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Characterization of vagus nerve active fibers during seizure in rats
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Abstract
Epilepsy affects approximately 70 million individuals worldwide. Vagus nerve activity is known toQ5

be modulated by seizures; however, the types of fibers that are activated during seizures remain
unknown. This work compares the electrical activity of the vagus nerve before, during, and after
seizures in epileptic rats. Six rats experiencing pentylenetetrazol-induced epilepsy seizures and two
rats under saline solution were investigated. Action potentials (AP) identified by template match-
ing were sorted according to the fiber type they are deemed to originate from. AP templates were
based on a 3D COMSOL simplified model of the vagus nerve. Model templates were established
for fibers of different diameters based on histology. Correspondences are thus established based
on specific fiber diameters. During seizures, an increase in the percentage of occurrence of APs
was observed for 2 µm and 3 µm fibers, while a decrease was observed for 4 µm, 5–6 µm, and 7–
11 µm fibers. This was not observed in the rat group under saline solution. The increase in smal-
ler diameter sizes is believed to be linked to an increase in autonomic activity. These findings con-
tribute to a better understanding of vagus nerve dynamics during epileptic seizures and highlight
the potential of vagus nerve activity as a physiological marker for seizure detection and monit-
oring. This would be of particular interest in vagus nerve stimulation to control any closed-loop
form of therapy. This work provides a foundation for developing novel diagnostic and therapeutic
approaches in epilepsy management.

1. Introduction

Affecting around 70 million people, epilepsy is one of
themost commonneurological disorders in theworld
[1]. This condition is defined as a brain disease char-Q6

acterized by an enduring predisposition to generate
recurrent and unprovoked seizures [2]. Seizures are
clinicalmanifestations such as abnormal or automatic
movements, strange sensations and feelings, unusual
behavior, and/or loss of consciousness associated
with abnormal electroencephalogram (EEG) signals
[3]. People with epilepsy are thus strongly affected in
their daily lives, suffering an increased mortality rate
[2] as well as social stigma and discrimination [4].

The most common treatment to address epilepsy
is the use of antiepileptic drugs (AEDs), but these
remain ineffective for 30% of patients [5–8]. In addi-
tion, side effects and toxic complications of the AEDs
often limit their use [9–11]. Several surgical proced-
ures can be proposed for these patients in an attempt
to remove or disconnect brain tissue that initiates or
propagates seizures. However, this is not feasible in
about 50%of the cases [12]. In addition, despite some
remarkable successes, there are patients who exper-
ience only modest or no improvement after surgery
[13–15]. Neuromodulation is an alternative therapy
to antiseizure drugs and surgery, achieving a 50%
or greater seizure reduction in 35%–45% of patients
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within the first year and in 60%–75% of patients over
longer periods [16]. In recent decades, vagus nerve
stimulation (VNS) has been shown to reduce seizure
severity and frequency in a significant proportion of
cases. The vagus nerve is broadly connected to vari-
ous brain regions and has shown a potential for mod-
ulation of seizure activity [17]. Stimulating the vagus
nervemay help decrease the hyperexcitability of neur-
ons in the brain, increasing the production of GABA
and norepinephrine neurotransmitters, which have
an inhibitory effect [18, 19]. Clinical trials demon-
strate that 20%–40%of patients achieve a greater than
50% reduction in seizure frequency in the first year of
use. These results improve during chronic VNS treat-
ment, while the number of concomitant AEDs neces-
sary tomaintain satisfactory seizure control decreases
[20].

Most commercial VNS devices on the mar-
ket currently operate with an open-loop approach,
which means that a fixed level of VNS is delivered
intermittently [17, 21] at specified, pre-programmed
intervals. There is no adaptive adjustment based
on the physiological response of the patient [22].
The acute abortive effect (that is stopping or redu-
cing the severity of an already ongoing seizure) of
VNS has been previously demonstrated in humans
[23, 24] and animal studies [25], strengthening the
expectation that an automated seizure detection con-
trolling on-demand VNS would clearly be beneficial.
In addition, VNS side effects happened during elec-
trical pulse delivery, such as hoarseness, coughing,
and laryngeal paraesthesia [21]. Closed-loop VNS,
i.e., stimulating only at the occurrence of a seizure,
could be associated with greater seizure reduction
and fewer side effects and have more favorable
clinical outcomes than open-loop stimulation [22,
26]. Currently, closed-loop stimulation, as applied
in AspireSR™ Model 106 and the SenTiva™ Model
1000, is based on heart rhythm changes [27]. While
the use of increased heart rate as a biomarker for
seizure detection shows promise, challenges remain
in differentiating ictal tachycardia from a physiolo-
gical rise in heart rate [27]. Only half of the seizures
induced significant tachycardia [28] (>20% increase
in the heart rate) and moreover, there is consider-
able variability in ictal heart rate changes amongst
and within patients [29].

The vagus nerve electrical activity or vagus nerve
electroneurogram (VENG) emerges as a promising
candidate formonitoring the bidirectional neural sig-
nal traffic between the brain and peripheral organs.
Several studies suggest the possibility of extracting
different physiological signals from the vagus nerve,
with examples for blood pressure and respiration
cycles [30–32]. The vagus nerve is also the primary
parasympathetic output of the nervous system, while
seizures are often associated with autonomic mani-
festations. Previous studies in rats suggest that VENG

changes during seizures [33–35], and in humans,
elevated cardiac parasympathetic activity has been
recorded during sub-clinical seizures [36], and a surge
in parasympathetic activity has been observed just
before fatal seizures [37]. Thus, seizure-related signals
can be expected to be found in the vagus nerve. There
is also a practical incentive to record from the nerve
implanted for theVNS therapy. Therefore,many reas-
ons exist to explore the possibilities for early seizure
detection offered by the vagus nerve.

The histology and physiology of the vagus nerve
are reasonably well documented in humans, with
different fiber sizes, conduction velocities, activa-
tion thresholds, and the motor, sensory, or auto-
nomic functions associated with specific fiber types
[38, 39]. The myelinated fiber population at the cer-
vical vagus nerve level is typically divided into differ-
ent categories based on size, namely small-diameter
(<3 µm), medium-diameter (3–9 µm), and large-
diameter (>10 µm) fibers for humans [40], relat-
ing the small myelinated fiber diameter to auto-
nomic type and the medium and larger diameter
to motor and sensory type [39]. Since seizures are
associatedwith autonomicmanifestations, they prob-
ably involve changes in the smallest myelinated fibers.
Given the similar fiber diameter distribution in vagus
nerve structure between humans and rats, the animal
model used in this study, findings may be translat-
able and provide meaningful insights applicable to
humans.

Template similarity has been applied previously
to analyze the VENG [30, 41, 42]. Our group has
proposed to analyze the VENG recorded in healthy
anesthetized rats based on templates extracted from
VENG simulations in COMSOL. Different fiber dia-
meters have been modeled [42]. The present work
applies the same method to characterize the changes
in firing patterns as a function of the fiber’s diameter
before, during, and after a seizure in rats. Besides
understanding vagus nerve dynamics during epilepsy
seizures, finding a potentially robust physiological
marker for seizure detection is also a major goal.

2. Methods

2.1. Acute recording data
The data were collected from eight male Wistar rats
(weight of 424.4 ± 31.7 gr, age of 3.9 ± 0.9 months)
[30], the University Health Sciences Sector
Laboratory Animal Protection Committee approved
the experimental procedures under the reference
2018/UCL/MD/001. The animals were housed under
a 12 h day/night cycle with controlled temperature
and humidity and ‘ad libitum’ access to food and
water.

For the surgery, all animals were anesthetized
using a combination of ketamine (60 mg kg−1 )
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Figure 1. Electroencephalogram (EEG) and vagus nerve electroneurogram (VENG) evolution in time using the PTZ model. The
six stages can be identified by visual inspection on the EEG.

and xylazine (7 mg kg−1 ) administered intraperi-
toneally (i.p.). The animals were implanted with
homemade epidural EEG electrodes, consisting of a
4.8mm stainless-steel screw (Bilaney, Germany) that
were implanted at specific coordinates relative to the
Bregma: for the frontal electrode (+) [anteropos-
terior (AP) +2 mm, mesolateral (ML) +3 mm], ref-
erence electrode (Ref) [AP +6 mm, ML 0mm], and
ground electrode (GND) [AP −5 mm, ML +3 mm]
in the parietal region. EEG was recorded differen-
tially between left frontal and parietal electrode. For
VENG recordings, a tripolar micro-cuff electrode
(Microprobes, Gaithersburg, USA) was implanted on
the left cervical vagus nerve, with an inter-electrode
distance of 2 mm. The central contact (B) served as
the reference (negative), while the two outer contacts,
caudal (A) and rostral (C), were used as the record-
ing (positive) electrodes. This configuration yielded
two differential signals (A–B and C–B) and subtrac-
ted, deriving a 4 mm bipolar recording between the
caudal and rostral contacts ((A–B)—(C–B) = A–C).
A set of custom-made amplifiers were used. This set
consisted out of two VENG and one EEG amplifiers.
The amplifiers had a bandwidth of 12–12 000 Hz for
VENG, and 12–170 Hz) for EEG, having a nominal
gain of 800 V/V.

During the surgery, depth of anesthesia was con-
trolled by the withdrawal reflex upon noxious paw
stimulation and maintained by a booster injection of
ketamine (60 mg kg−1 ) i.p. Five minutes later, intra-
venous (i.v.) saline solution was infused to all rats
(0.5 ml min−1 kg−1) for 10 min, used as the baseline
interval for all rats.

Then, in six out of eight rats (seizure group),
the i.v. saline solution infusion was switched to

10 mg ml −1 i.v. of pentylenetetrazol (PTZ) at the
same infusion rate, to induce acute seizures [30,
34]. PTZ infusion was maintained until the animal
reached the tonic–clonic phase of the seizure, and
recordings were continued for 10 min after the EEG
had recovered from the postictal depression. For
two of the eight rats (control group), the saline
solution infusion was continued for an additional
10 min, trying to mimic the PTZ infusion time
(9.01± 1.62 min). Then, the recording was extended
by 10min for recovery ensuring a similar duration for
both the PTZ and the control groups. The VENG sig-
nals were recorded at a sampling frequency of 80 kHz,
and the EEG was sampled at 250 Hz. To counter the
noise artifact, the VENG signal was filtered using a
2nd order Butterworth 300 Hz–3 kHz bandpass filter,
with zero-phase shift.

The recordings were divided into several stages
based on the EEG and a simultaneous video recording
[30]. For the seizure

group, the six stages defined, as illustrated in
figure 1, include:

- Baseline interval: This interval occurs between the
start of i.v. saline and the switch to i.v. PTZ. In the
EEG, occasional low-amplitude spikes are charac-
teristic of this interval (10 min).

- Preictal interval: The preictal interval gradually
develops after the start of i.v. PTZ. A slight increase
in the number of low-amplitude spikes character-
izes this interval.

- Non-tonic–clonic ictal interval: The determina-
tion of this interval is based on a sustained increase
in spike frequency over 0.25 Hz for a duration
exceeding 10 s. Moreover, there is a subsequent rise
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Figure 2. Template extraction fromMatlab and COMSOL simulations (not to scale).

in spike frequency and amplitude, accompanied by
muscle twitches. The onset of this interval is also
considered the onset of the seizure.

- Tonic–clonic ictal interval: The tonic–clonic ictal
interval is characterized by the abrupt onset of con-
tinuous repetitive (5–10 Hz) high amplitude EEG
spikes. These spikes have an average amplitude 10
times greater than the standard deviation of the
baseline activity. Clonic muscle activity is observed
during this interval. The cessation of the last burst
of continuous high-amplitude spikes determines
the end of the tonic–clonic phase.

- EEG depression: This interval is characterized by a
global reduction in EEG activity immediately after
the end of the tonic–clonic phase.

- Recovery: The recovery interval is characterized by
a gradual recovery of EEG activity. It is determ-
ined by the first occurrence of spikes exceeding a
threshold of one time the standard deviation of
baseline activity (10 min).

For the control group, three distinct stages are
defined:

- Baseline interval: The first stage corresponds to
the baseline, which mirrors the baseline in the rats
under PTZ (10 min).

- Saline interval: The second stage involves the
administration of saline, in contrast to the PTZ
received by the other rats (10 min).

- Recovery: Lastly, the third stage encompasses the
‘recovery’ period following the cessation of i.v.
saline injection (10 min).

The objective is to analyze the activity of the vagus
nerve during each stage, for the control and PTZ
groups, and compare the findings across all stages.We
analyzed offline for respiratory-related bursting activ-
ity in the VENG during baseline and recovery inter-
vals to verify adequate contact between the electrode
cuff and the vagus nerve. The consistent appearance
of these respiration bursts, which are features of vagus

nerve recordings in the literature [31, 32, 34, 43],
served as a qualitative indicator of stable electrode-
nerve contact. Additionally, this methodology previ-
ously confirmed the authenticity of the VENG signal
by comparing it with the EMGsignal recorded around
the nerve, revealing a consistent phase lag between the
two [34].

2.2. Action potential (AP) profile from nerve model
simulation
The AP profiles, used as templates in this work, were
extracted from nerve model simulations based on
our previous work [42]. First, the AP propagation
equations were computed for myelinated fibers only.
Then, a 3Dmodel of the vagus nerve, which included
dynamic AP propagation in a centered, myelinated
fiber, was developed based on the geometry of the
vagus nerve. Finally, theAPprofile was extracted from
the model. The diagram of this process is shown in
figure 2.

2.2.1. AP propagation
An AP propagation was modeled in Matlab 2024
for different fiber diameters using the Wesselink–
Schwarz model [44], adapted to mammal fibers by
Wesselink [45] (see the appendix A for the equations),
as shown in figure 2 (left).

Modeling was conducted for fiber diameters ran-
ging from 2 µm to 11 µm, in steps of 1 µm, in agree-
ment with histological ranges. This range aligns with
the work of Smets et al [42], who reported that 90%
of detected APs fell within this range, and with the
findings on myelinated fiber diameters in the cervical
vagus nerve of Wistar-Kyoto rats [47]. To account for
the structural properties of the axon, the internode
length (Linternode), was assumed to be 100 times the
diameter of the fiber [48], the axon diameter (daxon)
was assumed to be 0.6 times the diameter of the fiber
[49], and the node of Ranvier length (lx) was set to
1.5 µm [50]. The model parameters were set to a
physiological temperature (T) of 305.05 K (31.9 ◦C),

4
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Table 1. Electrical conductivities of nerve layers and their
dimensions (DO: outer diameter, D: diameter, L: length, t:
thickness, fd: fiber diameter in µm). Adapted from [46],
Copyright (2016), with permission from Elsevier.

Tissue type
Conductivity
[S m−1]

Dimensions
(µm)

Medium 2 DO: 10 000
t: 4760

Connective tissue 0.16 DO: 480
t: 40

Epineurium 0.054 DO: 400
t: 155

Perineurium 5.668× 10−3 DO: 90
t: 25

Endoneurium 0.08 (radial)
0.5 (longitudinal)

DO: 40
t: 10

Myelin 2.25× 10−7 L: 100∗fd
D: 20

Cytoplasm 0.53 L: 5∗fd
D: 20

measured around the vagus nerve, using a thermo-
couple type T (Data acquisition 34 970 A, Keysight
Technologies) with an accuracy of 0.1 ◦C. The num-
ber of nodes of Ranvier modeled per fiber diameter
was 398, ensuring complete 1DAP propagation along
the fiber.

The model was implemented in Matlab 2024
(Mathworks), using the function ‘ode23’ to solve
the system of ordinary differential equations via the
Runge–Kutta (2,3) method, with a step time of 5µsec.
Once the model was solved, the computed current
values at each node of Ranvier () were obtained. The
current density per node was computed (by dividing
INR,x with the inter-nodal volume).

2.2.2. 3D vagus nerve model
A vagus nerve geometry was reproduced in a FEM
usingCOMSOLMultiphysics 6.2, as shown in figure 2
(middle). See Appendix B for equations. The nerve
had a diameter of 400 µm [51], and was sufficiently
long (0.206 m) to prevent boundary issues during AP
propagation [52]. The parameters of the nerve’s con-
stituent layers were taken from [46] and the geomet-
ries were based on [42] (see table 1).

The model includes an epineurial layer to provide
a standardized anatomical framework commonly
found in many mammalian species, thereby enhan-
cing the generalizability and translational potential of
the simulations. However, the epineural layer has a
negligible impact on the APwaveform (see figure S3),
suggesting that it may also be applicable in rats. For
simplicity, simulations considered only one fiber dia-
meter at a time. The simulated fiber was positioned at
the center of the nerve model.

Each node of Ranvier served as an input for
current density (A m3), with the current density
values dynamically set based on the results of the

Matlabmodel. COMSOL sends a request toMATLAB
to retrieve the current density at specified spatial
coordinates and time points.MATLAB then performs
time and spatial interpolation using precomputed
current density data to estimate the values at the
requested locations and times.

Using the module Electrical Current module
of COMSOL, the potential distribution based on
the implemented vagus nerve geometry was com-
puted, with a time step of 10 µs. The voltage
reference (V = 0) was set on the surface of the
model (medium), having distributed impedances (see
appendix B.5). The mesh used in all simulations was
a tetrahedral mesh with a minimum element size of
20 µm, chosen as a compromise between accurately
representing the geometry and maintaining feasible
computational requirements for the large 3D model.

In our FEM simulations, the potential at any point
of the nerve geometry represents the superimposed
contribution of every Nodes of Ranvier, meaning that
even single-point electrodes capture a spatially integ-
rated signal. The potential between 2 single points
(4 mm separation) was computed. The single points
positions and the simulation times per fiber diameter
are given in appendix C.

2.2.3. Template extraction
The COMSOL signal, defined as the voltage differ-
ence between two points corresponding to the elec-
trode contact positions (4 mm apart) on the geo-
metry surface, was obtained for each fiber diameter.
The COMSOL signal was filtered using a 2nd-order
Butterworth bandpass filter (300 Hz–3 kHz) with
zero-phase shift. The two highest peaks in the filtered
signal were then identified, defining the width of the
template. The start of the template was set a fixed
number of samples before the first peak, and the end
was set a fixed number of samples after the second
peak, to include the surrounding signal. The num-
ber of surrounding samples before the first peak and
after the second peak was adjusted for each template
to ensure all templates had the same total length of
139 samples, while keeping the width centered as pos-
sible. Each template was defined as the section of the
COMSOL signal between the two indices, as seen in
figure 2 (right).

Each template represented the expected AP for
a given fiber diameter, allowing the identification of
that specific fiber diameter activity in the VENG sig-
nal. However, some templates could detect the same
AP, causing ambiguities in fiber identification. To
address this, each template was cross-correlated with
each COMSOL signal to assess similarity (measured
as the peak in the normalized cross-correlation). A
threshold of maximal acceptable similarity was set to
0.975. Table 2 shows themaximumnormalized cross-
correlation values.
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Table 2.Maximum absolute cross-correlation matrix between the templates and the COMSOL signals. The bold numbers show an
absolute cross-correlation over the threshold of similarity. The bordered cells show no overlap in high correlation values (>0.975) for
the different templates.

COMSOL signal

2 µm 3 µm 4 µm 5 µm 6 µm 7 µm 8 µm 9 µm 10 µm 11 µm

Templates 2 µm 1.000 0.649 0.633 0.606 0.590 0.578 0.575 0.579 0.561 0.584

3 µm 0.746 1.000 0.878 0.737 0.651 0.599 0.561 0.570 0.530 0.577

4 µm 0.737 0.878 1.000 0.965 0.923 0.889 0.859 0.852 0.831 0.843
5 µm 0.709 0.737 0.965 1.000 0.989 0.974 0.958 0.952 0.939 0.942
6 µm 0.671 0.651 0.923 0.989 1.000 0.996 0.988 0.981 0.974 0.977
7 µm 0.649 0.599 0.889 0.974 0.996 1.000 0.997 0.993 0.990 0.990
8 µm 0.655 0.561 0.859 0.958 0.988 0.997 1.000 0.995 0.994 0.994
9 µm 0.634 0.570 0.852 0.952 0.981 0.993 0.995 1.000 0.997 0.997
10 µm 0.627 0.530 0.831 0.939 0.974 0.990 0.994 0.997 1.000 0.996
11 µm 0.615 0.576 0.843 0.942 0.977 0.990 0.994 0.997 0.996 1.000

Figure 3. Templates selected for action potential detection.

The templates for 2 µm, 3 µm, and 4 µm fibers
did not showhigh similarity with otherCOMSOL sig-
nals. However, templates for 5–11 µm fibers exhib-
ited high similarity with multiple COMSOL signals,
indicating they represented groups of fiber activa-
tions rather than single fibers. To avoid overlapping
groups, the 5 µm template (representing 5 µm and
6 µm fibers) and the 10 µm template (representing
7–11 µm fibers) were selected. Ultimately, the chosen
templates for AP detection were 2 µm, 3 µm, 4 µm,
5 µm (covering 5–6 µm), and 10 µm (covering 7–
11 µm). Figure 3 shows the selected templates for AP
detection.

2.3. AP detection algorithm
APs were detected on the VENG signal using a
template-matching algorithm [41]. The VENG sig-
nal was cross-correlated with each template defined
in the previous section separately. Then, the nor-
malized cross-correlation maxima, with a minimum
value of 0.7, were chosen as AP candidates. If one AP
is detected with multiple templates, it is assigned to
the template with the highest correlation value. The

pseudocode and the overall methodology are illus-
trated in figure 4.

2.4. Statistical tools
Considering the small sample size in this study, a non-
parametric test is recommended. The Kruskal–Wallis
test was used for statistical comparisons across stages,
as it is suitable for non-normally distributed data
[53]. For post-hoc multiple comparisons, Dunnett’s
correction was applied [54], since the comparisons
were performed only against the baseline state. The
Wilcoxon rank-sum testwas used to compare the con-
trol and PTZ group. A significance level of α = 0.05
was used. Matlab 2024 provided these statistical
tools.

3. Results

3.1. Occurrences of active fibers in the control
group
Figure 5 shows the occurrence of active fibers in the
control group for each stage. The percentage of occur-
rence showed no significant differences across stages
for any fiber (2 µm, p-value = 0.651 > 0.05; 3 µm,
p-value = 1.0 > 0.05; 4 µm, p-value = 1.0; 5–6 µm,
p-value = 1.0; 7–11 µm, p-value = 1.0). Similarly,
the post-hoc comparison with the baseline revealed
no significant changes for any fiber (see table 3 for
details). Similarly, for the absolute occurrence (num-
ber of AP detected/sec), there were no significant
changes across the stages either (see figure S-1 in the
supplementary materials).

3.2. Occurrences of active fibers in the seizure
group
The percentage of APs detected per fiber diameter
showed significant differences across the different
stages, with respect to baseline, as shown in figure 6.
There is a discernible change in the occurrence of
detection between baseline and seizures, particularly
during the tonic–clonic phase. This phase exhib-
its an alteration across all active fiber diameters.

6
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Figure 4. Overall methodology of the experiment. The vagus nerve electroneurogram (VENG) is processed offline using a
template-matching algorithm (templates derived from a simplified vagus nerve model) to detect action potential (AP). The elec-
troencephalogram (EEG) is used to detect the different seizure stages, and then, to calculate the occurrence detection for each
template at every stage.

Figure 5. Occurrence of templates detection in the control group (n= 2) for each stage: baseline (B), saline (S) and recovery (R).
The dots represent individual values, and the error bars represent the mean (squares)± SD (whiskers) for each stage. There was
no significant difference comparing to baseline percentage of occurrences.

7
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Table 3. P-values obtained from multiple comparisons of the percentage of occurrence with respect to the baseline stage in the control
group. No significant p-values were found.

2 µm 3 µm 4 µm 5–6 µm 7–11 µm

vs Saline 0.64 1.00 1.00 1.00 1.00
Vs Recovery 0.64 1.00 1.00 1.00 1.00

Figure 6. Occurrence of template detection for the PTZ group (n= 6) at every stage: baseline (B), pre-ictal (P), non-tonic–
clonic-ictal (NTC), tonic–clonic (TC), EEG depression (D) and recovery (R). The dots represent individual values, and the error
bars represent the mean (squares)± SD (whiskers) for each stage. (∗p-value< 0.05).

There is an increase in the percentage of APs associ-
ated with smaller diameter fibers (2 µm and 3 µm)
during the seizure. The percentage of occurrence
for the 2 µm fiber showed a significant change
across the stages (p-value = 0.0017 < 0.05), while
no significant change was observed for the 3 µm
fiber (p-value = 0.19 > 0.05). In contrast, dur-
ing the seizure progression, the percentage of occur-
rence decreased for larger diameter fibers (4 µm,
5–6 µm, and 7–11 µm). Among these, only the
5–6 µm fiber showed a significant change across
the stages (p-value = 0.0184), whereas no sig-
nificant changes were found for the 4 µm fiber
(p-value = 0.16 > 0.05) r the 7–11 µm fibers (p-
value = 0.43 > 0.05). For the post-hoc compar-
ison with baseline, the 2 µm fiber exhibited signific-
ant changes during the Non-Tonic–Clonic Ictal and
Tonic–Clonic stages (p-value = 0.0454 < 0.05 and
p-value = 0.000 603 < 0.05, respectively). The 5–
6 µm fiber significantly changed during the tonic–
clonic stage (p-value = 0.009 73 < 0.05) (see table 4
for details).

For the absolute occurrence, there is a signific-
ant decrease in firing rate at the tonic–clonic stage for

3µm, 4µm, 5–6µm, and 7–11µm fibers. In contrast,
no significant changes were observed for the 2 µm
fibers (see figure S-2 in supplementary materials).
This means that the increase in contribution to the
percentage of occurrence in smaller diameter fibers
(i.e. 2 µm and 3 µm) is mainly due to a reduction
in contribution of large diameter fibers (i.e. 4 µm, 5–
6 µm, and 7–11 µm fibers), hence decreasing the total
number of firing fibers (i.e. all diameters).

The percentages of occurrence of the AP detec-
ted in the baseline of the control and the PTZ
groups were compared. No significant differ-
ences were found between the fibers (2 µm, p-
value = 0.14 > 0.05; 3 µm, p-value = 0.43 > 0.05;
4 µm, p-value = 0.86 > 0.05; 5–6 µm, p-
value= 0.29> 0.05; 7–11 µm, p-value= 1.0> 0.05).

3.3. Correlation analysis
To rule out the possibility that neuronal discharge fre-
quency influenced detection accuracy, the correlation
values of detected APs were analyzed. For each rat,
themedian correlationwas calculated at every stage to
assess whether the templates continued to accurately

8
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Table 4. P-values obtained from multiple comparisons of the percentage of occurrence with respect to the baseline stage. The significant
p-values (<0.05) are highlighted in bold.

2 µm 3 µm 4 µm 5–6 µm 7–11 µm

vs Pre-ictal 0.67 0.98 1.00 1.00 1.00
vs Non-Tonic–Clonic Ictal 0.045 0.67 0.84 0.30 0.59
vs Tonic–Clonic 0.0006 0.080 0.070 0.0097 0.38
vs EEG depression 0.061 0.38 0.55 0.51 0.87
vs Recovery 0.85 1.00 0.96 1.00 1.00

Figure 7.Median correlation of AP detected by each tem-
plate in the control group (n= 2) at each stage: baseline
(B), saline (S) and recovery (R). The dots represent indi-
vidual values, and the error bars represent the mean
(squares)± SD (whiskers) for each stage .

match the VENG signal. Figures 7 and 8 summar-
ize the results for the control and PTZ groups,
respectively.

In both the control group and the PTZ group, the
median correlation for all templates remained stable.
This indicates that the templates consistently fit the
signal well across stages, supporting the interpreta-
tion that the reduction in detected spikes reflects an
actual decrease in AP activity rather than a decline in
detection accuracy.

4. Discussion

This work provides evidence that seizures modulate
the fibers’ activation in the vagus nerve. For the PTZ
groups, the findings reveal a significant increase in
the percentage of small-diameter active fibers (2 µm
and 3 µm), corresponding to the expected increase in

Figure 8.Median correlation of AP detected by each tem-
plate in the control group (n= 6) at each stage: baseline
(B), pre-ictal (P), non-tonic–clonic-ictal (NTC), tonic–
clonic (TC), EEG depression (D) and recovery (R). The
dots represent individual values, and the error bars repres-
ent the mean (squares)± SD (whiskers) for each stage.

autonomic manifestations. We also observe a concur-
rent relative decrease in larger-diameter fiber activa-
tion (4 µm, 5–6 µm and 7–11 µm). None of those
changes are found in the control group. This low per-
centage of occurrence in larger-diameter fiber activa-
tion could be explained by the fact that these fibers
are predominantly associated with motor function
[39], which is suppressed under anesthesia. During
seizures, their activity may increase, but this effect
could be masked by the predominant activation of
smaller autonomic fibers, resulting in a lower relat-
ive contribution of larger fibers. This hypothesis war-
rants further investigation.

Regarding the current landscape of epilepsy treat-
ments, particularly devices for VNS, this finding is
appealing to target a novel biological marker allowing
for closed-loop paradigms. The contrast between the
resting state and epileptic seizures could be effectively
used to detect seizures. This finding is particularly

9
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promising given the anatomical similarities in vagus
nerve fiber distribution across species, suggesting the
potential translatability of these results from rodents
to humans and other animals. Stakenborg et al repor-
ted that the cervical vagus nerve in humans,mice, and
pigs contains similar percentages of myelinated fibers
(54 ± 4% in mice and 54 ± 7% in humans) [55].
Pelot et al reported a lower proportion of myelin-
ated fibers (∼20%) across mammalian species, while
still emphasizing comparable numbers across species
[56]. The general pattern of fiber-type composition
and diameter–frequency distribution in the cervical
vagus nerve is similar among mammals. Findings
in larger animals, such as cats [57], rabbits [58],
and ferrets [59], suggest that the same spectrum
is broadly applicable across many species. However,
caution is warranted before transferring conclusions
to humans. Significant anatomical differences, such
as the multifascicular structure in humans versus the
often monofascicular structure in rats, must be con-
sidered when interpreting recordings [60].

This work has limitations that should be con-
sidered when interpreting the results. First, the
VENG analysis does not include the unmyelin-
ated C fibers, whose small diameters—hence small
signal amplitude—do not allow for a nerve sur-
face recording as implemented here [61]. This can
limit physiological interpretation, considering that
C-fibers are known to be primary contributors to
autonomic regulation. However, this underrepres-
entation of small fibers does not impact the com-
parative analysis across different stages, as it does
not alter the significant differences among stages.
Second, we simulated a single, centrally placed fiber
to simplify computation. Prior work [42] showed
that while fiber position significantly affects the amp-
litude of the recorded AP (up to 60%), its shape—our
primary focus—remains largely unchanged. Since
our analysis is based on shape correlation, which is
amplitude-invariant, this simplification seems jus-
tified. Nonetheless, we acknowledge that a more
detailed model with multiple fibers could further
enhance accuracy. Additionally, the current model of
recording electrodes as point sources can be improved
by modeling spatially extended metal contacts (see
supplementary figures S-4 and S-5). Indeed, these
metal contacts influence locally the voltage distribu-
tion and hence the recorded AP.Despite the high tem-
plate similarity (correlation> 0.92), some differences
in spike detection values were observed across config-
urations. However, the overall trends remained highly
similar (see supplementary figure S-6–S-9), indicat-
ing that the same underlying physiological dynam-
ics were captured. These findings suggest that gen-
eral conclusions are not sensitive to the limited level
of detail in the model. Nevertheless, our current
approach represents a simpler first step and a valu-
able approximation for initial analyses of electrode-
neuron interactions. We believe that this simplified

model is adequate for a first study. The model focuses
on accurately reproducing conduction velocity to
obtain AP templates with faithful waveforms. Other
parameters, such as waveform amplitude, may not be
modeled with the same precision, but they are not
used by the detection procedure and thus have less
impact on the results. Third, the estimated diamet-
ers associated with each fiber type in rats may have
overlapping ranges, making it challenging to attribute
precise functions to individual fiber types based solely
on diameter. Nevertheless, detecting a difference in
vagus nerve activity remains a significant observation.
Fourth, the study’s small sample size, with only two
healthy control rats and six epileptic rats (also used
as their own control), limits the statistical power and
generalizability. In that regard, statistically speaking,
we mainly rely on using the six epileptic rats as their
own controls, which is also appealing as it limits vari-
ability and makes it easier to compare ictal changes.
Although the findings are statistically significant and
suggest a consistent biological interpretation, future
research with larger sample sizes is needed to confirm
these results. By estimating the power of this study
[62], the minimum sample size required to detect
changeswith a power greater than 80% is n= 6, which
aligns with the significant changes observed in this
study (in 2µmand 5–6µmfiber diameters). To detect
significant changes across all fiber diameters (i.e., also
3 µm, 4 µm, and 7–11 µm), the minimum sample
size is expected to be n = 28. The significant changes
detected in 2 out of 5 templates are already sufficient
for detecting seizures, and potential changes in other
fiber types would likely be minor (given the results
of this study). Still, further studies could increase the
number of rats to increase the statistical power.

Future studies could incorporate improvements
in the nerve model, adding an electrical represent-
ation of the myelin, using a double-cable model
[63] and multiple fibers in the model. Also, a
more accurate representation of the nerve’s geo-
metric and morphological features should be con-
sidered, including fascicle count, fascicle sizes, and
perineurium thickness [60, 64], since these paramet-
ers have important effects on models of neural activ-
ity. Additionally, directionality of the AP can be an
additional feature by classifying afferent and effer-
ent activity. Furthermore, exploring various electrode
dimensions and inter-electrode distances is essential,
as these factors can directly influence the discrimin-
ation of fiber conduction velocities. Simultaneously,
a sensitivity analysis should be conducted to evalu-
ate how variations in input parameters, such as con-
ductivity, affect the model’s performance, as these
parameters can vary across different sources and
literature [46, 65]. Additionally, the confound EMG
artifact must be addressed by incorporating sim-
ultaneous EMG monitoring electrodes to quantify
artifact contributions. Future experimental designs
should also consider performing nerve recordings
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under paralysis with artificial ventilation to ensure
no movement or EMG artifact [66, 67]. Finally,
the predictive performance of this methodology for
early seizure detection should be compared with
established physiological markers like EMG [68, 69].
However, EMG is primarily effective for seizures with
motor manifestations and is less suitable for non-
motor seizure types, such as absence seizures [70].
In contrast, the proposed approach, which utilizes
the same electrode for both stimulation and seizure
detection, offers a practical advantage by streamlin-
ing the detection process. This methodology could be
also translated to a chronic environment in healthy
rats [71], and in epileptic models, such as kainic acid
[72, 73], adapting the setup for long-term recording
of the vagus nerve [74, 75].

This opens the door for the development of a
novel approach to epilepsy management by analyz-
ing vagus nerve activity with fiber-specific resolution.
By distinguishing autonomic fiber activation during
seizures, our approach offers insights into the auto-
nomic dysregulation that often accompanies epileptic
events. This could enable seizure detection and open
avenues for targeted interventions, such as optimizing
VNS protocols, providing personalized epilepsy treat-
ments, and enhancing patient outcomes.

5. Conclusion

This work compared the activity of vagus nerve
recordings before, during, and after seizures in epi-
leptic rats. A significant increase was found in the
percentage of small-diameter active fibers (2 µm and
3 µm), in line with increased autonomic manifesta-
tions expected during seizures. A concurrent relative
decrease in larger-diameter fiber activation (4 µm, 5–
6 µm, and 7–11 µm) was also noted. Our findings
suggest that the percentage of occurrence of the act-
ive fibers could be used as a biomarker for seizure
detection, providing insights for the development of
a closed-loop VNS therapy.
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Appendix A

TheAP propagationmodel used theHodgkin-Huxley
equations coupled with the cable theory equations.
Each term in the equation corresponds to a different
contribution to the membrane potential:

• The capacitive current across the membrane is
given by:

IC,x = Cm
d(Vi,x−Ve,x)

dt
(A.1)

where IC,x is themembrane capacitive current density,
Cm is the membrane capacitance per unit area, and
Vi,x − Ve,x is the transmembrane voltage at the node
of Ranvier x.

• The ionic currents through the membrane chan-
nels are given by:

Iion,x = iNa + iK + iL (A.2)

where Iion,x represents the ionic channels’ current
density per unit area at the node of Ranvier x, includ-
ing sodium (iNa), potassium (iK), and leak (iL) cur-
rents, which contribute to the overall flow of ions out-
ward from the inside of the fiber.

The axial current flow between adjacent nodes of
Ranvier is given by:

INR,x =
Vi,x−1−2Vi,x+Vi,x+1

Ri
(A.3)

where INR,x represents the current propagation at the
Node of Ranvier x (the adjacent nodes: x− 1 and x+
1), Vi,x is the intracellular potential at the Node, and
Ri is the internodal resistance.

• The internodal resistance is given by:

Ri = ρa
Linternode
π
4 d

2
axon

(A.4)

where Linternode, daxon, and ρa represent the internodal
distance, the diameter of the axon, and the axoplasmic
resistivity, respectively.

Based on Kirchhoff ’s Current Law, the sum of
the currents flowing out of the node (capacitive cur-
rent IC,x and ionic currents Iion,x) must equal the sum
of the currents flowing into the node (axial current
INR,x). It is important to note that both IC,x and Iion,x
are current densities (in A

m2 ); therefore, they must be
multiplied by the surface area of the membrane at the
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Table 5. Physiological parameters of the Wesselink model. Adapted from, with permission from Springer Nature. Adapted from [45],
with permission from Springer Nature.

Parameter Symbol Value [unit]

Membrane capacity cm 0.028
[

F
m2

]
Leakage conductance gL 600

[
S
m2

]
Sodium permeability pNa 0.0704

Potassium conductance gK 300
[

S
m2

]
Intra-axonal resistance ρa 0.33 [Ωm]

Leakage equilibrium potential VL −84.14 [mV]

Sodium equilibrium potential VNa 43.7 [mV]

Sodium concentration outside the cell Nao 154 [mM]

Sodium concentration inside the cell Nai 30 [mM]

Potassium equilibrium potential VK −84 [mV]

Resting membrane potential Vr −84 [mV]

Faraday constant F 96, 485
[

C
mole

]
Gas constant R 8.3144

[
J

Kmol

]

node to compute the related currents. Assuming a cyl-
indrical geometry at the node, the surface area is rep-
resented by:

Ax = πdaxonlx (A.5)

where represents the length of the node x and daxon is
the diameter of the axon. This results in the equation
governing the electrical behavior at a node of Ranvier
x, given by:

INR,x = Ax (IC,x + Iion,x) . (A.6)

Wesselink–Schwarz [44, 45] adapted this model to
better reflect the biophysical properties of mam-
malian axons by modifying the equations that gov-
ern ion channel dynamics. This adaptation includes
parameters of the fiber model (see table 5) and spe-
cific equations for sodium, potassium, and leakage
currents:

• The sodium current is given by:

iNa =
m3·h·pNa·V·F 2

R·T ×
(
Nao− Nai·e

V·F
R·T

)
1−e

V·F
R·T

(A.7)

where iNa is the sodium current density, is the
membrane voltage, pNa is sodium permeability,
Nao and Nai represent the sodium concentration
outside and inside the cell respectively, R is the gas
constant, F is the Faraday constant,T is the absolute
temperature, andm and h represent the probability
that the sodium channel is open at a givenmoment
in time, i.e., the proportion of sodium channels in
which, respectively the activation or inactivation
gate, is open.

• The potassium current is given by:

iK = n4 · gK · (V−VK) (A.8)

where is the potassium current density, Vk is
the potassium equilibrium potential, and gk is
potassium conductance, and n represents the prob-
ability that the potassium channel is open at a given
moment, i.e., the proportion of potation channels
in which the activation gate is open.

• The leakage current is given by:

iL = gL · (V−VL) (A.9)

where iL is the leakage current density, VL is the
leakage equilibrium potential, and gL is the leakage
conductance.

The termsm, h and n represent the probability of ion
channels being in an open or closed state. These vari-
ables follow first-order differential equations, given
by:

dm

dt
= am · (1−m)− bm ·m,m(0) = 0.0382

(A.10)

dh
dt = ah · (1− h)− bh · h,h(0) = 0.6986 (A.11)

dn

dt
= an · (1− n)− bn · n,n(0) = 0.2563. (A.12)

The functions a and b determine the transition
rates between the open and closed states of these
channels, given by:

am =
Q10 · 4.6 · 103 (V+ 18.4)(

1− e(
−18.4−V

10.3 )
) (A13)

bm =
Q10 · 0.33 · 103 · (−22.7−V)(

1− e(
V+22.7
9.16 )

) (A.14)

ah =
Q10 · 0.21 · 103 · (−111−V)(

1− e(
V+111

11 )
) (A.15)
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bh =
Q10 · 14.1 · 103(
1− e(

−28.8−V
13.4 )

) (A.16)

an =
Q1051.7(V+ 93.2)(

1− e(
−93.2−V

1.1 )
) (A.17)

bn =
Q10 · 92 · (−76−V)(

1− e(
V+76
10.5 )

) (A.18)

where Q10 = 3(31.9−37)/10 = 0.571, relative to the ref-
erence temperature of 37 ◦C.

Appendix B

The 3D FEM of the vagus nerve was governed by
the following equations of current conservation (all
domains):

∇· J= Qj,v (B.1)

J= σE+
δD

δt
+ Je (B.2)

E=−∇V (B.3)

D= ϵ0ϵrE (B.4)

where j is the total electric current density, Je is the
external current density (neglected), E is the scalar
electric field, D is the electric displacement field, V is
the voltage, σ is the electrical conductivity (defined
for eachmaterial, see table 1), E0 is the permittivity of
free space (8.85× 10−12 F m−1) and ET is the relative
permittivity (=1).

The boundary condition on the medium’s surface
was defined as a distributed surface impedance:

n̂ · Jm =
1

ds

(
σ+ ϵ0ϵr

δ

δt

)
(V−Vref) (B.5)

where jm is the current density through the surface,
n is a unit vector perpendicular to the surσface, ds is
the thickness of the surface layer (=0.05m). The elec-
trical conductivity () was set as 0.02 S m−1. V ref is the
voltage reference (=0 V) where the medium’s surface
is tied to ground.

Finally, each node of Ranvier was set as a cur-
rent source (current density), which contributed to
the current conservation of the domains (qjv)

Table 6. Single point electrode positions along the nerve model
and simulation times.

Fiber size
model (µm)

Single points
position (mm)

Simulation
time (ms)

2 10 ; 14 4
3 15 ; 19 4
4 20 ; 24 3.5
5 25 ; 29 3.5
6 30 ; 34 3.5
7 35 ; 39 3.5
8 40 ; 44 3.5
9 45 ; 49 3
10 50 ; 54 3
11 55 ; 59 3

Appendix C

Each model has a vagus nerve length of 0.206 m and
has 150 nodes of Ranvier. Since the number of nodes
of Ranvier was fixed across all fibers, but the inter-
nodal distance varied proportionally with fiber dia-
meter (internodal length= 100× diameter), the spa-
tial distribution of nodes differed for each fiber size.
To capture action potential propagation centered in
time using COMSOL, the pair of single-point elec-
trodes was therefore positioned at different locations
along the models. The simulation times and single
points electrode positions used are shown in table 6.
The radial position of the single points electrodes is
310.5 µm, having a gap of 70.5 µm.
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