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Abstract—We present a computational framework for whole-
brain modeling using a network of 70 coupled Jansen-Rit neural
mass models, calibrated with structural connectivity and time-
delay matrices derived from open neuroimaging data. The model
parameters are optimized via a genetic algorithm to maximize
the correlation between simulated and empirical functional
connectivity matrices, as well as the similarity of EEG power
spectra, measured by the Clarkson distance. The optimized model
achieves an average correlation of R = 0.548 between simulated
and empirical functional connectivity matrices and a mean
Clarkson distance of ¢ = 0.53. Subsequently, we investigate the
capability of Echo State Networks (ESNs), a reservoir computing
architecture, to reconstruct BOLD and EEG signals from other
modalities. Our results demonstrate that BOLD signals can be
reconstructed from other BOLD signals (R = 0.54), EEG signals
can be reconstructed from other EEG signals (R = 0.9), and
importantly, BOLD signals can be predicted from EEG signals
(R = 0.52), while the reverse prediction (EEG from BOLD) fails.
These findings highlight the potential of reservoir computing for
multimodal neurosignal reconstruction and suggest asymmetries
in the predictability between neuroimaging modalities.

Index Terms—Whole-brain modeling, Jansen-Rit model, reser-
voir computing, Echo State Network, BOLD signal, EEG, func-
tional connectivity.

I. INTRODUCTION

Computational models of whole-brain dynamics are essen-
tial for understanding the neural mechanisms underlying large-
scale brain activity and functional connectivity. Empirical
studies of fMRI-based functional networks have progressed
from classical pairwise connectivity to higher-order and mul-
tiscale network descriptions, revealing characteristic network
disruptions in major depressive disorder and disorders of
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consciousness [8]-[11]. Among various approaches, neural
mass models (NMMs) provide a computationally efficient yet
biologically plausible description of the mean-field activity of
neuronal populations. The Jansen-Rit model [1] is a well-
established NMM that captures the nonlinear dynamics of
coupled cortical columns and has been widely used to simulate
electroencephalographic (EEG) and magnetoencephalographic
(MEG) signals.

Coupling multiple Jansen-Rit nodes with realistic structural
connectivity matrices enables the simulation of resting-state
brain dynamics and the generation of synthetic BOLD (blood-
oxygen-level-dependent) signals via the Balloon-Windkessel
hemodynamic model [4]. However, calibrating such models
to reproduce empirical functional connectivity and spectral
properties remains challenging due to the large parameter
space.

In parallel, reservoir computing (RC) has emerged as a
powerful framework for time-series prediction and signal
reconstruction. Echo State Networks (ESNs) [7], a prominent
RC architecture, have been successfully applied to various
neurosignal processing tasks. In this study, we investigate
whether ESNs can reconstruct BOLD and EEG signals from
other modalities in the context of a calibrated whole-brain
Jansen-Rit model.

II. METHODS

A. Whole-Brain Jansen-Rit Model

We model the whole brain as a network of N = 70 cortical
regions, each represented by a Jansen-Rit neural mass model.
Each node consists of three neuronal populations: excitatory
pyramidal cells, excitatory stellate cells, and inhibitory in-
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terneurons. The dynamics of the i-th node are governed by
the following equations:
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converting membrane potential to firing rate. The input I;(t) =

n(t) + 34 cing(vg(t — ;7)) includes Gaussian white noise
n(t) and coupling from other nodes with strengths ¢;; and
delays §;;.

The coupling strength matrix ¢;; and delay matrix 0;;
were derived from the open dataset by Domhof et al. [3],
averaged over 200 subjects, and normalized by their respective
means. Additionally, a global scaling parameter GG for coupling
strengths and D for delays were introduced.

where Si(v) = is a sigmoidal function

B. Calibration and Optimization

The model parameters for each node were fixed to standard
values from the literature [1], [2], while global parameters G
and D were optimized using a genetic algorithm. The objective
function was based on the Fg-measure combining two metrics:

1) Pearson correlation R between simulated and empirical
functional connectivity (FC) matrices (constructed from
BOLD signals generated via the Balloon-Windkessel
model);

2) Clarkson distance ¢ between empirical and simulated
EEG power spectra, computed using Welch’s method
[5].

The Clarkson distance is defined as:

oy

=~ | “4)
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where & and ¢ are normalized power vectors in the « (4-8
Hz), 8 (8-13 Hz), and « (13-30 Hz) bands.
The genetic algorithm maximized:

(1+p6%) R -c

F =
7 B2 R +c¢ '

®)
with 8 = 0.25, giving more weight to the correlation
coefficient, and R’ = (R + 1)/2 to avoid division by zero.
Optimization ranges were G € [0.01,1.0] and D € [1, 200]
ms, with fixed noise parameters p = 0.14 kHz and o = 0.01
kHz. Numerical integration used the Euler method with a time
step of 1 ms.

20 40 20 40

Region Region

Fig. 1. Left: Empirical functional connectivity matrix (averaged over sub-
jects). Right: Simulated functional connectivity matrix with G = 0.327,
D = 96 ms. Correlation between the two matrices is R = 0.65.

C. Reservoir Computing Setup

We employed Echo State Networks (ESNs) to reconstruct
neurosignals. The reservoir state update is given by:

h; 1 = (1 — a)hy + atanh(Wy,usg + Why),  (6)

where u, is the input vector, W;,, and W are input and
reservoir weight matrices, and « is the leakage rate. The output
is computed as:

O = Wroht; (7)

with W, trained via ridge regression (L2 regularization).

For each target region, a separate ESN was trained on
180 s of data and tested on 120 s. Hyperparameters (number
of neurons N = 500, leakage a = 0.095, spectral radius
s = 0.44) were optimized via random search to maximize the
coefficient of determination 72 for each target region.

We considered four reconstruction scenarios:

1) BOLD — BOLD (predict BOLD of one region from
BOLD of others);

2) EEG — EEG (predict EEG from EEG of others);

3) EEG — BOLD (predict BOLD from EEG of others);

4) BOLD — EEG (predict EEG from BOLD of others).

III. RESULTS
A. Model Calibration

After optimization, the best global parameters were G =
0.327 and D = 96 ms. With these parameters, over 100 inde-
pendent simulations (each with 300 s after a 60 s transient),
the correlation between simulated and empirical FC matrices
ranged from R € (0.3,0.68) with mean R = 0.548, and the
Clarkson distance ranged from ¢ € (0.52,0.61) with mean
¢ = 0.53.

Figure 1 shows a representative comparison of empirical
and simulated FC matrices, with a correlation of R = 0.65.
The corresponding EEG power spectra also showed good
qualitative agreement with empirical spectra, as quantified by
the Clarkson distance.

Figure 2 presents the empirical and simulated EEG power
spectra. The simulated spectra capture the characteristic fre-
quency band distributions observed in empirical data, with
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Fig. 2. Left: Empirical EEG power spectra. Right: Simulated EEG power
spectra with G = 0.327, D = 96 ms. Red curves indicate the averaged
spectra across all regions. The Clarkson distance between empirical and
simulated spectra is ¢ = 0.53.

the averaged spectrum (red curves) showing good agreement.
The Clarkson distance of ¢ = 0.53 quantitatively confirms the
spectral similarity achieved by the optimized model.

B. Reservoir Computing Predictions

1) BOLD from BOLD: ESNs predicted BOLD signals from
other BOLD signals with a mean correlation of R = 0.54
between the reconstructed and empirical FC matrices. The co-
efficient of determination 2 for individual region predictions
varied, with a maximum of 0.95 and some negative values.

2) EEG from EEG: EEG signals were reconstructed with
high fidelity from other EEG signals, achieving a correlation of
R = 0.9 between reconstructed and empirical EEG correlation
matrices. The 72 values for individual regions reached up to
0.78, though some regions showed poor reconstruction (r? <
0).

3) EEG to BOLD: Remarkably, BOLD signals could be
partially reconstructed from EEG signals. The correlation be-
tween reconstructed and empirical FC matrices was R = 0.52,
comparable to the BOLD-from-BOLD scenario. Individual
region prediction quality varied, with r2 values up to 0.75
and some negative values.

4) BOLD to EEG: In contrast, EEG signals could not be
reliably reconstructed from BOLD signals; all 72 values were
negative, indicating failure of the ESN to capture the temporal
dynamics of EEG from slow BOLD fluctuations.

IV. DISCUSSION

We have developed a whole-brain Jansen-Rit model cali-
brated to reproduce empirical functional connectivity and EEG
spectral properties. The model successfully captures large-
scale brain dynamics with good quantitative agreement. The
optimized parameters (G = 0.327, D = 96 ms) lie within
physiologically plausible ranges.

The reservoir computing results reveal several important
insights. First, the asymmetry in predictability between modal-
ities suggests that neural dynamics (EEG) contain richer
high-frequency information that can drive slow hemodynamic
signals (BOLD), but not vice versa. The failure to reconstruct
EEG from BOLD is consistent with the fact that BOLD
signals are heavily smoothed and delayed versions of neural

activity, lacking the fast temporal features essential for EEG
reconstruction.

Second, the ability to reconstruct BOLD from EEG with
performance comparable to BOLD-from-BOLD reconstruction
is noteworthy. This suggests that reservoir computing can
exploit cross-modal relationships, potentially enabling multi-
modal signal synthesis when one modality is unavailable.

The variability in reconstruction quality across brain regions
points to regional differences in dynamical complexity, which
may relate to the heterogeneous connectivity patterns and
noise levels. Recent empirical and methodological studies indi-
cate that higher-order interactions and multiscale hierarchical
network organization are important for characterizing brain
function and dysfunction [8]-[12].

V. CONCLUSION

Our study demonstrates that a whole-brain Jansen-Rit
model, properly calibrated against empirical data, provides a
useful platform for investigating cross-modal signal prediction
using reservoir computing. The ability to reconstruct BOLD
signals from EEG using ESNs opens avenues for applications
in situations where EEG is available but BOLD is not, such
as in EEG-fMRI fusion or real-time neurofeedback.

Future work will explore more advanced reservoir archi-
tectures, such as deep or layered ESNs, and investigate the
relationship between reconstruction quality and regional net-
work properties (e.g., degree centrality, clustering coefficient),
as well as incorporate higher-order network descriptors [11].
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