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Abstract—The early primary somatosensory network
remains a rarely investigated brain area due to the fast
transitions among the involved cortical and subcortical regions.
In this regard, a non-invasive and subject-specific method that
quantifies the very early temporal interdependences in the
thalamo-cortical/cortico-cortical pathway of the primary
somatosensory network would be of particular significance.
Combined  electro- (EEG) and magneto- (MEG)
encephalography (EMEG) source analysis has been shown to
exploit the complementary content of the single modalities EEG
and MEG based on subject-specific and realistic head
modeling. The current study aims to investigate the
connectivity of the very early primary somatosensory network
using EMEG source analysis with functionally-based
decomposition and time-variant effective connectivity. Three-
time temporally determined components are chosen based on
the combined somatosensory evoked responses to highlight the
thalamo-cortical and cortico-cortical interactions. The results
confirm that electrophysiological activity flows from the
thalamic regions of the brain to the first tangentially oriented
neurological somatosensory brain region (Broadman area 3b,
thalamo-cortical connection) and then to the radially-oriented
brain region (Broadman area 3a, cortico-cortical connection).
We also present that the flows between the investigated
components that do not fit to the flow of the neurological
activity from the wrist to the somatosensory network, when
increasing the confidence interval (CI). Overall, EMEG source
analysis with realistic head modeling and a functionally-based
connectivity estimator is able to capture very fast transitions on
the early-involved somatosensory network.

I. INTRODUCTION

EEG and MEG are two measurement modalities that
offer high temporal resolution ((sub)millisecond range) and
thus offer a non-invasive way to study fast temporal
connectivity networks in the human brain. The early primary
somatosensory network (including thalamic structures and
the primary somatosensory cortex (SI)) is a challenging
network, with a small number of studies having investigate it
[1, 2, 3, 4]. The modeling of such a network can interpret
better the use of SI network that offers high Signal-to-Noise
Ratio (SNR) somatosensory evoked potentials (SEP) in EEG
or fields (SEF) in MEG [1]. This network is able to serve as
entry point for developing complex pipelines [5, 6] or
sensitivity studies [7, 8]. In this study, we focus on the
estimation of the very early primary somatosensory network
including (1) the thalamic component (P14), and (2) the first
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and second transient components P20/N20 and P25/N25,
respectively.

Recently, the combination of EEG and MEG in source
analysis has enabled precise event localization, for example
in epilepsy [9, 10] or in somatosensory research [7, 11] due
to the complementary content that EMEG preserves from
both EEG and MEG [12, 13]. This combination exploits the
insensitivity of MEG to inter-individual skull conductivity
variations while preserving the accurate EEG indication of
orientation [7]. However, due to the large inter-subject
variability of skull conductivity, EEG is far more sensitive to
skull conductivity variations, so that the estimation of
individual skull conductivity becomes a crucial factor [6,
14]. In this work, we overcome this limitation by using a
calibration procedure, where individual skull conductivity is
estimated based on a two-level calibration procedure
including an individual model for white matter conductivity
anisotropy using diffusion tensor Magnetic Resonance
Imaging (DTI) data [6]. Therefore, we utilize the
complementary characteristics of EEG and MEG within a
individually calibrated head model for accurately
investigating the time-variant alterations in the primary
somatosensory network.

Over the last decades, it has been shown that the early
SEP/SEF responses are temporally very close to each other
[1, 2, 3], making the use of a decomposition method quite
important before any attempt to reconstruct the time-variant
content of the early primary somatosensory network. In this
regard, functional source separation (FSS) is a
decomposition technique that belongs to the family of blind
source separation approaches and has been applied in
SEP/SEF [15, 16] and recently in combined SEP/SEF [17].
In this study, we make use of the FSS algorithm for the
decomposition of the SEP/SEF responses into the
components of interest, i.e., P14, P20/N20 and P25/N25.

Since our attempt focuses on the investigation of early
stage interactions among the thalamo-cortical and cortico-
cortical pathways, we employ the Generalized
Orthogonalized Partial Directed Coherence — GOPDC as
connectivity estimator. GOPDC diminishes the co-
variability due to spatial smearing [18]. A statistical filtering
of the estimated flows is also performed based on surrogate
analysis, investigating the influence of confidence interval
on the estimation of the network by the use of two different
Cl, i.e., 90 % and 95 %.

The description of data and methodological approaches
is illustrated in Section II. The results of the study are
presented in Section III, followed by a discussion and the
outlook in Section IV.



II. PARTICIPANT AND METHODS

A. Experiment setup and Measurement Preprocessing

A healthy volunteer (32 years old) participated in
somatosensory experiment, undergoing median nerve
stimulation at the right wrist. The stimulus strength was
adjusted until a clear movement of the thumb was observed.
The inter-stimulus interval (ISI) was 400 ms with a random
deviation of 50 ms to avoid habituation. We used a pulse
duration of 0.5 ms. The entire measurement session was ten
minutes long. Simultaneous EEG/MEG measurements were
acquired with a sampling frequency of 1200 Hz. The EEG
system consisted of 80 electrodes, and the MEG system
(VMS MedTech Ltd) was comprised of 275 first order axial
gradiometers. The volunteer also underwent a 3T
MAGNETOM MRI (Siemens Medical Solutions) to measure
its T1, T2 and diffusion-weighted MR (dMRI) images of 1
mm and 1.9 mm resolution, respectively.

The first step of analysis was the preprocessing of the raw
EEG/MEG recordings using the MATLAB toolbox FieldTrip
[19]. A band-pass filter of 20-250 Hz and a Notch filter
suppressing the power line noise of 50 Hz (and its harmonics)
were applied. The defined window of each trial was from -
100 to 200 ms.

The six-compartment head model with white matter anisotropy
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Fig. 1. Segmented 6C model (upper row: midsagittal and midcoronal view,
left lower column; midaxial view). The compartments are colored as follows:
scalp in light leather color, skull compacta in dark red, skull spongiosa in
yellow, CSF in light blue, gray matter in gray and white matter is represented
by the diffusion tensors of the corrected dMRI data (colors denote direction:
green for anterior (A) — posterior (P), blue for superior — inferior and red for
left (L) — right (R)). A midsagittal view of the 6C head model is presented in
the lower right column where scalp is in leather color, skull compacta in dark
gray, skull spongiosa in yellow, CSF in light red, gray matter in orange and
white matter in white.

B. Functional Source Separation and Source Analysis

The short temporal components P14, P20/N20 and
P25/N25 (15 ms range) are separated individually into
functional source (FS) using a handmade-developed
implementation of the FSS algorithm [15, 16]. Each FS

includes enhanced information of a component’s functional
property. The operation and the parameters for the tuned of
FSS are explicitly referred in [17].

Source localization is performed on the back-projected FSs
of EMEG modality for every time instant, using the
sLORETA algorithm on a skull-conductivity calibrated and
white-matter anisotropic realistic head model including six-
compartments (scalp, skull compacta and spongiosa,
cerebrospinal fluid (CSF), gray and white matter) [6]. The
sLORETA estimates the standardized current density for one
source point & as [20]:

Sne, IRTiac} " Smne, (1)

with the Syng is the current density estimate of the minimum
norm estimates (MNE) and the R is the covariance of the
estimated current density. In order to illustrate the dipole
from sSLORETA, the Cholesky decomposition is applied on
the symmetric inverse R. The covariance matrix R becomes
from semi-positive to positive matrix due to the positive
regularization parameter of SLORETA. Therefore, by
utilizing the Cholesky decomposition, R~ = Az AL , where
Ap denotes the Cholesky decomposition matrix. By replacing
the new form of R~ to eq. 1, the source S, oz changes to:

§MNETARA1T3§MNE = (AggMNE)T(AzTeﬁMNE) = §sTL0R§sL0R @)
So as to

SsLor = AgSMNE
The source waveforms and the dipoles were produced by
taking the average current density of the 10% of the
maximum power. FEM forward simulations were applied
through the SimBio toolbox'. The conductivities were 0.43
S/m for the scalp, 0.0083 S/m for skull compacta, 0.031 S/m
for skull spongiosa, 1.79 S/m for CSF and 0.33 for gray
matter and anisotropic white matter conductivity was
modeled based on the the dMRI data [21]. The segmented
six-compartment head model is presented in Fig. 1. The
source space followed the gray matter folding and the sources
fulfilled the St. Venant condition [5].

C. Source Connectivity Analysis

We modeled the effective source connectivity between the
components of the somatosensory network by using the time-
varying GOPDC (tv-GOPDC) [18]. Moreover, the integrated
GOPDC (tv-iGOPDC) is calculated across the frequency
range of interest (here the entire spectrum) for every time
point. The connectivity analysis is applied for the source
waveforms of each modality. A slide-window of 10 ms is
selected with an overlap of one ms. Each window is fitted to
a multivariable model in order to bring out the causalities
between the signals in the coefficients matrix 4, which was
calculated using the ARfit toolbox [22]. The tv-GOPDC
flows (tv-iGOPDC value) are then calculated. Finally, we
statistically filter the resulting flows through an iterative
procedure. The procedure produces an empirical distribution
of 300 surrogate data from which, we use a CI of 95 % as
standard [23] , and test a CI of 90 % of the distribution to
assess possible influences on the reconstructed network. A
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flow was determined as significant if it was higher than the
aforementioned statistical threshold.

III. RESULTS

The averaged SEP/SEF across all trials are presented in
Fig. 2 along with the scalp topographies at the latencies of
interest. Clear dipolar patterns occurred for the components
P20/N20 for both EEG and MEG and for P25/N25 for MEG,
while the P14 had a dipolar pattern with large distance
between poles, pointing to the higher depth of the underlying
source. When comparing the scalp topographies between
EEG and MEG, we observe that the EEG topography is less
focal and always perpendicular to the MEG one. In addition,
the MEG detects only a very weak tangential part of the P14
component, while it strongly (compared to the P14) detects
the tangential part of the P25/N25. Due to space-limitation,
we do not present the EEG P25/N25.

Fig. 3 illustrates the EMEG source waveforms of the
components. Here, it is important to mention that we present
SLORETA-based dipoles on the T1 MRI as estimated by eq.
(2) and not their distribution. In this manner, we are able to
show the orientation of the reconstructed activity for the
Thalamic component and for the SI components, which were
distributed in the areas 3b and 1 of the primary
somatosensory cortex.
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Fig. 2.The averaged SEP (upper row) and SEF (lower row) responses, along
with the scalp topographies at the time-points of interest (15, 20 and 25 ms)
are presented.

The time-varying connectivity analysis was performed on
the source waveforms. Three-time windows were selected to
point out the effective connectivity of: P14 — P20/N20,
P20/N20 — P25/N25 and P25/N25— P20/N20.
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Fig.3. The EMEG source waveforms (left lower column) with the
sLORETA-dipoles (P14: left upper column, P20/N20: right upper column,
P25/N25: right lower column) that are visualized on the coronal view of the
T1 MRI for each component (P14 at 15 ms, P20/N20 at 20 ms and P25/N25
at 25 ms). The abbreviation L (left) denotes MRI direction.

In Fig. 4, we illustrate the early primary somatosensory
network (P14 — P20/N20 — P25/N25) as we dynamically
estimated it with the tv-GOPDC metric. In the upper row of
the Fig. 4, we present the time-evolution of the flows
between the investigated components, while we show the
time-stamp interactions on the lower column. We clearly
observe (Fig. 4, left lower column) that the P14 contributes to
the P20/N20 responses. In the middle lower part of Fig. 4, we
also observe that P14 and P20/N20 contribute to the
P25/N25. In the right lower column, we detect the opposite
(P25/N25— P20/N20) association, while P14 has no
contribution.
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Fig. 4. The tv-iGOPDC forward and backward flows (blue and orange) of
each pair of components are shown for 95 % CI. The dash lines illustrate the
1%, 2" and 3" time instances in which the causality graphs are illustrated
(lower row). These time instances represent the maximum influence of the
P14 to P20 (1), P20 to P25 (2") and P25 to P20 (3"). Only the statistically
filtered flows are presented.

In the last figure (Fig. 5), we investigate the influence of
the statistical filtering when using a larger CI (i.e., 90 %). In
this case, we observe that the network changes compared to
the previously presented (Fig. 4), including flows between
the investigated components that do not fit to the flow of the
neurological activity from the wrist to the somatosensory
network.
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Fig. 5. The tv-iGOPDC forward and backward flows (blue and orange) of
each pair of components are shown for 90 % CI. The dash lines illustrate the
1%, 3" and 2" time instances in which the causality graphs are illustrated
(lower row). These time instances represent the maximum influence of the
P14 to P20 (1*), P20 to P25 (2") and P25 to P20 (3"). Only the statistically
filtered flows are presented.

IV. DISCUSSION AND CONCLUSION

In the present subject-specific study, we investigated the
early primary somatosensory network including the
subcortical component P14 and the two transient components
P20/N20 and P25/N25. This study was based on our
proposed pipeline for connectivity analysis [6, 17]. We used
the FSS decomposition algorithm to disentangle the early
somatosensory  evoked responses into  functionally
independent components. The realistic and calibrated head
model used for source analysis comprised six compartments,
brain anisotropy and calibrated skull conductivity. We also
exploit the complementarity of EEG and MEG, performing
source analysis using their combination (EMEG). In this
study, we further investigated the influence of the statistical
filtering on the estimation of the causality network.

The estimated locations presented in Fig. 3 are in line with
previous well accepted studies [1, 2] in which the authors had
estimated the location of all three components using a
considerably high number of trials (6000) but simplified head
modeling. In this study, the number of trials was significantly
smaller (1000), but used high-resolution head modeling with
individual and calibrated white matter and skull
conductivities.

Our EMEG source network brought together the
complementarity of EEG and MEG [12] for modeling the
very fast communication within the cortical and subcortical
regions involved in the early activated somatosensory.
Previous studies, [3, 4] had shown similar interactions,
however, in those studies the benefit of EMEG was not
utilized. Comparing with other recent studies, the authors in
[16] achieved to estimate the somatosensory functional
source responses by using FSS on SEF responses. Much
later, the study in [15] used the FSS to decompose the early
SEP components on the basis of simplified head models with
which, the proposed results might be suboptimal due to the
vulnerability of the electric potentials to tissue conductivity
change [6, 24]. In this study, we showed that FSS was able to
derive the investigated components. Furthermore, for first
time we also introduce a mathematical representation of
modeling the SLORETA current density as a dipole in order
to better quantify the orientation component of the estimated
activity. We also observed that the use of larger CI in the
statistical filtering influences the estimated brain network,

leading to possibly noise and unrealistic results (Fig. 5) that
do not also fit to the literature [3, 4]. In summary, our study
proposes a pipeline to model accurately the very early
somatosensory network based on well-parametrized
procedures. We also propose an alternative way to present the
SLORETA current density as a dipole. For the statistical
filtering of the estimated network, as shown (Figs. 4 and 5),
we suggest the use of 95 % CI. With this study, we reveal the
ability of using EMEG with realistic head modeling and
time-varying effective connectivity in order to investigate a
very rapid brain network. Even though, further experiments
are required, our study supports the notion that network
connectivity investigations can profit from EMEG and source
analysis with individually skull-conductivity calibrated
realistic FEM head models.
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