 

stimulation parameters and patterns: in fact, the VNS acts through a pulsatile stimulation 

of which it is possible to modify output current, pulse frequency, and amplitude, ON time 

and OFF time. Just as for pharmacological therapies, VNS therapy should be titrated to 

increase tolerability: after 7-14 days from implantation, the device is turned on and the 

output current is gradually increased in steps of 0.25 mA every week until reaching, if well 

tolerated by the patient, the therapeutic dosage of 1.5-2.25 mA. Later on (at least 3 months 

after implantation) it is possible to modify the stimulation pattern and the duty cycle (i.e. 

the percentage of time the generator stimulates). The standard stimulation pattern is 

20Hz, 250 μsec pulse width, 30 seconds ON time, and 5 minutes OFF time, but faster or 

slower patterns can be used, to tailor the therapy to the individual patient,286 while 

maintaining an adequate duty cycle (ON time minor than OFF time) to avoid excessive 

stimulation that could damage the nerve.287 

If the subject or the caregiver can perceive the arrival of a seizure or during prolonged 

seizures, it is possible to initiate an extra stimulus by placing a magnet provided to the 

subject on top of the generator for 1-2": this initiates a stimulus with a higher intensity 

and amplitude than the Normal Mode (usually 0.25 mA and 250 μsec more) that aims to 

terminate or shorten the seizure or reduce the post-critical state.288,289 

In addition to standard pulsatile stimulation, newer models of VNS are equipped with 

a cardiac-based seizure detection (CBSD) that is able to detect ECG changes during a 

seizure and distinguish them from the sinus tachycardia that occurs, for example, during 

physical activity, thanks to the analysis of the ECG R-wave:290,291 this allows the stimulator 

to send a single extra stimulus that is intended to block or shorten the duration of the 

seizure.292 The tachycardia threshold should be tailored to the individual patient, based 
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on the Holter ECG recorded before implantation, the pattern of tachycardia present 

during the seizure, and the physical activity usually performed.293,294 The AutoStim output 

current is usually set at 0.125 mA higher than Normal Mode (i.e., intermediate between 

standard stimulus and magnet).295 

Suggested Initial Programming Settings and Output current increments are shown in 

Figure 10:295 

The battery is expected to last approximately 10 years, depending on the output 

current, duty cycle, and frequency of use of the Magnet and AutoStim.287 

The absolute contraindications to VNS implantation are bilateral vagotomy and the 

use of diathermy after implantation (excluding diagnostic ultrasound).287,296 However, 

special care should be taken if there are pre-existent conditions that could be worsened 

by VNS, such as a history of OSAS (which should be identified and treated before 

implantation),297–299 cardiac arrhythmias,300–302 previous brain surgery, gastroduodenal 

ulcers, dysautonomia,303,304 and respiratory disease.305–307 

Figure 10: Suggested Initial Programming Settings (a) and Output current increments (b). 
(VNS Therapy Sentiva Dosing Guidelines, LivaNova USA) 
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The surgical procedure of VNS implantation, besides the risks related to anesthesia, 

has a low incidence of adverse effects, most of which are mild and transient.283 

Early complications are present in less than 5% of implantation, they are related to 

surgery and include infections (3-8%),308 bradycardia and asystole (during the electrode 

impedance test at the time of implantation, 1‰),309 peritracheal hematoma (due to 

jugular vein injury),310 vagal nerve injury (resulting in transient left vocal cord paralysis 

leading to hoarseness, dyspnea, dysphagia),308 very rarely permanent left vocal cord 

paralysis, left facial nerve palsy, Horner's syndrome.311 

On the other hand, later complications are related to repeated stimulation and can be 

managed by changing the stimulus pattern or distancing the current output increments: 

the most frequent is laryngotracheal dysfunction (hoarseness, cough, dyspnea, 66%),312 

while much rarer are delayed arrhythmias (bradycardia and asystole), true vocal cord 

paralysis (1-2.7%), obstructive sleep apnea,298,299 phrenic nerve stimulation and tonsillar 

pain simulating glossopharyngeal neuralgia.313 

Other complications may be due to damage of the generator or electrodes due to 

reduced ability to mobilize during neck movements,314 rapid growth in children,315 or 

manipulation in pediatric or psychiatric patients (Twiddler's Syndrome).316 

Since 1988 (date of the first VNS implantation) to date, numerous studies have 

evaluated the effect of VNS on seizure control in subjects with DRE. 

A study conducted in 2010 on more than 400 subjects with drug-resistant epilepsy 

treated with a new VNS implant reported a ≥90% reduction in seizures in 22.5% of 

subjects, ≥75% in 40.5%, ≥50% in 63.75%, ≤50% in 36.25%, while no reduction in 

seizures in 12.25% and an increase in seizures in 2.75%; in addition, 8.2% of subjects who 
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reported no improvement in seizure control from intermittent stimulation reported 

benefits in terms of seizure prevention after aura, seizure termination, or reduced post-

ictal confusion, after magnet use.288 

According to other studies, vagal stimulation reduced seizure frequency by 50% in 21-

75% of subjects, and the clinical benefit may persist for up to 10 years of follow-up.282 

These data have been confirmed by other studies and a recent review.296,317–324 

Although it is currently not possible to predict which subjects will respond best to 

VNS,325,326 it has been shown that stimulation tends to be more effective in subjects with 

secondary epilepsy than in those with idiopathic epilepsy,327 and particularly in tuberous 

sclerosis complex328,329 and post-traumatic epilepsy, in younger subjects, and those with 

focal or multifocal epilepsy.330 

The efficacy of VNS would be greater for higher output currents (≥2.25 mA)331 and in 

selected cases augmented by rapid cycling.286,332 

In clinical practice, many subjects report faster recovery from seizures after VNS 

implantation, with a reduction in the duration and intensity of the post-ictal state,333 

however this finding has not been confirmed yet in large numbers in the literature.334 

In addition, VNS has been shown to be effective in reducing hospitalization, status 

epilepticus events, and, consequently, the social cost of DRE subjects.335 

It is well known that subjects with DRE have an increased risk to present with 

psychiatric symptoms, particularly generalized anxiety disorder, phobias, major 

depression with suicide risk, autism, and undetermined psychiatric disorders.336,337 It has 

been shown that VNS has a positive effect on mood leading to a reduction in depressive 
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symptoms,338 on alertness,339 and memory, with an improvement in learning.340 However, 

the beneficial effects of VNS are not only due to the reduction of seizures and 

neuropsychiatric symptoms but also to a generalized improvement in the subject's quality 

of life (QoL):341,342 through the administration of specific questionnaires to both patient 

and caregivers, it has been shown that this improvement is independent of seizure 

control.343 

Finally, subjects with DRE have an increased risk compared to the general epileptic 

population of presenting with a SUDEP, defined as "sudden death, whether witnessed or 

not, non-traumatic, not due to drowning, with or without evidence of a seizure, with the 

exclusion of a status epilepticus lasting longer than 30', in which post-mortem 

examination shows no cause of death".344,345 VNS has been shown to be effective in 

reducing mortality in these subjects, specifically by reducing the rate of SUDEP by 7% 

each year after stimulator implantation.346 The reduced incidence of sudden death in 

long-term follow-up may be related to several, not fully understood, factors, including a 

reduction in the number of seizures and possible action on pathogenic factors of 

SUDEP.347 

 

1.2.A. Mechanism of action of VNS 

Although more than 25 years have passed since the first VNS implantation and more 

than 100,000 subjects have been treated, the exact mechanism of action by which VNS 

actuates its antiepileptic effect is not currently known. Because this effect is 

phylogenetically conserved, it is believed that it may be related to brain and 

neurotransmitter circuits that are conserved in different species.348 The action potential 

generated by the negative electrode (positioned superiorly on the nerve)283,285 acts 
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primarily through the afferent pathways of the vagus nerve, as the positive electrode 

(positioned inferiorly) blocks most of the action on the efferent fibers that would be the 

source of side effects.349 The action of the VNS is primarily mediated by myelinated type 

A and B fibers (which are activated by lower thresholds than small-caliber C fibers).349,350 

Studies of the antiepileptic effects of VNS have focused on its action on 

neurotransmitter expression, variation in brain flow in specific brain areas, variation in 

EEG, and action on mechanisms of neuroinflammation and neurotrophin production. 

Neurotransmitter Expression. The Vagus Nerve (VN) consists of 80% afferent fibers 

that carry sensory information of touch, taste, and from the viscera, confluent mainly, via 

the solitary tract, in the nucleus tractus solitarii (NTS). NTS, in turn, sends efferences to 

the Amygdala, Cerebellum, Hypothalamus, Thalamus, Parabrachial nuclei (PBN), Raphe 

nuclei (DRN), and Locus Coeruleus (LC). NTS also receives fibers from various structures 

Figure 11: Summary of brain areas involved in the antiepileptic function of VNS. (LivaNova USA) 
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including the medulla (spinosolitary tract), brainstem (area postrema and periaqueductal 

gray), and forebrain (central nucleus of the amygdala).351 

- Adrenergic pathways. The NTS interacts with the LC through several indirect 

(through the paragigantocellular nucleus (PGi)352 and the prepositus nucleus of the 

hypoglossus (Prep)353) and direct pathways via an area of the NTS related to LC 

cardiovascular functions.354  

The LC has connections to the thalamus but also direct connections to the cerebral cortex 

via axons with abundant branches supplied with varicosities ("bouttons en passage") that 

allow a single axon to innervate several cerebral lobes. Each varicosity secretes 

norepinephrine by paracrine into the extracellular space, thereby modulating the activity 

of neurons, glial cells, and blood vessels, with an action on the entire cortex.355 This 

explains the fundamental role of the LC in limiting the activity of the cerebral cortex and 

thus the spread of the seizure: this circuit would, in fact, be implicated in the 

transformation of a single seizure into a status epilepticus.356  

LC would, moreover, induce a modification in gene expression in the different cortical 

layers, leading to a modification of cortical excitability,356,357 thus the action of the VNS at 

this level would explain why the antiepileptic effects of vagal stimulation turn out to be 

much longer-lasting than the duration of stimulation and also the persistent effects on 

memory and mood modulation.355  

The importance of the LC and noradrenergic pathways in the antiepileptic action of vagal 

stimulation is demonstrated by the absence of VNS efficacy in rats in which the LC was 

removed or inactivated358 and by the increase in NA levels in correspondence to the 

electrical stimulus of the VNS evidenced in rats, both in the hippocampus359 and in the 

basolateral amygdala.360  
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LC axons release not only norepinephrine but also numerous peptides such as enkephalin, 

neurotensin, vasopressin, somatostatin, neuropeptide Y (NPY), and galanin (Gal): some of 

these co-transmitters have an anticonvulsant effect adjuvant to NA; in particular Gal and 

NPY are more co-expressed with NA and would, therefore, play a greater role in 

controlling seizure propagation.361 

- Serotonergic pathways. The action on the LC however would not be the only one to 

carry the antiepileptic effect of the VNS, in fact, inactivation of the locus coeruleus 

drastically reduces the antiepileptic action of the VNS but does not suppress it totally.358 

The NTS also sends efferences to other nuclei of the Brainstem, including the Rafe nuclei 

(DRN) and the Parabrachial nuclei (PBN).362 This leads to a release of serotonin (5-HT), 

with the effect of reducing seizures,363 inhibiting glutamate-mediated exotoxicity,364 and 

to a release of GABA by the PBNs with inhibition of the thalamocortical pathway. The 

action on the serotonergic system would also explain the antidepressant effects induced 

by vagal stimulation.365,366 

- GABAergic pathways. Other studies show that VNS exerts its antiepileptic action 

through an inhibitory action mediated by GABA and glycine, spread both on the cortex 

and the afferents of the NTS (thalamus, reticular substance, cerebellum), thus blocking 

the origin and propagation of seizures.367 This effect has also been confirmed by the 

finding of high values of GABA in the CSF.368  

It has been shown that an increase in GABAergic transmission and a reduction in 

glutamatergic transmission within the NTS reduces the susceptibility to developing 

seizures in rats.369  

The importance of GABAergic pathways has also been demonstrated by studies showing 
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that both epileptic activity and vagal stimulation induce a modification of neuronal 

excitability, by modifying, in opposite directions, the plastic expression of GABARs.370,371 

Cerebral blood flow. Several studies performed on Positron Emission Tomography 

(PET) and Functional Magnetic Resonance Imaging (fMRI) examinations have 

investigated changes in cerebral flow during acute and chronic VNS stimulation. 

PET studies showed increased cerebral flow in the rostral dorsocentral medulla, right 

postcentral gyrus, and bilaterally in hypothalami, thalami, insular cortices, and inferior 

cerebellar hemispheres; in contrast, decreased flow was evident bilaterally in 

hippocampi, amygdalae, and posterior cingulate gyrus. The antiepileptic effect of VNS 

correlated with thalami activation,372–374 and this finding was also confirmed by fMRI 

studies.375,376  

Some acute changes are dependent on stimulus intensity and frequency: hypothalamus 

and hippocampus are activated at low intensities, whereas high currents are required to 

activate cortical and prefrontal structures.373,377 This is not observed for chronic 

stimulation, demonstrating how the effect of VNS is enhanced by long-term 

stimulation.372,378  

Finally, changes in blood flow during VNS that do not correlate with seizure control are 

thought to be responsible for the quality of life benefits in terms of improved mood and 

attention,338,379,380 and altered pain perception.381,382 

EEG changes. The effects of VNS on EEG recordings have been studied through several 

methods. 

Some studies have analyzed changes in epileptiform abnormalities: a reduction in 

interictal epileptic discharges during sleep of children with DRE treated with VNS has 

been demonstrated,340 and also a reduction in the frequency and duration of 
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abnormalities with an increase in free intervals.383  

Other studies have examined brain synchronization in specific frequency bands. The 

potential effect of VNS on brain synchronization has been investigated since the ‘50s in 

animals.384,385 In humans, some studies have found no change;386 in contrast, studies from 

our group have found an increase in synchronization and power spectrum in the 

gamma387,388 and theta389 bands. Other studies then examined VNS-induced changes in 

functional connectivity, showing that desynchronization of the EEG track correlated with 

improved clinical response to VNS.390–392 

Inflammation. Three pathways have been identified through which the VNS would 

affect the cytokine cascade of inflammation, through the action of afferent and efferent 

fibers of the VN:  

- Hypothalamic-pituitary-adrenal axis (HPA): in response to inflammatory stimuli 

received through the afferent fibers of the VN and activation of central nuclei including 

the paraventricular nucleus of the hypothalamus, HPA releases glucocorticoids that 

inhibit inflammatory cytokines.393  

- Cholinergic anti-inflammatory pathway (CAP): it has been shown that the α7 subunit of 

the nicotinic acetylcholine receptor (α7nAChR) is expressed on macrophages and 

acetylcholine secreted by the efferent fibers of the VN reduces the synthesis of TNFα and 

other proinflammatory cytokines. This mechanism would be implemented by electrical 

stimulation of the VN.393  

- Splenic anti-inflammatory pathway: the VN would be in functional connection with the 

splenic nerve, so the production of TNF α by macrophages produced by the spleen during 

inflammation, would be inhibited by vagal cholinergic pathways. In addition, the 

adrenergic pathway would interact with β2 receptors of splenic T lymphocytes, thus 
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leading to the reduction of TNF α production.394  

Thus, it is well established that the VNS may act via the sympathetic and parasympathetic 

systems to regulate the local and systemic inflammatory response395,396 and this has been 

demonstrated for low-frequency stimulations.397,398  

Recent literature has identified a role for neuroinflammation in the pathogenesis of 

epilepsy and associated behavioral disorders.399–402 The immunomodulatory effect of VNS 

could therefore play a role in both seizure control and other associated symptoms.403 

Likewise, these studies have paved the way for the possible use of VNS in the therapy of 

inflammatory diseases such as sepsis, lung injury, stroke, traumatic brain injury, 

rheumatoid arthritis, obesity, diabetes,404 irritable bowel syndrome, and inflammatory 

bowel disease.397,405,406 

Neurotrophins. Nerve growth factor (NGF) and BDNF are neurotrophins (NTs) that 

play a key role in regulating synaptic plasticity: the balance between their mature and 

immature isoforms and their respective receptors corresponds to the balance between 

cell survival and death.407 The imbalance between their isoforms promotes cell 

degeneration, underlies neurodegenerative diseases408,409 and psychiatric disorders,410 

Figure 12: Effects of VNS on the inflammatory cascade. (Bonaz et al, Journal of Physiology, 2016) 
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and is objectively assessed through the serum dosage of NTs.411 The serum NTs dosage, 

however, is also influenced by external and physiological stimuli.412  

At the brain level, NGF and BDNF are synthesized in the hippocampus, hypothalamus, and 

cortex by cholinergic and GABAergic cells, respectively, and secreted together with their 

receptors;413,414 their action is performed mainly on cholinergic and GABAergic neurons 

in the forebrain, but also glial cells, such as astrocytes, oligodendrocytes, microglia415,416 

and non-neuronal cells, including vascular endothelial cells.417 NGF and BDNF mutually 

modulate their synthesis and are released upon cellular depolarization.418,419 NTs 

receptors are expressed on the VN: specifically, NGF is transported from the VN to the 

NTS and BDNF is transported to the Dorsal Motor Nucleus (DMV) and the noradrenergic 

system.420  

Several studies have shown that the expression of NGF and BDNF in the brain is influenced 

by the VNS: BDNF would be increased in the hippocampus and cortex and NGF decreased 

in the hippocampus.421 This action would be dependent on stimulus intensity, such that 

NGF would be affected by reduced frequencies compared to BDNF.422  

The mechanism by which VNS modulates the expression of NTs is complex and mediated 

by cholinergic and GABAergic pathways (Figure 13A). At the hippocampal level, the 

excitatory stimulus modulates NGF production in GABA cells and its transport to 

cholinergic cell bodies. Here, hippocampal activity is modulated and GABAergic neurons, 

closes the loop and allows the maintenance of cholinergic tone.423,424 At the level of the 

cortex, the production of NTs is regulated by noradrenergic pathways originating from 

NTS.425  

VNS could also influence the expression of NTs at the glial level, thereby acting on 

mechanisms of immunomodulation (Figure 13B)426  

By influencing the activity of NTs, VNS would thus act on their effects on neuronal 
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plasticity: by favoring mature isoforms, neurogenesis would be promoted and apoptosis 

would be inhibited (Figure 13C,D). 

 

1.2.B. VNS and Neuronal Plasticity 

As described, VNS exerts its action on a broad neuronal network, modifies blood flow 

in different brain structures, and also modulates the expression of inflammatory 

cytokines and neurotrophins.426 

VNS-induced changes in neurotrophin expression are long-lasting and reflect the 

induction of plasticity markers and GABA expression in the hippocampus422,427 where LTP 

is stimulated428 and synaptic activity increased.429 The induction of hippocampal LTP 

would underlie the VNS-induced memory and attentional capacity enhancement effects 

in rats430,431 and humans.432 The effect at the hippocampal level could be due to 

stimulation of proliferation433 or newly formed cells.434 

Figure 13:Effect of VNS on Neurotrophins expression (Rosso et al,  Neuroscience and Biobehavioral Reviews 2020) 
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The effect of VNS on neuronal plasticity is in part related to the intensity of the 

stimulus: it has been shown that the greatest effectiveness on neuronal modulation is 

achieved at moderate intensity levels while more intense stimuli have less pronounced 

effects.435 

It has also been shown in rats that VNS modulates synaptic plasticity in the pathway 

between the medial infralimbic prefrontal cortex and the basolateral amygdala complex; 

this circuit is involved in the expression and modulation of extinction memory, that 

process of attenuation of behavioral responses to neuronal stimuli, which is particularly 

involved in anxiety and post-traumatic stress disorders. VNS associated with the 

conditioning stimulus could, therefore, represent a future therapeutic perspective for 

post-traumatic stress disorder and phobic disorders.436 

The effects of VNS on plasticity would be particularly pronounced after injury437 or in 

pathological situations in which there is an alteration of normal brain balance, such as 

aberrant neurogenesis during epilepsy,438,439 intellectual disability,440,441 mood 

disorders,442,443 anxiety,444 and schizophrenia.445,446 For this reason, a correlation 

between antiepileptic effect and induction of neuronal plasticity has often been 

hypothesized as a possible mechanism of action of VNS in the treatment of DRE but still 

has not been fully demonstrated in humans.434 
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1.3. Brain Network 

The human brain is the most complex network known to humans: it consists of about 

100 billion (1011) neurons connected by about 100 trillion (1014) synapses, which are 

organically organized on multiple scales of space and functionally interactive on multiple 

scales of time. This broad system is "the biological hardware from which all our thoughts, 

feelings, and behaviors emerge”.447 

Characterizing the human brain from a network perspective provides a possible key 

to understanding its structural and functional architectures.448 

Network neuroscience is based on the application of graph theory to the study of both 

structural and functional connections in biological networks.449 Graph theory is the 

branch of mathematics that studies the connections between objects, whose authorship 

can be attributed to Euler and his resolution of the Kӧnigsberg bridge problem, published 

in 1741.450 Since then, graph theory has been used to quantify complex relationships in a 

variety of fields, from genetic and neuronal networks in neuroscience, through chemical 

isomers, electrical and computer circuits, up to the study of communication and the World 

Wide Web.451 

According to this theory, a graph is formally defined as a set of vertices (called nodes) 

and edges, with the constraint that each edge connects two vertices but there can also 

exist isolated vertices, not connected by edges. The graph is, therefore, a way to represent 

a network, that is the set of nodes connected by edges. The path is defined as a continuous 

sequence of edges of a graph; the distance between two nodes is the shortest path that 

connects them. Each edge connects two nodes but a node can be connected by several 

edges: the degree of the node indicates the number of edges that affect the vertex. A graph 
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is said to be connected if there is always a path between any pair of vertices; if between 

any two vertices there is only one path that connects them the graph is called a tree; it is 

defined as oriented if it has a direction, not oriented if the path can be traveled in any 

direction.452 

In addition to the study of the entire graph, in more complex graphs, it is possible to 

study subgraphs, that is, only part of the nodes and edges of the complete graph and their 

organization both intrinsic and between different subgraphs. The clustering coefficient 

(or transitivity) is the measure of the degree to which the nodes of a graph tend to be 

connected to each other and can be measured globally and locally; the characteristic path 

length is the average of the minimum number of nodes to cross to connect two nodes. 452 

Based on these two characteristics, a network can be defined as normal (high local 

clustering and high path length), random (low clustering and short paths), or small-world 

type (high clustering coefficient and low characteristic path length).453 The efficiency is 

the inverse of the characteristic path length. Small world networks possess high local 

efficiency due to high clustering and economic organization due to short path lengths; the 

tendency for this organization is defined by a small-worldness index.454 Large networks 

can maintain the cost-effectiveness of "small-world" type networks thanks to a modular 

organization: modules or communities are groups of nodes with high internal 

connectivity, connected to other modules by nodes called hubs. The modular organization 

of the network can be calculated through a modularity index.455 From the graphical 

representation of the graph, it is possible to create an adjacency matrix that represents 

the connections between nodes in a binary system (0 if there is no connection, 1 if there 

is a connection) or a weighted system (expressing the strength of the connection between 

nodes).448 
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Therefore, according to graph theory, the brain is characterized as a set of nodes 

(representing distinct anatomical regions) connected by edges and by the power of these 

connections.447 It has been shown that the so-called human connectome represents the 

optimal balance between segregation and integration that allows individual brain areas 

at the same time to perform specific tasks and integrate with each other to perform more 

complex tasks.456 

The "brain network" can be constructed based on anatomical or neurophysiological 

observations, so it may describe different types of connections:457,458 

- Structural connectivity: describes the anatomical connections between neurons, for 

example, the connections between the cortex and the subcortical white matter: these 

connections are stable in the short term but can be modified by phenomena of neuronal 

plasticity. This type of connectivity can be derived indirectly from structural imaging 

studies.457 

- Functional connectivity (Fc): is obtained from observation of time series and 

describes patterns of statistical dependence of different neural groups. Data can be 

derived from functional imaging (fMRI) or neurophysiological (EEG or 

magnetoencephalography - MEG) studies and processed with several systems including 

cross-correlation and spectral coherence. Fc varies much more quickly over time than 

structural connectivity and is not always superimposable to it or actual anatomical 

distances.457 

- Effective connectivity: describes the effect exerted by one brain region on another in 

response to a stimulus and is therefore still currently difficult to describe.459 



47 

Structural connectivity is the main determinant of functional connectivity which in 

turn influences effective connectivity; through mechanisms of neuronal plasticity, it is 

likely that in turn functional and effective connectivity influence the development of 

structural connections.460,461 

From imaging or neurophysiological data, a brain network can be built via four steps 

(Figure 14):462,463 

1. Defining the nodes of the network: anatomical sites in imaging studies or usually 

the electrodes or sensors in EEG and MEG studies; 

Figure 14: Creation of brain network according to graph theory. (Sporns, Ann. N.Y. Acad. Sci. 2011) 
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2. Defining structural or functional connectivity through spectral coherence, 

causality, or probabilistic measures; 

3. Creation of the association matrix by entering the structural or functional 

connections and applying a threshold to each element of the matrix to produce a binary 

adjacency matrix or an undirected graph: this step is crucial since different thresholds will 

produce graphs with different properties; 

4. Network analysis: it is possible to obtain several network parameters (e.g., 

efficiency, clustering coefficient, modularity, small-wordlness, robustness) but it has not 

yet been established which are the most appropriate measures for studying brain 

networks.463 

The "small world" type structure is associated in the human brain with a modular 

organization and the presence of hubs:464 this allows for specialization of brain regions 

with high local clustering and at the same time the integration through hubs of different 

brain regions in an efficient manner. This organization would be in agreement with some 

psychological theories according to which at rest individual brain functions remain 

autonomous, while during different skills multiple modules are involved.465 Moreover, the 

modular brain organization presents a hierarchical type of organization that allows an 

activity not only economical and efficient but also more easily adaptable and flexible.466,467 

In the human brain, some highly connected hubs have been highlighted in several 

studies at associative areas: specifically, posterior cingulate cortex, precuneus, and medial 

prefrontal cortex.468,469 
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1.3.A. Functional Connectivity (Fc) study on EEG 

The Fc can be defined as the inter-regional statistical coherence (calculated through 

indices of synchronization or with Pearson's correlation) between time series obtained 

by EEG, MEG, or fMRI. However, the use of the different methods is not overlapping: in 

fact, fMRI has a good spatial resolution (millimeters) but a poor temporal resolution 

(seconds), while EEG and MEG have a higher temporal resolution (i.e., sampling rate) at 

the cost of a reduced spatial resolution, therefore, the results obtained with these different 

methods are different in many respects.448,463 

In neuronal Fc studies performed on EEG data, the nodes are usually represented by 

the surface electrodes placed on the scalp representing the underlying neuronal 

populations and the Fc describes the statistical dependence of the different electrodes in 

selected time series.458 The length of the time series to be analyzed must be carefully 

selected as it can affect the results obtained and the minimum length required is variable 

depending on the analysis method used and the metrics analyzed.470 

Fc between pairs of electrodes can be estimated by linear or nonlinear correlation 

measures: linear measures have been widely used in Fc analysis but have several 

limitations that have required a switch to new study methods.471 The most 

straightforward analysis of two time series is coherency, a quantitative measure of linear 

correlation normalized as a function of frequency. Coherency calculates the phase 

difference for each frequency band of the signal, thus returning a value between 0 and 

1.472 Methods such as coherency only analyze linear relationships between time series 

and may fail to detect non-linear interdependencies between underlying dynamical 

systems.471 
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The demonstration that chaotic interacting systems can exhibit synchronization 

phenomena has given rise to the analysis of new non-linear measures for EEG tracks.473 A 

system is defined as "chaotic" when its evolution depends significantly on initial 

conditions, so two systems that start from different initial conditions, although identical 

at the beginning, will diverge exponentially over time.474 The concept of 

"synchronization" does not have a univocal definition: it can be defined as the complete 

coincidence of the states of two systems or subsystems or as the presence of any 

functional correlation between two processes.475 According to the concept introduced by 

Rulkow et al, generalized synchronization exists when the state of one system is a function 

of the other.476 Several parameters have been proposed to evaluate generalized 

synchronization including the Mutual False Nearest Neighbors (MFNNs) and later it was 

applied to the study on EEG477 with a measure of non-linear interdependencies, which is 

based on a ratio of mean distances between index points. However, these measures are 

influenced by the properties of individual dynamical systems.471 

The possibility of phase synchronization for chaotic and irregular oscillators in which 

amplitudes vary but phases remain synchronized has also been described.475 Phase 

synchrony analysis has been widely applied to neurophysiological data and is believed to 

be a marker of functional connection between distant sites in the brain, especially during 

cognitive tasks; nevertheless, the use of an active reference in electroencephalographic 

recordings causes a distortion of the observed synchrony values as signal amplitudes 

affect the measured synchrony thus generating false correlations between signals.478 

Fc studies initially focused on the study of changes in brain activity in response to 

particular cognitive or motor tasks; only afterward the "baseline" brain activity was 

studied with particular attention to some brain areas that are more active during the so-
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called "resting state" and less active during the performance of specific tasks (which is 

called deactivation). This particular phenomenon was already hypothesized on EEG data 

in 1929,479 and was confirmed in 2001 through PET studies. Specifically, it has been 

demonstrated at the level of the posterior cingulate cortex and ventral anterior: these 

areas are defined as Default Mode Network (DMN).480 Other active areas have been 

identified in some studies at the level of the medial temporal lobe.481 

Once it has been demonstrated that there is no moment of true brain inactivity, several 

studies have investigated which actions, carried out by the human brain during the resting 

state, underlay such neuronal activation: DMN activity likely correlates with self-

referential thoughts, i.e. remembering one's past, planning the future and forming beliefs, 

which are not induced by external stimuli.481,482 The DMN is modified during 

growth483and is altered in psychiatric disorders: in fact, hyperexcitability and 

hyperconnection have been demonstrated in the case of depression and schizophrenia.484 

The DMN has been examined from the point of view of both structural and functional 

neuronal connectivity during the resting state (Resting-State Functional Connectivity):485 

studies on fMRI demonstrated the existence of functional connections different from the 

anatomical ones.486 EEG studies proved to be not only effective but also more suitable to 

study Fc both during the resting state and specific tasks.487 

Study of Fc during resting state seems to be able to reveal the fundamental 

organization of the large-scale architecture of the brain, so it could be useful in the 

analysis of reorganization during both psychiatric and neurodegenerative disorders (e.g., 

Alzheimer-type dementia).488,489 
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1.3.B. Phase Lag Index (PLI) 

The Phase Lag Index (PLI) is an alternative measure of statistical interdependence 

between time series that reflects the strength of the connection but is less sensitive to the 

influence of common sources and amplitude effects that invalidate the use of other 

methods in the study of EEG signals. The use of this index is based on the idea that the 

existence of a consistent, non-zero phase delay between two time-series cannot be 

explained by conduction from a single source, so the interactions recorded between 

systems with this method would be real. A signal from a common source would, in fact, 

give rise to an oscillation with identical phase in all electrodes, so by excluding symmetric 

oscillations with phase delays around 0, signals from common sources are excluded. 

Phase delays are determined by the skewness of the distribution of instantaneous phase 

differences between two signals. To eliminate differences equal to 0, an index of the 

asymmetry of the distribution of phase differences can be defined: if no phase coupling 

exists between two time-series, then this distribution should be flat; any deviation from 

this flat distribution indicates phase synchronization. If there is true coupling between 

two systems, the phase difference will be constant and have a value between 0 and ± π. 

The PLI is an index of the asymmetry of the phase difference distribution obtained from a 

phase difference time series and has a value between 0 and 1, where 0 indicates either no 

coupling or a phase difference equal to 0, and 1 indicates perfect phase locking.490 

The limit of PLI is to discard real functional connections with phase delay around 0 

such as theta synchronization between the amygdala and hippocampus.491 

The PLI has demonstrated excellent repeatability and is therefore considered a 

reliable biomarker for studying neuronal Fc.492 
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Even though ideally, the results derived from different types of analysis should be 

superimposable and scalp studies are commonly used in the literature, Fc analyses 

conducted by signal analysis from the scalp are, however, sensitive to several problems 

that do not make them superimposable compared to source studies.493 Namely, Fc 

estimation from the scalp can lead to spurious results due to volume conduction,494 field 

spread,495 and signal leakage496 effects, and due to the different position of the electrodes 

compared to the underlying sources.497 However, the use of metrics that limit spurious 

connectivity, such as PLI, has been shown to have higher adherence to source studies than 

other types of scalp analysis.493 

By using more electrodes than standard EEG (e.g., 64-channel EEG), the spatial 

resolution of Fc analysis can be increased, the use of PLI can be made more repeatable 

and reliable,492 and the difference between analysis conducted on the scalp versus source 

reconstruction can be reduced.498,499 

 

1.3.C. Aperiodic EEG components 

The techniques of Fc study on EEG described so far are based on the arbitrary 

subdivision of the signal by bandpass filters in the classic frequency bands, used for over 

a century, namely delta (1–3 Hz), theta (4–8 Hz), alpha (9–12 Hz), beta (12–30 Hz), and 

gamma (>30 Hz). However, in addition to periodic activity, there is abundant arrhythmic, 

so-called aperiodic, brain activity, which may indeed account for the majority of electrical 

activity.500,501 This activity is often misrecognized because it is cut off by the standard 

filters used in EEG visualization that emphasize peaks in periodic activity.502,503 
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The aperiodic activity could also affect and alter signal analyses over narrow bands, so 

it should always be considered and parameterized during Fc or power spectrum 

analysis.504 

The aperiodic component can be defined as a 1/fχ function, where the χ parameter is 

the Exponent parameter, reflecting the exponentially decreasing pattern of aperiodic 

power across frequencies, while the Offset parameter reflects the uniform shift of power 

across frequencies, hence representing the offset of the broadband of the power of the 

signal.504 (Figure 15) 

 

 

 

 

 

 

 

Offset has been correlated with neuronal population spiking,505 also evident in 

fMRI;506 in contrast, the exponent has been correlated with the integration of synaptic 

currents.507 These have a stereotyped shape that gives rise to the 1/f-like power spectral 

density (PSD).508 

The aperiodic activity would thus play an important physiological role and would be 

related to biological function such as aging509 and cognitive fluctuations510 and could be a 

Figure 15:Representation of the aperiodic spectrum. (Courtesy of Dr. S.M. La Cava) 
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reliable biomarker of neuropsychiatric diseases, such as ADHD,511 schizophrenia,512 and 

sleep epilepsy.513 

Moreover, aperiodic parameters are highly conserved in the individual, so much so 

that a person can be identified by offset and exponent analysis alone.514 
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2. Rationale of the study and Results 

The common thread of this study is the analysis of the effects of VNS on brain plasticity. 

Despite years of experience and the large number of subjects treated,515 the exact 

mechanism of action of VNS remains unknown. Several studies have previously analyzed 

the action of VNS on brain circuits,351,368 blood flow,376 and, in more recent times, 

inflammation.397 

Recent studies have shown that brain network modifications represent the 

neurophysiological changes induced by long-term plasticity (i.e., LTP, LTD, homeostatic 

plasticity, and metaplasticity).516 Therefore, we analyzed functional connectivity changes 

in VNS-treated subjects, with the intent to understand the mechanisms of action of VNS. 

The aperiodic components of the EEG, which are highly conserved in the individual,504,517 

provided us a new opportunity to analyze the Fc changes of VNS subjects. By analyzing 

responders and non-responders separately, we aim to identify the mechanism by which 

VNS leads to seizure reduction.  

On the other side, studies conducted also by our group have demonstrated, in rats, the 

action of VNS on NTs and synaptic plasticity,421,434 thus assuming that the 

neuromodulation acts by inducing changes in brain connections such as to reduce the 

possibility of triggering a seizure and improving the brain function during resting state. 

Among NTs, BDNF plays a central role in several plasticity pathways224 and its functions 

are highly influenced by the presence of an SNP (Val66Met polymorphism).234,255 
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Moreover, currently, there are no biomarkers able to predict the clinical response to 

VNS (which is effective in about 50% of subjects):324,518 we hypothesized that Val66Met 

polymorphism, by influencing the action of VNS on plasticity, could allow identifying a 

priori who to start neuromodulation. 

Finally, BDNF serum values have been shown to correlate with the presence of 

symptoms in several neuropsychiatric disorders, so we aim to assess if their changes after 

neuromodulation with VNS could represent a marker of induction of plasticity.410–412,426,519 

Therefore, the aim of this study is ultimately to understand the mechanisms of action 

of VNS through the analysis of Fc and serum BDNF expression and to infer how the efficacy 

of VNS is affected by the Val66Met polymorphism. 

  



58 

2.1. Changes on estimated EEG functional connectivity and 

aperiodic components induced by Vagal Nerve Stimulation in subjects 

with drug-resistant epilepsy. 

Preliminary data from this research were presented at the 2021 American Epilepsy Society 
Congress, as a poster: "Vagal nerve stimulation in patients with drug-resistant epilepsy 
acts differently on the electroencephalographic aperiodic components of responder 
patients compared with non-responders", R. Coa, S. M. La Cava, G. Baldazzi, A. Ledda, L. 
Polizzi, G. Pinna, C. Conti, D. Pani, M. Fraschini, M. Puligheddu  
The whole study is being submitted to a peer-reviewed journal. 

2.1.A. Introduction 

Vagal Nerve Stimulation (VNS) is a non-medical treatment indicated in subjects with 

drug-resistant epilepsy (DRE) in whom surgical treatment is not feasible because of the 

multifocal, bilateral or generalized origin of epilepsy or because of subject refusal or when 

surgery has had no curative effect with recurrence of seizures after surgery.296,520 

Although its safeness283 and clinical efficacy on seizure frequency330 and quality of 

life343 in drug-resistant subjects have been demonstrated, the exact mechanism of action 

of VNS is far from being clarified and under constant exploration. An association between 

the induction of neuronal plasticity and the antiepileptic effect has been hypothesized but 

has not yet been fully demonstrated in humans.422,433–435 

The characterization of the human brain as a network has allowed its analysis through 

the application of graph theory typical of network science463 and has led to suppose the 

existence of an intrinsic organization aimed at ensuring its efficiency.448,521 Although with 

the limitations represented by volume conduction and the effects of field diffusion 

compared to source studies,495,497 the use of surface neurophysiological techniques 

supports the study of functional connectivity (Fc) between different neuronal groups 
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underlying the EEG electrodes placed on the scalp. Fc describes statistical dependency 

patterns of different electrodes in selected time series458and are highly time-dependent, 

as they are modulated by external stimuli.457 

Analysis of Fc can be performed on imaging exams (i.e., functional MRI) or 

neurophysiological studies (i.e., EEG and MEG).448,463 The results obtained with these 

methods are different in many aspects and are not comparable, also because the fMRI has 

a good spatial resolution (millimeters) but a poor temporal resolution (seconds), while 

EEG and MEG have a greater temporal resolution at the cost of a limited spatial 

resolution.448,463 The use of a larger number of electrodes, such as in 64-channel EEG 

systems, allows increasing the EEG spatial resolution while maintaining an excellent 

temporal resolution. 

Several metrics have been proposed for Fc analysis: among them, the Phase Lag Index 

(PLI) quantifies the asymmetry of the distribution of phase differences between two 

signals of specific time-series and represents the synchronization levels of the EEG 

signal.490 Moreover, PLI has been shown to be affected by possible interferences on the 

scalp-derived signal to a limited extent.493 Previous studies by our group have shown 

action of VNS on functional connectivity, studied on 21-channel EEG, and particularly on 

PLI387–389  

However, the analysis of EEG according to classic frequency bands (i.e., alpha, beta, 

gamma, delta, and theta) does not represent the entire electrical activity of the brain:500 

in fact, recent studies have shown the existence of an underlying aperiodic component of 

the EEG signal, related to biological function such as aging,509 cognitive fluctuations510 and 

processes of neuronal excitation and inhibition505 as well as disease, e.g., ADHD,511 

schizophrenia512 and sleep epilepsy.513 The aperiodic component, characterized by a 1/f-
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like power spectrum, can be characterized by the parameters Exponent (representing the 

slope of the exponential reduction in power across frequencies) and Offset (representing 

the shift in power across frequencies).504 These parameters have been proven to be highly 

conserved in the individual under different experimental conditions.514 

Despite some studies have observed the action of VNS on Fc parameters,387–391,522,523 

at present there are no studies about the action of VNS on aperiodic components of the 

EEG. 

Considering the previous studies on PLI,387–389 in this study we aimed to evaluate the 

impact of chronic VNS on functional connectivity estimated from scalp-recorded 64-ch 

EEG signals and its effect on aperiodic parameters in order to acknowledge if these 

changes are related to the clinical outcome of subjects with DRE. 

 

2.1.B. Methods 

The study was approved by the Ethics Committee of the AOU Cagliari (PROT. 

PG/2019/6256). 

Patients Selection 

Candidates for VNS treatment due to DRE have been selected from the Regional Centre 

for the Diagnosis and Treatment of Epilepsy at the University Hospital Duilio Casula of 

Monserrato (Italy). 

Inclusion criteria were: diagnosis of drug-resistant epilepsy (according to ILAE 

definition281) and non-feasibility of surgical treatment. Exclusion criteria were: 

psychiatric comorbidity and reduced compliance with 64-channels EEG recording. 
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Clinical response to VNS was computed with Labar's index524 and McHugh's 

Classification.525  

EEG recording, epoch extraction, and processing 

Each subject underwent a 40-minute EEG recording in the morning, while seated, in 

awakening and resting state, during a seizure-free period, both clinical and electrical. The 

whole exam took about 90 minutes, including montage. During the recording, the 

operator constantly checked the subject's vigilance status. Recordings were performed 

before VNS implantation and one year after; no changes in antiepileptic drug therapy 

were made during this period. 

EEG signals were acquired by using a 64-channel EEG system (Micromed, Italy), with 

61 channels placed on the scalp according to the International 10-10 system for EEG 

signal, one channel for ECG (lead I), and two channels for EMG polygraphy (belly-tendon 

montage on chin and neck muscles). EEG datasets were sampled at 1024 Hz and band pass 

filtered between 0.5 and 70 Hz. 

EEG signals were saved in European Data Format (EDF) files, to ensure a flexible and 

widely available format, and then visually analyzed by using an ad-hoc graphical interface 

developed in MATLAB (The Mathworks, MA, USA) that allowed data import, epoch 

selection, and signal processing. 

In consideration of the functional connectivity measure used,470 8-second epochs 

(8192 samples) were selected. Specifically, on each trace, 20 epochs free of artifacts and 

interictal abnormalities were selected by a neurologist experienced in clinical 

electroencephalography by visual inspection (R.C., M.P.). To avoid possible interference 
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of EMG activity on high EEG frequencies,526 special care was taken in selecting epochs free 

of muscle artifacts. 

The EEG signal was first re-referenced to the common average, including all 61 EEG 

channels. Then, in order to extract the five standard frequency bands (i.e., delta, theta, 

alpha, beta, and gamma), bandpass filters were included. The digital implementation of 

the bandpass filters used in this study is detailed hereafter. All filters were implemented 

in the frequency domain. Specifically, for the delta, theta, alpha, beta, and gamma rhythms 

we considered the following bands, respectively: 0.5-3 Hz, 3-8 Hz, 8-12 Hz, 12-30 Hz, and 

30-50 Hz. Transition bands around the low and high cut-off frequencies of each bandpass 

filter were chosen respectively equal to 1 Hz and 2 Hz for the delta rhythm, 2 Hz and 3 Hz 

for the theta rhythm, 3 Hz and 4 Hz for the alpha rhythm, 4 Hz and 5 Hz for the beta rhythm 

and 3 Hz for both sides in the case of the gamma rhythm. After FFT filtering was 

performed, the selected epochs were exported and saved for further analysis. 

Functional connectivity 

PLI is an Fc measure of the asymmetry related to the distributions of the phase 

differences between two signals, and it reflects the coupling between these time series, 

searching for a constant phase delay in the asymmetry of the instantaneous phase 

differences.490 

For each subject, frequency band, and epoch, PLI was extracted from the EEG time 

series. These features were computed through Athena, a publicly available toolbox 

developed in MATLAB which allows extracting and analyzing measures commonly  

used for studying neural time series, such as EEG and MEG 



63 

(https://github.com/smlacava/Athena). The following analysis has been performed 

through this toolbox as well. 

From the obtained features, we computed the global values by averaging those related 

to the single pairs of channels in the PLI case, within the single epochs, for each subject 

and each frequency band. The same procedure was repeated to obtain the values 

representative of the single scalp regions (frontal, temporal, central, parietal, and 

occipital), averaging the values related only to the pairs of channels within each region. 

Finally, in the PLI case, the value corresponding to each channel was computed as the 

average of all the connectivity values related to the pairs of channels including the 

interested one. 

Aperiodic parameters 

The aperiodic parameters characterize the aperiodic activity as a 1/fχ function, where 

the χ parameter is the Exponent parameter, reflecting the exponentially decreasing 

pattern of aperiodic power across frequencies, while the Offset parameter reflects the 

uniform shift of power across frequencies, hence representing the offset of the broadband 

of the power of the signal.504 

For each subject and epoch, the aperiodic parameters (offset and exponent) were 

extracted from the EEG time series. 

For both the Exponent and the Offset parameters, we computed the global values by 

averaging those related to the single channels, within the single epochs, for each subject. 

The same procedure was repeated to obtain the values representative of the single scalp 

regions (frontal, temporal, central, parietal, and occipital), averaging the values related 

only to the channels within the given region. 

https://github.com/smlacava/Athena
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Statistical analysis 

In order to investigate the effects of the VNS on responders and non-responders, we 

performed a statistical analysis on the single features, either functional connectivity or 

aperiodic parameters, through Mann-Whitney U-test. We applied the false-discovery rate 

(FDR) correction527 on the results, such that each of the corrected p-values was 

considered to be related to a significant test if it was lower than an α-value, equal to 0.05. 

Hence, we analyzed separately the PLI and the aperiodic parameters, evaluating for 

each of them the impact of the VNS in the single groups of subjects (i.e. responders and 

non-responders) by comparing values of these measures after the VNS with the ones 

before it. 

Finally, we analyzed the Spearman correlation between the Labar’s index related to 

each subject (which is the opposite of the percentage variation in seizure frequency) and 

the variation of the parameter used (corrected through FDR) of the same subject, to 

investigate the possible relationship between clinical response and the variation of the 

characteristics after VNS. Specifically, each variation was calculated, for each subject, as 

the difference between the median of the values relative to the EEG recording after and 

those before VNS, then divided by the latter in order to obtain values representing the 

relative variation. 

The following paragraphs describe the analysis performed on the functional 

connectivity and aperiodic parameters.  

- Functional connectivity. For both the responders and the non-responders, we compared 

the values of the PLI related to the period before the VNS with the ones in the period after 

it in all the spatial subdivisions, through the FDR-corrected Mann-Whitney U-test. Hence, 
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we analyzed the global values, representing the average values related to all the pairs of 

channels, the values in the regions, in terms of average values related to all the pairs of 

channels within the single regions of the scalp, and the values in the single channels, 

representing the average values related to all the pairs of channels including the 

considered channel.  

Then, we calculated the Spearman correlation between the Labar index related to each 

subject and the variation of the PLI (corrected by FDR) of the same subject.  

The FDR correction was applied by considering all the frequency bands, within the single 

spatial subdivision, in each statistical analysis on the functional connectivity.  

- Aperiodic parameters. We analyzed both the exponent and the offset by comparing the 

values of these aperiodic parameters after the VNS with the values before it, through the 

FDR-corrected Mann-Whitney U-test. This analysis, which was repeated for both 

responders and non-responders separately, was performed on the global values, 

representing the average of the values in the whole scalp, on the averaged values in the 

single regions, and in the values of the single channels as well.  

Then, we calculated the Spearman correlation between the Labar’s Index of each subject 

and the variation of aperiodic parameters, on a global scale.  

In all the statistical analyses on the aperiodic parameters, the FDR correction was applied 

within the single spatial subdivision. 

 

2.1.C. Results 

Selected patients. 

Among the 18 selected subjects with DRE, 13 fit the inclusion and exclusion criteria 

and performed EEG recording before implantation; three patients could not perform EEG 
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recording after one year, due to the Covid pandemic. The ten subjects studied were 6 

males and 4 females, aged between 27 and 61 (average age 41.9 years), seven with focal 

epilepsy, and three with Lennox-Gastaut syndrome (LGS). (see Table 1) 

The ten subjects considered in our analysis were divided into responders (reduction 

of at least 50% of seizures after VNS, McHugh Classes I and II, n = 5) and non-responders 

(reduction of less than 50% of seizures, McHugh Classes III-V, n = 5). (see  

Table 1) 

 

 Anagraphics Clinical information Seizures/month Outcome 

#° Sex Age Diagnosis Pre-imp Post-imp Labar Mc Hugh Class 

1 M 45 Focal epilepsy 11.80 11.25 4.66 Class III A 

2 F 31 S. Lennox-Gastaut 43.70 47.40 -8.47 Class III B 

3 M 48 Focal epilepsy 3.00 0,43 85.67 Class I B 

4 F 61 Focal epilepsy 20.00 0.10 99.50 Class I A 

5 M 42 S. Lennox-Gastaut 4.00 0.67 83.25 Class I B 

6 M 46 Focal epilepsy 0.13 0.00 100.00 Class I A 

7 F 35 Focal epilepsy 0.33 0.33 0.00 Class III B 

8 F 34 Focal epilepsy 10.00 10.00 0.00 Class V 

9 M 50 S. Lennox-Gastaut 2.00 2.00 0.00 Class III A 

10 M 27 Focal epilepsy * 33.00 8.40 72.00 Class II A 

 
Table 1: clinical and registry characteristics and clinical outcome of enrolled subjects.  
Labar’s Index is the opposite per percentage reduction in seizure frequency.  
Mc Hugh Classification identifies 5 classes of clinical response to VNS therapy, depending on seizure reduction, 
improvement in seizure severity and postictal state, and response to the use of magnet:  
- Class I: 80-100% reduction in seizure frequency: Class I A: improved ictal or postictal severity; Class I B: no improvement 
in  ictal or postictal severity  
- Class II: 50-79% reduction in seizure frequency: Class II A: improved ictal or postictal severity; Class II B: no improvement 
in  ictal or postictal severity  
- Class III: < 50% reduction in seizure frequency: Class III A: improved ictal or postictal severity; Class III B: no improvement 
in  ictal or postictal severity  
- Class IV: magnet benefit only  
- Class V: no improvement  
*: Tuberous Sclerosis 
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PLI was calculated for each subject and each frequency band on a global basis, on the 

individual scalp regions and individual channels; the change in each data item after VNS, 

in responders and nonresponders separately, was analyzed and the correlation between 

the change and clinical response for each subject was calculated. 

Offset and Exponent were calculated for each subject on a global basis, on individual 

scalp regions and individual channels; the change after VNS, in responders and 

nonresponders separately, was analyzed and the correlation with clinical response 

calculated. 

Phase Lag Index. 

On global analysis, in responder subjects, the PLI was statistically reduced after VNS 

in the delta (p 0.04) and gamma (p < 0.001) bands, while it increased after VNS in the 

alpha band (p 0.005). No statistically significant differences were observed in the other 

bands and non-responder subjects. 

Statistically significant results are shown in Table 2. 

In detail, the analysis of channels grouped by scalp region in the responders showed a 

decrease for delta band in the frontal region (p 0.04) and gamma-band in the central (p 

0.02) region; on the opposite, the alpha band showed an increase after VNS in the occipital 

(p < 0.001) and parietal (p 0.02) regions. No statistically significant difference was 

observed in non-responders. 

Statistically significant results of the analysis of single scalp regions are shown in Table 

2. The analysis of individual channels is shown in Figure 16. 
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PLI 

Global - Responders 

 Delta Alpha Gamma 

p-value 0.04 0.005 < 0.001 

μpre ± σpre 0.184 ± 0.044 0.148 ± 0.040 0.076 ± 0.015 

μpost ± σpost 0.171 ± 0.033 0.178 ± 0.067 0.068 ± 0.011 

Cohen’s d 0.332 0.553 0.611 

Regions - Responders 

Delta Frontal 

p-value 0.04 

μpre ± σpre 0.188 ± 0.052 

μpost ± σpost 0.171 ± 0.043 

Cohen’s d 0.346 

Alpha Occipital 

p-value < 0.001 

μpre ± σpre 0.161 ± 0.077 

μpost ± σpost 0.214±0.105 

Cohen’s d 0.572 

Alpha Parietal 

p-value 0.02 

μpre ± σpre 0.159 ± 0.054 

μpost ± σpost 0.195 ± 0.085 

Cohen’s d 0.510 

Gamma Central 

p-value 0.02 

μpre ± σpre 0.08 ± 0.025 

μpost ± σpost 0.070 ± 0.017 

Cohen’s d 0.468 

Table 2: Significant results of u test of PLI on a global scale and single scalp regions (p-value, μpre ± σpre = mean ± 
standard deviation before VNS, μpost ± σpost = mean ± standard deviation after VNS, Cohens'd = effect size). 

Colors represent the trend of change: blue is a reduction and red is an increase 
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Figure 16: Representation of the most relevant post vs pre-VNS PLI changes in absolute terms (cut-off 10%) in responder 
and non-responder patients. Red is increase after VNS, blue id decrease after VNS. 
Statistically significant channels are colored inside in red or light blue depending on whether this trend is increasing or 
decreasing 
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Aperiodic parameters. 

The analysis of aperiodic parameters on a global basis showed an opposite behavior 

in the group of responders and non-responders both for the parameter offset and 

exponent: in fact, in responders, there was a statistically significant reduction in offset (p 

0.02) and exponent (p 0.02) after VNS, while in non-responders there was an increase in 

offset (p < 0.001) and exponent (p 0.003) after VNS. 

The full results are shown in Table 3. 

Analyzing the single regions of the scalp after VNS, responders showed a reduction of 

the offset in frontal (p 0.04), temporal (p 0.005), and occipital (p 0.04) regions and a 

statistically significant reduction of the exponent in the temporal region (p < 0.001). 

On the contrary, in non-responders there is a statistically significant increase after VNS 

of the offset in all regions of the scalp (frontal p 0.002, temporal p < 0.001, occipital p 

0.007, parietal p < 0.001 and central p 0.005) and of the exponent in the frontal (p 0.003), 

temporal (p 0.003), parietal (p 0.007) and occipital (p 0.007) regions. 

The full results are shown in Table 3. 

The analysis of individual channels is shown in Figure 17. 
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Aperiodic Parameters 

Global 

 Responders Non-responders 

 Offset Exponent Offset Exponent 

p-value 0.02 0.02 < 0.001 0.003 

μpre ± σpre 1.413±0.407 2.020±0.232 1.650±0.342 2.198±0.424 

μpost ± σpost 1.274±0.405 1.964±0.265 1.885±0.477 2.402±0.441 

d 0.343 0.225 0.567 0.472 

Regions 

 Responders Non-responders 

Frontal Offset Exponent Offset Exponent 

p-value 0.04 0.07 0.002 0.003 

μpre ± σpre 1.725±0.449 2.036±0.285 1.986±0.399 2.250±0.437 

μpost ± σpost 1.574±0.388 1.963±0.276 2.209±0.546 2.469±0.442 

d 0.359 0.260 0.466 0.497 

Temporal Offset Exponent Offset Exponent 

p-value 0.005 < 0.001 < 0.001 0.003 

μpre ± σpre 1.698±0.357 1.909±0.233 1.758±0.450 2.103±0.467 

μpost ± σpost 1.510±0.410 1.711±0.318 2.110±0.496 2.346±0.501 

d 0.489 0.710 0.743 0.503 

Occipital Offset Exponent Offset Exponent 

p-value 0.04 0.19 0.007 0.27 

μpre ± σpre 1.347±0.432 2.108±0.219 1.556±0.309 2.206±0.406 

μpost ± σpost 1.207±0.439 2.080±0.330 1.734±0.444 2.294±0.514 

d 0.323 0.099 0.467 0.192 

Parietal Offset Exponent Offset Exponent 

p-value 0.07 0.19 < 0.001 0.007 

μpre ± σpre 1.041±0.386 2.018±0.204 1.225±0.309 2.135±0.430 

μpost ± σpost 0.913±0.452 2.001±0.271 1.515±0.440 2.349±0.433 

d 0.303 0.070 0.762 0.496 

Central Offset Exponent Offset Exponent 

p-value 0.06 0.19 0.005 0.007 

μpre ± σpre 1.199±0.418 1.992±0.268 1.477±0.374 2.183±0.464 

μpost ± σpost 1.078±0.418 1.955±0.270 1.684±0.488 2.401±0.433 

d 0.289  0.475 0.485 

Table 3: Results of u test of Aperiodic Parameters on a global scale and single scalp regions (p-value, μpre ± σpre = mean ± 
standard deviation before VNS, μpost ± σpost = mean ± standard deviation after VNS, Cohens'd = effect size). 

Colors represent the trend of change: blue is reduction and red is increase. 
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Correlation with clinical response.  

Change in PLI on a global base did not demonstrate a significant correlation with 

clinical response. Results are shown in Table 4; Figure 18 shows scatter plots of the 

results. 

 Delta Theta Alpha Beta Gamma 

p value 0.45 0.85 0.54 0.85 0.45 

ρ -0.460 0.080 0.350 0.067 -0.472 

Table 4: Correlation between change in PLI and Labar's Index 
(p-value and ρ = Spearman's correlation coefficient). 

 

Figure 17: Change in Exponent and Offset after VNS in responders and non-responders. 
Colors represent the trend of change: blue is reduction and red is increase.  
Statistically significant channels are highlighted in red or light blue depending on whether this trend is increasing or decreasing 
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In contrast, both aperiodic parameters demonstrated a correlation between change 

after VNS and Labar's index (exponent p 0.04, offset p 0.01). Results are shown in Table 

5; Figure 19 shows scatter plots of the results. 

 

Figure 18: Correlation between change in PLI and Labar's Index. 
Red line represents the median; boxes represent standard deviation. 



74 

 Exponent Offset 

p value 0.04 0.01 

ρ -0.644 -0.755 

Table 5: Correlation between change in Aperiodic parameters and Labar's Index  
(p-value and ρ = Spearman's correlation coefficient). 

 

 

 

 

 

 

2.1.D. Discussion 

This study evaluates the effect of VNS on functional connectivity (Fc) and aperiodic 

EEG parameters of responder and non-responder DRE subjects and the correlation of 

these parameters with clinical response. 

Functional connectivity (PLI). It has been demonstrated that during and prior to 

epileptic activity a hyper synchronization occurs at the level of the brain network 

recorded by EEG that corresponds to the simultaneous firing of a neural population and 

leads chaotic and asynchronous functional connections to a synchronous action.528 

Starting from this, one hypothesis about the antiepileptic activity of VNS is that it 

implements a desynchronization of the EEG track and that this occurs differently in 

responder and non-responder subjects:392,400 in fact, over the past years, many studies 

explored the action of VNS on EEG synchronization and Fc. Previous studies by our group 

Figure 19: Correlation between change in aperiodic parameters and Labar's Index.  
Red line represents the median; boxes represent standard deviation. 
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analyzed Fc on 19-channel scalp EEG tracks and demonstrated an increase in 

synchronization and power spectrum in the gamma387,388 and theta389 band and its 

correlation with better clinical outcomes. Later on, other studies showed a correlation 

between EEG desynchronization and clinical response: Bodin et al. evaluated the impact 

of VNS on the synchronization of interictal EEG using PLI and showed that responders had 

a lower global synchronization (EEG broadband) than non-responders;390 Sangare et al. 

found out that responders had lower PLI during ON period in delta, theta and beta bands, 

while non-responder had not.391 Bartolomei et al. stated that subjects responding to VNS 

had lower synchronization during the ON period than the OFF period, calculated with 

functional connectivity parameters on intracerebral recordings (stereo-tactic EEG).522 

However, these studies show some limitations, such as the small number of enrolled 

subjects with different electroclinical manifestations, the small number of EEG electrodes, 

the presence of interictal epileptiform abnormalities in the selected epochs, and the 

absence of adequate outcome metrics to assess the improvement in quality of life in 

addition to seizure reduction.387–391,522 

The use of 19-channel EEG provides high temporal resolution but a poor spatial 

resolution for Fc analysis when compared with fMRI studies.448,463 This limitation can be 

overcome by increasing the number of EEG channels: the use of 64-channel EEG systems 

with a high sampling rate (1024 Hz) allows to improve the spatial resolution and 

reliability492 of Fc measures while maintaining an excellent temporal resolution and a 

tolerable quickness montage for subjects with severe pathologies such as Lennox-Gastaut 

Syndrome (LGS). 

The careful selection of epochs, free of muscle and environmental artifacts and 

interictal abnormalities, recorded in wakefulness and resting state, is aimed at the 
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analysis of VNS-induced changes on the EEG background, which could represent a 

mechanism of action of VNS therapy, not only on seizure reduction but also on the 

improvement of vigilance339 and quality of life.529 

In our results (summarized in Figure 16), the PLI of non-responder subjects is not 

significantly modified by VNS; on the contrary, in responders, we observe a 

desynchronization for the delta and gamma band, more evident in frontal and central 

regions respectively, and an increase in synchronization for the alpha band, more evident 

in the parieto-occipital region. 

A correlation between the presence of delta activity and seizure risk has been 

demonstrated530 and it has also been shown that delta activity recorded on the scalp 

corresponds to intracranial epileptiform activity, particularly in the frontotemporal 

region.531 Although recently questioned due to possible muscle influences,526,532 two 

reviews showed that the presence of rapid activity in the gamma band in the background 

indicates the presence of an epileptogenic condition533 and is related to 

epileptogenesis.534 Consequently, desynchronization in the delta and gamma-band could 

represent the reduction of periodic epileptiform activity, already demonstrated as a 

possible mechanism of action of VNS.340,383 

The changes recorded in the PLI of the alpha band, more evident in the parieto-

occipital area, confirm the well-known clinical data according to which an improvement 

in the frequency of seizures corresponds to increased representation and synchronization 

of the posterior dominant rhythm (PDR) which is on average less represented in subjects 

with DRE.535 This would demonstrate an action of VNS not only on a specific activity but 

also on improving the general organization of background brain activity. 
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Our previous study demonstrated a significant change in Fc in the theta band,389 which 

was not confirmed by these data. This variability may be due to the different samples 

analyzed and the different analysis techniques (e.g., use of 64-channel EEG and selection 

of epochs without distinction of ON and OFF period of VNS). 

Aperiodic parameters. Although Fc analysis gives important information on 

modifications induced by chronic VNS, the classical subdivision of the EEG signal in 

narrow frequency bands is not able to reflect the whole brain electrical activity: in fact, it 

has been shown the existence of an aperiodic 1/f-like activity that would constitute the 

major component of the EEG track500,501 and could influence the analysis of Fc with 

frequency bands.504 Moreover, the presence of different bands is rapidly variable even in 

the same individual in different environmental conditions; on the contrary, the aperiodic 

components are highly conserved in the individual so as to be used to identify a subject 

within a dataset.514 

Two parameters are used to define aperiodic components: the Offset has been 

correlated with the spiking of the neuronal population,505 while for the Exponent 

parameter a correlation with the integration of synaptic currents has been 

hypothesized.507  To the best of our knowledge, no studies on the effects of VNS on 

aperiodic EEG parameters have been published yet. 

Our results show that offset and exponent after VNS have opposite behavior in 

responder and non-responder subjects (see Figure 17): in fact, responders show a 

reduction of parameters after VNS, while they increase in non-responders. When 

examining the different scalp regions, this trend is more evident in the frontotemporal 

area in responders and it is diffused on the whole scalp in non-responders. The reduction 

of these parameters in responders after VNS could represent lower neuronal excitability, 
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which doesn’t occur in non-responder subjects and reflect VNS action in reducing the 

likelihood of presenting seizures. 

Correlation with clinical response. Analysis of the correlation between variation in the 

parameters of Fc and aperiodic components and Labar's index for each subject showed, 

in our data, significance only for aperiodic parameters. 

Since, as mentioned, Offset and Exponent are highly conserved and poorly variable in 

the individual subject,514 a variation of them could better represent a modification of brain 

connections and their better correlation with clinical response would confirm their 

central role in understanding the mechanisms underlying the efficacy of VNS. 

Conclusions. It has been demonstrated that the phenomena of long-term plasticity are 

the neurophysiological correlate of changes in the brain network,516 so changes in the 

latter would represent the action of VNS therapy on phenomena of synaptic plasticity. 

This study certainly has a few but important limitations: the major one is represented 

by the small sample size; in relation to the small population, it was not possible to further 

categorize subjects according to diagnosis (e.g., LGS and focal). However, the aim of the 

study was indeed to highlight the action of VNS therapy on the EEG background, 

regardless of the underlying diagnosis, in order to understand what are the mechanisms 

behind the action in different pathologies. Second, the observation limit of one year was 

arbitrarily imposed to assess the effects of chronic stimulation, so a longer or shorter 

observation time could influence the results. In addition, modification of seizure 

frequency is a reductive term for the analysis of response to VNS, so we emphasize the 

need to adequately parameterize clinical response to standardize studies. Finally, even 

though ideally, the results derived from different types of analysis should be 
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superimposable, it should always be taken into account the variability of the different 

connectivity methods used in different studies, which makes them difficult to be 

compared.536 

This study, although on a small sample, paves the way towards new analyses focused 

on the analysis of the effect of VNS on the aperiodic component of the EEG. These could 

lead to a better understanding of the mechanisms of action of VNS therapy on the brain 

network, in its intrinsic components such as the background and not only on specific 

frequencies, thus better understanding the action of VNS on the generalized well-being of 

the subject. The good correlation between these parameters and clinical response 

suggests that they may be the key to understanding the clinical efficacy of VNS 

neuromodulation. 
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2.2. Brain-derived neurotrophic factor in vagal nerve 

stimulation subjects affected by drug-resistant epilepsy: Val66Met 

polymorphism, serum values, and correlation with clinical response. 

Preliminary data from this research were presented at the 2021 International Epilepsy 
Congress, as a poster: "Brain-derived neurotrophic factor Val66Met polymorphism in 
vagal nerve stimulation patients affected by drug-resistant epilepsy"  
A part of the study is being submitted to a peer-reviewed journal. 
 

2.2.A. Introduction 

Vagal Nerve Stimulation (VNS) is a safe283 and effective330 treatment for drug-resistant 

Epilepsy (DRE).296 In the literature, it has been shown that approximately 50% of subjects 

respond to VNS, achieving a reduction in seizures greater than 50%.288,324 

Several studies have focused on the possibility of identifying a predictor of response 

that would allow sending earlier to VNS or other treatments better-selected subjects but 

none has reached conclusive results,518 although some differences in clinical outcomes in 

specific groups of subjects have been highlighted: in fact, younger subjects, with atonic or 

tonic seizures, with secondary epilepsies, focal or multifocal, and interictal EEG 

discharges would present a better outcome than older subjects, with idiopathic or 

generalized epilepsy.327–330 

Despite numerous devices implanted and patients treated (more than 100,000),515 

currently the exact mechanism of action of VNS is still unknown; however, VNS actions on 

several neurotransmitter pathways,351,368 cerebral blood flow,376 inflammation,397 and 

expression of synaptic plasticity mediated by neurotrophins have been highlighted.426 
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Among the neurotrophins, Brain-derived Neurotrophic Factor (BDNF) is known to 

play a central role in mechanisms of pre-102,103 and postsynaptic250,266 and short-10 and 

long-term246–249 plasticity. Its synthesis pathway is characterized by the formation of 

immature (proBDNF) and mature (mBDNF) isoforms that play an active and 

complementary role in several mechanisms of synaptic plasticity.224 

The Val66Met polymorphism is a non-conservative single nucleotide polymorphism 

(SNP) that causes the Methionine (Met)-Valine (Val) substitution at position 66 with 

resulting in misfolding of proBDNF and finally to reduced production of mBDNF. This 

brings to an imbalance of BDNF isoforms and subsequent altered hippocampal 

activity.234,247,255 

Since it is supposed that VNS explicates its antiepileptic action in part by stimulating 

synaptic plasticity422 and by stimulating the action of BDNF,426 the presence of the 

Val66Met SNP could lead to an altered action of VNS on synaptic plasticity and therefore 

a lower clinical response. 

BDNF levels are also measurable in blood and saliva412,519 and these values have been 

shown to correlate with symptoms of several neurodegenerative411 and psychiatric410 

diseases, even if they can be altered by physiological stimuli even in healthy individuals.412 

Therefore, serum BDNF values are believed to be a reliable marker of central 

neurotransmission status and synaptic plasticity.426 

The aims of this study are: 

1)  to verify whether subjects with the Val66Met polymorphism present a worse 

clinical response to VNS; 
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2) to evaluate the change in serum BDNF levels in DRE subjects undergoing VNS 

implantation after acute stimulation, while increasing output current, and after chronic 

stimulation and to assess whether these variations are influenced by the presence of the 

Val66Met polymorphism and correlate with clinical response in terms of seizure 

frequency. 

2.2.B. Methods 

The study was approved by the Ethics Committee of the AOU Cagliari (PROT. 

PG/2019/6256). 

Patients Selection 

Candidates for VNS treatment due to DRE have been selected from the Regional Centre 

for the Diagnosis and Treatment of Epilepsy at the University Hospital Duilio Casula of 

Monserrato (Italy) and from the Center for the Study and Treatment of Epilepsy at the 

IRCCS NEUROMED Pozzilli (Italy). 

Inclusion criteria were: diagnosis of drug-resistant epilepsy (according to ILAE 

definition281) and non-feasibility of surgical treatment. Exclusion criteria were: 

psychiatric comorbidity. 

BDNF analysis 

1) Val66Met Polymorphism 

Each subject had venous blood sampled in EDTA tubes that were stored at -80°C. At 

the Department of Life and Environment Sciences of the University of Cagliari, Genomic 

DNA was extracted and the DNA fragment of interest was amplified by (PCR) using 
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specific primers, (forward AAAGAAGCAAACATCCGAGGACAAG, reverse- 

ATTCCTCCAGCAGAAAGAGAAGAGG). After an initial denaturation for 5 min at 95°C, 30 

cycles of denaturation at 95°C for 30 s, annealing at 55°C for 40 s, and extension at 72°C 

for 50 s were performed, followed by a final extension at 72°C for 5 min. PCR products 

were digested with NlaIII and separated by Agarose gel electrophoresis. 

2) BDNF serum values 

Each subject underwent venous blood sampling at the following timings: before VNS 

implantation, after a single 1-mA stimulus, at each step of increasing output current, and 

1 year after VNS implantation. Sampling after the single stimulus was performed after 

implantation, 30' after single 1mA stimulus (impedance check mode); sampling at 

different output currents was performed immediately before the transition to the next 

step (i.e., after 2-3 weeks of stimulation at the output current examined). 

Blood was collected in anticoagulant-free tubes in the morning and at rest; 30 minutes 

after collection, tubes were centrifuged at 2000g for 10 minutes at room temperature, and 

serum was stored at -80°. The serum BDNF assay was performed using ELISA kits at the 

Department of Life and Environment Sciences, University of Cagliari, following 

manufacturer instructions described below. Standards and samples were pipetted into 

the wells and the target protein present in a sample was bound to the wells by the 

immobilized antibody. The wells were washed and a biotinylated detection antibody 

specific for Human BDNF protein. After washing away unbound biotinylated antibody, 

HRP-conjugated streptavidin was pipetted to the wells. The wells were again washed, a 

TMB substrate solution was added to the wells, and color developed in proportion to the 

amount of target protein bound. The Stop Solution changed the color from blue to yellow, 

and the intensity of the color was measured at 450 nm. 
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Clinical Response 

Clinical response to VNS was assessed using the McHugh Classification,525 to calculate 

which frequency of seizures before and at least 1 year after VNS implantation was 

considered. Subjects in Classes I and II (i. e., reduction of at least 50% in seizure 

frequency) were considered responders, and subjects in Classes III to V (i. e., reduction of 

less than 50% in seizure frequency) were considered non-responders. Seizure frequency 

was calculated for each serum BDNF dose point in terms of the number of seizures per 

month. 

Statistical analysis 

1) Correlation between the presence of Val66Met Polymorphism and Clinical Response 

Mann-Whitney test was used to verify the different presence of polymorphism in 

responders versus non-responders. 

2) BDNF serum values, correlation with clinical response and Val66Met Polymorphism 

The preliminary data available are insufficient to perform statistical analysis except 

for qualitative. 

2.2.C. Results 

1) Correlation between the presence of Val66Met Polymorphism and Clinical Response 

Thirty-four subjects were enrolled (19 males, 15 females), aged 15 to 77 years (mean 

43 yo), with drug-resistant epilepsy (21 with focal epilepsy, 10 with Lennox-Gastaut 

syndrome, 1 Ring 20, 1 with Rett syndrome, 1 with idiopathic generalized epilepsy). (see 

Table 6) 
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 ANAGRAPHICS CLINICAL INFORMATION DATE VNS 

# Birth Age Diagnosis Onset Implant Generator Model 

1 10/07/1975 46 Focal E. 1976 07/02/2011 01/03/2017 Demipulse 103 

2 26/11/1989 31 Lennox-Gastaut S. 1992 23/09/2004 23/03/2017 Demipulse 103 

3 02/01/1982 39 Focal E. 1993 12/06/2008 20/04/2017 Demipulse 103 

4 24/06/1975 46 Focal E. 1977 01/06/2003 off Demipulse 103 

5 20/01/1944 77 Focal E. 2007 01/01/2006 04/07/1905 Demipulse 103 

6 30/04/1979 42 Focal E. 1979 01/10/2004 11/09/2020 Demipulse 103 

7 26/10/1952 68 Focal E. 1969 01/01/2001 07/07/1905 
Demipulse Duo 

104 

8 27/10/1971 49 Lennox-Gastaut S. 1976 01/03/2001 03/07/1905 Sentiva Duo 

9 04/04/1962 59 Lennox-Gastaut S. 1965 11/07/2008 01/11/2013 Demipulse 103 

10 30/03/1974 47 Focal E. 1974 01/06/2004 21/06/2013 Demipulse 103 

11 06/11/1991 29 Ring 20 1998 01/06/2006 off Demipulse 103 

12 28/03/1966 55 Focal E. 1974 01/10/2006 17/12/2020 Demipulse 103 

13 15/05/1974 47 Focal E. 1974 21/11/2008 15/02/2018 Demipulse 103 

14 15/07/1985 36 Focal E. 1991 02/10/2008 28/06/2018 Demipulse 103 

15 16/11/1986 34 Focal E. 1995 01/06/2008 04/09/2018 Demipulse 103 

16 03/07/1970 51 Lennox-Gastaut S. 1974 01/09/2008 04/09/2018 Demipulse 103 

17 22/08/1978 43 Lennox-Gastaut S. 1982 01/01/2002 12/09/2017 Demipulse 103 

18 07/07/1972 49 Focal E. 1974 01/01/2008 24/05/2017 Demipulse 103 

20 10/05/1997 24 Rett S. 2001 01/01/2007 13/11/2019 Demipulse 103 

23 06/02/1946 75 Focal E. 1965 21/03/2009 28/06/2018 Demipulse 103 

24 23/07/1980 41 Focal E. 1992 20/06/2019 -- Sentiva 

25 17/09/1984 37 Lennox-Gastaut S. 1989 20/06/2019 -- Sentiva 

26 29/10/1981 39 Focal E. 2005 01/01/2014 -- Demipulse 103 

27 01/01/1960 61 Focal E. 1971 01/10/2006 21/07/2017 Demipulse 103 

28 17/07/2006 15 Lennox-Gastaut S. 2006 11/05/2015 -- Demipulse 103 

29 13/08/1991 30 Generalized E. 2004 27/05/2021 -- Sentiva 

30 28/10/1997 23 Lennox-Gastaut S. 1999 01/11/2013 -- Demipulse 103 

31 04/09/1980 41 Lennox-Gastaut S. 1983 27/09/2019 -- Sentiva 

32 28/06/1996 25 Lennox-Gastaut S. 2005 03/03/2020 -- Sentiva 

33 08/11/1993 27 Focal E. 1994 03/03/2020 -- Sentiva 

34 01/10/1961 60 Focal E. 1967 01/01/2001 17/12/2020 Demipulse 104 

35 03/02/1972 49 Focal E. 1984 13/08/2020 -- Sentiva 

36 22/03/1981 40 Focal E. 2007 11/09/2020 -- Sentiva 

Table 6: Registry and Clinical data of selected subjects.  
Onset: year of diagnosis of Epilepsy  
Implant: date of first VNS implantation  
Generator: date of last battery replacement 
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Subjects were divided into responders and non-responders according to McHugh's 

classification and the presence of Val66Met Polymorphism was searched in each subject. 

  Clinical response BDNF 

# Seiz./m. Pre Seiz./m. Post % seizures Δ Mc Hugh's Class Val66Met SNP 

1 11.80 11.25 -4.66% Class III A yes 

2 43.70 47.40 8.47% Class III B yes 

3 2.00 1.29 -35.50% Class III B yes 

4 3.00 0.43 -85.67% Class I A no 

5 4.00 4.00 0.00% Class III B yes 

6 10.00 10.00 0.00% Class III A no 

7 1.00 0.67 -33.00% Class III A yes 

8 20.00 10.00 -50.00% Class II B yes 

9 7.00 1.00 -85.71% Class I A no 

10 4.00 1.50 -62.50% Class II B no 

11 5.00 5.00 0.00% Class V no 

12 4.00 2.00 -50.00% Class II A no 

13 0.13 0.00 -100.00% Class I A no 

14 0.33 0.33 0.00% Class III B yes 

15 10.00 10.00 0.00% Class V no 

16 2.00 2.00 0.00% Class III A no 

17 4.00 0.67 -83.25% Class I B no 

18 3.00 0.43 -85.67% Class I B no 

20 7.00 3.00 -57.14% Class II A no 

23 3.00 2.00 -33.33% Class III B yes 

24 28.00 10.00 -64.29% Class II B no 

25 150.00 150.00 0.00% Class V yes 

26 12.00 10.00 -16.67% Class III A yes 

27 20.00 0.10 -99.50% Class I A no 

28 90.00 15.00 -83.33% Class I B yes 

29 6.00 4.00 -33.33% Class III A no 

30 14.00 12.00 -14.29% Class III A no 

31 105.00 80.00 -23.81% Class V yes 

32 160.00 200.00 25.00% Class V yes 

33 30.00 8.40 -72.00% Class II A no 

34 45.00 15.00 -66.67% Class II A no 

35 45.00 25.00 -44.44% Class III B yes 

36 16.00 9.00 -43.75% Class III A yes 

Table 7: Clinical Response and Val66Met Polymorphism presence in selected subjects.  
% seizures Δ: percentage seizure difference at least 1 year after VNS implantation  
Mc Hugh Classification identifies 5 classes of clinical response to VNS therapy, depending on seizure reduction, 
improvement in seizure severity and postictal state, and response to the use of magnet:  
- Class I: 80-100% reduction in seizure frequency: Class I A: improved ictal or postictal severity; Class I B: no improvement 
in  ictal or postictal severity  
- Class II: 50-79% reduction in seizure frequency: Class II A: improved ictal or postictal severity; Class II B: no improvement 
in  ictal or postictal severity  
- Class III: < 50% reduction in seizure frequency: Class III A: improved ictal or postictal severity; Class III B: no improvement 
in  ictal or postictal severity  
- Class IV: magnet benefit only  
- Class V: no improvement  
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20 subjects were responders (McHugh Class I-II, i.e., reduction of at least 50% of 

seizure frequency), 14 subjects were non-responders (McHugh Class III-V, i.e., reduction 

of less than 50% of seizures). 14 subjects were carriers of the Val66Met SNP, 20 were not 

(see Table 7). 

The collected data show that the clinical response is significantly worse in subjects 

with Val66Met Polymorphism than in subjects without it (p 0.0046). (see Figure 20) 

 

 

 

 

 

 

 

2) BDNF serum values, correlation with clinical response and Val66Met Polymorphism 

10 subjects were selected (5 males and 5 females), aged between 25 and 75 years 

(mean 45 yo), suffering from drug-resistant epilepsy (7 with focal epilepsy, 3 with 

Lennox-Gastaut syndrome). (see Table 8) 

Subjects underwent VNS implantation between June 2018 and September 2020. 

 

Figure 20:Results of unpaired t test: patients with the Val66Met Polymorphism present worse outcome (McHugh Class III-V) 
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ANAGRAPHICS CLINICAL DATE VNS 

# Age Diagnosis Implant  Model 

14 36 Focal E. 28/06/2018 Demipulse 103 

15 34 Focal E. 04/09/2018 Demipulse 103 

16 51 LGS 04/09/2018 Demipulse 103 

23 75 Focal E. 28/06/2018 Demipulse 103 

24 41 Focal E. 20/06/2019 Sentiva 

25 37 LGS 20/06/2019 Sentiva 

33 27 Focal E. (TCS) 03/03/2020 Sentiva 

34 60 Focal E. 17/12/2020 Demipulse 104 

35 49 Focal E. 13/08/2020 Sentiva 

36 40 Focal E. 11/09/2020 Sentiva 

Table 8: Registry and clinical data of subjects enrolled in the study. 
(LGS: Lennox-Gastaut Syndrome; TCS: Tuberous Sclerosis Complex) 

Serum BDNF values and seizure frequency (as the number of seizures per month) 

were recorded at each increment of the output current and, before switch-on, 30 minutes 

after a single 1 mA stimulus; each subject was also screened for the Val66Met SNP. 

Subjects #24 and 25 did not fill out the seizure diary; subject #33 could not perform 

blood samplings between switch-on and 1 mA due to the Covid pandemic. Subjects #14, 

15, 16, and 23 did not perform dosing after acute stimulus because of organizational 

problems. 

The collected data do not allow us to identify a common trend in serum BDNF values 

among all subjects or within the groups of subjects with/without mutation. Indeed, 

although some subjects (i.e., #16, 33, and less evidently 23) show an opposite trend for 

BDNF values and seizure frequency, with an increasing trend in BDNF values 

corresponding to a decrease in seizure frequency, other subjects (e.g., #15, 16, 34 and 35) 

show highly variable values of both items during the increase in current output. We can 

also note that the different behavior does not correlate with the presence of Val66Met 

polymorphism.  
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The complete results are shown graphically and numerically in Figure 21 and Table 9, 

respectively. 

 

 

Figure 21: Trend of modification of BDNF serum values and seizure frequency during VNS titration in selected patients. 
Light blue is percentage variation in BDNF serum value; orange is percentage variation in seizure frequency (calculated 
as n° seizures/month) 
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Subject # 14 

Val66Met yes 

VNS off 0.75mA 1mA 1.25mA 1 year        

BDNF (pg/ml) 22270 24461.3 20962.1 20140.3 20667.4        

seizure/month 10 6 6 6 6        

Subject # 15 

Val66Met yes 

VNS off 0.25mA 0.5mA 0.75mA 1mA 1.25mA 1.5mA 1.75mA 2mA 1 year   

BDNF (pg/ml) 23551.9 33066.1 24352.2 16677.6 26858.3 26145.5 22158.1 22048.3 21642.3 36051.2   

seizure/month 60 60 60 60 60 75 75 82 86 90   

Subject # 16 

Val66Met no 

VNS off 0.25mA 0.5mA 0.75mA 1mA 1.25mA 1.5mA 1.75mA 2mA 1 year   

BDNF (pg/ml) 20372.9 21360.5 14315.1 23166 27008.1 21011.9 16799.6 22696.5 32070.4 28240.7   

seizure/month 9 9 9 13 5 12 10 15 12 13   

Subject Pz # 23 

Val66Met yes 

VNS off 0.75mA 1mA 1.25mA 1.5mA 1.75mA 1 year      

BDNF (pg/ml) 15647.6 12990 13304.9 13849 13885.9 14245.1 12339.1      

seizure/month 8 3 5 7 3 3 5      

Subject # 24 

Val66Met no 

VNS pre 0.25mA 0.5mA 0.75mA 1mA 1mA 1.25mA 1.5mA 1.75mA    

BDNF (pg/ml) 32040 25020.2 26010.23 29490 29310.04 28590.2 21450.3 32370 30540.1    

seizure/month 21 - - - - - - - -     

Subject # 25 

Val66Met yes 

VNS pre 0.25mA 0.5mA 0.75mA 0.75mA 1mA 1.25mA 1.5mA 2mA    

BDNF (pg/ml) 37290.4 36120.5 32310.3 28740.2 35160.1 36420 29760.1 23010 41640.5    

seizure/month - - - - - - - - -     

Subject # 33 

Val66Met no 

VNS pre 0.25mA 0.5mA 0.75mA 1mA 1.25mA 1.5mA 1.75mA 2mA 1 year   

BDNF (pg/ml) 15420.3 - - - 30750 26400 29820.1 31588.4 19413.2 -   

seizure/month 30 - - - 10 8 9 10 6 7   

Subject # 34 

Val66Met no 

VNS off 0.25mA 0.5mA 0.75mA 1mA 1.25mA 1.5mA 1.75mA 2mA    

BDNF (pg/ml) 19439.3 17953.0 14291.4 16404.7 - 13639.2 11701.2 14818.2 13130.8    

seizure/month 19 1 21 21 - 15 14 13 -    

Subject # 35 

Val66Met yes 

VNS pre 0.25mA 0.5mA 0.75mA 1mA 1.25mA 1.25mA 1.5mA 1.75mA 2mA 1 year 

BDNF (pg/ml) 37983.5 28839.9 29339.5 23954.0 - 16772.9 14445.4 12843.8 20647.3 25730.7 17556 

seizure/month 45 45 43 31 34 37 42 29 18 26 25 

Subject # 36 

Val66Met yes 

VNS pre 0.25mA 0.5mA 0.75mA 1mA 1.25mA 1.5mA 1.75mA 2mA 1 year   

BDNF (pg/ml) 16240.7 10091.4 12791.8 24883.4 24966.5 24679.1 21003.8 18345.0 16377.0 12606.0   

seizure/month 16 10 4 13 10 21 24 4 19 9   

Table 9: Serum BDNF values and seizure frequency during VNS titration. For each of the selected subjects are indicated: 
the presence of Val66Met polymorphism, the output current of VNS (or sampling before or after 1 year), serum BDNF value 
in pg/ml, relative to the above output current, and frequency of seizures in terms of n° seizures/month for each step. 
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The values of serum BDNF after a single 1mA stimulus show a variable behavior in the 

analyzed subjects (see Table 10). 

Subject Val66Met VNS BDNF (pg/ml) 
#24 no pre 32040 

  acute 1mA 31320.1 

#25 yes pre 37290.4 

  acute 1mA 28290.6 

#33 no pre 15420.3 

  acute 1mA 41400.4 

#34 no pre 19439.3 

  acute 1mA 16325.9 

#35 yes pre 37983.5 

  acute 1mA 26119.4 

#36 yes pre 16240.7 

  acute 1mA 14564.2 

Table 10: Changes in BDNF serum values (pg/ml) after single acute stimulus 1mA. 

By examining separately the percentage change of serum BDNF in subjects with and 

without Val66Met polymorphism, we can observe that in subjects carrying the SNP (n=3) 

there is a reduction, while in subjects without polymorphism (n=3) the behavior is 

variable (see Figure 22 and Figure 23). However, this trend was not statistically 

significant. 
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Figure 22: Trends of changes in BDNF values of all examined subjects before VNS implantation and after single 1mA stimulus. 
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Discussion 

1) Correlation between the presence of Val66Met Polymorphism and Clinical Response 

Although VNS has been used for decades in the treatment of epilepsy and its efficacy 

in reducing seizure frequency in more than half of subjects is widely described in the 

literature,324 at present it is not possible to predict which subjects will respond to the 

therapy.518 

Several studies have focused on possible predictors of response: clinical elements, 

such as the type of epilepsy, etiology or age of onset,327–330 neurophysiological elements, 

such as epileptiform abnormalities,537 preoperative heart rate variability (HRV),538 and 

biological elements such as cytokine profile403 have been taken into account; however, no 

study has ever identified a predictive factor that can be used in clinical practice.518 

One of the hypothesized mechanisms of action for VNS therapy is the stimulation of 

neuronal plasticity,422 through the activation of several neurotrophins,426 among which 

BDNF plays a central role in many pathways.539 Since the actions of BNDF depend on the 

Figure 23: Percentage changes in serum BDNF values after single 1mA stimulus, in subjects with (left) and without (right) 
Val66Met polymorphism. 
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balance between its isoforms, which in turn is negatively affected by the presence of the 

SNP Val66Met,234,255 our study starts from the idea of verifying whether the clinical 

response to VNS is affected by the presence of the polymorphism. 

Although it has never been evaluated as a possible predictor of response to VNS, the 

Val66Met polymorphism has been shown to affect the cortical response and clinical 

efficacy of TMS540–544 and some antidepressant drugs such as Selective Serotonin 

Reuptake Inhibitors (SSRIs).545 Recent studies have also shown that it is related to 

different phenotypes in some psychiatric diseases,546 such as schizophrenia547 and 

bipolar disorder,548 but also metabolic diseases such as diabetes549 and metabolic 

syndrome.550,551 

Our results confirm that the clinical response is significantly worse among subjects 

carrying the Val66Met Polymorphism of BDNF compared to subjects without SNP. 

These preliminary data present the limitation of the small sample size, so they should 

be confirmed on a larger population. 

The confirmation of these results could lead to the identification of a predictive 

biological marker of response to VNS, allowing to address more selected subjects with 

better chances of good response to this surgical treatment. 

2) BDNF serum values, correlation with clinical response and Val66Met Polymorphism 

These preliminary data failed to show a clear trend in serum BDNF change during VNS 

titration and after a single acute stimulus and a correlation between the presence of the 

Val66Met polymorphism and different behaviors. 
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Values of serum BDNF are variable throughout the day and influenced by different 

physiological stimuli,412 so, although the samples were always taken during the morning, 

other factors may have affected the final results. 

Although a change in BDNF expression after VNS therapy has been shown in the rat 

hippocampus,434 the same has not been confirmed yet in humans. Some studies have 

investigated the effect of other neuromodulation techniques on serum BDNF values: in 

particular, a meta-analysis showed that repetitive transcranial magnetic stimulation 

(rTMS) does not change serum BDNF levels and pointed out the need to separately assay 

mBDNF and proBDNF isoforms.552 

The limitations of this study are certainly represented by the small sample size and 

the number of data lost due to poor patient compliance or hardly predictable intercurrent 

situations (Covid pandemic). 

Although these data did not provide conclusive results, they gave useful insights for 

future studies: is the serum BDNF assessment a reliable marker or is it excessively 

influenced by external factors? Is there a real correlation between serum BDNF values 

and seizure frequency, and consequently with the response to antiepileptic therapy? Can 

other neurotrophins be useful for this purpose? Is an observation period longer than 1 

year necessary?  

2.2.D. Future perspectives 

Future objectives will therefore be aimed at enlarging the sample through 

collaboration with other national centers, both for the analysis of polymorphism and the 

serum dosage of BNDF. 
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Other neurotrophins involved in the phenomena of neuronal plasticity induced by 

VNS, such as Glial cell Derived Neurotrophic Factor (GDNF) and Nerve Growth Factor 

(NGF), will also be considered. 

Since it is known that the clinical response to VNS improves with increasing time after 

implantation, the observation time will be increased, to verify whether the presence of 

Val66Met polymorphism of BDNF can be considered a predictive marker of clinical 

response both in the short and long term. 

Finally, the clinical response to VNS is not limited to the reduction of seizures, so the 

response in terms of improvement of mood and quality of life will also be analyzed. 
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3. Conclusions 

The exact mechanism of action and the predictive factors of good clinical outcome of 

VNS are still debated in the literature. The action of VNS on neuronal plasticity has been 

explored for several years by our group. 

This thesis analyzes from different and new points of view these effects in subjects 

with drug-resistant epilepsy.  

The analysis of brain connectivity on 64-channel EEG recordings in part confirms the 

known effect of desynchronization of brain activity evidenced by previous studies on 21-

channel EEG, but also shows an improvement in the background rhythm with increased 

PDR that could represent the improvement of alertness and quality of life of these 

patients. The innovative study of aperiodic EEG components provides a new perspective 

on the problem. The modification of these parameters, which are highly conserved and 

less sensitive to external influences, could better represent the underlying brain 

organization and its plasticity and this is confirmed by the demonstrated correlation with 

clinical response. 

In contrast, in humans, serum BDNF values have not been shown to be reliable and 

correlate with clinical response nor with the presence of the Val66Met polymorphism.  

Instead, the study of SNP represents a promising predictor of response to VNS that 

could, in the future, allow identifying a priori patients who will respond positively to 

neuromodulation. This could represent a clear improvement in the selection of subjects 

to be treated with VNS, which is still an invasive therapeutic option. However, in future 
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studies, it will be important to take into account how the benefits of VNS therapy are not 

limited to the action on the frequency of seizures, acting in fact by improving several 

aspects related to the well-being of the subject that could, in the same way, influence the 

selection of subjects. 

In conclusion, this study, although it needs to be confirmed on a larger sample, shows 

that the analysis of brain connectivity and in particular of aperiodic components is a 

promising new key to understanding the changes in brain background activity and its 

changes following phenomena of neuronal plasticity while, on the contrary, the changes 

in serum BDNF values are poorly reliable and excessively variable in humans. The 

presence of the Val66Met polymorphism could instead represent a promising predictor 

of the response to VNS. 

The future perspectives are therefore represented by the enlargement of the sample, 

the analysis of other parameters of clinical outcome, the analysis of other neurotrophins, 

and a more prolonged period of observation. 
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Abbreviations 

 5-HT: Serotonin 

 AChR: Acetylcholine Receptor 

 AMPA: α-amino-3-hydroxy-5-methyl-4-

isoxazole propionic acid 

 AMPAR: α -amino-3-hydroxy-5-methyl-4-

isoxazole propionic acid Receptor 

 BDNF: Brain-Derived Neurotrophic Factor 

 Ca2+: Calcium ions 

 CAM kinase: Ca2+-Calmodulin-Dependent 

Protein Kinase 

 cAMP: Cyclic Adenosine-Monophosphate 

 CAP: Cholinergic Anti-inflammatory Pathway 

 CBSD: Cardiac-based Seizure Detection 

 CREB: cAMP Response Element-Binding 

Protein 

 CSF: Cerebro-Spinal Fluid 

 D2R: Dopamine Type 2 Receptor 

 DAG: 1,2-Diacylglycerol (DAG) 

 DMN: Default Mode Network 

 DMV: Dorsal Motor Nucleus of VN 

 DRE: Drug-Resistant Epilepsy 

 DRN: Dorsal Raphe Nucleus 

 DSE: Depolarization-Induced Excitation 

 DSI: Depolarization-Induced Inhibition 

 eCB: Endocannabinoids 

 ECG: Electrocardiography 

 EDF: European Data Format 

 EEG: Electroencephalography 

 ERK ½: Extracellular-Signal-Regulated Kinase 

½ 

 Fc: Functional Connectivity 

 FDR: False Discovery Rate 

 FFT: Fast Fourier Transform 

 fMRI: Functional Magnetic Resonance Imaging 

 GABA: Gamma-Aminobutyric Acid 

 Gal: Galanine 

 GDNF: Glial cell Neurotrophic Factor 

 GPD: Generalized Periodic Discharge 

 GTPases: Guanosine Triphosphate Hydrolases 

 HPA: Hypothalamic-Pituitary-Adrenal Axis 

 HRV: Heart Rate Variability 

 IP3: Inositol Triphosphate 

 JNK: c-Jun Amino Terminal Kinase 

 KAR: Kainate Receptor 

 LC: Locus Coeruleus 

 LGS: Lennox-Gastaut Syndrome 

 LPD: Lateralized Periodic Discharge 

 LTD: Long-Term Depression 
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 LTP: Long-Term Potentiation 

 MAGUK: Membrane-Associated-Gyanylate-

Kinas 

 MAPK: Mitogen-Activated Protein Kinase 

 MEG: Magnetoencephalography 

 MF: Mossy Fibers 

 MF-CA3: synapses between Mossy Fibers and 

CA3 pyramidal cells 

 MFNNs: Mutual False Nearest Neighbors 

 mGluR: metabotropic Glutamate Receptor 

 MMP2: Metalloprotease 2 

 MMP9: Metalloprotease 9 

 NF-kB: Nuclear Factor Kappa B 

 NGF: Nerve Growth Factor 

 NMDA: N-methyl-D-aspartate 

 NMDAR: N-methyl-D-aspartate Receptor 

 NPY: Neuropeptide Y 

 NTs: Neutotrophins 

 NTS: Nucleus Tractus Solitarii 

 p75NTR: p75 Neurotrophin Receptor 

 PBN: Parabrachial Nuclei 

 PDR: Posterior Dominant Rhythm 

 PET: Positron Emission Tomography 

 PGi: Paragigantocellular Nucleus 

 Pi3K: Phosphatidylinositol 3-Kinase 

 PKA: Protein Kinase A 

 PKC: Protein Kinase C 

 PLC-c: Phospholipase C-c 

 PLI: Phase Lag Index 

 Prep: Prepositus Nucleus 

 PSD: Post-Synaptic Density 

 PSD: Power Spectral Density 

 PTP: Post-Tetanic Potentiation 

 PTSD: Post-Traumatic Stress Disorder 

 QoL: Quality of Life 

 Rho: Ras Homolog Gene Family 

 rTMS: Repetitive Transcranial Magnetic 

Stimulation 

 SNP: Single Nucleotide Polymorphism 

 SSRI: Selective Serotonin Reuptake Inhibitor 

 STDP: Spike Timing-Dependent Plasticity 

 SUDEP: Sudden Unexpected Death in Epilepsy 

 TARP: Trans-membrane AMPAR Regulatory 

Proteins 

 TNF-α: Tumor Necrosis Factor-α 

 TrkB: Tyrosine Kinase B 

 TSC: Tuberous Sclerosis Complex 

 VGCC: Voltage-Gated Ca2+ channels 

 VN: Vagus Nerve 

 VNS: Vagal Nerve Stimulation 

 Vps10p: Vacuolar Protein Sorting 10 protein 

 VTA: Ventral Tegmental Area 

 α7nAChR: α7 subunit of the Nicotinic 

Acetylcholine Receptor 
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