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Abstract

Beside the well-documented involvement of secondary somatosensory area,

the cortical network underlying late somatosensory evoked potentials

(P60/N60 and P100/N100) is still unknown. Electroencephalogram and mag-

netoencephalogram source imaging were performed to further investigate the

origin of the brain cortical areas involved in late somatosensory evoked poten-

tials, using sensory inputs of different strengths and by testing the correlation

between cortical sources. Simultaneous high-density electroencephalograms

and magnetoencephalograms were performed in 19 participants, and electrical

stimulation was applied to the median nerve (wrist level) at intensity between

1.5 and 9 times the perceptual threshold. Source imaging was undertaken to

map the stimulus-induced brain cortical activity according to each individual

brain magnetic resonance imaging, during three windows of analysis covering

early and late somatosensory evoked potentials. Results for P60/N60 and

P100/N100 were compared with those for P20/N20 (early response). According

to literature, maximal activity during P20/N20 was found in central sulcus

contralateral to stimulation site. During P60/N60 and P100/N100, activity was
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observed in contralateral primary sensorimotor area, secondary somatosensory

area (on both hemispheres) and premotor and multisensory associative corti-

ces. Late responses exhibited similar characteristics but different from

P20/N20, and no significant correlation was found between early and late gen-

erated activities. Specific clusters of cortical activities were activated with spe-

cific input/output relationships underlying early and late somatosensory

evoked potentials. Cortical networks, partly common to and distinct from early

somatosensory responses, contribute to late responses, all participating in the

complex somatosensory brain processing.

KEYWORD S
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1 | INTRODUCTION

Somatosensory evoked potentials (SEPs) are investigated
in clinics to evaluate the integrity of the peripheral and
central sensory pathways. In clinical routine, sensory
inputs are produced by stimulating peripheral nerves
electrically, and the resulting cortical responses are most
often collected with small single-use needles inserted in
the scalp, at the C3/C4 standard electroencephalogram
(EEG) locations, that is, over the primary sensorimotor
cortex, contralateral and ipsilateral to the stimulation
site. The reference electrode is extra-cephalic, most often
using a pregelled surface electrode stuck on one ear lobe.
The signals from the contralateral and ipsilateral cortices
are then subtracted from each other, to evaluate the
amplitude of the first biphasic response, that is, N20–P25
component (Morizot-Koutlidis et al., 2015). In line with
the clinical use of SEPs, most of the researches focussed
on the early components of cortical SEPs, with latency
<35 ms (Passmore et al., 2014); the late components
(>35 ms) have been investigated to a much lesser extent.
In a previous study, we reported that the late SEPs
(P60/N60 and P100/N100) are more depressed in patients
with amyotrophic lateral sclerosis (ALS), compared with
earlier components (P20/N20, P25/N25 and P30/N30),
and we did not find any correlation between the early
and late components (Sangari et al., 2016). Despite exist-
ing literature, questions remain on the precise origin and
characteristics of late components (source locations and
sensitivity to peripheral inputs) and interaction with ear-
lier components, to evaluate the altered cortical excitabil-
ity in patients with ALS.

Based on dipole localisation from scalp, epidural and
intracranial EEG, it has been well established that
P20/N20 is generated in the primary somatosensory area
(SI) and that the following peaks, P25/N25 and P30/N30,
are likely due to activity in posterior parietal, motor and

premotor areas (Allison et al., 1991; Mauguiere, 2005;
Passmore et al., 2014). Much less is known on later com-
ponents with latency >40 ms, but it has been admitted
that the secondary somatosensory cortex (SII) might be
particularly involved in P60/N60 and P100/N100 and, to
a lesser extent in earlier responses, with latency <40 ms
(Allison et al., 1991; Mauguiere, 2005; Passmore
et al., 2014). Several methods of source imaging, based on
the resolution of inverse problem, have been developed
using magnetoencephalography (MEG) and EEG (for ref-
erences, see Baillet, 2017; Michel & He, 2019). Their first
applications to SEPs gave rise to consistent results with
previous studies using dipole localisation, regarding the
origin of P20/N20 in SI and the area 3b in particular
(Allison et al., 1991; Buchner et al., 1994; Nakamura
et al., 1998). Later, P20/N20 was used to develop new
methods of source imaging, to compare their abilities to
localise the dipole in SI and to test the influence of stimu-
lation type, head modelling and the use of combined or
separate MEG/EEG recordings (Antonakakis et al., 2019;
Huang et al., 2007; Komssi et al., 2004; Mideksa
et al., 2012; Rezaei et al., 2021). However, to date, the cor-
tical activation map after peripheral nerve stimulation
and its temporality has not been studied in detail. Specifi-
cally, there is no detailed report of source location (except
SII) during late components while this would help to
deepen the knowledge on the origin of the late cortical
responses to peripheral nerve stimulation (cortical map
of induced activity and interaction between early and late
components and between cortical areas involved).

Previous studies have explored the influence of stimu-
lation intensity on the early and late components and on
the responses of SI or SII areas, assuming that if the
input/output (I/O) relationships are different between
early and late components or between SI and SII cortical
areas, the underlying neural encoding is different and
likely plays a different role in the somatosensory brain
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processing (Gerber & Meinck, 2000; Huttunen, 1995;
Jousmäki & Forss, 1998; Lin et al., 2003; Onishi
et al., 2013; Torquati et al., 2002). Globally, all these stud-
ies revealed that the somatosensory evoked cortical
responses increased with sensory afferent inputs. Regard-
ing the intensity of electrical stimulus, the size of the
dipoles increased with stimulus strength before they pla-
teaued at intensity around the motor threshold
(MT) (one times the MT; threshold intensity for activat-
ing the motor axons in the peripheral nerve). There was a
trend that the increase was more marked for the early
components and SI responses, while the changes in the
late components and SII responses were more heteroge-
nous, especially at intensities greater than one times the
MT. These results support the commonly accepted link
between early SEP components and SI on one hand and
the one between late components and SII on the other
hand. However, none of these studies has combined EEG
and MEG or has investigated the influence of the inten-
sity of peripheral nerve stimulation on source activities in
all brain cortex. Lastly, the intensity of peripheral nerve
stimulation was not normalised or normalised using dif-
ferent methodologies (relative to MT or to the perceptual
threshold [PT] or mixing both), while according to exper-
imental setup and conditions, raw intensity (in mA) is
not comparable from one subject to another and from
one study to another. Furthermore, it has been shown
that normalising the stimulus intensity to PT gave more
consistent results regarding the size of SEPs (Fukuda
et al., 2007) but this procedure has not been standardized
across studies yet.

Consequently, the present study was designed to fur-
ther investigate the origin and the characteristics of the
late components, P60/N60 and P100/N100, in healthy
conditions. Indeed, detailed examination of the late com-
ponents would be an added value for the evaluation of
the somatosensory integrations at higher processing level,
involving extra sensorimotor cortical areas involved in
cognitive processes (e.g., motor learning) and executive
functions (e.g., motor planning). To this end, SEPs were
produced by median nerve electrical stimulations deliv-
ered at the wrist level in neurologically intact partici-
pants. The stimulus intensity was normalised to PT and
varied between 1.5 and 9 times the PT, that is, below
and above MT (being between three and six times the PT
according to our experience). EEG and MEG responses
were recorded simultaneously and the time series were
analysed within the time windows covering the first com-
ponent P20/N20 and the late ones, P60/N60 and P100/
N100. Source imaging for the three components was per-
formed to identify the brain regions significantly acti-
vated by median nerve stimuli. Based on the localisation
of MEG sources at the group level (given its greater

spatial accuracy compared with EEG; Baillet, 2017;
Komssi et al., 2004; Leahy et al., 1998), we determined
the regions of interest (ROIs) to compare the source activ-
ities according to the stimulus intensity. Statistical ana-
lyses were undertaken to compare the characteristics
(source location and relationship with stimulus intensity)
of early and late responses, their possible links and the
interaction between cortical areas (ROIs) involved in
these responses.

2 | MATERIALS AND METHODS

2.1 | Ethical statement

The study was conducted in accordance with the latest
revision of the Declaration of Helsinki. The procedures
were approved by the CNRS ethic committee (study
#1402) and by the national ethical authorities (CPP Ile de
France, Paris 6 – Pitié-Salpêtrière and ANSM; IRB
2015-A00462-47). All subjects provided their written
informed consent prior to their inclusion in the research
protocol. The data that support the findings of this study
are available on request from N. G. among the authors;
they are not publicly available due to ethical restrictions.

2.2 | Participants

The inclusion criteria were as follows: (i) no drug intake
affecting the neural excitability (psychotropic drugs),
(ii) no history of stroke, head trauma, heart disease,
peripheral neuropathy or diabetes, and (iii) no metal
implant or pacemaker. Twenty-two healthy subjects were
included in the protocol. EEG and MEG recordings could
not be performed in one of them due to ferromagnetic
incompatibility (dental implants), and in two others, the
anatomical magnetic resonance imaging (MRI) could not
be segmented properly because of motion artefact.
Accordingly, the data set in the present study included
19 subjects: 13 females and 18 right-handed participants
(Oldfield, 1971), with age ranging between 22 and
61 years old (mean ± standard error: 32.5 ± 2.6 years
old). The experiments were performed at the Centre of
Neuroimaging Research (CENIR)-EEG/MEG Centre
of the Brain Institute (ICM, Pitié-Salpêtrière Hospital,
Paris, France).

2.3 | Simultaneous EEG/MEG

Elekta® Neuromag (TRIUX, Stockholm, Sweden) allow-
ing synchronous EEG and MEG recordings was used.

3774 HSSAIN-KHALLADI ET AL.
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EEG cap with 74 Ag/AgCl annular electrodes was placed
according to the international 10/20 system (EasyCap
GmbH, Herrsching, Germany; Nuwer 2018). It was posi-
tioned so that the Cz electrode was over the anatomical
vertex point in each volunteer. Water-soluble conducting
gel was injected in each electrode, and impedance was
checked individually (�5–10 kΩ) before acquisition.
Single-use pregelled Ag/AgCl electrodes (Ambu® Neuro-
line 720, Ballerup, Denmark) were placed over the right
ear lobe for the reference electrode and on the left scap-
ula for the ground electrode. MEG included 306 supercon-
ducting quantum interference devices with 102 radial
magnetometers and 204 axial gradiometers on the scalp.

Anatomical landmarks were captured including
nasion, left and right preauricular points and up to
70 points over the scalp with a three-dimensional scanning
system (Polhemus 3D Fastrak, Colchester, VT, USA) to
digitalise the head shape of each volunteer. EEG electrode
location was also recorded. Two head position indicator
(HPI) coils were placed on the superior part of the fore-
head, on the right and the left sides and, two other ones,
on the right and left mastoids. Before each recording ses-
sion, a weak alternating current was injected in the HPI
coils (electrically isolated from the subject), to generate a
magnetic field captured by MEG sensors. This field was
used to detect the position of HPI coils in the MEG helmet
and to ensure that head position did not change between
each acquisition. All the procedure (head shape digitalisa-
tion, location of EEG electrodes and HPI coils) allowed to
reconstruct the head position in the MEG–EEG devices.

The electrooculogram (EOG) and the electrocardio-
gram (ECG) were recorded simultaneously, to get a con-
tinuous recording of noncerebral electrophysiological
activities. These recordings were performed using single-
use pregelled electrodes (same type of electrodes as the
reference and ground electrodes) placed above and below
the right eye and on the right and left temples for EOG
and on the right clavicle and the left part of lower abdo-
men for ECG.

The amplifiers and the entire electronic part of the
EEG system (also collecting EOG and ECG) were inte-
grated into the MEG system, using the same internal clock
to synchronise all acquisitions. Therefore, all signals (EEG,
MEG, EOG and ECG) were collected simultaneously. All
signals were filtered (1000 Hz lowpass filter for all, .03 Hz
high-pass for EEG and .1 Hz high-pass for EOG and ECG)
and digitalised using 3 kHz sampling rate.

2.4 | Experimental procedure

After the subjects were prepared for EEG, EOG and ECG
recordings outside the shielded MEG room, they were

comfortably installed in the MEG chair whose position
was adjusted so as the top of their head touched the top
of the MEG helmet. All the electrodes for EEG, EOG,
ECG and the HPI coils were connected to the EEG–MEG
system. Stimulating electrodes (two .5 cm2 silver plates;
1 cm apart) were placed over the median nerve, on the
right side, at the wrist level (cathode proximal to the spi-
nal cord), and they were connected with shielded cables
to the electrical stimulator (DS7A, Digitimer Ltd, Hert-
fordshire, UK) located outside the MEG room. Percutane-
ous electrical stimuli (1 ms duration) were first delivered
in order to evaluate PT. The intensity was increased pro-
gressively until the subject felt paraesthesia in the hand
(cutaneous field of median nerve). The intensity was then
decreased and increased three to five times successively,
in order to determine precisely the minimal intensity for
paraesthesia and local sensation below the stimulating
electrodes. During recordings, the stimulation intensity
was set at 1.5, 3, 6, and 9 times the PT; the maximum
intensity (nine times the PT) was described by all subjects
as unpleasant but not painful. The participants were
instructed to stay as relaxed as possible during record-
ings, not moving, no swallowing and not clenching the
jaw. Cameras and microphones were installed in
the MEG room to maintain the contact with the subjects;
videos and discussions were not recorded.

The protocol included eight recording sessions during
which the subjects were asked to fix a cross on the wall
in front of them and to limit eye blinks. They were also
instructed not to count the stimuli, which interferes with
SEP size (Mauguière et al., 1997). Each recording session
started with a 5 s resting state acquisition (without stimu-
lation) before triggering stimuli using a sequencer devel-
oped in Matlab® (The MathWorks, Inc., Natick, MA,
USA), which delivered time-locked triggers to the electri-
cal stimulators and synchronised event markers to the
EEG–MEG acquisition system. Each session consisted of
300 median nerve stimulations delivered with interstimu-
lus interval (ISI) randomly set between 500 and 600 ms
(on average 555.8 ms). This ISI exceeds the time needed
for EEG and MEG signals to return to baseline after stim-
ulation; no significant changes were observed after
200 ms, that is, within the time for somatosensory inte-
gration (Mauguiere, 2005; Mauguière et al., 1997;
Figure 1a,b). Moreover, it has been reported that stimulus
rates of up to 8 Hz can be used without significant loss in
detectability of most components (Pratt et al., 1980) and
that P20/N20 is not sensitive to ISI duration (Forss
et al., 1995; Mauguière et al., 1997). Much less is known
about late components, and P100/N100 in particular, but
it was necessary to keep the same procedure for valid cor-
relation analysis between the different components and
the cortical areas activated; the stimulation frequency
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between 1.6 and 2 Hz was a good compromise between
optimal ISI duration and total duration of recordings (for
subject comfort). Stimulation intensity was kept constant
during one recording session and randomly changed
from one session to another. Four intensities were tested
(1.5, 3, 6, and 9 times the PT), and two recording sessions
were performed at each intensity. Thus, eight recording
sessions (2 runs � 4 stimulation intensities) were per-
formed, and we collected a total of 600 conditioned sig-
nals at each of the four intensities tested. Including
installation time, the total duration of the EEG/MEG
experiment was about 2 h, plus 15 min for MRI.

2.5 | Anatomical MRI

MRI was performed to obtain anatomical brain images for
each participant (Magnetom TRIO 3T, Siemens Munich,
Germany; CENIR, Brain Institute, Pitié-Salpêtrière Hospi-
tal, Paris, France). The MRI images were obtained follow-
ing a protocol adapted for MEG experiments: T1
weighting MPRAGE sagittal orientation, flip angle = 9�,
TE = 2.22 ms, TR = 2400 ms, TI = 1000 ms, voxel
size = .8 � .8 � .8 mm, matrix = 320 � 300 and 256 con-
tiguous slices. To avoid subject magnetisation, MRI acqui-
sition was performed after EEG–MEG acquisitions.
Images were segmented using FreeSurfer (https://surfer.
nmr.mgh.harvard.edu) to reconstruct brain images that
were used to localise the source activity in each individual.
During segmentation, FreeSurfer registered the individual
cortical surfaces in three atlases (Desikan-Killiany, Des-
trieux and Brodmann). These atlases are implemented in

Brainstorm software used for the source analysis (Tadel
et al., 2011, 2019). The anatomical landmarks (nasion, left
and right preauricular points, the anterior and posterior
commissures and an interhemispheric point) were manu-
ally defined on the MRI images.

2.6 | Time series analysis

2.6.1 | Preprocessing

MEG time series were first filtered from external noises
using MaxFilter (Elekta Neuromag, Helsinki, Sweden).
The EOG was then used to detect eyes blink artefacts in
both EEG and MEG signals. Independent component
analysis (Fieldtrip toolbox, Matlab®) was performed to
remove the EEG/MEG components that had the largest
significant correlation coefficient with EOG. Then, ECG
was used to detect and remove heart artefacts in MEG
signals using principal component analysis (dataHandler,
a software developed by the EEG/MEG centre of CENIR,
Brain Institute, Pitié-Salpêtrière Hospital, Paris, France).

2.6.2 | Epoching and averaging

We visually checked for the appropriate removal of ocu-
lar and cardiac signals (EOG and ECG), the absence of
edge effects that could occur during signal correction and
the absence of electromyographic activity from other
sources (facial and/or cranial muscles) interfering with
EEG/MEG signals. Then, EEG and MEG were epoched

F I GURE 1 Raw

magnetoencephalogram (MEG) and

electroencephalogram (EEG) epochs

in one individual. Superimposition

of the mean epochs (n = 600

stimuli) at the level of each MEG

(a) and EEG (b) sensor, around

median nerve stimulation adjusted

at six times the perceptual threshold.

Mean epochs at the level of each

sensor over the brain cortex in MEG

(c) and EEG (d). Topography of the

mean MEG (e) and EEG (f)

activities, according to the

corresponding gradient of colours,

20 ms (left figurine), 60 ms (middle

figurine) and 85 ms (right figurine)

after median stimulation (indicated

in a and b by vertical red arrows).
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using a 500 ms window time-locked to stimulus: 100 ms
before (�100 ms) and 400 ms after the stimulus. EEG
and MEG epochs from each acquisition were averaged
(averaging of 300 epochs per run of acquisition), and the
mean epochs from the two runs obtained at the same
intensity were then averaged. Figure 1a,b shows the
superimposition of the mean epochs obtained at the level
of each MEG (Figure 1a) and EEG sensors (Figure 1b) in
one participant.

2.6.3 | Source analysis

The realistic head model based on the symmetric boundary
element method was used for the forward problem using
OpenMEEG in Brainstorm (Matlab®; Gramfort et al., 2010;
Kybic et al., 2005) which enables reliable source location,
especially for EEG (Antonakakis et al., 2019; Lanfer
et al., 2012). The boundary element method model was
computed using the MRI of each individual to include the
surfaces representing the boundaries between the tissues
used in the model: scalp (head–air interface), outer skull
(scalp–skull interface) and inner skull interfaces (interface
between skull and brain, including cerebrospinal fluid).
According to the guidelines in Brainstorm, we selected all
the layers for EEG and only the inner skull layer for MEG
(giving rise to similar results as using all layer), and we
used adaptative integration (more accurate solution). For
each subject and intensity, a noise covariance matrix was
calculated on the prestimulus time window ranging from
�100 to �30 ms (excluding the stimulus artefact) using
the 600 epochs in the two runs of acquisition correspond-
ing to that subject and intensity. Mean MEG and EEG
epochs (in each individual and at each intensity tested)
were then used to analyse the sources using weighted min-
imum norm estimation with unconstrained source orienta-
tion (Baillet, 2017; Baillet et al., 1999; Hämäläinen &
Ilmoniemi, 1994; Tadel et al., 2011, 2019). We obtained the
time courses of three orthogonal dipoles. The norm of their
vectorial sum was then computed, yielding time courses of
cortical current density. Finally, we calculated the corre-
sponding Z-scores with respect to prestimulus baseline
(noise covariance matrix).

2.6.4 | Windows of analysis corresponding to
early and late components

The time windows covering the early (P20/N20) and late
source components (P60/N60 and P100/N100) were deter-
mined according to our previous results (Sangari
et al., 2016) and the grand average (19 participants) of the
time course of normalized (Z-scored) current densities in

EEG and MEG. According to previous studies (Allison
et al., 1991; Mauguiere, 2005; Passmore et al., 2014), we
selected the results over the left SI (contralateral to stimu-
lation site; Figure 2a,b), obtained at six times the PT
(selected according to our preliminary analyses showing
this intensity was optimal; see Section 3). The resulting
time windows to calculate the mean current density for
each component were as follows: 17 to 21.5 ms after stimu-
lus trigger for P20/N20, 48 to 71 ms for P60/N60 and from
72 to 99 ms for P100/N100. The Z-scores of the mean cur-
rent density during these time windows were extracted in
each individual for group analysis.

2.6.5 | Identification of ROIs

Z-scores of current densities calculated in each individual
between �100 and 400 ms around stimuli were spatially
projected into the standard Montreal Neurological Insti-
tute template to visualise the mean location of mean
source activities in the group (grand average). ROIs were
defined in light of MEG activity at six times the PT dur-
ing the time windows covering P20/N20, P60/N60 and
P100/N100 and were delineated according to the
Desikan-Killiany and Brodmann atlases implemented in
Brainstorm (premotor and SII areas were manually
defined according to Brodmann areas). The resulting
atlas was used to compute Z-scores in corresponding cor-
tical regions in each individual according to their own
anatomies (the atlas was projected onto individual MRIs),
during early and late SEPs.

2.7 | Statistical analysis

We identified a total of 21 ROIs over the left (contralat-
eral to the stimulation site) and right (ipsilateral) hemi-
spheres for the two modalities of recordings (same ROIs
for EEG and MEG). We thus performed a Bonferroni cor-
rection to determine the minimum Z-score (≥4.02) to
consider for statistical significance (Figures 2c–h and 3).

Linear mixed models were built with subjects as ran-
dom effect and modality (MEG and EEG), intensity (the
four intensities tested), ROI (the 13 considered as signifi-
cantly activated after Bonferroni correction) and compo-
nent (P20/N20, P60/N60 and P100/N100) as fixed effects.
Age and PT were also tested as covariables. We made sure
that the underlying assumptions (normality, homoscedas-
ticity and absence of outliers) were valid and p-values were
calculated after false discovery rate correction. According
to the results of the model, post hoc pairwise analyses
were performed using Student’s t-tests on least-squares
means of normalized current densities (Z-scores).
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We also investigated the correlations between SEP
components and between ROIs during each component.
More specifically, we assessed the relationship between
Z-scores corresponding to the same ROI but different
SEP components using Spearman’s rank correlation coef-
ficient. A threshold of r = 0.7 was chosen both to select
high-intensity correlation and take into account multiple
testing of correlations (conservative Bonferroni correc-
tion). Partial correlations were processed to determine
ROIs which activity were closely linked between groups
of regions. Lastly, we performed cluster analysis using
classification methods based on local singular value
decomposition.

Statistical analyses were performed with JMP soft-
ware® (SAS Inc., Cary, NC, USA). All tests were two-
sided. A p-value ≤ 0.05 was considered statistically signif-
icant. Data were reported as mean ± one standard error
for continuous variable and as frequency (%) for categori-
cal variables. For better readability, all tests and parame-
ters are specified in Section 3.

3 | RESULTS

Figure 1 shows MEG and EEG raw data obtained at six
times the PT from one representative participant, with the

(a) (b)

(c) (d) (e)

(f) (g) (h)

F I GURE 2 Mean normalised magnetoencephalogram (MEG) and electroencephalogram (EEG) source activities in the brain cortex

during early and late somatosensory evoked potentials. Time course of mean normalised current in each individual (black lines) and their

grand average around median nerve stimulation adjusted at six times the perceptual threshold (red line; between �20 and 120 ms): The Z-

scores of current densities were extracted after MEG (a) and EEG (b) source analyses, at the level of the post-central cortex corresponding to

the primary somatosensory area. Each black trace corresponds to the results of one participant, and the red line results from the grand

average of the 19 participants. Normalised source activity from MEG (c and e) and EEG (f and h) in the group of participants (n = 19) with,

in each figurine, upper left, the left hemisphere, lower left, right hemisphere, and on the right, the top view of the brain. The Z-score of

mean current density was extracted for each window of analysis corresponding to P20/N20 (c and f), P60/N60 (d and g) and P100/N100

(e and h) in each individual and projected into the common Montreal Neurological Institute space. The gradient of colours corresponds to Z-

scores from 0 (dark blue) to 20 (dark red), with a threshold estimated at Z-score = 4.02 after p-value correction (Bonferroni correction for

multiple comparisons; thin line within the blue area in the legend). Accordingly, only significant activity (p-value < 0.000058) are illustrated

(>20% of the maximum amplitude of the gradient).
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superimposition of the mean epochs (Figure 1a,b) and
their mean at the level of each sensor over the scalp
(Figure 1c,d). Figure 1e,f shows the topography of the sig-
nal at 20, 60 and 85 ms, that is, within the analysis win-
dows corresponding to P20/N20, P60/N60 and P100/N100,
respectively. For both MEG and EEG topographies, most

activity manifested in the left side, contralateral to stimula-
tion site, and during P60/N60. Specifically, parietal regions
were primarily activated at 20 ms (P20/N20) and fronto-
parietal ones at later latencies. Source analysis and Z-score
normalisation of mean current density were performed in
each individual for the following group analyses.

N
20

(a)

(b)

MEG

EEG

F I GURE 3 Hierarchy of

activated brain areas in the group.

The regions of interest are organised

according to the proportion of

subjects in the group (n = 19) with

magnetoencephalogram (MEG)

(a) and electroencephalogram (EEG)

(b) activities after median nerve

stimulation (six times the perceptual

threshold) significantly different

from baseline (Z-score ≥ 4.02, p-

value < 0.000058). Each level of the

hierarchy is represented by one ring

and the larger the part of the ring

per item, the greater the proportion

of subjects with significant Z-score.

The first level of hierarchy includes

the regions of interest in the

contralateral (c.) and ipsilateral (i.)

hemispheres. The second level

includes the three components. The

proportions ≥50% are indicated in

white and those ≥75% in red. iPPC,

inferior posterior parietal cortex; M1,

primary motor cortex; PCC,

posterior cingulate cortex; PM,

premotor cortex; SI, primary

somatosensory area; SII, secondary

somatosensory area; SMA,

supplemental motor area; SMG,

supramarginal area; sPPC, superior

posterior parietal cortex; STS,

superior temporal sulcus.
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3.1 | Source imaging

Source analysis resulted in the estimation of mean current
density each at .33 ms, between �100 and 400 ms around
stimulation, which was then transformed into Z-score for
group analysis. Figure 2a,b shows MEG (a) and EEG
(b) Z-scores over the left SI area (post-central gyrus),
around median nerve stimuli adjusted at six times the PT;
each black trace shows the Z-scores in each participant
(n = 19) and the red trace the mean Z-scores in the group.
On average, peaks of activity occurred at about 22 and
35 ms after peripheral stimuli, corresponding to early SEPs
<40 ms, and activity slowly increased again at about
45 ms in MEG and 55 ms in EEG, until 100 ms in MEG
and longer in EEG, corresponding to late SEPs >40 ms.

Z-scores of the mean current density during the time
windows covering P20/N20, P60/N60 and P100/N100 were
extracted for each individual. Figure 2c–h shows the pro-
jection of MEG (c-e) and EEG (f-h) Z-scores in the com-
mon Montreal Neurological Institute space (only used for
this grand average) in the three windows of analysis,
P20/N20 (c and f), P60/N60 (d and g) and P100/N100
(e and h). According to Bonferroni correction for multiple
comparisons, significant activity during P20/N20 was
mostly observed over the left fronto-parietal cortex in both
MEG and EEG maps (Figure 2c,f). At longer latency, dur-
ing P60/N60 (d and g) and P100/N100 (e and h), the mean
activity over the left sensorimotor cortex was greater as
compared with P20/N20 and spread over prefrontal, inter-
hemispheric and posterior parietal areas in the left (contra-
lateral) and right (ipsilateral to stimulation site)
hemispheres; the spreading being greater in EEG com-
pared with MEG. The ROIs were then determined accord-
ing to MEG activity (given its greater spatial accuracy
compared with EEG; Baillet, 2017; Komssi et al., 2004;
Leahy et al., 1998) during P60/N60 (greater activity as
compared with P100/N100; cf. Figure 2d and e). Signifi-
cant activity in the left hemisphere (contralateral to stim-
uli) was thus found in SI, SII (parietal operculum in the
ceiling of the lateral sulcus, overlapping ventral part of
areas 40 and 43), superior posterior parietal cortex (sPPC),
inferior posterior parietal cortex (iPPC), supramarginal
area (SMG), posterior cingulate cortex (PCC), superior
temporal sulcus (STS), insula and over motor and premo-
tor areas including the primary motor cortex (M1), the
premotor cortex (PM) and the supplemental motor area
(SMA). In the right hemisphere (ipsilateral to stimuli), sig-
nificant activity was found in SI, SII, sPPC, iPPC, PCC,
STS, M1, PM and SMA.

During P20/N20, the most significant MEG activity in
Figure 2c was limited to the left (contralateral) hemi-
sphere with (i) the central sulcus including in its poste-
rior part, Brodmann’s area 3a and b (part of SI) and, in

its anterior part, Brodmann’s area 4 (M1), (ii) the sulcus
at the intersection between SI, sPPC and SMG, and
(iii) the upper part of the premotor areas. Similar results
were observed in EEG but the activity was broader over
the same areas (SI, M1, sPPC and SMA; Figure 2f). Dur-
ing P60/N60, the mean MEG activity increased in the
same areas (contralateral SI, M1, sPPC and SMA) and
was much clearer in SII, as well as in the other areas
listed supra but to a lesser extent in these areas as com-
pared with SI, M1, sPPC, SMA and SII (Figure 2d). The
mean EEG activity was much greater than MEG and,
again, much broader in the left contralateral hemisphere;
the difference with MEG was even greater in the right—
ipsilateral—hemisphere (Figure 2g). At longer latencies,
corresponding to P100/N100, we observed similar results
as during P60/N60, but the mean MEG activity was glob-
ally lower (Figure 2e) while the mean EEG activity
increased again and was even broader.

Mean normalised epochs in Figure 2a,b indicate that
there was a great interindividual variability (Ahn
et al., 2015; Buchner et al., 1995). For EEG data, 28.6% of
the total variance could be explained by between-SEP
component variability, 20.3% by between-ROIs variabil-
ity, 21.6% by between-subject variability and the 29.6%
left by interactions which led to an interclass coefficient
of 0.15. For MEG data, 31.0% of the total variance could
be explained by between-SEP component variability,
10.7% by between-ROIs variability, 26.2% by between-
subject variability and the 32.0% left by interactions
which led to an interclass coefficient of 0.16. Therefore,
we further investigated which regions were mainly acti-
vated in the group, by calculating the proportion of sub-
jects with significant source activity in the different ROIs
(still according to the Z-score threshold after Bonferroni
correction). The sunburst charts in Figure 3 show the
hierarchical distribution of MEG (Figure 3a) and EEG
data in the group (Figure 3b). The first level of hierarchy
corresponds to the brain regions and the second level to
the SEP components: The larger the segment at a given
level of the hierarchy, the greater the proportion of sub-
jects with significant Z-score (>75% of the participants
with significant Z-scores in red and between 50% and
74% in white). The first result that came out from this
analysis is that significant source activity was more con-
sistent across subjects in the contralateral hemisphere in
both MEG and EEG, as compared with ipsilateral hemi-
sphere. Moreover, the reproducibility of the results across
subjects was greater in EEG as compared with MEG. In
addition, Figure 3b shows that EEG activity in the ipsilat-
eral hemisphere was quite consistent across subjects at
the latency of late components.

Table 1 summarises the data illustrated in Figure 3 to
better highlight the common results in MEG and EEG
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source imaging. During P20/N20, significant activity was
found in both modalities in the contralateral SI, SII, M1,
PM and SMG and in PCC on both hemispheres. At longer
latencies, during late SEPs, the results of source imaging
were consistent between the two modalities in the contra-
lateral hemisphere, while in the ipsilateral hemisphere,
common activity was mostly found only in SII and PCC.
In fact, ipsilateral EEG activity was almost entirely lim-
ited to the upper part of the hemisphere (Figure 2g,h),
with no real demarcation between functional regions. In
the lateral part, significant ipsilateral MEG activity could
be observed at the group level in the central sulcus (SI–
M1), PM, sPPC and STS (Figure 2e), but according to
Figure 3a and Table 1, these results were not replicable
in the major part of the participants.

The results of source imaging thus indicate that
stimulus-induced activity during P20/N20 mostly
occurred in contralateral SI, SII, M1, PM and SMG and in

PCC on both hemispheres. These regions were still acti-
vated at longer latencies, during late SEPs, P60/N60 and
P100/N100, which are characterised, compared with
P20/N20, by activity in contralateral SMA, sPPC, iPPC,
STS and insula and ipsilateral SII. Video of source imag-
ing (Video S1) reveals that the mean MEG activity in the
group started 18 ms after stimuli, at the level of the cen-
tral (SI–M1), pre-central (premotor areas) and post-
central sulci (junction between SI, sPPC and SMG). Then,
activity in SII and both contralateral and ipsilateral PCC
occurred at 19–20 ms. At 22–23 ms, the activity decreased
until 28 ms when it reincreased again in the same areas
as during P20/N20 with greater and more obvious activity
in contralateral PM, SII, sPPC, iPPC, STS and insula.
Interestingly, ipsilateral MEG activity (right hemisphere)
in SII started at about 28 ms, being particularly clear at
30 ms, decreasing at about 38 ms and reincreasing again
about 56 ms, for being particularly significant between

TAB L E 1 Reliability of significant source activity.

P20/N20 P60/N60 P100/N100

Areas MEG EEG MEG EEG MEG EEG

Hemisphere Contralateral SI

SII

M1

SMA

PM

sPPC

iPPC

SMG

PCC

STS

Insula

Ipsilateral SI

SII

M1

SMA

PM

sPPC

iPPC

SMG

PCC

STS

Note: Proportion of subjects with significant source activity (according to Z-score threshold after Bonferroni correction for multiple comparison) during

P20/N20, P60/N60 and P100/N100 in MEG and EEG at the level of the regions of interest on both contralateral and ipsilateral hemispheres. Dark grey when
more than 75% of the participants exhibited significant Z-score, light grey, between 50% and 75% and white when less than 50%.
Abbreviations: EEG, electroencephalogram; iPPC, inferior posterior parietal cortex; M1, primary motor cortex; MEG, magnetoencephalogram; PCC, posterior
cingulate cortex; PM, premotor cortex; SI, primary somatosensory area; SII, secondary somatosensory area; SMA, supplemental motor area; SMG,
supramarginal area; sPPC, superior posterior parietal cortex; STS, superior temporal sulcus.
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F I GURE 4 Legend on next page.
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62 and 97 ms. Regarding EEG, activity mostly started at
about 19 ms in contralateral central and pre-central sulci,
reaching sPPC at 20 ms, and then increased and spread
in other contralateral areas until 38 ms, when it
decreased. It mostly reincreased again at about 60 ms for
decreasing a bit at about 97 ms. In the ipsilateral hemi-
sphere, EEG activity was much broader than MEG. If we
focus our attention on ipsilateral SII, EEG activity started
at 29 ms and was more significant at 59 ms until the end
of the video. To sum up, the video indicates that the cen-
tral sulcus is the first area to be activated during P20/N20
but activity in SII, PM, SMG and PCC on both sides
quickly occurred within the duration of the time window
for P20/N20. Then, activity in sPPC, iPPC, STS, insula
and ipsilateral SII starts at about 30 ms and was still
observed during late SEPs, P60/N60 and P100/N100.
Therefore, and even if the activity decreased between
early and late SEPs, all the cortical areas engaged in SEPs
were activated at 30 ms.

In order to further investigate the characteristics of
late components and the respective role of cortical areas
in these responses, compared with P20/N20, we investi-
gated the influence of stimulus intensity on the responses
over these ROIs (contralateral SI, SII, M1, PM, SMA,
SMG, sPPC, iPPC, STS, PCC, insula and ipsilateral PCC
and SII).

3.2 | Influence of stimulus intensity

On average, PT was 58.6 ± 3.7 μA, ranging from 37 to
95 μA (median value = 58 μA). Even if particular care
was taken to estimate precisely PT in each individual, the
measure depended on their concentration and their
investment. Moreover, it has been reported that SEP
amplitude increases with age (Desmedt & Cheron, 1980,
1981; Hagiwara et al., 2014; Huttunen, 1995; Kakigi &
Shibasaki, 1991). We did not find any significant influ-
ence of PT on stimulation-induced cortical activities (lin-
ear mixed model, p-value = 0.08). The influence of age
did not reach the level of statistical significance (p-
value = 0.06) likely due to the fact that most of the par-
ticipants were under 30 (14/19 participants). Lastly, a

gender effect has also been reported in previous studies,
especially in EEG due to distinct volume conductor
between males and females (MEG being not influenced
by this parameter; Huttunen et al., 1999). However, given
the number of subjects (13 females vs. 6 males) and the
number of parameters in the model, the comparison was
not valid. However, we observed higher values in females
than in males, especially in EEG data (not in MEG). Even
if the size of our study group did not allow to further
investigate these parameters (age and gender effect), it is
interesting that we were able to find similar characteris-
tics as those reported in previous studies, on larger study
groups.

Figure 4 illustrates the Z-scores of mean MEG (a, c
and e) and EEG (b, d, and f) current density in the group,
according to the intensity of the median nerve stimuli
(times the PT), in contralateral (c.) SI, SII, M1, PM, SMA,
SMG, sPPC, iPPC, STS, PCC, insula and ipsilateral (i.)
PCC and SII, during the time window corresponding to
the three components P20/N20 (a and b), P60/N60 (c and
d) and P100/N100 (e and f). In all conditions, Z-score sys-
tematically increased between 1.5 and 3 times the PT
(except in c.PM at the latency of P20/N20 in MEG). Fur-
ther increase in stimulus intensity mostly led to further
increase in Z-score except at the level of SMA (in MEG
P20/N20; Figure 4a) or decrease at six times the PT and
reincrease at nine times the PT (e.g., in SI, M1, SMA
and sPPC using EEG; Figure 3a) or still increase at six
times the PT and decrease at nine times the PT (e.g., in
SII using EEG at the latency for P20/N20 and P60/N60;
Figure 3a,c).

Repeated-measures linear mixed-effects model was
computed to evaluate the influence of the intensity (1.5,
3, 6 and 9 times the PT) on the Z-score of mean current
density taking into account the recording modality (MEG
and EEG), the ROIs (contralateral SI, SII, M1, PM, SMA,
SMG, sPPC, iPPC, STS, PCC, insula and ipsilateral [i.]
PCC and SII) and the component (P20/N20, P60/N60 and
P100/N100). Adjusted R2 was 0.98, and all fixed effects
and their interactions were significant: false discovery
rate-corrected p-value < 0.001 for all regressors and inter-
actions except for that between intensity, recording
modality and component for which p-value < 0.05. Least-

F I GURE 4 Relationship between stimulus intensity and normalised source activity in early and late somatosensory evoked potentials.

The Z-scores of mean current density (n = 19 participants) in magnetoencephalogram (MEG) (a, c, e) and electroencephalogram (EEG) (b,

d, f), in the three windows of analysis corresponding to P20/N20 (a and b), P60/N60 (c and d) and P100/N100 (e and f) for the main areas

activated are plotted against the intensity of the median nerve stimulation, normalised to the perceptual threshold (times perceptual

threshold [PT]). Interrupted lines indicate the threshold for significant Z-score (≥4.02, according to Bonferroni correction for multiple

comparisons). Vertical bars are ±1 SD. iPPC, inferior posterior parietal cortex; M1, primary motor cortex; PCC, posterior cingulate cortex;

PM, premotor cortex; SI, primary somatosensory area; SII, secondary somatosensory area; SMA, supplemental motor area; SMG,

supramarginal area; sPPC, superior posterior parietal cortex; STS, superior temporal sulcus.
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squares means of Z-scores were then used to illustrate
the interactions between factors, which best represents
the model prediction (taking into account all factors) and
gives a much greater readability of the influence of the
stimulus intensity on MEG and EEG activities and their
location during early and late components. Post hoc pair-
wise comparisons of least-squares means were performed
using Student’s t-tests. Figure 5 shows that least-squares
means were significantly greater for EEG than for MEG
above three times the PT (Figure 5a; p-value < 0.001) and

much more similar between late components (P60/N60
and P100/N100) compared with early one (P20/N20;
Figure 5c,d); differences between P60/N60 and P100/
N100 being mostly nonsignificant contrary to those
between P20/N20 and the two late components (see p-
values in Table 2). The similarity between late compo-
nents is also shown in Figure 5b; differences between late
component being nonsignificant (p-value = 0.17 in MEG
and 0.74 in EEG). This figure also indicates that during
P20/N20, there was no significant differences between
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F I GURE 5 Prediction of

magnetoencephalogram (MEG) and

electroencephalogram (EEG) early

and late components according to

the stimulus intensity. Z-score least-

squares means from the repeated-

measures linear mixed-effects model

are plotted against the intensity of

median nerve stimulation

(normalised to the perceptual

threshold [PT], times the PT; a, c, d)

or the somatosensory evoked

potential components (b) extracted

from MEG (red dots and lines in a

and b) and EEG source analysis

(black dots and lines in a and b), at

the latency of P20/N20 (blue dots

and lines in c and d), P60/N60 (red

dots and lines in c and d) and P100/

N100 (green dots and lines in c and

d) from MEG (c) and EEG (d).

Vertical bars are ±1 SD. ***p-

value < 0.001, **p-value < 0.01 after

post hoc comparisons of two means

(Student’s t-tests on least-square

means; in a and b). P-values for c

and d are indicated in Table 2.

TAB L E 2 Post hoc comparisons of components according to the intensity.

1.5 � PT 3 � PT 6 � PT 9 � PT

MEG P20/N20 versus P60/N60 0.025 0.0152 <0.0001 <0.0001

P20/N20 versus P100/N100 0.8740 0.0871 <0.0001 <0.0001

P60/N60 versus P100/N100 0.0167 0.4608 0.5298 0.4714

EEG P20/N20 versus P60/N60 <0.0001 <0.0001 <0.0001 <0.0001

P20/N20 versus P100/N100 0.099 <0.0001 <0.0001 <0.0001

P60/N60 versus P100/N100 0.0171 0.6464 0.0353 0.3702

Note: p-values of post hoc Student’s t-tests comparing Z-score least-squares means between components according to the intensity of median nerve stimulation.
Squares in grey indicate nonsignificant differences.

Abbreviations: EEG, electroencephalogram; MEG, magnetoencephalogram; PT, perceptual threshold.
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MEG and EEG (p-value = 0.1). The model thus indicates
greater activity in EEG than in MEG at intensity greater
than or equal to three times the PT but the difference
between the two modalities mostly manifests during late
components; MEG and EEG activities being comparable
during P20/N20. Furthermore, the model reveals similar
influence of stimulus intensity on late components but
different from P20/N20.

Figure 6 illustrates the interaction between the
recording modalities, the stimulus intensity and the
ROIs. According to the model, MEG activity increased
mostly similarly between 1.5 and 6 times the PT whatever
the ROIs (Figure 6a), but there was a steep increase in
EEG activity between 1.5 and 3 times the PT (Figure 6b).
This result is also illustrated in Figure 5a showing that
the slope between 1.5 and 3 times the PT is greater for
EEG compared with MEG. Between six and nine times
the PT, both MEG and EEG activities still increased but
to a much lesser extent, especially in MEG, compared
with the difference between three and six times the
PT. This result suggests that SEPs plateaued at intensity
greater than or equal to three times the PT in MEG and
greater than or equal to six times the PT in EEG; see also
Figure 5a and the nonsignificant differences in MEG,

between three and six (p-value = 0.06) and between six
and nine times the PT (p-value = 0.15). After post hoc
pairwise comparisons, the conditions with similar results
were clustered, and we found similar grouping in MEG
and EEG including the following: (i) at three times the
PT, PPC–SI and SMG–M1, (ii) at six times the PT, SI–
M1–SMG, and (iii) at nine times the PT, SI–M1.

Figure 7 illustrates the interaction between the record-
ing modalities, the components and the ROIs. Results at
the latency of late components are more similar than those
at the latency of P20/N20, especially in EEG (Figure 7b; as
illustrated in Figure 5c,d). Moreover, Figure 7 shows com-
parable results in some ROIs depending on the component
and the recording modalities. We thus compared the clus-
ters after post hoc pairwise comparisons to identify ROIs
with comparable results in both MEG and EEG: (i) at the
latency of P20/N20, SI–M1–SMG, and (ii) at the latency of
P60/N60, SI–M1 and STS–i.SII; we did not find any com-
mon cluster at the latency for P100/N100.

Whether for stimulus intensity or component, similar
results were observed between S1, M1 and SMG suggest-
ing that activities within these areas were likely particu-
larly linked. To further investigate the relationships
between ROIs during early and late components, we

(a)

Z-
sc

or
e

le
as

t-s
qu

ar
e

m
ea

ns
0

4

8

12

SI SII M1 PM SMA iPPC sPPC SMG Insula STS PCC i.PCC i.SII

0

3

6

9

12

15

18

SI SII M1 PM SMA iPPC sPPC SMG Insula STS PCC i.PCC i.SII

(b)

Z-
sc

or
e

le
as

t-s
qu

ar
e

m
ea

ns

MEG

EEG

F I GURE 6 Prediction of the

influence of stimulus intensity in

regions of interest. Z-score least-

squares means from the repeated-

measures linear mixed-effects model

calculated at 1.5 (light grey dots and

lines), 3 (middle grey dots and lines),

6 (dark grey dots and lines) and

9 times the perceptual threshold

(PT) (black dots and lines) are

plotted against the regions of interest

for magnetoencephalogram (MEG)

(a) and electroencephalogram (EEG)

(b). Vertical bars are ±1 SD. iPPC,

inferior posterior parietal cortex; M1,

primary motor cortex; PCC,

posterior cingulate cortex; PM,

premotor cortex; SI, primary

somatosensory area; SII, secondary

somatosensory area; SMA,

supplemental motor area; SMG,

supramarginal area; sPPC, superior

posterior parietal cortex; STS,

superior temporal sulcus.

HSSAIN-KHALLADI ET AL. 3785

 14609568, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ejn.16379 by C

ochrane France, W
iley O

nline L
ibrary on [05/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



performed correlation analysis at the optimal intensity six
times the PT (for both MEG and EEG and in most ROIs).

3.3 | Correlation between SEP
components and between ROIs

Correlation analyses were performed to evaluate the sta-
tistical links between ROIs and SEP components when
stimulus intensity was set at six times the PT. Regarding
the correlation between early and late components, we
did not find any significant correlation in MEG activities
between early and late components in ROIs significantly
activated. In EEG, we found only significant correlation
(r > 0.7) between P20/N20 and P100/N100 at the level of
(i) STS (P100/N100) and sPPC (P20/N20; p-
value < 0.0001), (ii) STS (P100/N100) and iPPC
(P20/N20; p-value < 0.001), (iii) PCC (P100/N100) and
M1 (P20/N20; p-value < 0.001), (iv) STS (P100/N100)
and sPPC (P20/N20; p-value < 0.001), (v) STS (P100/
N100) and M1 (P20/N20; p-value < 0.001) and (vi) STS
(P100/N100) and SI (P20/N20; p-value < 0.001).

We also studied the link between ROIs within each
component using partial correlation which measured the
degree of association between ROIs considering the other
ones. For MEG-P20/N20, we found significant link
between SI and M1 and M1 and PM. For MEG-P60/N60,
we found significant correlations between M1, PM and
SII; SMG was also linked to SI and to SII but activity in
SI and SII were not significantly correlated. Lastly, for
MEG-P100/N100, we found significant correlations
between SI and M1, SI and SMG, M1 and PM, M1 and
sPPC and PM and SMA.

For EEG-P20/N20, we still found significant correla-
tion between SI and M1. We also found significant link
between activities in SI and SMG, SII and SMG, sPPC
and iPPC and STS and iPPC. For EEG-P60/N60, we
found significant correlation between SI and SMG, SI
and M1, M1 and PM, PM and SII and SII and SMG.
Lastly, for EEG-P100/N100, we found again significant
correlations between SI and SMG, SI and M1, M1 and
PM and SII and insula.

This analysis confirms that the correlation between
early and late components is sparse and, most importantly,

(a)
Z-

sc
or

e
le

as
t-s

qu
ar

e
m

ea
ns

0

4

8

12

SI SII M1 PM SMA iPPC sPPC SMG Insula STS PCC i.PCC i.SII

0

3

6

9

12

15

18

SI SII M1 PM SMA iPPC sPPC SMG Insula STS PCC i.PCC i.SII

(b)

Z-
sc

or
e

le
as

t-s
qu

ar
e

m
ea

ns
MEG

EEG

P60/N60P20/N20 P100/N100 F I GURE 7 Prediction of early

and late components in regions of

interest. Z-score least-squares means

from the repeated-measures linear

mixed-effects model calculated at the

latency of P20/N20 (blue dots and

lines), P60/N60 (red dots and lines)

and P100/N100 (green dots and

lines) for magnetoencephalogram

(MEG) (a) and

electroencephalogram (EEG) (b).

Vertical bars are ±1 SD. iPPC,

inferior posterior parietal cortex; M1,

primary motor cortex; PCC,

posterior cingulate cortex; PM,

premotor cortex; SI, primary

somatosensory area; SII, secondary

somatosensory area; SMA,

supplemental motor area; SMG,

supramarginal area; sPPC, superior

posterior parietal cortex; STS,

superior temporal sulcus.

3786 HSSAIN-KHALLADI ET AL.

 14609568, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ejn.16379 by C

ochrane France, W
iley O

nline L
ibrary on [05/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



that there is very limited or even no link between early
and late (only some between P20/N20 and P100/N100).
Accordingly, the most reliable linked MEG/EEG activities
between ROIs include SI–M1 and M1–PM at the latency
of P20/N20 and P100/N100. P60/N60 is distinguished by
other correlations including for the most reliable M1–PM–
SII, SI–SMG and SII–SMG. At the latency of P20/N20,
EEG activities in associative cortices were significantly
linked (sPPC–iPPC and STS–iPPC).

3.4 | Clusters of cortical activity

Last part of the statistical analysis consisted of running
classification methods based on a local singular value
decomposition followed by a clustering algorithm which
divided iteratively the clusters of variables (SEP compo-
nents and ROIs, stimulus intensity at six times the PT)
and reassigned the variables to clusters until it was not
possible to split the clusters. First interesting result was
that P20/N20, P60/N60 and P100/N100 constituted dis-
tinct clusters which further supports that early and late
components were not linked. Second, we found four clus-
ters in both MEG and EEG. At the latency of P20/N20,
we found common MEG and EEG activities in SI, M1,
SMG and PM as the most representative variables in the
cluster. Regarding P60/N60, we found one cluster in
MEG and two in EEG. The common cluster included SI,
M1, PM and SII and the second cluster in EEG included
associative cortices (iPPC, sPPC, SMG and STS). Lastly,
at the latency of P100/N100, we found one common clus-
ter involving SI, M1, SMG and PCC; the second cluster
only observed in MEG included STS and insula. These
results indicate that MEG/EEG main activity was com-
monly observed in SI and M1 during early and late SEPs
without any link between components. The three compo-
nents were distinct by activity in PM during P20/N20 and
P60/N60, and SII has particularly contributed to P60/N60
and PCC to P100/N100.

4 | DISCUSSION

This first aim of the study was to investigate the tempo-
rality of cortical activation maps after median nerve stim-
ulation at the wrist level. It is shown that the
contralateral primary sensorimotor area (SI–M1) in
the central sulcus is first activated (18 ms) and rapidly,
still during the time window covering P20/N20, activity
in contralateral SMG, PM, SII and both contralateral and
ipsilateral PCC has occurred. At longer latency (>30 ms)
and during P60/N60 and P100/N100, activity in these
areas was combined to activity in contralateral

multisensory associative cortices (sPPC, iPPC, STS and
insula) and SMA and in ipsilateral SII.

The second aim was to investigate the relationship
between stimulus intensity and source activities in the
different ROIs to further identify specific features of late
SEPs as compared with P20/N20. The first interesting
finding included similar results in MEG and EEG during
P20/N20 but not during late SEPs. Furthermore, while all
responses plateaued at intensity between three and six
times the PT, the relationship between stimulus intensity
and late responses was similar but different from
P20/N20. Lastly, correlation and cluster analyses did not
reveal any significant link between early and late compo-
nents. However, clustered activity in the primary sensori-
motor area (SI–M1) was consistently observed during the
early and late components, each one being characterised
by added activity in PM and SMG during P20/N20, in SII
and PM during P60/N60 and in SMG and PCC during
P100/N100. Late SEPs were also characterised by another
cluster including multisensory associative cortices (iPPC,
sPPC, SMG, STS and insula).

4.1 | Extra-somatosensory activity
during P20/N20

It has been well established that P20/N20 is generated in
the contralateral primary somatosensory cortex, particu-
larly in areas 3b and 1, in response to cutaneous inputs
from median nerve stimulation (Allison et al., 1991;
Baumgärtner et al., 2010; Hashimoto et al., 2001;
Mauguiere, 2005; Papadelis et al., 2011; Valeriani
et al., 2001). Studies using source imaging have consis-
tently revealed that cortical activity is maximal in the
central sulcus (Antonakakis et al., 2019; Rezaei
et al., 2021). In the present study, maximal activity was
also found in the central sulcus at 20 ms (Video S1).
However, to a smaller extent but statistically significant,
activity in pre- and post-central sulci was generated at
the same time.

P20/N20 activity was quantified in ROIs defined
according to Desikan-Killiany and Brodmann atlases pro-
jected onto individual MRIs, within a time window cov-
ering the full duration of the component (16–22 ms),
while in most studies, peak activity (�20 ms) was used to
quantify the cortical activity. Time-window analysis
(instead of peak activity) was chosen to enable reliable
comparison between early and late components because
the latter are characterized by slow signal with peak
activity extremely variable from one individual to
another (see Figure 2a,b). On one hand, calculating
activity within the full-time window increases the signal-
to-noise ratio and enables a better extraction of stimulus-
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induced cortical activity from background activity and
noise. On the other hand, it takes into account a broader
activity, possibly exceeding that in area 3b characterised
at the peak activity. However, this is unlikely because
cortical activity at the peak latency for N20 and P22 has
been, respectively, localised in area 3b and area
1 (Baumgärtner et al., 2010; Hashimoto et al., 2001;
Mauguiere, 2005; Papadelis et al., 2011), and here, we
found that activity in the pre-, post- and central sulci was
generated simultaneously.

ROIs and statistical analyses revealed that P20/N20
was characterised by activity in SI, M1, PM and SMG (the
two later ROIs being likely associated to activity in pre-
and post-central sulci, respectively). Importantly, results
in MEG and EEG were similar. EEG is indeed sensitive
to both tangential and radial dipoles, while MEG is less
sensitive but not fully blind to radial sources (Leahy
et al., 1998). Accordingly, a possible greater localisation
error in EEG, compared with MEG, is still a matter of
debate, being between 3 mm and 1.5 cm according to the
authors (Baillet, 2017; Komssi et al., 2004; Leahy
et al., 1998). However, the error in EEG is reduced when
using high-density EEG (32 to 256 electrodes; error
decreasing when using more than 32 electrodes), individ-
ual MRI for more precise information of head anatomy
and sophisticated source localisation algorithms (Baillet
et al., 2001; Komssi et al., 2004; Michel et al., 2004;
Michel & Brunet, 2019; Michel & He, 2019; Michel &
Murray, 2012).

The central sulcus includes part of M1 (anterior bank)
and areas 3a and 3b of SI (posterior bank); its deep part
being a combination of both M1 and area 3a. It has been
established that P20/N20 is generated in the posterior
bank of the central sulcus corresponding to area 3b
(Allison et al., 1991) but variations in central sulcus anat-
omy may cause unusual SEP topographies (Legatt &
Kader, 2000) and likely the high interindividual variability,
thus limiting the precise location of source activity. While
M1 and SI ROIs did not overlap (pre- and post-central gyri,
respectively; sparing the deep part of the central sulcus),
our approach does not allow to determine whether activity
in M1 during P20/N20 was real or due to diffusion of activ-
ity generated in area 3b (Schoffelen & Gross, 2009). Alter-
natively, one would argue that the activation of M1 could
be related to the activation of motor axons at the periph-
eral nerve level, but this is unlikely because (i) the anti-
dromic volley in motor axons is limited to spinal
motoneurons and could only induce proprioceptive affer-
ent inputs in response to muscle twitch, in addition to the
direct electrical volley in sensory afferents (Pierrot-
Deseilligny & Burke, 2005), and (ii) we found activity in
M1 even at 1.5 times the PT, that is, below MT. Moreover,
activity in precentral gyrus was clearly observed from

30 ms (Video S1) and the close link between SI and M1
activities was systematically observed during the three
components while activity during the three components
was not correlated. This suggests that the activity quanti-
fied in M1 ROI was likely not of the same origin from one
component to another nor that, in SI given, the temporal-
ity of activity changes in both ROIs.

Can we argue that P20/N20 activity was only limited
to area 3b? Several lines of evidence do not fully support
this assumption. First, we cannot fully discard a contribu-
tion of M1 because it has been shown to be activated dur-
ing P20/N20 in animal models (Lemon, 1981; Peterson
et al., 1995; Tanji & Wise, 1981) and transcranial mag-
netic stimulation in humans has revealed that SI and M1
are comodulated by somatosensory inputs (Schabrun
et al., 2012). Moreover, high-frequency oscillations dur-
ing P20/N20 are partly due to presynaptic activity in
thalamo-cortical projections (Gobbelé et al., 2003, 2004;
Jaros et al., 2008; Sakura et al., 2009; Urasaki et al., 2002)
which is further supported by subcortical source analysis
which revealed the contribution of the lateral ventro-
parietal nuclei of the thalamus (relay of the somatosen-
sory afferents to SI and SII; Rezaei et al., 2021). Lastly,
we found activity in pre- and post-central sulci likely
associated to activity in premotor areas (PM) and associa-
tive cortex (SMG).

4.2 | Characteristics of late components

Late components were characterised by different clusters
than those identified during P20/N20 which is consistent
with the absence of correlation between the three compo-
nents, especially between P20/N20 and P60/N60, and the
fact that I/O relationships were different between early
and late components. The late components have been
studied to a much smaller extent compared with
P20/N20, and little is known on their origin and they are
not used in clinical routine. To date, the knowledge is
limited to the implication of contralateral SII, which
is thus considered as the region of late cortical responses
to peripheral nerve stimuli (Mauguiere, 2005). Source
imaging in the present study has revealed a much
broader cortical activity during late components, involv-
ing a more complex cortico-cortical sensorimotor net-
work. Moreover, we found significant activity in the
ipsilateral SII using both MEG and EEG, as previously
reported using intracerebral recordings which has been
attributed to deep source (Barba et al., 2002;
Mauguiere, 2005).

Besides the location of dipoles or magnetic fields, sev-
eral studies aimed at investigating the influence of stimu-
lus intensity on SI/SII activity or P20/N20–P60/N60
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strength (I/O relationship), to compare the characteristics
of early and late responses. All studies reported a pla-
teaued effect affecting SI/P20/N20 only (Gerber &
Meinck, 2000; Torquati et al., 2002) or both SI/P20/N20
and SII/P60/N60 (Huttunen, 1995; Lin et al., 2003) or
only SII response (Jousmäki & Forss, 1998). Because the
stimulus intensity was not normalised or normalised but
not the same way from one study to another and even in
the same study, it is difficult to determine exactly the
minimum intensity for saturation but plateau was
reported between two and three times the PT and one
times MT. In the present study, intensity was normalised
to PT (Fukuda et al., 2007) and we investigated the I/O
relationship taking into account the different ROIs. First
of all, we found that the main increase occurred between
1.5 and 3 times the PT, which was more marked for EEG
than for MEG. Plateau effect was much clearer for
P20/N20 than for late components, occurring between
three and six times the PT (Figure 5b,c). We did not
check MT in our experimental group, but in previous
studies in our laboratory, we found that MT in median
nerve is about four times the PT, ranging from three to
six times the PT. Therefore, plateaued effect manifested
at intensity greater than or equal to one times the MT, as
previously reported for P20/N20. This was true in almost
all areas with less difference between Z-scores at intensity
greater than or equal to six times the PT in MEG and
greater than or equal to three times the PT in EEG
(Figure 6a,b), except SII whose response decreased with
intensity greater than six times the PT. Similar decrease
in SII response with stimulus intensity has already been
reported but without specifying the timing (Torquati
et al., 2002). In line with the fact that saturation was
observed mainly during P20/N20, as reported previously
(Gerber & Meinck, 2000; Huttunen, 1995; Lin et al., 2003;
Torquati et al., 2002), we found similar I/O relationship
for P60/N60 and P100/N100 but different for P20/N20.
Indeed, both P60/N60 and P100/N100 mostly still
increased with stimulus intensity greater than three times
the PT but with slower slope than between 1.5 and 3 times
the PT (Figure 5c,d). The fact that we did not observe a
clear plateau effect is not contradictory from previous
studies given the great variability of SEP responses
(Huttunen, 1995; Jousmäki & Forss, 1998; Lin
et al., 2003).

Five clusters of ROIs but different from one compo-
nent to another could be identified. We consistently
found SI and M1 in one cluster for each component,
which might be due to leakage activity between these
two very close areas (Schoffelen & Gross, 2009). How-
ever, because there was no correlation between compo-
nents, there is a possibility that activity in these two ROIs
is not of the same origin from one component to another

(activity mostly in central sulcus during P20/N20, plus
enhanced activity in pre- and post-central gyri at latency
≥30 ms). Moreover, the cluster including SI–M1 involves
other areas as main variables but different from one com-
ponent to another: PM and SMG during P20/N20, SII
and PM during P60/N60 and SMG and PCC during P100/
N100. The two other clusters involved multisensory asso-
ciative cortex with iPPC, sPPC, SMG and STS during
P60/N60 and STS and insula during P100/N100. These
results suggest that late components are likely not char-
acterised by activity in SII only but might involve more
complex cortico-cortical interactions, including the pri-
mary and secondary somatosensory areas, motor, premo-
tor and multisensory associative cortices in the
contralateral hemisphere and ipsilateral SII.

4.3 | Cortical network(s) underlying late
SEPs and functional implications

EEG and MEG source imaging has revealed a much
broader activity at cortical level than reported previously,
both during early and late SEPs. While it is globally
admitted that P20/N20 is limited to activity of area 3b
neurons, the present study has revealed activity in pre-
and post-central sulci likely linked to activity in PM and
SMG ROIs. Similarly, late components are not limited to
activity in SII but are the result of activity in the same
areas as during P20/N20, plus SII (both hemispheres) and
multisensory associative cortices (iPPC, sPPC, STS, PCC
and insula). While the time resolution of functional MRI
does not allow to distinguish activity between early and
late components, the mapping of hemodynamic
responses after electrical median nerve stimulation and
mechanical stimulation of hand skin (Boakye et al., 2000)
fully matches the present results of EEG/MEG source
imaging.

Besides different source locations, early and late com-
ponents exhibited different sensitivity to stimulus inten-
sity, suggesting the contribution of different neural
networks with distinct I/O relationships. Brain connectiv-
ity has been assessed after median nerve stimulation but
the studies focussed on SI, SI–M1 or the resulting change
in default mode and fronto-parietal networks has been
studied (Kobayashi et al., 2015; Mayhew et al., 2014;
Porcaro et al., 2013; Tecchio et al., 2005). Further studies
need to be undertaken to evaluate the dynamical func-
tional connectivity between brain areas activated by
median nerve stimulation we reported here, and previ-
ously using fMRI (Boakye et al., 2000), specifically in the
different clusters of activity we identified. Such investiga-
tions would also help to (i) establish whether SII receive
a copy of afferent inputs through direct thalamocortical
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projections and/or indirectly via SI and (ii) elucidate the
roles of these two areas in somatosensory processing at
the cortical level (Klingner et al., 2016; Mauguiere, 2005).
If both areas were involved in the same network, one
would expect the activity in both areas would be corre-
lated to some extent, which is not supported by the pre-
sent study.

It is well established that SI is the first and main tar-
get of thalamocortical projections relaying peripheral
afferent inputs to cerebral cortex and M1, the main corti-
cal output in motor system; the interaction between both
being mediated through associative cortex and sPPC in
particular (Coquery, 2011). Both sPPC and iPPC receive
multimodal sensory inputs and are involved in sensori-
motor control (feedback control), recognition, motor
planning, executive and working memory and
motor learning (Binkofski & Buccino, 2018; Buneo &
Andersen, 2006; Mesulam, 1998; Tumati et al., 2019).
Lastly, premotor areas, including SMA and PM, are
involved in condition–action association, motor plan-
ning, initiation and learning (Binkofski & Buccino, 2006;
Davare et al., 2006; Nachev et al., 2008; Rizzolatti &
Craighero, 2004; Solopchuk et al., 2016). All these areas
take part in several neural networks involved in the inte-
gration of sensory information to initiate multiple cogni-
tive and behavioural outcomes (Mesulam, 1998), which
supports the results of EEG/MEG source imaging in the
present study. However, the identification of brain areas
activated by somatosensory inputs is not sufficient to
understand how those inputs are processed at cortical
level during motor and cognitive functions. This also
requires a better knowledge of their interactions and, par-
ticularly, the pathways by which sensory information is
mediated.

4.4 | Impacts for future studies and
clinical investigations

It is commonly accepted that somatosensory inputs to the
cortex undergo early and late stages of processing. This
way, early and late SEPs have been often compared to
better evaluate the influence of somatosensory inputs
and their gating in the different phases of movement
(planning, initiation and execution; Mouchnino
et al., 2017; Saradjian et al., 2013). Although elegant and
particularly ingenious, this approach gives rise to results
that should be considered with caution given the great
overlap in the brain areas involved in early and late SEPs
and their possible interaction. In line with this, in our
previous study in patients with ALS (Sangari et al., 2016),
we found that late SEPs were more altered than early
SEPs, and their alteration was not correlated. The present

results further confirm that early and late SEPs reflect
activity in different neural networks involving sensorimo-
tor and nonmotor areas and that their correlation, if any-
thing, is low. However, the comparison between early
and late SEPs, during specific tasks and in pathological
conditions, should be performed using high-density EEG
allowing source imaging for accurate evaluation of brain
processing.

5 | CONCLUSIONS

The present study revisits the origin of late SEPs. The
focus was on P60/N60 and P100/N100 that we compared
with a priori well-known P20/N20 component. Further
investigations would be interesting to better understand
the dynamics of brain processing, including intermediate
components of SEPs; something solely possible using
EEG/MEG source imaging which finally was only fewly
used to investigate the early and late phases of brain pro-
cessing of somatosensory inputs, to date. In addition, this
study indicates that the clinical use of SEPs is particularly
limited given the potential information on brain func-
tions such an approach can give, not only on the trans-
mission along the sensory pathway. Further research on
signal processing, comparing the results of clinical SEP
investigation in routine (with simple setup) and complex
laboratory EEG/MEG source imaging (difficult to imple-
ment in routine), would be particularly interesting to
evaluate the respective role of the different networks
underlying early and late SEPs, in order to propose new
biomarkers of brain functions and complex processing,
that would enable to implement the use of late SEPs in
clinics, to evaluate brain functions in patients.
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