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Mathematical Description of the Neural Mass Model

In the following, equations of a single region of interest (ROI) are first described.
Then, starting from these equations a model of several interconnected ROIs is built.

Model of a single Region of Interest

The model of a single Region of Interest (ROI) consists of the feedback arrangement
among four neural populations: pyramidal neurons (subscript p), excitatory interneurons
(subscript e), inhibitory interneurons with slow and fast synaptic kinetics (GABAAa siow and
GABAAfst, subscripts s and f, respectively). Each population receives an average postsyn-
aptic membrane potential (say v) from other neural populations, and converts this mem-
brane potential into an average density of spikes fired by the neurons (say z). This conver-
sion is simulated with a static sigmoidal relationship, which reproduces the non-linearity
in neuron behavior (the presence of a zone where neurons are silent (below threshold)
and an upper saturation, where neurons fire at their maximal activity).

To model the dynamics in a whole ROI, the four neural populations are connected
via excitatory and inhibitory synapses, according to the schema shown in the main text,
in the upper panel of Fig. 1. Each synaptic kinetics is described with a second order sys-
tem, but with different parameter values. We assumed three types of synapses: glutama-
tergic excitatory synapses with impulse response h.(t), assuming that synapses from py-
ramidal neurons and from excitatory interneurons have similar dynamics; GABAergic in-
hibitory synapses with slow dynamics (impulse response hs(t)); GABAergic inhibitory syn-
apses with faster dynamics (impulse response hi1(t)). These synapses are characterized by a
gain (G, Gs, and Gy respectively) and a time constant (the reciprocal of these time constants
are denoted as w., ws, and wy, respectively). The average number of synaptic contacts
among neural populations are represented by eight parameters, Cij, where the first sub-
script represents the target (post-synaptic) population and the second refers to the pre-
synaptic population.

In a previous work (Ursino et al., 2010) we performed a sensitivity analysis to inves-
tigate the role of inputs to the four populations, and found that the most influential ones
are those entering into pyramidal neurons and fast inhibitory interneurons. Accord-
ingly, in this work we assume that inputs to each ROI (say u) target only these two neural
populations (see Fig. 1 in the main text). The equations of a single ROI are written below:
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The inputs to the model, uy(t) and uqt) (Eqs. 6 and 16) represent all exogenous contri-
butions coming from external sources (either from the environment or from other brain
regions), filtered through the low-pass dynamics of the excitatory synapses (it is worth-
noting that Eqgs. (5)-(6) and Egs. (15)-(16) are used to filter inputs uy and uy, respectively,
via the dynamics of glutamatergic synapses). Indeed, a common assumption in neuro-
physiology is that long-range connections in the brain are always mediated via afferent
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synapses from pyramidal neurons. In particular, uy(¢) is the input to pyramidal cells and
uf(t) the input to GABAA fast interneurons. These terms will be described below.

Model of several interconnected ROIs and connectivity parameters

In order to study connectivity between regions, let us consider two ROIs (each de-
scribed via Egs. 1-18), which are interconnected through long-range connections (see the
two bottom panels in Fig. 1 of the main text). The presynaptic and postsynaptic regions
will be denoted with the superscript k and k, respectively. The generalization to more than
two regions is trivial. Throughout the manuscript, we use the first superscript to denote
the target ROI (post-synaptic) and the second superscript to denote the donor ROI (pre-
synaptic).

To simulate connectivity, we assumed that the average spike density of pyramidal
neurons of the presynaptic area (Z;) affects the target region via a weight factor, thk

(where j =p or f, depending on whether the synapse targets to pyramidal neurons or fast
inhibitory interneurons) and a time delay, T. This is achieved by modifying the input

quantities uf, and/or uji of the target region.
Hence, we can write
wl () =nl @)+ W'zt -T) j=p.f
(19)
where nf (f) represents a Gaussian white noise with a mean value mf and vari-

ance 02 =9/dt (where dt is the integration step) and accounts for all other external inputs
not included in the model.

It is worth noting that the synapses th * havean excitatory role on the target region
h, since they directly excite pyramidal neurons (left bottom panel in Fig. 1 of the main
text). Conversely, synapses W;’k , although glutamatergic in type, have an inhibitory

role, via a bi-synaptic connection.
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Additional model results
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Figure S1. Connectivity networks obtained with the four different data-driven methods (Coherence, Partial Directed Co-
herence (PDC), Transfer Entropy (TE) and Temporal Correlation), in the three different tasks (baseline, movement of the
affected hand and movement of the unaffected hand). In the temporal correlation networks, colors specify whether the
bidirectional connection is excitatory (blue, positive correlation coefficient) or inhibitory (red, negative correlation coeffi-

cient).
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As described in the Method section, we repeated the Step 2 of the fitting procedure
to test an alternative hypothesis, i.e. assuming that the feedforward connections from each
SMAp to the contralateral M1h are excitatory in type (i.e., pyramidal-pyramidal instead
of pyramidal-fast inhibitory-pyramidal). The new connectivity strength resulting from the
fitting are reported in Fig. S1, while the parameter values can be found in Table S1. The
normalized power spectral densities of the M1h L and M1h R are shown in Fig. S2 (we do
not show coherences for the sake of brevity, but the results are rather similar to those
shown in Figs. 8 and 9 of the main text). As evident in Fig. S2, the model can simulate the
ERD in the M1h regions rather well even assuming excitatory synapses from the contra-
lateral SMAps. However, the fitting is worse if compared with that in Fig. 7 of the main
text: in particular, during the movement of the affected hand, the model was not able to
simulate an ERD in M1hR as strong as that observed experimentally (the maximum of the
normalized spectrum in the model is about 0.75 compared to 0.6 in the experimental data).
Furthermore, we can observe that the simulated spectra during the movement of the af-
fected hand are shifted to lower frequencies (around 15 Hz) if compared to the experi-
mental results (around 20 Hz). This is due to an excessive increase of the activity, close to
the upper saturation of the sigmoidal relationship, which causes a decrease in the oscilla-
tion frequency.
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Figure S2. Connectivity strengths obtained by fitting the Neural Mass Model to the normalized power spectra and coher-
ences for M1h L and M1h R, assuming the presence of an excitatory connection between each SMAp and the contralateral
M1h (see Method section and Supplementary Material). Since the fitting procedure has been divided in two Steps, results
of Step 1 (concerning the SMAp L, SMAp R, PMD L, PMD R) are the same as those reported in Figure 4 of the main text.
Thus, the alternative fitting shown here concerns only Step 2 of the fitting procedure. Black lines denote excitatory pyram-
idal-pyramidal connections, whereas red lines denote inhibitory bi-synaptic connections (pyramidal-fast inhibitory-py-
ramidal). Continuous lines are used to denote the higher synapses, dashed lines intermediate synapses, and dotted lines
the smaller synapses. All remaining synapses are set at zero. The other parameters of the fitting procedure (internal con-
stants within each ROI) can be found in Table S1.
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Figure S3. Normalized power spectral densities in the M1h L (left panel) and in the M1h R (right panel), obtained in basal
condition (green lines) and during movement of the affected (red lines) and unaffected (blue lines) hands. In each panel,
the left part represents model simulation results with optimal parameter values, and the right part the spectra computed
from the experimental data. This figure differs from Figure 7 in the main text since we used the parameter values shown
in Figure S2 above, i.e., assuming excitatory connections from each SMAp to the contralateral M1h.

Table S1. internal parameters estimated on ROIs M1h L, M1h R, during the alternative fitting procedure, i.e. assuming
that the connections between each SMAp and the contralateral M1h are excitatory in type. It is worth noting that w are the
same for the two ROIs with the same value as in Table 4 of the main text.

Parameter
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Table S2. Standard deviation of the error between model and experimental data in the range 10-30 Hz, concerning the
normalized power spectral density in the six ROISs, in basal conditions and during movement of the affected and unaffected
hand. These values refer to Figure 5 and 7 of the manuscript. Note that only the M1hR exhibits a significant error in basal
condition, to due a shift in the peak frequency of the spectra.

Basal Affected Unaffected
SMAp L 0.1224 0.0767 0.0739
SMApR 0.0919 0.1127 0.0861
PMD L 0.0806 0.0743 0.0226
PMD R 0.0609 0.1276 0.1317
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Mi1hL 0.2362 0.1979 0.0625
M1h R 0.5381 0.1011 0.1999
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Table S3. Standard deviation of the error between model and experimental data in the range 10-30 Hz, concerning the
coherences among the first four ROIs (SMAp L, SMAp R, PMD L, PMD R), in basal conditions and during movement of
the affected and unaffected hand. These values refer to Figure 6 of the manuscript.

Basal Affected Unaffected
SMApL-SMApR 0.1260 0.0971 0.0735
PMD L -PMDR 0.1517 0.1333 0.1601
SMApL-PMDL 0.1040 0.0710 0.0938
SMApL-PMDR 0.1345 0.0937 0.0894
SMApR-PMD L 0.0859 0.0752 0.0592
SMAp R-PMD R 0.1003 0.0991 0.1218

Table S4. Standard deviation of the error between model and experimental data in the range 10-30 Hz, concerning the

coherences among the last two ROIs (M1h L, M1h R) and the other four ROIs (SMAp L, SMAp R, PMD L, PMD R), in
basal conditions and during movement of the affected and unaffected hand. These values refer to Figures 8 and 9 of the

manuscript.
Basal Affected Unaffected
M1hL-M1hR 0.1301 0.1011 0.0907
M1hL-SMApL 0.1652 0.1451 0.1072
M1hL-SMApR 0.1056 0.1166 0.0905
M1hL-PMDL 0.1199 0.0964 0.0801
Mi1hL-PMDR 0.1391 0.0947 0.1229
M1hR-SMApL 0.0924 0.0981 0.0754
M1h R -SMAp R 0.1683 0.1536 0.1314
M1hR-PMDL 0.0946 0.0748 0.0409
Mi1h R- PMD R 0.0854 0.0575 0.0550
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