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Abstract
Objective. Finite element modelling has been widely used to understand the effect of stimulation on
the nerve fibres. Yet the literature on analysis of spontaneous nerve activity is much scarcer. In this
study, we introduce a method based on a finite element model, to analyse spontaneous nerve
activity with a typical bipolar electrode recording setup, enabling the identification of
spontaneously active fibres. We applied our method to the vagus nerve, which plays a key role in
refractory epilepsy. Approach.We developed a 3D model including dynamic action potential (AP)
propagation, based on the vagus nerve geometry. The impact of key recording
parameters—inter-electrode distance and temperature—and uncontrolled parameters—fibre size
and position in the nerve—on the ability to discriminate active fibres were quantified. A specific
algorithm was implemented to detect and classify APs from recordings, and tested on six rat in-vivo
vagus nerve recordings.Main results. Fibre diameters can be discriminated if they are below 3 µm
and 7 µm, respectively for inter-electrode distances of 2 mm and 4 mm. The impact of the position
of the fibre inside the nerve on fibre diameter discrimination is limited. The range of active fibres
identified by modelling in the vagus nerve of rats is in agreement with ranges found at histology.
Significance. The nerve fibre diameter, directly proportional to the AP propagation velocity,
is related to a specific physiological function. Estimating the source fibre diameter is thus
essential to interpret neural recordings. Among many possible applications, the present
method was developed in the context of a project to improve vagus nerve stimulation therapy
for epilepsy.

1. Introduction

Neuromodulation, defined as the modulation of the
nervous systemactivitywith artificialmeans, is widely
used to treat chronic disorders [1]. It can be per-
formed by neurostimulation (the electromagnetic
approach to neuromodulation), and more specific-
ally by electrical current pulses delivered through
electrodes that activate or inhibit excitable tissues.

Clinical applications include deep-brain stimulation
for Parkinson’s disease [2, 3], peripheral nerves stim-
ulation for bladder incontinence [4, 5] or foot drop
[6, 7], and vagus nerve stimulation (VNS) for refract-
ory epilepsy [8–10] to name only a few.

Conventional electrical stimulation delivers
pulses in a continuous (or intermittent) fashion, in an
‘open-loop’. Recently much attention has been paid
to responsive stimulation, where pulses are delivered
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in response to a physiological feedback acquired by
the device, in a ‘closed-loop’. For instance, in spinal
cord stimulation to treat chronic pain, spinal cord
evoked compound action potentials (APs) are used
to adjust stimulation pulse [11]. In deep brain stim-
ulation to treat psychiatric illnesses, stimulation is
automatically adjusted in response to changes in the
patient’s electrical brain activity [12]. Many peri-
pheral nerves (dorsal genital nerve, pudendal nerve,
S3 afferent nerve roots, S1 and S2 ganglia) have been
stimulated as treatment of urinary incontinence and
lower urinary tract symptoms, and most of these
nerves have also been used as sources of information
to detect bladder events to propose a responsive ther-
apy [13]. Acquiring and processing the physiological
feedback required for responsive therapy is, however,
far from being an easy task. In peripheral nerves, for
instance, the signal to noise ratio (SNR) is low and
it is difficult to distinguish the desired physiological
feedback from other information carried in the nerve
bundle [13].

VNS is a widely used neuromodulation treatment
for refractory epilepsy. Despite its largely common
use, the mechanism of action of VNS is not yet fully
elucidated [14, 15]. Nearly one third of patients do
not respond to VNS, and very little is known about
why this occurs [16, 17]. Today, vagus nerve stim-
ulators operate in either of two stimulation modes,
continuous or in a ‘closed-loop’, where the stimu-
lation is conditional to the occurrence of a seizure.
This later mode of stimulation is promising since the
abortive effect of VNS has been confirmed by several
human and animal studies [18–20]. However, today,
the seizure detection used is based on ictal tachy-
cardia [21], even if a significant number of patients
do not experience any ictal tachycardia. A more reli-
able seizure biomarker would therefore be highly
valued.

Consequently, a better understanding of the vagus
nerve—more specifically regarding its spontaneous
activity in the framework of epilepsy—would be
beneficial. Indeed, knowing what fibres are active
during a seizure or at rest could enable the iden-
tification of new seizure biomarkers, providing the
physiological feedback required for a responsive ther-
apy. This knowledge also gives insight in the role of
the types of nerve fibres in seizure activity, hence
contribute to our understanding of their role in epi-
lepsy, suggesting new methods of epilepsy manage-
ment. Besides, understanding the way nerve activity is
captured by the electrodes can help us optimise nerve
monitoring systems.

Modelling is a valuable tool to analyse both
a nerve spontaneous activity and the mechanisms
underlying its response to electrical stimulation.Most
reported studies related to the vagus nerve have
focused on electrical stimulation [22, 23]. The per-
cutaneous auricular VNS has also been modelled

[24, 25]. More specifically [22, 23], aimed to improve
the stimulation parameters and reduce side effects.
They focused on the potential field generated by the
electrodes to selectively target specific types of fibres
believed to result in anti-epileptic effects [22, 23]. To
the best of our knowledge, no study has modelled
vagus nerve spontaneous activity.

Modelling the spontaneous activity of the nerve
requires knowledge of both the dynamics (i.e. evol-
ution in time) of AP propagation and its contri-
bution to the electrical potential captured by the
electrodes (i.e. 3D modelling). The dynamics of AP
propagation has been studied for decades, first in
the squid giant axon [26], later adapted to mam-
mals [27]. On the other hand, 3Dmodelling of nerves
usually focused on static (i.e. not time dependent)
potential fields [22, 23] thus not integrating the AP
propagation.

We found only two teams whose work linked the
dynamics of AP propagation with a 3D volume geo-
metry, to model the compound activity recorded in
peripheral nerves by a specified set of electrodes. The
most detailed model adds the AP of a number of
independently firing single fibres to a noise signal
[28]. However, in the work of these authors, nodes of
Ranvier are modelled by voltage sources and not cur-
rent sources, and the AP propagates at an arbitrarily
chosen velocity (i.e. the AP propagation velocity is
not based on the specific fibre model equations).
Another study implemented a complex electrode net-
work to focus on a specifically located source to dis-
criminate the activity of a given nerve fascicle against
others [29].

In this paper, we present the implementation of
a 3D volume conductor model of a nerve using finite
elements, including a representation of the propaga-
tion of a spontaneous AP. We use this model to ana-
lyse the vagus nerve spontaneous activity as recorded
with bipolar hook electrodes. We propose a method
to infer the AP propagation velocity distribution (and
thus the distribution of active fibre diameters) from
a given neural recording. We applied our method
to analyse the vagus nerve activity recorded in vivo
in six rats.

2. Methods

2.1. Surgical procedure
Six male Wistar rats obtained from the local animal
facility were used. All rats were provided ad libitum
access to food and water under a 12 h day/night cycle.
The experimental procedure, described in Stumpp
et al [30], has been approved by the University Health
Sciences Sector Laboratory Animal Protection Com-
mittee (2018/UCL/MD/001).

Animals were anaesthetized with 6% Sevoflurane
in pure O2 at a 3 l min−1 flow rate. As the initial
anaesthesia took effect, the Sevoflurane was stopped,
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Figure 1. Description of AP. In blue, the individual potential fluctuation seen by each of the electrodes of a longitudinal
differential montage referred to the internal membrane potential. In red, the difference between the blue APs, i.e. the differential
AP corresponding to the differentially recorded signal. In green, the duration between the peaks of a monopolar AP. (a) Below the
spatial aliasing limit (SAF= 0.5). (b) Spatial aliasing limit (SAF= 1). (c) No spatial aliasing (SAF= 2).

and the animals were injected with 60 mg kg−1 Ket-
amine and 7 mg kg−1 Xylazine intraperitoneally. The
level of anaesthesia was controlled by the withdrawal
reflex upon noxious paw stimulation and maintained
by additional intraperitoneal injections of 60mg kg−1

Ketamine, approximately every 30 min. The body
temperature was controlled via a rectal probe and
maintained at 37.5 ◦C by a heating pad.

To record the vagus electroneurogram (VENG),
the left vagus nerve was exposed. Loose perineural
connective tissue was removed over a length of
10–15 mm and the exposed nerve was placed on two
elevated hook electrodes (with 2 mm inter-electrode
distance, see figure 3(b)). The nerve and surrounding
tissue were covered with silicone oil (Merck KGaA,
Darmstadt, Germany) to prevent dehydration. The
surgical procedure is further detailed in [30].

2.2. Recording setup
A custom-made amplifier was used [30]. Hardware
filters consist of a bandpass (12–12 000) Hz. The
gain of the amplifier is 800 and the observed root
mean square noise of the amplifier is 0.5 µV referred
to the input. The signal was acquired at 80 kHz
via a USB-6212 multifunction I/O-device (National
instruments, Austin, USA) for an overall resolution
of 0.175 µV bit−1 and a dynamic range of ±3.5 mV,
both referred to the input. A custom-made MATLAB
R2017a application (MathWorks, Natick, USA) was
used to acquire the data. The potentials were recor-
ded in a bipolar differential mode.

The nerve temperature was also measured, since
it has an impact on the nerve activity and more
specifically on AP propagation velocity. During an
acute in-vivo experiment, in a hook setup, the nerve
is lifted by the electrodes from its original position.
The space between the wound and the nerve is thus
air. Analysing the characteristic times of the dif-
ferent mechanisms of heat transport governing the
temperature of the nerve—i.e. the heat exchange by
conduction and convection between the nerve and
the surrounding air medium and the supply of heat

by the blood flow—we can show that the temper-
ature of the nerve can be evaluated as the average
of equidistant measurements below and above the
nerve (see appendix A). The temperatures above and
below the nerve were measured with a thermocouple
type T (Data Acquisition 34 970 A, Keysight Tech-
nologies) with an accuracy of 0.1 ◦C respectively
at 24.5 ◦C and 25.5 ◦C so the average temperature
is 25 ◦C.

2.3. Theoretical approach
An AP propagates along the nerve fibres at a velo-
city vAP that is a function of the fibre diameter.
Two electrodes longitudinally placed along the nerve
fibre would see, in a monopolar recording with an
external reference, the monopolar AP with a delay
tmonopolarAP = dinterelect/vAP where dinterelect is the dis-
tance between the electrodes (see blue traces in
figure 1). However, the two electrodes are fed into the
differential inputs of an amplifier (see red traces in
figure 1).

As can be seen in figure 1(c), the time between
the minimum and the maximum peak (tdifferential AP)
of a differentially recorded AP equals tmonopolar AP

if the AP at the first electrode has returned to
zero when the second electrode sees the poten-
tial. In this case, the velocity can be deduced
from the differentially observed duration such as
vAP = dinterelect/tdifferential AP.

However, if dinterelect is below a critical inter-
electrode distance value or if vAP is above a crit-
ical velocity value, then tdifferential AP differs from
tmonopolar AP (figure 1(a)) and vAP can no longer be
deduced from tdifferential AP. We refer to this situation
as spatial aliasing. In this situation, the duration
between the peaks of a monopolar AP, defined as
tAP peaks (see figure 1, in green), is larger than the
time required by the AP to travel from one elec-
trode to the other (dinterelect/vAP) (see figure 1(a)).
Therefore, the contribution of the first recording elec-
trode is mixing with the contribution of the second
electrode.
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We define the duration factor DF as the ratio
between the two durations:

DF=
tmonopolar AP

tdifferential AP
. (1)

We define the spatial aliasing factor SAF as the
ratio of dinterelect/tAP peaks and vAP, such that spatial ali-
asing is observed when SAF< 1:

SAF=

dinterelect
tAP peaks

vAP
. (2)

The critical inter-electrode distance dcritical repres-
ents theminimal distance forwhich no spatial aliasing
appears, and is defined as:

dcritical = tAP peaks · vAP. (3)

In this definition, the fibre diameter associated
with the critical distance is defined as the critical fibre
diameter.

SAF and DF are both related to spatial aliasing
but provide complementary information. SAF dir-
ectly quantifies spatial aliasing (it is higher than one
when there is little or no spatial aliasing and smal-
ler otherwise). It can be simply deduced (i.e. without
the need to refer to a 3D model) for any fibre dia-
meter because tAP peaks only depends on the temper-
ature. DF can be seen as a correction factor (that
can be equal, less or greater than one), to infer vAP
from what is observed in a recording, since it directly
relates tmonopolar AP (required to calculate vAP) and
tdifferential AP (observed in the recording). It depends on
the electrode configuration and the 3D geometry.

2.4. Modelling
2.4.1. General overview
The study aims to simulate the single fibre AP
propagation in the modelled nerve. The AP is as
described by Schwarz’s model for myelinated nerve
[27], adapted to mammal fibres by Wesselink [31].
These equations provide an estimate of the trans-
membrane potential and current at any node of Ran-
vier as a function of time. Variants of the model
have been used in several studies [29, 32]. This work
focuses on myelinated fibres (A- and B-fibres) rather
than unmyelinated fibres (C-fibres). Indeed, since
myelinated fibres have larger diameters than unmy-
elinated fibres, and since the amplitude of an AP is
proportional to the square of the fibre diameter [33],
the amplitude of APs of myelinated fibres are much
larger, leading to a predominant contribution in an
in-vivo recoding.

In a further step, the calculated transmembrane
current—i.e. the current sources at the nodes of
Ranvier—was used as the input for a 3D geometrical
and electrical finite element model (FEM) simulation
of the vagus nerve. The FEM computed the poten-
tial at any point, in particular at the recording elec-
trode positions. The signal expected to be recorded
with bipolar electrodes can thus be calculated.

2.4.2. Implementation of AP propagation
The modelling parameters are those of [31], as
detailed in appendix B. The model was computed
withMATLAB for various nerve fibre diameters, from
2 µm to 13 µm, with a 1 µm step. The output
was a matrix of current sources (one for each node
of Ranvier), as a function of time, due to the AP
propagation.

While the transmembrane potential represents
the main output of the Hodgkin–Huxley derived
equations, the membrane current, INR,n, at a node of
Ranvier n, can be calculated as follows for a spontan-
eous AP (i.e. without external stimulation):

INR,n = IC,n + Iion, n = Cm
d(Vi, n −Ve, n)

dt
+ Iion, n.

(4)
IC, n being the capacitive current from the inside of
the fibre, Iion, n being the current though the ionic
channels outward from the inside of the fibre, Cm

being the transmembrane capacity, Ve, n the potential
just outside the membrane, Vi, n the internal mem-
brane potential and Iion, n the current through the
ionic channels outward from the inside of the fibre,
at a node of Ranvier n. Considering Kirchhoff ’s law
at the node n (and between its neighbours n−1 and
n+ 1) [34]:

IC, n + Iion, n +
Vi, n −Vi, n−1

R
+

Vi, n −Vi, n+1

R
= 0

(5)
whereR is the axoplasmic resistance, considered equal
between each node of Ranvier.

Such that:

INR,n =
Vi,n−1 − 2Vi,n +Vi,n+1

R
. (6)

Physical quantities are expressed in SI units.

2.4.3. Finite element model
The vagus nerve geometry was reproduced in a FEM
as described by [22] and can be seen in figure 2. It
was implemented with the module Electrical Cur-
rents of COMSOL Multiphysics 5.5 (COMSOL Inc.,
Burlington, MA). The fibre geometry was taken from
the transverse section of a histology sample, then the
nerve was extruded along its length. The diameter of
the nerve was 400 µm [35], and the nerve length was
long enough to avoid boundary problems when the
AP was propagating. Parameters of the layers consti-
tuting the nerve were taken from [23]. For the sake of
simplicity, during simulations, only one fibre is con-
sidered at a time.

Each node of Ranvier is represented as a cylin-
der. Nodes of Ranvier are the inputs for the FEM.
They are current sources defined by equation (6) and
not voltage sources as in [28]. These are calculated
for each node and each time bin by a MATLAB pro-
gram, while COMSOL computes the resulting poten-
tial distribution based on the implemented geometry.
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Figure 2. Artist view of the model. Layers, from external to internal: connective tissue (gold yellow), endoneurium (yellow),
epineurium (pale brown), perineurium (brown), myelin (pale green)—cytoplasm (green). Nodes of Ranvier are short stretches of
axon devoid of myelin.

A request is made by COMSOL to MATLAB to load
the current sources at specific time bins. The commu-
nication between current sources computed byMAT-
LAB andCOMSOL request for input current source is
realised with a local TCP/IP connection in MATLAB
thanks to the LiveLink for MATLAB module from
COMSOL.

The AP propagation modelling using Wesselink–
Schwarz equations has been extensively studied and
validated [31, 36]. The velocity observed in our 3D
model was compared to the 1D model from [31]
and to measurements based on in-vivo recordings
(see [37]).

2.5. Data analysis
2.5.1. General overview
Our method aims to link the spontaneous APs
observed during a recording to the spectrum of act-
ive fibre diameters. First, the method was assessed
through simulations. Simulated APs were compared
in several situations (section 2.5.2). The method was
assessed in terms of achievable sensitivity and accur-
acy (section 2.5.3), which were linked to the aliasing
phenomenon (introduced in section 2.3). Then, the
method was used to infer the diameter of fibres from
rat VENG recordings (section 2.5.4).

2.5.2. Illustration of encountered situations
To analyse the impact of one parameter at a time
on the recording, different situations were compared,
keeping other variables constant:

• different diameters of fibres,
• different positions of the fibre in the nerve section,
• different inter-electrode distances,
• different nerve temperatures.

Unless otherwise stated, the fibre diameter was
5µm, the temperaturewas 25 ◦Cas typically observed
in the recordings, the inter-electrode distance was

2 mm, the position was central and the fibre—
electrodes distance was 0.3 mm.

Four fibre positions were used, as shown in
figure 3(a). In a nerve of 200 µm radius, the active
fibre was: centred (position 1); placed 100 µm from
the centre, both toward the electrodes or in opposite
direction to it (positions 2, 3); or placed 100 µm from
the centre in the perpendicular direction (position 4).

2.5.3. Inferring the diameter of fibre in simulations
Normalised APs from all fibre sizes at the central pos-
ition were simulated and used as templates. Normal-
ised APs extracted from the model at the positions of
figure 3, with different levels of noise, were compared
to these templates. The APs were analysed with an
infinite SNR, and SNRs of 6 dB and 3 dB by the addi-
tion of white Gaussian noise. The cross-correlations
between the tested AP and the templates were calcu-
lated. The template with the maximum correlation
was associated with the tested AP, providing an estim-
ation of the fibre diameter. The comparisons of pos-
itions, with respect to the central position, and of
different levels of noise, were realised with an inde-
pendent Chi-square test, suitable for categorical clas-
sification. We only chose to use simulated templates
that are corresponding to a fibre in the centre of the
nerve, since the fibre position is not expected to sig-
nificantly affect the AP temporal shape [38]. Changes
in absolute amplitude value are taken care of by the
normalisation. We have tested the effect of the nerve
position within the nerve and found no effect (see
section 3.1.2). Moreover, choosing the central fibre
position only for the template—rather than many
templates corresponding to different fibre position—
prevents overfitting.

2.5.4. Inferring the diameter of fibre from rat VENG
recordings
Individual spikes expected to correspond to the AP of
single fibres were identified in the VENG recordings
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Figure 3. (a) Representation of different fibre positions, not to scale. The brown circles represent the fibres and the yellow
rectangle the electrode. (b) Representation of the recording hook electrodes (H1, H2) setup [30].

Figure 4. Simulation of bipolar APs for different fibre sizes. (a) Temporal signal. Amplitudes are scaled to their minimum value.
(b) Duration factor (DF) as a function of the duration between the differential peaks (tdifferential AP). Each point represents one
fibre size.

of each rat. A spike detection algorithm was adap-
ted from [30, 39, 40]. The algorithm works in three
steps: (a) spike candidates are detected by convolut-
ing the recording with a generic spike, (b) detec-
ted spikes are separated into clusters and isolated
spike candidates are rejected, (c) cluster centroids
are used for a second detection with narrower detec-
tion range to generate the final spike identification.
Finally, detected spikes are extracted from the raw
signal.

As in section 2.5.3, normalised APs from all fibre
sizes at the central position were simulated and used
as templates. Spikes detected from the recordings
were normalised and compared with the templates.
Normalisation annihilates influence of amplitude on
the cross-correlation output. A diameter was asso-
ciated with each detected spike, corresponding to
the maximal correlation obtained from the templates
comparison. Spikes with a fibre diameter detected as
being above the studied range (i.e. 13 µm and above,
hence associated with the largest template) were
quantified.

3. Results

3.1. Study of model parameters
3.1.1. Influence of the fibre size
The differential APs are displayed in figure 4(a) for
three fibre sizes ([2, 5, 9] µm). The 5 µm and
9 µm fibre showed more spatial aliasing than the
smaller fibre of 2 µm. This is due to their faster
velocity.

Figure 4(b) shows the DF of the different fibre
sizes. Large fibres were characterised by a smaller dur-
ation between the peaks. They were more difficult
to differentiate, as seen in section 3.3. Indeed, vari-
ations of duration between two diameters become
smaller for larger fibres. For example, the duration
tdifferential AP of an 11µm fibre was 95% of the duration
of a 9 µm fibre, while the duration of a 3 µm fibre was
65% of the duration of a 2 µm fibre.

3.1.2. Influence of the position of the fibre
As described in figure 3, several positions were stud-
ied to evaluate the influence of the fibre position
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Figure 5. Comparison of simulated APs for different fibre positions, with 2 mm inter-electrode distance, at 25 ◦C. (a) Temporal
signal for a 5 µm fibre. (b) Duration factor (DF) as a function of the duration between the differential peaks (tdifferentialAP). Each
point represents one fibre size ([11, 9, 7, 5, 3, 2] µm).

Figure 6. Comparison of simulated for different inter-electrode distances at 25 ◦C. (a) Temporal signal for a 5 µm fibre. (b)
Duration factor (DF) as a function of the duration between the differential peaks (tdifferential AP). Each point represents one fibre
size ([11, 9, 7, 5, 3, 2] µm).

on the recorded signal. Figure 5(a) shows the tem-
poral behaviour of the simulated AP at these pos-
itions for a fibre of 5 µm at 25 ◦C with an inter-
electrode distance of 2 mm. Figure 5(b), shows
the DF of [11, 9, 7, 5, 3, 2] µm fibres for these
positions.

Despite a noticeable modification in amplitude,
the duration between the peaks tdifferential AP remained
similar. Indeed, the peak-to-peak amplitude varied
by 60%, whereas duration varied by only 8%. In
this regard, fibre diameters can still be discriminated
exploiting the temporal signal with little influence of
the fibre position.

3.1.3. Influence of the inter-electrode distance
As the inter-electrode distance increases, the AP takes
more time to reach the second electrode. Hence, for a
given AP velocity, the larger the distance between the
electrodes, the smaller the aliasing. This can be visu-
alised on figure 6(a). If the distance is large enough,
there is no spatial aliasing (SAF> 1), DF is close to 1,

and the duration of the peak increases linearly with
the distance (see figure 6).

3.1.4. Influence of the temperature
As the temperature increases, the propagation velo-
city increases. Taking equation (2), a higher velo-
city induces a smaller SAF, i.e. more spatial aliasing.
Figure 7 shows that the spatial aliasing was more
important at higher temperature.

3.1.5. Evaluation of the spatial aliasing and critical
fibre diameter
Critical fibre diameters (defined in section 2.3 as the
largest fibre diameter for which there is no spatial
aliasing for a given inter-electrode distance), associ-
ated with typical inter-electrode distances, were eval-
uated at several temperatures. At 25 ◦C, a dura-
tion of 0.3 ms for tAP peaks was observed in the 3D
model (tAP peaks only depends on the temperature).
SAF was calculated at 25 ◦C and fibres with critical
diameter were identified (see figure 8(a)). These were
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Figure 7. Comparison of simulated APs for different temperatures with 2 mm inter-electrode distance. (a) Temporal signal for a
5 µm fibre. (b) Duration factor (DF) as a function of the duration between the differential peaks (tdifferential AP). Each point
represents one fibre size ([7, 5, 3, 2] µm).

Figure 8. Comparison of simulated APs for different inter-electrode distances. (a) At 25 ◦C. (b) at 37 ◦C. Each point represents
one fibre size ([13, 11, 9, 7, 5, 3, 2] µm). Points targeted by an arrow correspond to the critical fibre diameter.

3 µm and 7 µm, respectively for inter-electrode dis-
tances of 2 mm and 4 mm (indicated by an arrow in
figure 8(a)). Beyond these diameters, spatial aliasing
was observed. The observation of spatial aliasing was
also consolidated with the vertical part of the curves
(spatial aliasing, for fibres larger than the critical
fibre diameter) compared to the horizontal part of
the curves (no spatial aliasing). This observation was
given at 25 ◦C but can also be described at other
temperatures, for instance at 37 ◦C as shown on
figure 8(b).

3.2. Sensitivity of the model
Simulated AP for fibres located in several positions
were classified with the AP templates in the cent-
ral position. Figure 9 shows that the position of
the fibre within the nerve had little effect on dia-
meter prediction accuracy. For fibres larger than the
critical fibre diameters, the mean error varied from
0.14 µm ± 1.58 µm to 1.4 µm ± 2.63 µm and
no dependence can be established from the position

(p > 0.05). For this reason, further analysis focussed
on the centrally located fibres, believed to be most
representative.

The influence of noise on prediction accuracy
was analysed (see figure 10). The accuracy decreased
with the SNR, as expected. The mean predicted fibre
diameter was not dependent on noise (p > 0.05)
but the standard deviation was significantly higher
when SNR decreased from 6 dB to 3 dB (Levene test,
p < 0.05).

The repartition of assigned templates for a given
fibre diameter is represented in figure 11 for a SNR
of 3 and 6 dB. The accuracy reached 100% for
fibre diameters smaller or equal to the critical fibre
diameters. The decrease in sensitivity was closely
linked to the critical distance. For instance, taking
an inter-electrode distance of 2 mm and an SNR of
3 dB (i.e. worst case considered), a fibre of 5 µm
(i.e. with spatial aliasing starting to be observed)
was assigned to a diameter of 5 µm 84% of the
time and to a diameter of 7 µm 16% of the time.

8



J. Neural Eng. 18 (2021) 056008 H Smets et al

Figure 9.Mean predicted diameter as a function of actual diameter for four fibre positions at 25 ◦C. The error bars represent one
standard deviation. The electrode intercontact distance is 4 mm. (a) SNR= 6 dB. (b) SNR= 3 dB.

Figure 10.Mean predicted diameter as a function of actual diameter for SNRs of 6 dB and 3 dB at 25 ◦C. The error bars represent
one standard deviation. The inter-electrode distance is 2 mm (a) and 4 mm (b).

Figure 11. Repartition of assigned templates for a tested fibre diameter for SNRs of 6 dB (plain lines) and 3 dB (dashed lines) at
25 ◦C. Depending on the inter-electrode distance: 2 mm (a) and 4 mm (b). The decrease of sensitivity is closely linked with the
critical distance and fibres that are beyond the range.
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Figure 12. (a) Histogram of occurrence of fibre diameters, based on detected spikes (mean and standard deviation). (b) Typical
example of in-vivo detected spikes (grey) associated with a diameter of 3 µm (simulation template in red).

The accuracy of classification for fibre diameters lar-
ger than the critical fibre diameters decreased to
35%, in the worst case of the considered fibre dia-
meter range (i.e. 9 µm). If one considers acceptable
a classification of a fibre within a range of ±2 µm
around its real value, then the accuracy increased
to 85%.

3.3. Evaluation of the active fibres from in-vivo
VENG recordings
Spikes were detected in the spontaneous VENG of
the six rats with the adapted detection algorithm
(see section 2.5.4). For each detected spike, a compar-
ison of the spike with modelled APs was performed.
This allowed us to reconstruct the occurrences of
active fibres in the recording. Figure 12(a) presents
the mean and standard deviations of occurrences of
active fibres that were detected and classified in the
recordings.Ninety per cent of the detected spikeswere
included in the studied range (2–11 µm). A typical
example from one recording is given in figure 12(b).
Each individual spike classified is displayed in grey
and the 3 µm template is displayed in red. The AP
amplitudes have been adjusted to better demonstrate
any temporal mismatch.

4. Discussion

In this paper, we developed a detailed 3D model
of a propagating AP. We simulated the effects of
inter-electrode distance, fibre position across the
nerve section, temperature and propagation velocity.
Finally, we proposed a method to identify the dia-
meter of the source fibres by comparing recorded APs
with a set of simulation templates.

Fibre diameters below the critical fibre diameter
can be unequivocally identified based on the bipolar
recording. Diameters above this value can still be
identified to some extent. The accuracy depends on

the inter-electrode distance, temperature and SNR.
For instance, the accuracy was above 85% for an
inter-electrode distance of 2 mm, an SNR of 3 dB,
at 25 ◦C, considering acceptable a classification of a
fibre diameter within a range of ±2 µm. The fibre
position within the nerve had no significant effect
on the discrimination accuracy. If the inter-electrode
distance is increased to 4 mm (and the other para-
meters kept constant), the accuracy exceeds 90%
for the same range of fibres. More generally, our
methodology allows to predict the range of fibres
that can be discriminated (and the accuracy whiting
that range) for a given inter-electrode distance and
temperature.

Themodification of the recordedAP shape, intro-
duced as spatial aliasing in this paper, was observed
with an experimental setup [41]. Thanks to our 3D
model, spatial aliasing has been further investigated
by characterising its effects in various typical experi-
mental situations.

To the best of our knowledge, a method to
detect and classify spontaneously active fibres with
a dynamic 3D model in a bipolar setting has never
been presented before. Koh et al [29] demonstrated
the value of dynamic modelling. In their work, con-
volutions were used in a spatiotemporal matrix to
discriminate fibre positions from activity recorded
with amulti-electrode cuff. Our algorithmuses a sim-
pler electrode arrangement (hook) to detect the fibre
diameter, rather than position. We believe that both
algorithms are complementary.

Fibre diameter discrimination has already been
introduced in experiments with velocity selective
recording by Taylor et al [42, 43]. Using a multi-
electrode cuff and dedicated recording software with
adjustable delays, they were able to discriminate
fibres based on propagation velocity. The method,
like ours, is most sensitive to slower, smaller fibres.
Even if the purpose of their work and ours is

10



J. Neural Eng. 18 (2021) 056008 H Smets et al

similar—fibre diameter discrimination—our meth-
odologies strongly differ, and our work is focused on
short recording setups using simple hook electrodes,
whilst theirs focused on applications where cuffs with
multiple contacts are used. Our model provides addi-
tional details on the discrimination accuracy, based
on the temporal properties of the signals, and we
have studied the effect of different parameters to
demonstrate their respective importance in the dis-
crimination. Our dynamic 3D model therefore com-
pletes the experimental results of [42, 43] based on 1D
considerations.

To study the robustness of fibre diameter dis-
crimination in a recording, white Gaussian noise was
added to the signal. The levels of noise added to the
signal have an amplitude typically observed in our
VENG recordings, giving SNRs in agreement with
previously published work [44]. Their findings sug-
gest that, for small inter-electrode distances, increas-
ing this distance enhances the SNR, which is concord-
ant with our observations in the recordings.

Our analysis indicated a higher discrimination
accuracy for smaller fibres. This is explained by a
smaller propagation velocity for smaller fibres. Since
the AP has more time to travel from one electrode
to the other, contributions to both electrodes are
less mixed, the recorded AP is less prone to spa-
tial aliasing, and thus easier to distinguish. How-
ever, even if smaller fibres do not suffer from spa-
tial aliasing, they exhibit a smaller AP amplitude,
therefore implying a lower SNR (considering the
noise level constant), which tends to decrease dis-
crimination accuracy. If the SNR becomes too low,
it can be difficult to distinguish an AP from the
background, to analyse its waveform and so, a for-
tiori, to discriminate fibres, even when not suffer-
ing from spatial aliasing. Our work did not analyse
the impact of fibre diameter on the AP amplitude,
and so on the SNR. However, examples of accuracies
reached for different values of SNR are given in
section 3.2.

As implemented in this work, our method only
addresses a limited range of fibre diameters. In par-
ticular, the unmyelinated C fibres are not represented
despite their importance in the vagus nerve [37]. The
main reason is that recording activity in such fibres
requires other electrodes than used in our experi-
ments [45, 46]. This does not exclude later apply-
ing the same principle to signals obtained with the
adequate technical recording but we concentrated
first on that part of accessible spectrum where we
expect to find activity in relation to known side effects
of VNS such as respiratory interference, hoarseness,
cough, etc [23, 47]. Fibres responsible for the anti-
epileptic effects of VNS are known to pertain to the
same myelinated 2.5–8 µm diameter groups as well
[23, 48].

One should also consider that our method clas-
sifies AP in a recording and counts the number of

firings, regardless of whether they come from one
single fibre (firing repetitively) or different ones.
Since nerve fibres tend to fire repetitively, the his-
togram of active fibre diameters, based on detected
spikes (e.g. figure 12(a)), cannot be directly related to
the histology of the nerve. In doing so, the repeated
firing would result in an overestimation of the num-
ber of fibres anatomically present.

The effect of anaesthetics is another issue
deserving attention. While isoflurane is known to
reduce the vagus nerve activity [49], the effect of ket-
amine, which is used in this study, is the subject of
debate. A limited effect on the level of activity has
been described [50] but it may have an inhibitory
effect on the vagus nerve transmission [51]. No signi-
ficant change was found in sensory nerve conduction
velocity. Significant changes in motor nerves found
in [52]might be due to temperature shifts. Temperat-
ure was controlled in our study (see appendix A). In
this regard, the effect of anaesthetics is not believed
to impact the conclusions of our study and does not
affect the applicability of the method. It should, how-
ever, be kept in mind that the presented analysis only
reflects the activity of the rat under anaesthesia. Even
with similar nerve conduction velocity, the state of
the animal is by essence different from the one of a
healthy state. Planned work in chronically implanted
animals should eliminate the anaesthesia issue.

Despite this limitation, some comparison can be
made between the histogram of active fibre diameters
in rats (as proposed here, see section 3.3) and the his-
tology of the nerve. There is little literature to com-
pare our results with. Histology of the vagus nerve
is available for the cat [53], ferret [54], rabbit [55],
where similar ranges of diameters are found. Since
the fibre distributions are similar in these mammals,
we find our results consistent with previous literature
(see figure 13).

A main purpose of our work in rats is to develop
a method that could be applied later in humans. The
goal of the method is to derive information on vagus
nerve activity through an electrode placed on the
nerve in the frame of VNS [56], for example. Because
nerve fibres of different diameters subtend different
physiologic functions, an estimation of the diameter
of the active fibres is essential to identify physiolo-
gic activity from the neural signal. Such recordings
are expected to be very important not only in under-
standing the many physiologic mechanisms to which
the vagus nerve participates but also in the frame
of clinical questions such as the early detection of
seizures [57] or of risk of SUDEP in epilepsy.

Our results are derived from experiments at 25 ◦C
and the model is adaptable to other temperatures;
also, the geometry of the nerve can be tuned. There-
fore, the model could be adjusted to other species
including humans. The findings of this work already
implicitly provide suggestions for optimal electrode
designs.
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Figure 13. (a) Diameter-frequency distribution of
myelinated fibres in the cervical vagus nerve of a cat [53],
ferret [54] and rabbit [55] found in the literature. (b)
Diameter-frequency distribution of active fibres under
anaesthesia in our study.

5. Conclusion

This study showed the possibility to discriminate
the diameter of spontaneously active fibres using
a method based on a dynamic FEM model. The
impact of experimental parameters—both controlled
and uncontrolled—on the method was evaluated. An
optimisation of the recording setup was proposed,
more specifically regarding the inter-electrode dis-
tance, improving discrimination of the fibre diamet-
ers. The SNR of the recording was considered in the
accuracy evaluation.We believe the proposedmethod
is valuable for research in neurology. More specific-
ally, it could be applied to better understand activ-
ity in the vagus nerve to improve VNS therapy for
epilepsy.
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Appendix A

To analyse the different phenomena governing the
temperature of the nerve, it is represented here as a
cylinder of volumeV, diameterD (= 0.3 mm), lateral
surface S and length L (= 10 mm), surrounded by air
and with a flow of blood through it. We also assume
that the density and the heat capacity of the nerve are
similar to those of liquid water.

Two mechanisms influence the temperature T of
the cylinder: the heat exchange with the air (by con-
duction and convection) and the heat supply by the
blood flow through the cylinder.

If the sole heat exchange with the air was tak-
ing place, the time evolution of the temperature of
the cylinder would be described by the following
equation:

VρwCp, w
dT

dt
= Sh(Tatm −T) (A.1)

where ρw is the density of liquid water,Cp, w is the heat
capacity of liquid water, t is the time, T is the tem-
perature of the cylinder, Tatm is the temperature of
the surrounding air, h is the heat transfer coefficient
between the cylinder and the surrounding medium.

Consequently, the heat exchange between the cyl-
inder and the surrounding air has the following char-
acteristic time:

th =
VρwCp, w

Sh
. (A.2)

Due to the small diameter of the cylinder, we
can assume that conduction is the dominant mech-
anism of heat transfer between the cylinder and the
air. Hence, h ≈ λ/D, with λ the thermal conductiv-
ity of the air, taken here equal to 0.026 Wm−1 K−1

[58]. Consequently, th = 3.6 s is calculated (using
Cp, w = 4186 J K−1 kg−1 and ρw = 100 kg m−3).

If the sole flow of the blood in the cylinder was
controlling its temperature, the time evolution of the
temperature of the cylinder would be described by the
following equation:
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VρwCp, w
dT

dt
= QbρwCp, w (Tb −T) (A.3)

where Tb is the blood temperature andQb is flow rate
of blood in the cylinder.

Consequently, the heating of the cylinder by the
flow of blood into it has the following characteristic
time:

tr =
πD2

4 L

Qb
. (A.4)

Considering that the equivalent diameter of the
total flow cross section of the capillaries in the cyl-
inder is 0.05 mm and that the velocity of the blood
in a single capillary is 0.2 mm s−1 [59], Qb = 3.9 ×
10−13 m3 s−1 is calculated and, hence, tr = 1800 s.

As a conclusion of this short analysis, we see that
the characteristic time of heat exchange with the air
is much smaller than the characteristic time of blood
renewal in the cylinder. Hence, we can reasonably
assume that the temperature of the cylinder is the one
of the surrounding air.

Appendix B

The parameters that were used to simulate the single
fibre AP propagation in the modelled nerve were ini-
tially proposed by Wesselink [31].

B1 Gating Variables

am = 4.6 · 103 (V+ 18.4)/
(
1− e

−18.4−V
10.3

)
(B.1)

bm = 0.33 · 103 (−22.7−V)/
(
1− e

V+22.7
9.16

)
(B.2)

ah = 0.21 · 103 (−111−V)/
(
1− e

V+111
11

)
(B.3)

bh = 14.1 · 103/
(
1+ e

−28.8−V
1.1

)
(B.4)

an = 51.7(V+ 93.2)/
(
1− e

−93.2−V
1.1

)
(B.5)

bn = 92(−76−V)/
(
1− e

V+76
10.5

)
(B.6)

dm/dt= am (1−m)− bmm (B.7)

dh/dt= ah (1− h)− bhh (B.8)

dn/dt= an (1− n)− bnn (B.9)

m(0) = 0.0382 (B.10)

h(0) = 0.6986 (B.11)

n(0) = 0.2563 (B.12)

Gating coefficients (a, b) are expressed in terms
of ms−1 and membrane potential (V) are expressed
in terms of mV.

B2Model Parameters
cm :membrane capacity, 0.028 Fm−2

gL: leakage conductance, 600 S m−2

pNa : sodium permeability, 0.0704 dm3 m−2 s

gK: potassium conductance, 300 S m−2

ρa: intra-axonal resistance, 0.33 Ωm

VL: leakage equilibrium potential,−84.14 mV

VNa : sodium equilibrium potential, 43.7 mV

Nao: sodium concentration outside cell, 154 mM

Nai: sodium concentration inside cell, 30 mM

VK: potassium equilibrium potential,−8.4 mV

Vr: resting membrane potential,−8.4 mV

F: Faraday constant, 96485 C mole−1

R: gas constant, 8.3144 J K−1 mole−1

T: absolute temperature, 310.15 K

B3Membrane Currents
iNa: sodium current (Am−2)

iK: (fast) potassium current (Am−2)

iL: leakage current (Am−2)

iion: total ionic current (Am−2)

iC: capacitive current [Am−2]

Imem : total nodal membrane current (A)

iNa =m3hpNaVF
2/RT

×
(
Nao −Naie

VF/RT
)
/
(
1− eVF/RT

)
(B.13)

iK = n4gK (V−VK) (B.14)

iL = gL (V−VL) (B.15)

iion = iNa + iK + iL (B.16)

iC = cmdV/dt (B.17)

Imem = (iion + iC)πdl (B.18)

13



J. Neural Eng. 18 (2021) 056008 H Smets et al

ORCID iDs

Hugo Smets https://orcid.org/0000-0002-5649-
6389
Joaquin Cury https://orcid.org/0000-0002-4076-
0245
Anne Vanhoestenberghe https://orcid.org/0000-
0002-7244-5864
Jean Delbeke https://orcid.org/0000-0001-9542-
3599
Antoine Nonclercq https://orcid.org/0000-0003-
0292-9588

References

[1] Krames E S, Hunter Peckham P, Rezai A R and Aboelsaad F
2009 What is Neuromodulation? Neuromodulation (New
York: Academic) pp 3–9

[2] Deuschl G and Agid Y 2013 Subthalamic neurostimulation
for Parkinson’s disease with early fluctuations: balancing the
risks and benefits Lancet Neurol. 12 1025–34

[3] Reich MM, Steigerwald F, Sawalhe A D, Reese R, Gunalan K,
Johannes S, Nickl R, Matthies C, McIntyre C C and
Volkmann J 2015 Short pulse width widens the therapeutic
window of subthalamic neurostimulation Ann. Clin. Transl.
Neurol. 2 427–32

[4] Tanagho E A and Schmidt R A 1988 Electrical stimulation in
the clinical management of the neurogenic bladder J. Urol.
140 1331–9

[5] Chancellor M B and Chartier-Kastler E J 2000 Principles of
sacral nerve stimulation (SNS) for the treatment of bladder
and urethral sphincter dysfunctions Neuromodulation
3 16–26

[6] Dunning K, O’Dell MW, Kluding P and McBride K 2015
Peroneal stimulation for foot drop after stroke Am. J. Phys.
Med. Rehabil. 94 649–64

[7] Kluding P M, Dunning K, O’Dell MW, Wu S S, Ginosian J,
Feld J and McBride K 2013 Foot drop stimulation versus
ankle foot orthosis after stroke: 30-week outcomes Stroke
44 1660–9

[8] Bergey G K 2013 Neurostimulation in the treatment of
epilepsy Exp. Neurol. 244 87–95

[9] Heck C N et al 2014 Two-year seizure reduction in adults
with medically intractable partial onset epilepsy treated with
responsive neurostimulation: final results of the RNS system
pivotal trial Epilepsia 55 432–41

[10] Vonck K et al 2003 Neurostimulation for refractory epilepsy
Acta Neurol. Belg. 103 213–7 (https://www.
actaneurologica.be/pdfs/2003-4/05-vonck%20et%20al..pdf)

[11] Mekhail N et al 2020 Long-term safety and efficacy of
closed-loop spinal cord stimulation to treat chronic back and
leg pain (Evoke): a double-blind, randomised, controlled
trial Lancet Neurol. 19 123–34

[12] Lo M-C and Widge A S 2017 Closed-loop neuromodulation
systems: next-generation treatments for psychiatric illness
Physiol. Behav. 176 139–48

[13] Powell C R 2016 Conditional electrical stimulation in animal
and human models for neurogenic bladder: working toward
a neuroprosthesis Curr. Bladder Dysfunct. Rep. 11 379–85

[14] Krahl S E and Clark K B 2012 Vagus nerve stimulation for
epilepsy: a review of central mechanisms Surg. Neurol. Int.
3 S255–9

[15] Krahl S E 2012 Vagus nerve stimulation for epilepsy: a review
of the peripheral mechanisms Surg. Neurol. Int. 3 S47–52

[16] DeGiorgio C M et al 2000 Prospective long-term study of
vagus nerve stimulation for the treatment of refractory
seizures Epilepsia 41 1195–200

[17] Englot D J, Rolston J D, Wright C W, Hassnain K H and
Chang E F 2016 Rates and predictors of seizure freedom with

vagus nerve stimulation for intractable epilepsy Neurosurgery
79 345–53

[18] Boon P, Vonck K, Van Walleghem P, D’Havé M, Goossens L,
Vandekerckhove T, Caemaert J and De Reuck J 2001
Programmed and magnet-induced vagus nerve stimulation
for refractory epilepsy J. Clin. Neurophysiol. 18 402–7

[19] Z. J 1992 Inhibition of experimental seizures in canines by
repetitive vagal stimulation Epilepsia 33 1005–12

[20] Harreby K R, Sevcencu C and Struijk J J 2011 Early seizure
detection in rats based on vagus nerve activityMed. Biol.
Eng. Comput. 49 143–51

[21] Boon P et al 2015 A prospective, multicenter study of
cardiac-based seizure detection to activate vagus nerve
stimulation Seizure 32 52–61

[22] Helmers S L et al 2012 Application of a computational model
of vagus nerve stimulation Acta Neurol. Scand. 126 336–43

[23] Arle J E, Carlson K W and Mei L 2016 Investigation of
mechanisms of vagus nerve stimulation for seizure using
finite element modeling Epilepsy Res. 126 109–18

[24] Kaniusas E et al 2019 Stimulation pattern efficiency in
percutaneous auricular vagus nerve stimulation:
experimental versus numerical data IEEE Trans. Biomed.
Eng. 67 1921–35

[25] Samoudi A M, Kampusch S, Tanghe E, Széles J, Martens L,
Kaniusas E and Joseph W 2019 Sensitivity analysis of a
numerical model for percutaneous auricular vagus nerve
stimulation Appl. Sci. 9 540

[26] Hodgkin A and Huxley A F 1952 A quantitative description
of membrane current and its application to conduction and
excitation in nerve J. Physiol. 117 500–44

[27] Schwarz J R, Reid G and Bostock H 1995 Action potentials
and membrane currents in the human node of Ranvier
Pflügers Arch. Eur. J. Physiol. 430 283–92

[28] Tesfayesus W and Durand D M 2007 Blind source separation
of peripheral nerve recordings J. Neural Eng. 4 157

[29] Koh R G L, Nachman A I and Zariffa J 2017 Use of
spatiotemporal templates for pathway discrimination in
peripheral nerve recordings: a simulation study J. Neural
Eng. 14

[30] Stumpp L et al 2020 Recording of spontaneous vagus nerve
activity during Pentylenetetrazol-induced seizures in rats
J. Neurosci. Methods 343 108832

[31] Wesselink W A, Holsheimer J and Boom H B K 1999 A
model of the electrical behaviour of myelinated sensory
nerve fibres based on human dataMed. Biol. Eng. Comput.
37 228–35

[32] Wodlinger B and Durand D M 2009 Localization and
recovery of peripheral neural sources with beamforming
algorithms IEEE Trans. Neural Syst. Rehabil. Eng.
17 461–8

[33] Stein R B and Pearson K G 1971 Predicted amplitude and
form of action potentials recorded from unmyelinated nerve
fibres J. Theor. Biol. 32 539–58

[34] Rattay F 1999 The basic mechanism for the electrical
stimulation of the nervous system Neuroscience 89 335–46

[35] Woodbury J W and Woodbury D M 1991 Vagal stimulation
reduces the severity of maximal electroshock seizures in
intact rats: use of a cuff electrode for stimulating and
recording Pacing Clin. Electrophysiol. 14 94–107

[36] Parrini S, Delbeke J, Legat V and Veraart C 2000 Modelling
analysis of human optic nerve fibre excitation based on
experimental dataMed. Biol. Eng. Comput. 38 454–64

[37] Preston D C and Shapiro B 2005 Electromyography and
Neuromuscular Disorders: Clinical Electromyography and
Neuromuscular disorders Neuromuscular Junction Disorders
(Amsterdam: Elsevier) 368

[38] Garai P, Koh R G L, Schuettler M, Stieglitz T and Zariffa J
2017 Influence of anatomical detail and tissue conductivity
variations in simulations of multi-contact nerve cuff
recordings IEEE Trans. Neural Syst. Rehabil. Eng. 25 1653–62

[39] Nonclercq A, Foulon M, Verheulpen D, De Cock C,
Buzatu M, Mathys P and Van Bogaert P 2012 Cluster-based
spike detection algorithm adapts to interpatient and

14

https://orcid.org/0000-0002-5649-6389
https://orcid.org/0000-0002-5649-6389
https://orcid.org/0000-0002-5649-6389
https://orcid.org/0000-0002-4076-0245
https://orcid.org/0000-0002-4076-0245
https://orcid.org/0000-0002-4076-0245
https://orcid.org/0000-0002-7244-5864
https://orcid.org/0000-0002-7244-5864
https://orcid.org/0000-0002-7244-5864
https://orcid.org/0000-0001-9542-3599
https://orcid.org/0000-0001-9542-3599
https://orcid.org/0000-0001-9542-3599
https://orcid.org/0000-0003-0292-9588
https://orcid.org/0000-0003-0292-9588
https://orcid.org/0000-0003-0292-9588
https://doi.org/10.1016/B978-0-12-374248-3.00002-1
https://doi.org/10.1016/S1474-4422(13)70151-0
https://doi.org/10.1016/S1474-4422(13)70151-0
https://doi.org/10.1002/acn3.168
https://doi.org/10.1002/acn3.168
https://doi.org/10.1016/S0022-5347(17)42038-6
https://doi.org/10.1016/S0022-5347(17)42038-6
https://doi.org/10.1046/j.1525-1403.2000.00015.x
https://doi.org/10.1046/j.1525-1403.2000.00015.x
https://doi.org/10.1097/PHM.0000000000000308
https://doi.org/10.1097/PHM.0000000000000308
https://doi.org/10.1161/STROKEAHA.111.000334
https://doi.org/10.1161/STROKEAHA.111.000334
https://doi.org/10.1016/j.expneurol.2013.04.004
https://doi.org/10.1016/j.expneurol.2013.04.004
https://doi.org/10.1111/epi.12534
https://doi.org/10.1111/epi.12534
https://www.actaneurologica.be/pdfs/2003-4/05-vonck%20et%20al..pdf
https://www.actaneurologica.be/pdfs/2003-4/05-vonck%20et%20al..pdf
https://doi.org/10.1016/S1474-4422(19)30414-4
https://doi.org/10.1016/S1474-4422(19)30414-4
https://doi.org/10.1080/09540261.2017.1282438
https://doi.org/10.1080/09540261.2017.1282438
https://doi.org/10.1007/s11884-016-0388-x
https://doi.org/10.1007/s11884-016-0388-x
https://doi.org/10.4103/2152-7806.103015
https://doi.org/10.4103/2152-7806.103015
https://doi.org/10.4103/2152-7806.91610
https://doi.org/10.4103/2152-7806.91610
https://doi.org/10.1111/j.1528-1157.2000.tb00325.x
https://doi.org/10.1111/j.1528-1157.2000.tb00325.x
https://doi.org/10.1227/NEU.0000000000001165
https://doi.org/10.1227/NEU.0000000000001165
https://doi.org/10.1097/00004691-200109000-00003
https://doi.org/10.1097/00004691-200109000-00003
https://doi.org/10.1111/j.1528-1157.1992.tb01751.x
https://doi.org/10.1111/j.1528-1157.1992.tb01751.x
https://doi.org/10.1007/s11517-010-0683-1
https://doi.org/10.1007/s11517-010-0683-1
https://doi.org/10.1016/j.seizure.2015.08.011
https://doi.org/10.1016/j.seizure.2015.08.011
https://doi.org/10.1111/j.1600-0404.2012.01656.x
https://doi.org/10.1111/j.1600-0404.2012.01656.x
https://doi.org/10.1016/j.eplepsyres.2016.07.009
https://doi.org/10.1016/j.eplepsyres.2016.07.009
https://doi.org/10.1109/TBME.2019.2950777
https://doi.org/10.1109/TBME.2019.2950777
https://doi.org/10.3390/app9030540
https://doi.org/10.3390/app9030540
https://doi.org/10.1113/jphysiol.1952.sp004764
https://doi.org/10.1113/jphysiol.1952.sp004764
https://doi.org/10.1007/BF00374660
https://doi.org/10.1007/BF00374660
https://doi.org/10.1088/1741-2560/4/3/S03
https://doi.org/10.1088/1741-2560/4/3/S03
https://doi.org/10.1088/1741-2552/14/1/016013
https://doi.org/10.1016/j.jneumeth.2020.108832
https://doi.org/10.1016/j.jneumeth.2020.108832
https://doi.org/10.1007/BF02513291
https://doi.org/10.1007/BF02513291
https://doi.org/10.1109/TNSRE.2009.2034072
https://doi.org/10.1109/TNSRE.2009.2034072
https://doi.org/10.1016/0022-5193(71)90155-X
https://doi.org/10.1016/0022-5193(71)90155-X
https://doi.org/10.1016/S0306-4522(98)00330-3
https://doi.org/10.1016/S0306-4522(98)00330-3
https://doi.org/10.1111/j.1540-8159.1991.tb04053.x
https://doi.org/10.1111/j.1540-8159.1991.tb04053.x
https://doi.org/10.1007/BF02345016
https://doi.org/10.1007/BF02345016
https://doi.org/10.1109/TNSRE.2016.2633005
https://doi.org/10.1109/TNSRE.2016.2633005


J. Neural Eng. 18 (2021) 056008 H Smets et al

intrapatient variation in spike morphology J. Neurosci.
Methods 210 259–65

[40] Nonclercq A, Foulon M, Verheulpen D, De Cock C,
Buzatu M, Mathys P and Van Bogaert P 2009 Spike detection
algorithm automatically adapted to individual patients
applied to spike and wave percentage quantification
Neurophysiol. Clin. 39 123–31

[41] Gasser H S 1960 Effect of the method of leading on the
recording of the nerve fiber spectrum J. Gen. Physiol.
43 927–40

[42] Taylor J T, Donaldson N and Winter J 2004
Multiple-electrode nerve cuffs for low-velocity and
velocity-selective neural recordingMed. Biol. Eng. Comput.
42 634–43

[43] Taylor J, Schuettler M, Clarke C and Donaldson N 2012
The theory of velocity selective neural recording: a study
based on simulationMed. Biol. Eng. Comput.
50 309–18

[44] Sabetian P and Yoo P B 2017 Optimizing the design of
bipolar nerve cuff electrodes for improved recording of
peripheral nerve activity J. Neural Eng. 14 036015

[45] Schmelz M and Schmidt R 2010 Microneurographic
single-unit recordings to assess receptive properties of
afferent human C-fibers Neurosci. Lett. 470 158–61

[46] Sonekatsu M, Yamada H and Gu J G 2020 Pressure-clamped
single-fiber recording technique: a new recording method for
studying sensory receptorsMol. Pain 16 1744806920927852

[47] Yoo P B, Lubock N B, Hincapie J G, Ruble S B, Hamann J J
and Grill W M 2013 High-resolution measurement of
electrically-evoked vagus nerve activity in the anesthetized
dog J. Neural Eng. 10 026003

[48] Krahl S E, Senanayake S S and Handforth A 2001
Destruction of peripheral C-fibers does not alter subsequent
vagus nerve stimulation-induced seizure suppression in rats
Epilepsia 42 586–9

[49] Silverman H A et al 2018 Standardization of methods to
record vagus nerve activity in mice Bioelectron. Med. 4 3

[50] Nishino T, Shirahata M, Yonezawa T and Honda Y 1984
Comparison of changes in the hypoglossal and the phrenic
nerve activity in response to increasing depth of anesthesia
in cats J. Am. Soc. Anesthesiol. 60 19–24

[51] Wilson L E, Hatch D J and Rehder K 1993 Mechanisms of
the relaxant action of ketamine on isolated porcine trachealis
muscle Br. J. Anaesth. 71 544–50

[52] Oh S S, Hayes J M, Sims-Robinson C, Sullivan K A and
Feldman E L 2010 The effects of anesthesia on measures of
nerve conduction velocity in male C57Bl6/J mice Neurosci.
Lett. 483 127–31

[53] Agostoni B E, Chinnock J E, Burgh Daly M D E and
Murray J G 1933 Functional and histological studies of the
vagus nerve and its branches to the heart, lungs and
abdominal viscera in the cat J. Physiol. 35 182–205

[54] Asala S A and Bower A J 1986 An electron microscope study
of vagus nerve composition in the ferret Anat. Embryol.
175 247–53

[55] Evans D H and Murray J G 1954 Histological and functional
studies on the fibre composition of the vagus nerve of the
rabbit J. Anat. 88 320–37 (https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC1244678/)

[56] Panebianco M, Zavanone C, Dupont S, Restivo D A and
Pavone A 2016 Vagus nerve stimulation therapy in partial
epilepsy: a review Acta Neurol. Belg. 116 241–8

[57] Zanos T P 2019 Recording and decoding of vagal neural
signals related to changes in physiological parameters and
biomarkers of disease Cold Spring Harbor Perspect. Med.
9 a034157

[58] Pérez J-P and Romulus A-M 1993 Thermodynamique,
Fondements et Applications (Paris: Masson) 2225842655

[59] Schmalbruch H 1986 Fiber composition of the rat sciatic
nerve Anat. Rec. 215 71–81

15

https://doi.org/10.1016/j.jneumeth.2012.07.015
https://doi.org/10.1016/j.jneumeth.2012.07.015
https://doi.org/10.1016/j.neucli.2008.12.001
https://doi.org/10.1016/j.neucli.2008.12.001
https://doi.org/10.1085/jgp.43.5.927
https://doi.org/10.1085/jgp.43.5.927
https://doi.org/10.1007/BF02347545
https://doi.org/10.1007/BF02347545
https://doi.org/10.1007/s11517-012-0874-z
https://doi.org/10.1007/s11517-012-0874-z
https://doi.org/10.1088/1741-2552/aa6407
https://doi.org/10.1088/1741-2552/aa6407
https://doi.org/10.1016/j.neulet.2009.05.064
https://doi.org/10.1016/j.neulet.2009.05.064
https://doi.org/10.1177/1744806920927852
https://doi.org/10.1177/1744806920927852
https://doi.org/10.1088/1741-2560/10/2/026003
https://doi.org/10.1088/1741-2560/10/2/026003
https://doi.org/10.1046/j.1528-1157.2001.09700.x
https://doi.org/10.1046/j.1528-1157.2001.09700.x
https://doi.org/10.1186/s42234-018-0002-y
https://doi.org/10.1186/s42234-018-0002-y
https://doi.org/10.1097/00000542-198401000-00005
https://doi.org/10.1097/00000542-198401000-00005
https://doi.org/10.1093/bja/71.4.544
https://doi.org/10.1093/bja/71.4.544
https://doi.org/10.1016/j.neulet.2010.07.076
https://doi.org/10.1016/j.neulet.2010.07.076
https://doi.org/10.1113/jphysiol.1957.sp005703
https://doi.org/10.1113/jphysiol.1957.sp005703
https://doi.org/10.1007/BF00389602
https://doi.org/10.1007/BF00389602
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1244678/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1244678/
https://doi.org/10.1007/s13760-016-0616-3
https://doi.org/10.1007/s13760-016-0616-3
https://doi.org/10.1101/cshperspect.a034157
https://doi.org/10.1101/cshperspect.a034157
https://doi.org/10.1002/ar.1092150111
https://doi.org/10.1002/ar.1092150111

	Analysing vagus nerve spontaneous activity using finite element modelling
	1. Introduction
	2. Methods
	2.1. Surgical procedure
	2.2. Recording setup
	2.3. Theoretical approach
	2.4. Modelling
	2.4.1. General overview
	2.4.2. Implementation of AP propagation
	2.4.3. Finite element model

	2.5. Data analysis
	2.5.1. General overview
	2.5.2. Illustration of encountered situations
	2.5.3. Inferring the diameter of fibre in simulations
	2.5.4. Inferring the diameter of fibre from rat VENG recordings


	3. Results
	3.1. Study of model parameters
	3.1.1. Influence of the fibre size
	3.1.2. Influence of the position of the fibre
	3.1.3. Influence of the inter-electrode distance
	3.1.4. Influence of the temperature
	3.1.5. Evaluation of the spatial aliasing and critical fibre diameter

	3.2. Sensitivity of the model
	3.3. Evaluation of the active fibres from in-vivo VENG recordings

	4. Discussion
	5. Conclusion
	Acknowledgments
	Appendix A
	Appendix B
	B1 Gating Variables
	B2 Model Parameters
	B3 Membrane Currents

	References


