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Abstract

Electroencephalography (EEG) and fast optical neuroimaging (FONI)
provide complementary perspectives on brain activity: EEG measures
neurogenic activity at millisecond-scale temporal resolution, whereas
FONI, by frequency-domain functional near-infrared spectroscopy (FD-
fNIRS), captures spatially localized hemodynamic responses. To fully
exploit these advantages, both modalities should ideally be recorded
simultaneously. However, it remains unclear whether the same neural
events can be consistently identified in both signals. Here, we simulta-
neously recorded 64-channel EEG and 64-channel FONI signals from a
healthy control participant during closed-eyes resting state. Datasets
were band-pass filtered to isolate the alpha frequency range (8-12 Hz),
arhythm linked to functional integration and cognitive processing. We
then computed the Pearson correlation coefficient between every EEG
channel and every fNIRS channel, yieldinga 64 x 64 correlation matrix.
Statistical analysis revealed significant cross-modal correlations for
specific channel pairs (p < .01), indicating that alpha-band neuronal
activity is reliably associated with localized hemodynamic responses
in these regions. These preliminary results support the view that com-
bined EEG-FONI recordings can deliver both the temporal precision
of EEG and the spatial specificity of FD-fNIRS. The observed coupling
underscores the potential of multimodal approaches to investigate
neurovascular dynamics with high spatio-temporal fidelity.

Keyphrases

Non-invasive neuroimaging; frequency domain functional near-
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Introduction

Electroencephalography (EEG) is a non-invasive neuroimaging tech-
nique that records the brain’s electrical activity via scalp electrodes,
primarily capturing synchronized postsynaptic potentials from cortical
pyramidal neurons. These potentials produce voltage fluctuations over
a broad frequency range, offering millisecond-level temporal resolution
that is well suited for investigating dynamic neural processes under-
lying sensory, cognitive, and motor functions. However, EEG's spatial
resolution is limited by the diffusion of electrical fields through brain

“Report presented 2025-06-04, Neural Coding 2025, 16th International Neural
Coding Workshop, Ascona Switzerland.
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tissue, skull, and scalp, necessitating integration with other modalities
for improved source localization.

Functional near-infrared spectroscopy (fNIRS), in contrast, is an
optical neuroimaging method that measures cerebral hemodynamic
changes by detecting the absorption of near-infrared light (650-950
nm) by oxygenated (HbO) and deoxygenated (HbR) hemoglobinin corti-
cal regions. Using light sources and detectors placed on the scalp, fNIRS
infers neural activity through neurovascular coupling, providing spatial
resolution on the centimeter scale despite slower temporal dynamics
associated with the seconds-long hemodynamic response. The use
of frequency-domain functional near-infrared spectroscopy—referred
to as FONI, i.e. fast optical neuroimaging (Gratton and Fabiani 2010;
Fantini and Sassaroli 2020; Mohammad et al. 2021)—extends further
the robustness to motion artifacts and compatibility with multimodal
recordings at high temporal resolution.

Combining EEG and FONI yields complementary insights into brain
function by integrating EEG's temporal precision with fNIRS's spatial
specificity, enabling a more comprehensive characterization of neu-
rovascular interactions. Previous work has demonstrated broad as-
sociations between these modalities, including concurrent recordings
in several contexts (Chiarelli et al. 2017), activation patterns in lan-
guage processing (Wallois et al. 2012), and resting-state alpha-band
correlations (Moosmann et al. 2003). More recent studies highlight
the promise of hybrid EEG-fNIRS approaches for brain-state decoding,
such as motor imagery and vigilance monitoring, where global fNIRS sig-
nals correlate with EEG alpha activity (Chen et al. 2020). Additionally,
multimodal analyses have revealed relationships between hemody-
namic responses and brain oscillations, particularly in the alpha band
during task performance (AL-Quraishi et al. 2021).

Despite these advances, the precise temporal correspondence be-
tween transient EEG events and fNIRS-derived hemodynamic re-
sponses remains insufficiently understood. This study focuses on alpha-
band activity (8-12 Hz), a key neural rhythm implicated in functional
integration, to determine whether transient alpha events detected by
EEG co-occur with characteristic hemodynamic signatures in fNIRS. By
adopting a hybrid EEG-FONI framework, we aim to deepen understand-
ing of neurovascular coupling mechanisms at cortical level.

Methods

Simultaneous EEG and FONI recordings were analyzed to investigate
alpha-band dynamics. The initial 5 s of each recording were excluded to
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minimize non-stationarities, yielding 2 min of usable data per session.
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Figure 1: The phase-shift between the light emitted by the source (dot-
ted line in the insets on the right) and the signal captured by the de-
tectors (full lines in insets) depends on the amount of deoxygenated
hemoglobin along the curved path travelled by the infra-red beam.
Adapted from Pinti et al. (2020)

For FONI (Figure 1), signals from each source-detector pair were
expressed as complex numbers of the form e, where ¢ denotes
the phase difference, preserving the circular properties of the data
and avoiding boundary discontinuities. EEG data consisted of voltage
time series from scalp electrodes. Signals from both modalities were
segmented into non-overlapping 1 s windows. Within each window,
alpha-band power (8-12 Hz) was computed for each EEG channel using
spectral analysis, producing a time series of power estimates. For FONI,
the phase-derived signals recorded by FD-fNIRS were processed to
extract features reflecting slow hemodynamic modulations potentially
associated with alpha-band envelopes. This procedure produced, for
each modality, a 124-component vector characterizing alpha-related
activity across consecutive seconds.

EEG alpha-power time series were averaged across electrodes to ob-
tain a mean temporal profile. Pearson correlations were then calculated
between this mean EEG alpha power and the time series from individual
FD-fNIRS channels (e.g., D1). Statistical significance was assessed at
p < .005. EEG electrodes showing strong correlations with the se-
lected fNIRS channel (p < .01) were identified. Analyses incorporated
temporal lags (e.g., a 1s delay in FONI relative to EEG) to account for
the hemodynamic response latency. Spatial maps of significantly cor-
related electrodes were generated to evaluate co-localization with the
optical measurement sites.

This approach is consistent with established multimodal integra-
tion protocols, including canonical correlation analysis variants for
EEG-fNIRS data fusion (Zhuang et al. 2020) and graph-theoretic com-
parisons of network structure (Blanco et al. 2024).

Results

Correlation analysis revealed significant associations between EEG
alpha power and fNIRS signals. A representative fNIRS channel (D1)
showed a robust correlation with the averaged EEG alpha power (p <
.005), with the peak correlation occurring when the fNIRS signal lagged
EEG by 1 s—consistent with the expected delay from neurovascular
coupling (Figure 2). The EEG electrodes most strongly correlated with
D1 (p < .01) were predominantly located over frontal regions, spa-
tially aligning with the fNIRS optical measurement path. These results
indicate that transient EEG alpha bursts are followed by delayed, co-
localized hemodynamic responses.

At a temporal resolution of 1, the observed associations are at-
tributable to slow fluctuations in the alpha-power envelope rather than
to rapid oscillatory cycles. Positive correlations between changes in
HbO concentration and alpha-band power were localized to specific
cortical regions, consistent with spatial patterns reported in task-based
investigations (Su et al. 2023). Collectively, these findings support the
utility of hybrid EEG-fNIRS approaches for characterizing neural-hemo-
dynamic interactions in resting-state conditions, complementing previ-
ous work linking fNIRS global signal amplitudes to EEG vigilance mea-
sures (Chen et al. 2020).

Discussion

The present study provides evidence that transient alpha-band os-
cillations in EEG are systematically coupled with localized, delayed
hemodynamic responses captured by FD-fNIRS, reinforcing the poten-
tial of multimodal approaches for mapping brain dynamics with high
spatio-temporal precision. This cross-modal correspondence aligns
with earlier work demonstrating low-frequency covariation between
electrophysiological rhythms and vascular signals (Moosmann et al.
2003; Yuan et al. 2012), and extends these findings by focusing on
resting-state conditions where intrinsic fluctuations, rather than task-
evoked responses, dominate neural activity. The observed 1-second lag
between EEG and fNIRS signals is consistent with canonical neurovas-
cular coupling delays (Buxton et al. 2004; Obrig et al. 2000), lending
physiological plausibility to the results.

Importantly, our findings highlight the value of examining slow mod-
ulations in oscillatory power envelopes rather than attempting to align
rapid neural oscillations directly with slower hemodynamic processes.
This approach parallels strategies in simultaneous EEG—fMRI studies,
where correlations with BOLD signals are more readily observed in the
amplitude envelopes of specific frequency bands (Mantini et al. 2007;
Laufs et al. 2003). By leveraging FD-fNIRS’s enhanced motion robust-
ness and phase-based sensitivity (Fantini and Sassaroli 2020), the cur-
rent framework offers improved stability for long-duration recordings
and potential suitability for ecologically valid, real-world monitoring
scenarios.

Beyond methodological considerations, these results have implica-
tions for applied neuroscience domains such as brain—computer inter-
faces (BCls), neurorehabilitation, and cognitive workload monitoring.
Hybrid EEG-fNIRS BCls have already shown improved classification
performance in motor imagery and vigilance tasks (Fazli et al. 2012;
AL-Quraishi et al. 2021), and our approach could be adapted to en-
hance decoding of resting-state brain states or transitions between
cognitive modes. The demonstrated spatial specificity in alpha-related
hemodynamic changes could also be leveraged for targeted neurofeed-
back interventions, where both electrophysiological and hemodynamic
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Figure 2: A. Collection of EEG electrodes (blue and green) the alpha power of which is significantly correlated with the FD-fNIRS signal D1. The
signal of the EEG electrode marked in green is used in correlated with the optical signal in panels B and C. B: Normalised amount of alpha power
registered by the fNIRS detector D1 (x axis) and the EEG FCz electrode (y axis) in non-overlapping 1-second temporal windows. A positive and
significant correlation is observed. C: Temporal evolution of the normalised alpha power contained in the two signals of panel B. A certain degree

of congruence in the epochs with large alpha power can be discerned.

parameters are modulated in tandem.

However, several limitations warrant consideration. First, the single-
subject design limits generalizability and calls for replication across
larger, demographically diverse samples. Second, our analysis was re-
stricted to the alpha frequency band; expanding to other rhythms (e.g.,
theta, beta) could reveal frequency-specific patterns of neurovascu-
lar coupling relevant to different cognitive processes. Third, residual
physiological artifacts (e.g., systemic blood flow fluctuations) may con-
tribute to observed correlations despite preprocessing. Incorporating
short-separation fNIRS channels, advanced artifact removal algorithms,
and physiological covariates (e.g., heart rate, respiration) could improve
specificity. Finally, our analyses focused on univariate correlations; fu-
ture work employing network-level graph analyses (Blanco et al. 2024)
or data-driven fusion techniques (Zhuang et al. 2020) may uncover
richer patterns of structure-function relationships.

Conclusion

This preliminary investigation into EEG-FONI integration during
resting-state alpha-band activity reveals significant cross-modal cor-
relations, affirming the presence of reliable neurovascular coupling
at specific cortical sites. By demonstrating that transient EEG alpha
bursts are associated with delayed, spatially co-localized hemody-
namic responses in FD-fNIRS, our findings validate the complementary
strengths of these modalities: EEG's millisecond temporal precision and
FD-fNIRS's centimeter-scale spatial resolution. This hybrid approach
not only bridges electrical and optical measures of brain function but
also underscores the potential for enhanced spatio-temporal fidelity in
whole-brain mapping, aligning with emerging multimodal neuroimaging
paradigms.

Citation

Brainiacs 2025 Volume 6 Issue 1 Edoc EFO3FO5F2

Title: “Spatial and Temporal Precision in Whole-Brain Mapping via
Simultaneous EEG-FONI Recordings”

Authors: Inés Samengo, Alessandro E.P. Villa, Alessandra Lintas
Dates: created 2025-05-01, presented 2025-06-04, published
2025-08-17,

Copyright: © 2025 Brain Health Alliance

Contact: ines.samengo@ib.edu.ar

URL: Brainiacsjournal.org/arc/pub/Samengo2025WBMSEF

PDP: /Nexus/Brainiacs/Samengo2025WBMSEF

DOI: /10.48085/EFO3FO5F2

Acknowledgments

This study was partially supported by the Swiss National Science
Foundation grant #1183401.

Affiliations

Inés Samengo, ines.samengo@ib.edu.ar; Department of Medical
Physics and Instituto Balseiro, Centro Atomico Bariloche, Argentina.

Alessandro E.P. Villa, alessandro.villa@unil.ch, Neuroheuristic Re-
search Laboratory, University of Lausanne, Lausanne, Switzerland.

Alessandra Lintas, alessandra.lintas@unil.ch, Neuroheuristic Re-
search Laboratory and HEC-LABEX, University of Lausanne, Lausanne,
Switzerland.

Contributions

All authors contributed equally to the paper.

6.1.EFO3FO5F2

Brainiacs Journal of Brain Imaging And Computing Sciences

©2025BHA

189

192

195

198

201

204

207

210

213


mailto:ines.samengo@ib.edu.ar
https://www.BrainiacsJournal.org/arc/pub/Samengo2025WBMSEF
https://npds.PORTALDOORS.org/Nexus/Brainiacs/Samengo2025WBMSEF
https://doi.org/10.48085/EF03F05F2
mailto:ines.samengo@ib.edu.ar
mailto:alessandro.villa@unil.ch
mailto:alessandra.lintas@unil.ch

216

219

222

225

228

231

234

237

240

243

246

249

252

255

258

261

264

267

270

40of4

Whole-Brain Mapping via Simultaneous EEG-FONI Recordings

Samengo et al.

References

[

(2]

(3]

(4]

(5]

(6]

(7

(8]

91

[10]

(]

(121

[13]

[14]

R. Blanco, M. G. Preti, C. Koba, D. V. D. Ville, and A. Crimi. “Comparing
structure-function relationships in brain networks using EEG and fNIRS."
SciRep14.1(2024),p.28976.D01: 10. 1038/541598-024-79817-x
(cited pp. 2, 3).

R. B. Buxton, E. C. Wong, and L. R. Frank. “Dynamics of blood flow
and oxygenation changes during brain activation: The balloon model”
Magnetic Resonance in Medicine 39.6 (2004), pp. 855-864. D0OI: 10. 1
002/mrm. 1910390602 (cited p. 2).

Y. Chen, J. Tang, Y. Chen, ). Farrand, M. A. Craft, B. W. Carlson, and H.
Yuan. “Amplitude of fNIRS Resting-State Global Signal Is Related to
EEG Vigilance Measures: A Simultaneous fNIRS and EEG Study! Front
Neurosci 14 (2020), p. 560878. DOI: 10.3389/fnins.2020.5608
78 (cited pp. 1, 2).

A. M. Chiarelli, F. Zappasodi, F. D. Pompeo, and A. Merla. “Simultaneous
functional near-infrared spectroscopy and electroencephalography for
monitoring of human brain activity and oxygenation: a review.” Neu-
rophotonics 4.4 (2017), p. 041411.DOI: 10.1117/1 .NPh.4.4.0414
11 (cited p. 1).

S. Fantini and A. Sassaroli. “Frequency-Domain Techniques for Cerebral
and Functional Near-Infrared Spectroscopy.” Front Neurosci 14 (2020),
p.300.DOI: 10.3389/fnins . 2020 . 00300 (cited pp. 1, 2).

S. Fazli, ]. Mehnert, |. Steinbrink, G. Curio, A. Villringer, K.-R. Miller,
and B. Blankertz. “Enhanced performance by a hybrid NIRS-EEG brain
computer interface” Neurolmage 59.1(2012), pp. 519-529. pol: 10. 10
16/j.neuroimage.2011.07.084 (cited p. 2).

G. Gratton and M. Fabiani. “Fast optical imaging of human brain func-
tion.” Front Hum Neurosci 4 (2010),e00052. DOI: 10. 3389/fnhum
.2010.00052 (cited p. 1).

H. Laufs, A. Kleinschmidt, A. Beyerle, E. Eger, A. Salek-Haddadi, C.
Preibisch, and K. Krakow. “EEG-correlated fMRI of human alpha ac-
tivity"” Neurolmage 19.4 (2003), pp. 1463-1476. DOI: 10.1016/S1053
-8119(03)00286-6 (cited p. 2).

D. Mantini, M. G. Perrucci, C. Del Gratta, G. L. Romani, and M. Corbetta.
“Electrophysiological signatures of resting state networks in the human
brain.” Proceedings of the National Academy of Sciences 104.32 (2007),
pp. 13170-13175. DOI: 10. 1073 /pnas . 0700668104 (cited p. 2).

P.P.S. Mohammad, S. Isarangura, A. Eddins, and A. B. Parthasarathy.
“Comparison of functional activation responses from the auditory cortex
derived using multi-distance frequency domain and continuous wave
near-infrared spectroscopy.” Neurophotonics 8.4 (2021), p. 045004. pol:
10.1117/1.NPh.8.4.045004 (cited p. 1).

M. Moosmann, P. Ritter, . Krastel, A. Brink, et al. “Correlates of alpha
rhythm in functional magnetic resonance imaging and near infrared
spectroscopy.” Neurolmage 20.1(2003), pp. 145-158. pOI: 10. 1016
/81053-8119(03) 00344-6 (cited pp. 1, 2).

H. Obrig, M. Neufang, R. Wenzel, M. Kohl, . Steinbrink, K. Einhaupl,
and A. Villringer. “Spontaneous Low Frequency Oscillations of Cerebral
Hemodynamics and Metabolism in Human Adults”” Neurolmage 12.6
(2000), pp. 623-639. DOI: 10.1006/nimg.2000.0657 (cited p. 2).

P. Pinti, I. Tachtsidis, A. Hamilton, J. Hirsch, C. Aichelburg, S. Gilbert, and
P.W. Burgess. “The present and future use of functional near-infrared
spectroscopy (fNIRS) for cognitive neuroscience” Ann N Y Acad Sci 1464.1
(2020), pp. 5-29. DOI: 10.1111/nyas . 13948 (cited p. 2).

M. S. AL-Quraishi, I. Elamvazuthi, T. B. Tang, M. Al-Qurishi, S. H. Adil,
and M. Ebrahim. “Bimodal Data Fusion of Simultaneous Measurements
of EEG and fNIRS during Lower Limb Movements” Brain Sciences 11.6
(2021), p. 713. DOI: 10.3390/brainsci11060713 (cited pp.1, 2).

[15]

[16]

(171

(18]

W.-C. Su, H. Dashtestani, H. O. Miguel, E. Condy, et al. “Simultaneous
multimodal fNIRS-EEG recordings reveal new insights in neural activ-
ity during motor execution and imagery” Scientific Reports 13.1(2023),
p.5151. DOI: 10.1038/s41598-023-31609-5 (cited p. 2).

F. Wallois, M. Mahmoudzadeh, A. Patil, and R. Grebe. “Usefulness of
simultaneous EEG-NIRS recording in language studies.” Brain Lang 121.2
(2012), pp. 110-123. DOI: 10.1016/j .band1.2011.03.010 (cited
p-1).

H. Yuan, V. Zotev, R. Phillips, W. C. Drevets, and ). Bodurka. “Correlated
slow fluctuations in respiration, EEG, and BOLD fMRI." Neurolmage 79
(2012), pp. 81-93.DOI: 10.1016/j .neuroimage . 2013.04 . 068
(cited p. 2).

X. Zhuang, Z. Yang, and D. Cordes. “A technical review of canonical cor-
relation analysis for neuroscience applications.” Human Brain Mapping
4113 (2020), pp. 3807-3833.D01: 10. 1002/hbm. 25090 (cited pp. 2,
3).

6.1.EFO3FO5F2

Brainiacsjournal.org/arc/pub/Samengo2025WBMSEF

©2025BHA

273

276

279

282

285


https://doi.org/10.1038/s41598-024-79817-x
https://doi.org/10.1002/mrm.1910390602
https://doi.org/10.1002/mrm.1910390602
https://doi.org/10.1002/mrm.1910390602
https://doi.org/10.3389/fnins.2020.560878
https://doi.org/10.3389/fnins.2020.560878
https://doi.org/10.3389/fnins.2020.560878
https://doi.org/10.1117/1.NPh.4.4.041411
https://doi.org/10.1117/1.NPh.4.4.041411
https://doi.org/10.1117/1.NPh.4.4.041411
https://doi.org/10.3389/fnins.2020.00300
https://doi.org/10.1016/j.neuroimage.2011.07.084
https://doi.org/10.1016/j.neuroimage.2011.07.084
https://doi.org/10.1016/j.neuroimage.2011.07.084
https://doi.org/10.3389/fnhum.2010.00052
https://doi.org/10.3389/fnhum.2010.00052
https://doi.org/10.3389/fnhum.2010.00052
https://doi.org/10.1016/S1053-8119(03)00286-6
https://doi.org/10.1016/S1053-8119(03)00286-6
https://doi.org/10.1016/S1053-8119(03)00286-6
https://doi.org/10.1073/pnas.0700668104
https://doi.org/10.1117/1.NPh.8.4.045004
https://doi.org/10.1016/S1053-8119(03)00344-6
https://doi.org/10.1016/S1053-8119(03)00344-6
https://doi.org/10.1016/S1053-8119(03)00344-6
https://doi.org/10.1006/nimg.2000.0657
https://doi.org/10.1111/nyas.13948
https://doi.org/10.3390/brainsci11060713
https://doi.org/10.1038/s41598-023-31609-5
https://doi.org/10.1016/j.bandl.2011.03.010
https://doi.org/10.1016/j.neuroimage.2013.04.068
https://doi.org/10.1002/hbm.25090
https://www.BrainiacsJournal.org/arc/pub/Samengo2025WBMSEF

	Introduction
	Methods
	Results
	Discussion
	Conclusion
	Citation
	Acknowledgments
	Affiliations
	Contributions
	References

