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Abstract

Background and objectives: Multimodal applications combining electroencephalogram (EEG) and functional near-infrared
spectroscopy (fNIRS) are widely used in cognitive neuroscience and have progressively been applied to clinical applications,
such as the joint diagnosis of amyotrophic lateral sclerosis, Alzheimer’s disease, and pediatric epilepsy. This study conducted
a bibliometric analysis of EEG-fNIRS synchronization techniques over the past 20 years. The aim was to clarify their diagnostic
and therapeutic value in clinical applications, particularly in the neurological system, and to guide future research and devel-
opment trends.

Methods: This study utilized the Web of Science Core Collection database to analyze documents published between January
1, 2005, and May 13, 2024. CiteSpace and VOSviewer were employed for visual analyses of co-author relationships, keywords,
citation patterns, and journal distributions. By overlaying dual-map diagrams and analyzing annual publication trends, the
study identified research hotspots, development trends, and the evolution of EEG-fNIRS technology.

Results: A total of 645 articles and reviews from 55 countries were analyzed. The USA contributed the most publications. The
team led by Michela Balconi at the Catholic University of the Sacred Heart published the highest number of papers. Frontiers
in Human Neuroscience had the greatest number of publications, while Neurolmage had the highest citation impact. Recent
research has primarily focused on the application of neuroimaging and neurophysiological techniques (e.g., EEG, fNIRS, func-
tional magnetic resonance imaging), brain activation, and brain-computer interface.

Conclusions: This study highlights the applications and developmental trends of dual-modality EEG-fNIRS technology. Spe-
cifically, this approach can assist in diagnosing neurological disorders, assessing activation and connectivity within functional
brain regions, and evaluating therapeutic neuromodulation
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EEG are crucial for evaluating the brain’s response to sensory
stimuli, offering key insights into neurological function. Conse-
quently, EEG plays a pivotal role in diagnosing and monitoring a
broad range of neurological disorders.>*

The functional near-infrared spectroscopy (fNIRS) assesses
changes in oxyhemoglobin and deoxyhemoglobin concentrations
to infer neuronal activity.5® This technique provides valuable in-
sights into functional brain connectivity and activation patterns
during cognitive tasks. Its ability to capture cognitive, visual,
and auditory signals expands the applicability of brain-computer
interfaces (BCIs), particularly benefiting stroke patients through
personalized therapeutic interventions.® While fNIRS has gained
attention for its capacity to measure hemodynamic responses,
similar to functional magnetic resonance imaging, it is limited by
relatively low spatial and depth resolution.!%!!

EEG is characterized by high temporal resolution but limited
spatial resolution, whereas fNIRS offers better spatial resolution
with lower temporal precision. To address these individual limi-
tations, the integration of EEG and fNIRS, often termed photoe-
lectric synchronization, has been applied in research and clinical
practices due to their complementary strengths. By combining
electrical and hemodynamic data, this multimodal approach of-
fers a more comprehensive understanding of brain function.!?13
Studies have demonstrated the unique value of EEG-fNIRS in-
tegration in exploring functional connectivity during resting and
sleep states, investigating the neural mechanisms of emotional
interaction, and analyzing complex neural activity patterns dur-
ing motor execution, observation, and imagery.'*!5 This syn-
ergistic approach enables high-resolution analysis of cortical
activation patterns, facilitating the detection of subtle brain ac-
tivity and connectivity features. It has significantly advanced our
understanding of the neurophysiological mechanisms underly-
ing motor and neurological disorders, providing robust support
for diagnosis and therapeutic interventions. For instance, EEG-
fNIRS integration has proven effective in mechanistic studies of
mitochondrial epilepsy.'®

The application of photoelectric synchronization technology
extends further—to detecting brain activity in infants and children,
assessing residual consciousness in patients with brain injuries,
and advancing emotion recognition models in human-computer
interaction. These applications highlight the potential of photoe-
lectric synchronization as a frontier in neuroscience and clinical re-
search. Despite its growing relevance, comprehensive evaluations
of the progress and future directions in this field remain limited.
Bibliometric analysis, a quantitative method for evaluating scien-
tific literature, attempts to identify patterns, trends, and relation-
ships within a body of research. This approach provides valuable
insights into the evolution and structure of a particular scientific
domain. This bibliometric analysis aimed to comprehensively ex-
amine the EEG and fNIRS research literature from 2005 to 2024.
By evaluating integrated EEG-fNIRS studies, this work sought to
identify emerging research trends, highlight pivotal findings, de-
lineate clinical applications, and provide insights to inform and
guide future research directions.

Materials and methods

Data sources and retrieval methods

As of May 13, 2024, a systematic search was conducted in the
Web of Science Core Collection (WoSCC) database using the
following topic search terms: (EEG OR electroencephalogram
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OR electroencephalography OR electroencephalograph OR elec-
troencephalograms OR “brain mapping” OR encephalogram
OR “brain electric activity mapping” OR “brain electric” OR
“cerebral electric” OR “brain electrical” OR “cerebral electri-
cal” OR “brain potentials” OR “electroencephalography brain”)
AND (fNIRS OR “functional near-infrared spectroscopy” OR
“functional near-infrared reflectance spectroscopy”). The search
was restricted to articles and reviews published in English. All
retrieved records and relevant publications were saved in plain
text format (.txt) for subsequent analysis, including detailed ref-
erence documentation. To identify eligible studies, the titles and
abstracts of all retrieved documents were independently screened
by a team of authors. Any discrepancies during the screening pro-
cess were resolved through discussion and consensus. The search
strategy and inclusion criteria were developed based on guide-
lines and recommendations provided by the China Knowledge
Translation Assistant.

Software tools and data visualization

A total of 645 publications related to EEG and fNIRS, published
between 2005 and 2024, were analyzed using CiteSpace (ver-
sion 6.2.R3 (64-bit) Beta Advanced) and VOSviewer (version
1.6.20).17 The geographic distribution and publication output by
country were visualized using Tableau Public Desktop (64-bit-
2021-3-3). CiteSpace was employed for collaborative network
analyses involving countries, institutions, and authors, as well as
for keyword co-occurrence and document co-citation analyses.!®1?
VOSviewer was utilized to perform co-authorship and co-occur-
rence analyses, leveraging its embedded clustering algorithms to
reveal collaboration networks among authors and institutions.20-2!
The tool also facilitated advanced analyses, including the explora-
tion of associations between keywords via co-occurrence analysis
and the use of a temporal overlay function to visualize dynamic
changes in the network over time.?>?* Data output from CiteS-
pace and VOSviewer were exported to Microsoft Excel for further
classification, filtering, and refinement. To standardize keywords,
synonymous terms were merged, duplicates were removed, and ir-
relevant entries (e.g., numbers) were excluded to ensure accuracy
and consistency in the final analysis. A summary of the literature
screening process and analytical workflow is presented in the
flowchart (Fig. 1).

Results

General analysis

Based on the established search parameters, a total of 645 pub-
lications related to EEG-fNIRS were retrieved from the WoSCC
for the period 2005-2024. These works originated from 55 coun-
tries or regions across Asia, Europe, and the Americas, involv-
ing 307 institutions, 481 authors, and 90 research categories, and
were published in 213 journals. Regarding publication numbers,
a clear upward trend in global research output is evident, with
the annual number of publications increasing from a single pa-
per (0.31%) in 2005 to 97 papers (15.03%) in 2023 (Fig. 2a).
Concerning publication and citation trends in EEG and fNIRS
literature, the overall pattern shows continuous growth from
2004 to 2023. Notably, the number of publications has increased
significantly since 2015, rising from about 100 in 2015 to 228 in
2023, indicating that research activity in this field has intensi-
fied annually in recent years. The cumulative number of citations
grew exponentially, reaching 23,866 in 2023 (Fig. 2b). This trend
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Fig. 1. Flow chart. lllustration of the process of reference inclusion: peer-reviewed articles and reviews published in English. Our initial search retrieved
686 publications, of which 645 met all eligibility requirements for final analysis. EEG, electroencephalography; fNIRS, functional near-infrared spectroscopy.

signifies growing scholarly interest in EEG-fNIRS research over
recent years.

Analysis of publications, citations, and collaborations by coun-
tries or regions

We conducted a detailed analysis of contributions from 55 coun-
tries or regions engaged in photoelectric synchronization research.
Figure 3a depicts a collaboration map, where the size of each circle
represents the number of publications from each country or region.
The top ten countries by publication count are: the United States
in first place with 186 papers (28.84% of the total), followed by
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China with 139 papers (21.56%), and Germany with 80 papers
(12.40%). Other major contributors include Korea (10.39%), Italy
(9.61%), the United Kingdom (9.15%), Canada (8.06%), Japan
(5.74%), France (4.03%), and Australia (2.95%). Countries ranked
10th and below have published fewer than 20 papers (Table 1). Of
particular note is the consistent growth in research output from
the United States between 2015 and 2023 (excluding 2018), and
the exponential growth from China between 2016 and 2023. In
contrast, both Germany and South Korea have experienced sta-
ble but declining trends in annual publication numbers since 2017
(Fig. 3b). We analyzed co-authorship among 27 countries that have
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Fig. 2. Distribution of publications from 2005 to 2024. (a) Blue bars: annual publications; yellow curve: accumulated publications. The left axis shows data
for accumulated publications, and the right axis shows data for annual publications. (b) Citation trends from 2005 to 2024. Blue bars: number of annual
paper citations; yellow curve: cumulative number of paper citations. The left axis shows data on the cumulative number of citations to papers, and the right

axis shows data on the annual number of citations to papers.

each published at least five papers in this field. In the collaboration
network, node size indicates the number of publications per coun-
try, while line thickness reflects the level of cooperation between
countries. The top five countries with the strongest overall collabo-
rative strength are the United States (142), Germany (74), China
(69), the United Kingdom (50), and Italy (36) (Fig. 3c). In terms
of citation count, the United States leads with 6,519 citations, fol-
lowed by Italy (3,509), Germany (2,930), South Korea (2,712),
China (2,115), Japan (2,108), the United Kingdom (1,389), and
Canada (1,003) (Table 1). Overall, the relatively low publication
output from individual countries and the limited international col-
laboration suggests significant potential to strengthen partnerships
in this field. Enhancing such collaborations could greatly contrib-
ute to the development and advancement of EEG-fNIRS research
across different nations.

Analysis of institutional output and collaboration

The analysis of institutional collaborations reveals that a total of
307 institutions have contributed to EEG and fNIRS research. The
top 10 institutions by publication count and related metrics were
analyzed in detail (Table 2). Universit¢ de Montréal ranked first
with 27 articles (4.19%), followed by the Catholic University of
the Sacred Heart (3.26%), Pusan National University (3.10%),
Beijing Normal University (2.95%), and the University of London
(2.79%). The collaboration network diagram illustrates relation-
ships among these 307 institutions. Each node represents an insti-
tution, with node size proportional to the number of publications.
Larger nodes indicate higher research output, while node color re-
flects publication year. Université de Montréal occupies a central
position in the network, with the highest number of connections,
underscoring its role as a key hub for collaboration. Other high-
output institutions, such as the Catholic University of the Sacred
Heart, Pusan National University, and Beijing Normal University,
also exhibit significant collaborative ties (Fig. 4a). For further
analysis, 62 institutions with five or more publications were se-
lected for co-authorship network analysis. The top five institutions
by total link strength were Université de Montréal (22), University
of Houston (15), McGill University (15), Drexel University (14),
and University of Leipzig (14). The diagram demonstrates active
international collaboration, particularly among leading universi-
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ties in Europe, North America, and Asia. For example, Université
de Montréal has established close collaborative links with McGill
University, University of Houston, and University of London. No-
tably, these collaborations span multiple regions, highlighting the
globalized nature of EEG and fNIRS research (Fig. 4b).

Analysis of author influence and collaboration

Table 3 highlights the top 16 authors and their respective H-indices,
ranked by the number of articles they have contributed. Among
them, Michela Balconi emerges as the most prolific researcher,
with 21 articles, accounting for 3.26% of the total publications.
Following closely are Hong Keum-Shik (2.33%), Pouliot Philippe
(1.55%), Zhang Yingchun (1.40%), and Rossi Sonja (1.40%), as
illustrated in Figure 5a. We analyzed the collaboration network of
50 authors who have co-authored more than five papers (Fig. 5b).
The strength of collaboration among authors is indicated by the
thickness of the connections between nodes. The authors with the
highest total connection strength are Pouliot Philippe (54), Lesage
Frederic (50), Vannasing Phetsamone (46), Tremblay Julie (45),
and Dang Khoa Nguyen (40).

An author’s influence in a scientific field depends more on
the number of citations. Coupled network analysis shows that the
most cited author in this field is Hong Keum-Shik (1,615 cita-
tions), followed by Dan Ippeita (715 citations), Tsuzuki Daisuke
(671 citations), Ayaz Hasan (627 citations), and Khan M. Jawad
(579 citations) (Fig. 5¢). A co-citation network was constructed to
analyze intellectual relationships among highly cited authors (Fig.
5d). Six authors exceeded 100 co-citations: ANONYMOUS (149),
SCHOLKMANN F (134), HUPPERT T (126), JCUI X (122),
FERRARI M (113), and STRANGMAN G (102). Node size cor-
responds to citation count, while the thickness of connecting lines
indicate co-citation frequency, mapping conceptual linkages with-
in the field. Node color represents publication year, with warmer
hues denoting more recent work.

Analysis of journals and categories

A total of 645 articles were published across 213 journals. The top
10 journals with the most EEG and fNIRS articles and the top 10
most cited journals are listed in Table 4. Frontiers in Human Neu-
roscience accounted for the highest number of publications (48
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Fig. 3. Countries or regions contributing to EEG and fNIRS research. (a) 55 countries or regions that published articles. (b) Plot showing the change in the
trend of articles published in the top four countries. (c) Plot showing the coverage of countries or regions that published more than five papers. The closer
the color is to red, the more recent the year of collaboration; the closer the color is to blue, the earlier the year of collaboration. EEG, electroencephalogra-

phy; fNIRS, functional near-infrared spectroscopy.

articles, 7.44% of all articles), followed by Frontiers in Neurosci-
ence (5.11%), Scientific Reports (4.03%), Neuroimage (3.88%),
and IEEE Access (3.88%). In the co-citation analysis, 394 journals
were identified as being co-cited in more than 50 publications.
Neuroimage had the largest number of citations (595), followed
by Front Hum Neurosci (435), PLOS One (394), Hum Brain Mapp

DOI: 10.14218/NSSS.2025.00020 | Volume 1 Issue 2, June 2025

(334), and Clin Neurophysiol (307).

A total of 90 research areas are represented in the co-occurrence
analysis of Web of Science categories. The most well-represented
research area is Neurosciences, comprising 316 records (48.992%
of all articles), followed by Biomedical Engineering (74 records,
11.473%), Electrical and Electronic Engineering (70, 10.853%),
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Rank Countries/Regions  Count (n) Fz;centage Centrality Year Z(f’tj;l;‘i‘::‘:er ﬁ;liirtz gtcieorr\:;mber ::rt:rl‘:tr;lk
1 USA 186 28.84 0.32 2005 6,519 35.05 142
2 China 139 21.55 0.19 2010 2,115 15.22 69
3 Germany 80 12.40 0.06 2008 2,930 36.63 74
4 South Korea 67 10.39 0.08 2010 2,712 40.48 35
5 Italy 62 9.61 0.07 2009 3,509 56.60 36
6 England 59 9.15 0.46 2008 1,389 23.54 50
7 Canada 52 8.06 0.11 2009 1,003 19.29 35
8 Japan 37 5.74 0.14 2005 2,108 56.97 29
9 France 26 4.03 0.08 2015 893 34.35 35
10 Australia 19 2.95 0.02 2016 369 19.42 19

Psychology (62, 9.612%), and Radiology, Nuclear Medicine, and
Medical Imaging (60, 9.302%) (Table 5). This indicates that the
EEG-fNIRS dual-modality technique is a multifaceted and multi-
disciplinary field. Analyzing journals and research areas provides
insight into the publications in the field of EEG and fNIRS re-
search, highlighting important journals and major research do-
mains. Researchers can use this information to explore existing
literature and identify potential collaboration opportunities.

Analysis of references and bursts in citations

Based on the citation analysis, 106 documents were cited more
than 20 times. The collaboration network of these 106 documents
is revealed (Fig. 6a). The top ten documents with the highest cita-
tion counts are listed in Table 6. Hong et al.** conducted a review
of a framework for brain therapy and BCI for individuals with
locked-in syndrome, utilizing a hybrid multimodality approach
combining EEG and fNIRS. The integration of multiple modali-
ties in brain imaging and prosthesis control represents a novel
advancement in the field.?5 Furthermore, the authors introduced a
hybrid EEG-fNIRS scheme aimed at decoding eight distinct brain
commands from the frontal brain region for BCI applications.2¢
Using CiteSpace’s log-likelihood ratio algorithm, the 10 largest
clusters were identified by consensus (Fig. 6b). Based on cluster

Table 2. The top 10 institutions contributing to publications in EEG and fNIRS

size (number of documents), the 10 largest clusters are labeled:

LEITS LIRS

“information transfer rate”, “machine learning”, “using functional
near-infrared spectroscopy”, “human epilepsy”, “arithmetic task”,
“Stroop task”, “social interaction”, “I social neuroscience”, “binge-
eating disorder”, and “walking intervention”. The top-ranked item
by citation bursts is Pinti P in Cluster #5.27 The second is Naseer
Noma in Cluster #0,%8 followed by Khan MJ in Cluster #0,2° Hong
KS in Cluster #4,24 and Buccino AP in Cluster #0 (Fig. 6¢).2°

We utilized VOSviewer to comprehensively analyze all cited
references. The co-citation network shown in Figure 6d includes
publications with co-citation frequencies exceeding 50. The thick-
ness of connecting lines reflects the strength of co-citation links
between references. Among the most frequently cited works, Fa-
zli et al.;** published in Neurolmage, ranks highest, with a link
strength of 972 and a citation frequency of 92. Following closely
is the paper by Scholkmann et a/,*! also in NeuroImage, with a link
strength of 861 and citation frequency of 93. Notably, Ferrari et
al.,;?? published in Neurolmage, made a significant impact, achiev-
ing the highest citation frequency of 103 and a link strength of 806.

Figure 6e illustrates the top 21 most cited references. The dark
blue line indicates the citation duration from 2005 to 2024, while the
red line indicates the range of mutations in citation duration. The ref-
erence with the highest number of citations and citation burst value
is the article entitled fNIRS-based BCIs by Noman Naseer, with a

Rank Institutions Count (n) Percentage (%) Centrality Year
1 Universite de Montreal 27 4.19 0.1 2011
2 Catholic University of the Sacred Heart 21 3.26 0 2015
3 Pusan National University 20 3.10 0.1 2010
4 Beijing Normal University 19 2.95 0.1 2010
5 University of London 18 2.79 0.1 2008
6 University of Houston 17 2.64 0.08 2013
7 Eberhard Karls University of Tubingen 29 4.50 0.03 2015
8 Harvard University 16 2.48 0.14 2011
9 Drexel University 14 2.17 0.11 2005
10 Polytechnique Montreal 12 1.86 0 2011
72 DOI: 10.14218/NSSS.2025.00020 | Volume 1 Issue 2, June 2025
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Fig. 4. Institutional contributions to EEG and fNIRS research. (a) Co-occurrence networks of institutions. (b) Network of institutions with > five publications:
co-authorship analysis. EEG, electroencephalography; fNIRS, functional near-infrared spectroscopy.

citation burst from 2015 to 2020 of 13.69.28 The second most cited
reference is by Fazli et al.,** entitled Enhanced performance by a
hybrid EEG-fNIRS-BCI, with a citation burst of 13.26.

Analysis of keywords and topics

Figure 7a demonstrates the top 11 keywords with the strongest

DOI: 10.14218/NSSS.2025.00020 | Volume 1 Issue 2, June 2025

citation bursts. In total, 538 keywords were collected (Fig. 7b).
The five most frequently occurring keywords were: NIRS (239
occurrences), fNIRS (229), EEG (197), functional magnetic reso-
nance imaging (94), and brain (85). A total of 118 author keywords
appearing more than five times were analyzed (Fig. 8a). Figure
8b maps these keywords, with colors indicating average publica-
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Table 3. Top 16 authors with the most articles about EEG and fNIRS
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Rank Authors Count H-index Institution

1 Balconi, Michela 21 38 Catholic University of the Sacred Heart

2 Hong, Keum-Shik 15 54 Pusan National University

3 Pouliot, Philippe 10 25 Universite de Montreal

4 Zhang, Yingchun 9 15 Guangdong Prov Work Injury Rehabil Hosp
5 Rossi, Sonja 9 13 Medical University of Innsbruck

6 Vanutelli, Maria Elide 9 17 University of Milan

7 Lesage, Frederic 8 45 Polytechnique Montreal

8 Li, Rihui 7 24 University of Macau

9 Ayaz, Hasan 7 37 University of Pennsylvania

10 Lassonde, Maryse 6 53 Universite de Montreal

11 Wallois, Fabrice 6 30 Institut National de la Sante et de la Recherche Medicale
12 Dang Khoa Nguyen 6 20 Universite de Montreal

13 Vannasing, Phetsamone 6 20 Sainte Justine Univ Hosp Ctr

14 Tremblay, Julie 6 17 Sainte Justine Univ Hosp Ctr

15 Al-Shargie, Fares 6 13 Abu Dhabi University

16 Naseer, Noman 6 21 Air University Islamabad

tion years; most keywords were published after 2019, indicated
by greener colors. Following clustering of the cited networks, 18
clusters were obtained and labeled with title words or keywords
from citing articles (Fig. 8c). Density visualization in Figure 8d
shows the same keywords mapped by frequency.

Using CiteSpace’s log-likelihood ratio algorithm, the 10 largest
clusters were identified by consensus (Fig. 8e¢). Along the timeline,
nodes of different colors indicate references from different years
within clusters, while nodes farther to the right indicate more re-
cent references. The modularity Q value (0.9448) was greater than
0.3, and the average silhouette score (0.9605) was greater than 0.7,
indicating that the clusters are convincing and well-structured. The
five largest clusters were labeled as “motor imagery”, “brain map-
ping”, “optical topography”, “neurovascular coupling”, and “medi-
cal signal processing”. Examining the timing of keyword appear-
ance allows us to understand the development of these fields over
time and estimate recent trends and directions. Figure 8f shows the
high-frequency subject word map from 2005 to 2024. The research
focus has gradually shifted from disease diagnosis toward treatment
research. Attention should be paid to recent hotspots such as “task
analysis”, “feature extraction”, “deep learning”, and “coherence”.

Discussion

This study conducted a bibliometric analysis of literature extracted
from public databases to identify research hotspots and future de-
velopment directions in EEG and fNIRS. Notably, a significant
rise in publication activity has been observed since 2020, likely
driven by advances in technologies such as BCI and artificial in-
telligence, which have positioned EEG-fNIRS as a compelling
research topic. Despite growing attention from the scientific com-
munity, substantial potential remains for further expansion in this
field, particularly in the context of photoelectric synchronization.
The observed trends suggest increasing interest, but the current
scale of research indicates considerable room for development and
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broader exploration.

Additionally, we analyzed the authorship of articles published
in the WoSCC and found that the USA dominates the application of
EEG and fNIRS. Interdisciplinary and international collaborations
play a crucial role in advancing synchronous research in photonics.
Université de Montréal is the most active institution, focusing its
research on applying EEG-fNIRS to stroke and epilepsy monitor-
ing.3 In particular, it has played an important role in understand-
ing the pathophysiology of temporal lobe epilepsy, revealing com-
plex local and distal oxygenation changes during temporal lobe
seizures and the non-linear hemodynamic response in refractory
focal epilepsy in humans.3*35 The University of Montréal exhibits
the highest intermediary centrality and connection strength, boast-
ing the strongest connections to other institutions and the highest
number of collaborative publications. Following closely are the
University of Eberhard Karls in Tiibingen, Germany, and Drexel
University in the USA, ranked second and third in the collabora-
tion analysis, respectively. Pusan National University, meanwhile,
achieved the highest average citation count in this study.

Michela Balconi is the most active researcher in this field. As
evidenced by 21 co-authored publications from 2015 to 2024, her
research primarily focuses on detecting frontal cortex responses to
emotions via EEG and fNIRS under different environmental con-
ditions,® such as resting state,>’*¥ COVID-19,3 painful stimuli,*’
audiovisual stimuli,’* and interoceptive attentiveness.*!**> Addi-
tionally, Balconi et al.** used EEG and fNIRS to reveal a facilita-
tory role for motor imagery and executive motion sensation, sug-
gesting that readiness potential amplitude acts as a predictor of
hemodynamic brain activity, modulated by task and gesture type
factors. Recent research has focused on EEG-fNIRS multimodal
hyperscanning techniques in social interactions, including coop-
erative and competitive relationships,**-7 as well as interpersonal
relationships,*® highlighting brain network connectivity in neu-
roscience as a current hotspot and cutting-edge direction for the
field.** Keum-Shik Hong of Pusan National University, together
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Fig. 5. Authors contributing to EEG and fNIRS research. (a) Author coupling network analysis. (b) Top 10 authors with the largest number of publications.
(c) Network map of authors who were co-cited in more than five publications. (d) Author co-citation analysis. Each node represents a cited author, and each
link between two nodes represents a co-citation relationship. The size of each node represents the number of citations for that author. EEG, electroencepha-
lography; fNIRS, functional near-infrared spectroscopy.
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Table 4. Top 10 popular journals and cited journals
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Rank Popular journals R izmoi:ct 202‘? J.CR Cited journals C.ita- izr:f):ct 12854
(n) factor Partition tions factor  Partition
1 Frontiers In Human Neuroscience 48 2.9 Q3 Neuroimage 595 5.7 Ql
2 Frontiers In Neuroscience 33 4.3 Q2 Front Hum Neurosci 435 2.9 Q3
3 Scientific Reports 26 4.6 Q2 Plos One 394 3.7 Q2
4 Neuroimage 25 5.7 Ql Hum Brain Mapp 334 4.8 Ql
5 leee Access 25 3.9 Q2 Clin Neurophysiol 307 4.7 Q1
6 Sensors 23 3.9 Q2 Scientific Reports 285 4.6 Q2
7 Neurophotonics 21 5.3 Ql Front Neurosci-Switz 274 4.3 Q2
8 Brain Sciences 20 33 Qa3 P Natl Acad Sci Usa 273 11.1 Ql
9 leee Transactions On Neural Systems 18 4.9 Q2 J Neurosci Meth 254 3 Q3
10 Plos One 18 3.7 Q2 J Neurosci 248 5.3 Ql

JCR, Journal Citation Reports.

with researchers from the University of Wisconsin-Madison and
Sejong University, has made significant contributions to optoelec-
tronic synchronization research from an EEG-fNIRS-BCI per-
spective.2>3" Their work involves detecting brain signals during
various tasks, assessing activation of specific brain regions, and
achieving precise classification of brain signals through multimod-
al techniques. Research in this area has advanced the development
of wearable BCIs.2%5%:52 Philippe Pouliot has also significantly
contributed to advancing optoelectronic synchronization research
from an EEG-fNIRS-BCI perspective. As a Professor of Neurosci-
ence at the University of Montréal, his primary focus has been on
enhancing algorithms for NIRS technology to improve visualiza-
tion of functional brain connectivity.5%5

Clinical applications of EEG-fNIRS

According to keyword and theme analyses, Alzheimer’s disease,
epilepsy,>® attention-deficit hyperactivity disorder, stroke,>® con-
sciousness disorders, and Parkinson’s disease are among the most
prevalent clinical applications of EEG-fNIRS.5’ The technique
was initially used to study cognitive processes such as attention,
working memory, target categorization, problem-solving, and hu-
man waste processing.>® In recent years, it has been extensively

Table 5. Top 10 well-represented research areas

applied in cognitive neurosciences,® neurological disorders,®

psychiatric disorders,%! mental health, pediatrics,®? sociology,%
and psychology. This section focuses on the use of EEG-fNIRS
techniques in clinical disorders.

EEG dynamically monitors brain activity through electrical sig-
nals with high temporal resolution, while fNIRS detects cerebral
blood oxygenation changes using near-infrared light, offering high
spatial resolution. These complementary, non-interfering tech-
niques provide a more comprehensive view of brain function. Jin-
dal et al.%* used fNIRS-EEG integration to study changes in brain
activity during stroke recovery. They found that changes in rSO2
were negatively correlated with EEG power changes following
electrical stimulation, indicating that decreased EEG power corre-
sponded to increased corticospinal excitability. This study expands
the application of fNIRS-EEG in assessing brain activity patterns
in stroke patients and provides a quantitative method for evaluat-
ing therapeutic interventions.** Similarly, Li et al.'* developed a
multimodal neuroimaging technique combining EEG and fNIRS
to assess motor deficits post-stroke. In their study involving 18
stroke patients and nine healthy controls, they demonstrated re-
duced task-induced activity in the somatosensory cortex of stroke
patients and highlighted how improved functional connectivity in

Rank Research areas Record (n) % (of 654)
1 Neurosciences 316 48.992
2 Engineering biomedical 74 11.473
3 Engineering electrical electronic 70 10.853
4 Psychology 62 9.612
5 Radiology nuclear medicine medical imaging 60 9.302
6 Multidisciplinary sciences 51 7.907
7 Optics 49 7.597
8 Neuroimaging 43 6.667
9 Computer science information systems 38 5.891
10 Instruments instrumentation 35 5.426
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Scholkmann F, 2014, NEUROIMAGE, V85, P6, DOI 10.1016/j.neuroimage.2013.05.004, DOI 2014 10.22 2014 2019 _—
Khan MJ, 2014, FRONT HUM NEUROSCI, V8, PO, DOI 10.3389/fnhum.2014.00244, DOI 2014 9122015 2019 | eeeeee——
Huppert TJ, 2009, APPL OPTICS, V48, PD280, DOI 10.1364/A0.48.00D280, DOI 2009 6.42010 2014
Yin XX, 2015, J NEURAL ENG, V12, PO, DOI 10.1088/1741-2560/12/3/036004, DOI 2015 5.92 2016 2020 S ——
Chul J, 2009, NEUROIMAGE, V44, P428, DOI 10.1016/j.neuroimage.2008.08.036, DOI 2009 5.822010 2014
Naseer Noman, 2015, FRONT HUM NEUROSCI, V9, P3, DOI 10.3389/fnhum.2015.00003, DOI 2015 13.69 2017 2020 —
Fazli S, 2012, NEUROIMAGE, V59, P519, DOI 10.1016/j.neuroimage.2011.07.084, DO| 2012 13.26 2014 2017
Ferrari M, 2012, NEUROIMAGE, V63, P921, DOI 10.1016/j.neuroimage.2012.03.049, DOI 2012 12.8 2014 2017
Pinti P, 2020, ANN NY ACAD SCl, V1464, P5, DOI 10.1111/nyas.13948, DOI 2020  11.482021 2024 ——
Pinti P, 2019, FRONT HUM NEUROSCI, V12, PO, DOI 10.3389/fnhum.2018.00505, DOI 2019 8.08 2021 2024 —
Koo B, 2015, J NEUROSCI METH, V244, P26, DOI 10.1016/j.jneumeth.2014.04.016, DOI 2015 7.25 2016 2019  —
Lloyd-Fox S, 2010, NEUROSCI BIOBEHAV R, V34, P269, DOI 10.1016/j.neubiorev.2009.07.008, DOI 2010 6.28 2012 2015
Santosa H, 2018, ALGORITHMS, V11, PO, DOI 10.3390/a11050073, DOI 2018 5.952021 2024 ——
Quaresima V, 2019, ORGAN RES METHODS, V22, P46, DOI 10.1177/1094428116658959, DOI 2019 5.49 2021 2024 C —
Yiicel MA, 2021, NEUROPHOTONICS, V8, PO, DOI 10.1117/1.NPh.8.1.012101, DOI 2021 8.39 2022 2024 ——
Putze F, 2014, FRONT NEUROSCI-SWITZ, V8, PO, DOI 10.3389/fnins.2014.00373, DOI 2014 7.562 2017 2019 —— e
Cui X, 2011, NEUROIMAGE, V54, P2808, DOI 10.1016/j.neuroimage.2010.10.069, DOI 201 6.64 2014 2016
Boas DA, 2014, NEUROIMAGE, V85, P1, DOI 10.1016/j.neuroimage.2013.11.033, DOI 2014 6.63 2017 2019 ——
Kirilina E, 2012, NEUROIMAGE, V61, P70, DOI 10.1016/j.neuroimage.2012.02.074, DOI 2012 6.08 2014 2016
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Fig. 6. Citation and co-citation analyses. (a) Network map of documents with more than 20 citations. (b) Literature clustering graph. (c) Literature timeline
graph. (d) Network map of documents co-cited in more than 50 publications. (e) The top 21 references with robust citation bursts.
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Table 6. Top 10 citation analysis of documents on EEG and fNIRS research

Rank Title Firstiauthor i oresnandsiN o lies bl e
ing Author tionyear (n)
1 Feature extraction and classification methods for Hong, KS Hong, MJ Frontiers 2018 31
hybrid fNIRS-EEG brain-computer interfaces in Human
Neuroscience
2 Hybrid brain-computer interface techniques Hong, KS Khan, MJ Frontiers in 2017 29
for improved classification accuracy and Neurorobotics
increased number of commands: a review
3 Hybrid EEG-fNIRS-Based Eight-Command Decoding Khan, MJ Hong, KS Frontiers in 2017 21
for BCI: Application to Quadcopter Control Neurorobotics
4 Early detection of hemodynamic responses Khan, MJ Hong, KS Frontiers 2018 18
using EEG: a hybrid EEG-fNIRS study in Human
Neuroscience
5 A brain-computer interface based on a few- Ge, S Wang, H IEEE Access 2017 17
channel EEG-fNIRS bimodal system
6 Hybrid EEG-fNIRS bei fusion using multi-resolution Khan, MU Hasan, MAH  Frontiers 2020 17
singular value decomposition (MSVD) in Human
Neuroscience
7 Enhancing classification performance of Nazeer, H Ayaz, Y Sensors 2020 16

fNIRS-BCI by identifying cortically active
channels using the z-score method

8 Improvement of information transfer rates using a Shin, J Hwang, HJ Sensors 2018 15
hybrid EEG-NIRS brain-computer interface with a
short trial length: offline and pseudo-online analyses

9 Enhancing the performance of a hybrid Li, R Zhang, Y Frontiers 2017 15
EEG-fNIRS system using channel selection in Human
and early temporal features Neuroscience

10 Shining a light on awareness: a review of Rupawala,  Cruse, D Frontiers in 2018 15
functional near-infrared spectroscopy for M Neurology

prolonged disorders of consciousness

EEG, electroencephalography; fNIRS, functional near-infrared spectroscopy.
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Fig. 7. Keyword co-occurrence and ranking. (a) The top 11 bursts of keywords analyzed by CiteSpace; “strength” represents the intensity of the burst, “be-
gin” represents the starting year of the burst, “end” indicates the ending year of the burst; the red dotted line indicates the duration of the burst. The blue
line indicates the entire period from 2005 to 2024. (b) Keywords: co-word network and clustering in the field of EEG and fNIRS. Node size reflects co-word
frequency; links represent co-word intensity; different colors represent clustering results of the co-word network; closer relationships share the same color.
EEG, electroencephalography; fNIRS, functional near-infrared spectroscopy.
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motor-related areas correlated with motor recovery during reha-
bilitation. Baseline connectivity patterns also predicted recovery
outcomes, emphasizing the potential of fNIRS-EEG integration
in monitoring and predicting rehabilitation success.!* Overall,
fNIRS-EEG integration leverages the advantages of high tempo-
ral and spatial resolution, offering new insights into neurovascular

DOI: 10.14218/NSSS.2025.00020 | Volume 1 Issue 2, June 2025

coupling, brain network plasticity, and motor recovery in stroke
rehabilitation. This multimodal approach not only enhances under-
standing of brain activity mechanisms but also promotes precise
clinical applications and rehabilitation strategies.

Li and colleagues integrated EEG and fNIRS data with machine
learning techniques to enhance the precision of depression diagno-
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sis.% They collected resting-state EEG signals and hemodynamic
data from the forehead of 25 patients diagnosed with depression
and 30 healthy individuals. By leveraging a support vector ma-
chine model, they achieved a classification accuracy of 92.7%
using hybrid EEG-fNIRS features, compared to 81.8% with EEG
data alone. Key biomarkers distinguishing depressive states in-
cluded enhanced local efficiency in the delta band, hemispheric
asymmetry in the theta band, and brain oxygen entropy.® These
findings underscore the potential of integrating EEG and fNIRS
with machine learning as a reliable, non-invasive tool for individ-
ual-level depression diagnosis, offering both spatial and temporal
insights into underlying neural mechanisms.

The integration of EEG and fNIRS has also shown increasing
relevance in epilepsy research. Nourhashemi et al.¢ employed this
multimodal approach to investigate 25 episodes of childhood ab-
sence seizures in eight pediatric patients. Approximately 20 sec-
onds before the onset of spike-wave discharges, transient shifts in
direct current potentials were detected, correlating with preictal
hemodynamic changes in cerebral blood flow and hemoglobin
levels. These findings revealed intricate neurovascular interactions
preceding seizures, providing a deeper understanding of mecha-
nisms underlying absence epilepsy.®® Peng et al.% further explored
the role of EEG-fNIRS integration in epilepsy, focusing on both
focal seizures and interictal epileptiform discharges. Their review
highlighted the potential of these technologies to evaluate hemo-
dynamic and neuronal changes associated with epileptic events,
improving the localization and lateralization of seizure foci, partic-
ularly in focal epilepsy. Specific patterns of cerebral blood volume
and oxygenation changes were associated with various seizure
types, such as temporal and frontal lobe epilepsy. Notably, fNIRS
could detect pre-seizure hemodynamic alterations, offering new
insights into seizure initiation.®” Collectively, these studies dem-
onstrate the potential of EEG-fNIRS integration as a robust tool
for understanding the neurovascular mechanisms of epilepsy and
advancing diagnostic and therapeutic strategies. Future research
should prioritize expanding the clinical applicability of this multi-
modal approach.

Strengths and weaknesses of the study

This research conducted a comprehensive search and analysis of
literature encompassing various terms related to EEG and fNIRS.
The analysis utilized two distinct econometric software tools, po-
tentially introducing bias due to variations in calculation methods
between the software. Given that scalp EEG predominantly cap-
tures cortical signals perpendicular to the recording electrodes,
while fNIRS detects hemodynamic changes through oxy/deoxy-
hemoglobin concentration variations to indirectly reflect neural
activity, the clinical implementation of EEG-fNIRS integration
remains largely confined to research settings. This approach cur-
rently offers limited practical utility for clinicians engaged in the
non-invasive diagnosis and treatment of brain disorders.

This study represents the first bibliometric analysis to systemati-
cally document and evaluate clinically treated EEG and fNIRS. An
extensive literature review was conducted, though some limitations
exist. Primarily, the search and analysis relied predominantly on the
WoSCC core database, neglecting other databases such as PubMed
and Scopus, potentially overlooking pertinent literature. Neverthe-
less, it is important to acknowledge that WoSCC is a widely utilized
database in scientometrics, with most bibliometric software com-
patible with its format. Furthermore, incomplete keyword extraction
may have impacted the outcomes of keyword analysis.
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Future research directions

Challenges persist in optoelectronic synchronization, including
limited spatial resolution and the inability to capture subcortical
data. To address these limitations, potential strategies include in-
corporating supplementary sensors, integrating complementary
modalities such as EEG, and augmenting fNIRS optoelectronic
probes. Additionally, further optimization of signal processing and
algorithms for EEG-fNIRS applications is needed.>%%8 A signifi-
cant additional limitation pertains to the temporal characteristics
of the signals. EEG signals exhibit high temporal resolution, ena-
bling analysis of both spectral and temporal dynamics. In contrast,
fNIRS signals reflect slower hemodynamic changes, introducing
an inherent physiological latency relative to the underlying neural
activity.%%7" Therefore, achieving precise temporal synchroniza-
tion (neurovascular coupling) between the fast electrical events
measured by EEG and the slower hemodynamic responses meas-
ured by fNIRS presents a critical methodological challenge.

Wearable, integrated EEG-fNIRS technology represents a criti-
cal advancement in this field. Supporting large channel counts,
extensive dynamic ranges, and rapid data acquisition and trans-
mission requires enhanced data interfaces and control schemes.
Furthermore, dry EEG electrodes with high gain and input imped-
ance may be the optimal choice for extended periodic monitor-
ing.!> The integration of EEG and fNIRS technologies faces in-
herent technical limitations. Although commercial devices capable
of simultaneous EEG-fNIRS recording are available, achieving
spatially co-localized measurements of neuronal activity remains
challenging. This difficulty arises primarily from fundamental dif-
ferences in signal acquisition mechanisms and the physical con-
straints of the hardware. EEG detects electrical potentials gener-
ated by neuronal populations, with relatively small electrodes
achieving good contact with the scalp surface.”! In contrast, fNIRS
measures hemodynamic responses by detecting changes in near-
infrared light absorption between optical sources (emitters) and
detectors (optodes). These optodes possess a finite size and require
specific spacing to measure hemodynamic responses within under-
lying tissue. Consequently, to attempt spatial correspondence (co-
channel configuration), EEG electrodes must be placed within the
gaps between fNIRS optodes. This placement inevitably compro-
mises spatial coverage and the fidelity of EEG signal acquisition
due to physical obstruction and suboptimal electrode positioning.
These spatial constraints also hinder comprehensive coverage of
the entire brain region with truly co-localized EEG-fNIRS chan-
nels.”

BCl research frequently utilizes integrated EEG-fNIRS systems
to enhance the amount of accessible brain information and improve
classification accuracy.”’* Non-invasive BCIs have demonstrated
potential in stroke rehabilitation and are commonly applied in mo-
tor, sensory, and cognitive functions; however, limited spatial reso-
lution remains a recognized constraint.”> Moreover, the utilization
of non-invasive BCIs has been found to augment the quantity of
brain-derived information.

Conclusions

Undoubtedly, EEG-fNIRS multimodal technology will become an
important imaging technique for disease diagnosis in clinical set-
tings, useful for guiding treatment. The purpose of this study was to
provide an overview of global publications using bibliometric meth-
ods and visualization tools to uncover changes and developments in
the field over recent decades. Optically synchronized multimodal
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fusion is valuable as a non-invasive, non-implantable examination
in clinical BCI applications involving cross-fertilization of multiple
disciplines. The Global Brain Initiative, proposed in 2023, outlines
future directions in neurology. Cyberneuroscience is a multidisci-
plinary clinical collaboration that requires further exploration and
mastery. Moving forward, research should prioritize examining the
human brain, task analysis, feature extraction, and brain-camera
interface challenges. It is essential to adopt a multidisciplinary ap-
proach and leverage multi-omics technology to facilitate collabora-
tion among research groups across disciplines. Ultimately, the goal
is to identify additional prognostic tools for neurological diseases
through both clinical and basic research.
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