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Abstract: Electroencephalography (EEG) and functional near-infrared spectroscopy (fNIRS) stand
as state-of-the-art techniques for non-invasive functional neuroimaging. On a unimodal basis, EEG
has poor spatial resolution while presenting high temporal resolution. In contrast, fNIRS offers
better spatial resolution, though it is constrained by its poor temporal resolution. One important
merit shared by the EEG and fNIRS is that both modalities have favorable portability and could be
integrated into a compatible experimental setup, providing a compelling ground for the development
of a multimodal fNIRS-EEG integration analysis approach. Despite a growing number of studies
using concurrent fNIRS-EEG designs reported in recent years, the methodological reference of past
studies remains unclear. To fill this knowledge gap, this review critically summarizes the status of
analysis methods currently used in concurrent fNIRS-EEG studies, providing an up-to-date overview
and guideline for future projects to conduct concurrent fNIRS-EEG studies. A literature search
was conducted using PubMed and Web of Science through 31 August 2021. After screening and
qualification assessment, 92 studies involving concurrent {NIRS-EEG data recordings and analyses
were included in the final methodological review. Specifically, three methodological categories of
concurrent fNIRS-EEG data analyses, including EEG-informed fNIRS analyses, {NIRS-informed EEG
analyses, and parallel {NIRS-EEG analyses, were identified and explained with detailed description.
Finally, we highlighted current challenges and potential directions in concurrent fNIRS-EEG data
analyses in future research.
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1. Introduction

The human brain comprises billions of neurons [1]. Each of these forms a number of
synapses, establishing a complicated network with quadrillions of connections and thus
enabling our brains to function in an adaptive manner [2]. Although our understanding of
neurons on a microscopic scale has progressed in recent decades, little is known about how
these huge numbers of neurons (and synapses) work collectively to generate macroscopic
brain signals and human behaviors. It is believed that human brain functions and associated
behaviors are carried out by complex neural activations and networks. These internal
activities generally elevate electrical activity (direct effects) accompanied by a hemodynamic
and metabolic response (indirect effects), which serve as the basic sources for all noninvasive
neuroimaging techniques. Depending on the sources of the signals, these brain imaging
techniques can be roughly divided into two categories. The first category refers to imaging
techniques that directly capture the neural electrical activities by detecting the induced
electrical or magnetic fluctuations over the scalp. The most representative methods in
this category are Electroencephalography (EEG) and Magnetoencephalography (MEG).
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The second category comprises indirect imaging approaches that rely on hemodynamic
(cerebral blood flow, cerebral blood volume) and metabolic (glucose and oxygen utilization)
responses induced by neural activity. Commonly available techniques in this category
include functional near-infrared spectroscopy (fNIRS), functional magnetic resonance
imaging (fMRI), and positron emission tomography (PET). In this perspective, EEG and
fNIRS have been gaining popularity in the research community and clinical practice due to
their distinct natures, particularly their noninvasiveness, mobility, and flexibility.

1.1. The Fundamental Basis of fNIRS

Functional Near-infrared Spectroscopy (fNIRS), first reported by Jobsis in 1977 [3], is
an optical imaging technique for non-invasive investigation of hemodynamic responses in
the brain. fNIRS usually utilizes lights with distinct wavelengths (between 600 and 1000 nm)
that can penetrate the scalp and reach the cortical surface to measure the concentration
changes of oxygenated hemoglobin (HbO) and deoxygenated hemoglobin (HbR) that
are coupled with the metabolic activity of neurons in the outer layers of the cortex. This
technique is particularly useful for studying the functional activation within the brain due to
the inherent relationship between neural activity and hemodynamic responses in the brain [4].
Specifically, {NIRS measures the regional changes of HbO and HbR concentration, which can
serve as an indicator of hemodynamic changes associated with neural activity in the brain.

Currently, the continuous wave NIRS (CW-NIRS) is extensively used in the research
and clinical settings due to its low cost and simplicity. The measurement of the hemoglobin
concentration (HbO and HbR) in CW-NIRS primarily relies on the physical basis that chro-
mophores inside the brain, especially the HbO and HbR, have specific and sensitive absorption
characteristics in the near-infrared range (between 600 and 1000 nm). Lights at different wave-
lengths can then be injected into the brain via the sources (illuminators) placed on the scalp,
and the attenuated lights are detected by the optical detectors placed near the illuminators
(Figure 1A), from which the concentration changes of HbO and HbR can be computed based
on the Modified Beer-Lambert Law [5]. Specifically, CW-NIRS systems typically utilize
laser/LED sources to shine two distinct wavelengths into the brain at a constant intensity
and use detectors to measure the intensity of diffusely reflected light continuously.
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Figure 1. Schematic demonstration: (A) {NIRS and (B) EEG measurement.
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1.2. The Fundamental Basis of EEG

Electroencephalography (EEG), first described by Hans Berger in 1929 [6], is thought to
result primarily from the synchronization of post-synaptic potentials at cortical pyramidal
neurons [7]. The recorded EEG signal does not represent single neuron depolarization
inside the brain. Instead, it is assumed that tens of thousands of synchronized pyramidal
neurons within the cortex are firing when the brain is activated, wherein dendritic trunks
of the neurons are coherently orientated, parallel with each other and perpendicular to the
cortical surface so as to induce sufficient summation and propagation of electrical signals
to the scalp (Figure 1B) [8].

Typically, EEG signals are measured through EEG electrodes (including a reference
electrode and a ground electrode) placed over a subject’s scalp. Voltage differences between
the electrodes and the reference electrode are then measured and amplified (Figure 1B).
The recorded EEG signals, which represent the large-scale neural oscillatory activity, can
be divided into various rhythms depending on characteristic frequency bands, including
theta (4-7 Hz), alpha (8-14 Hz), beta (15-25 Hz), and gamma (>25 Hz) [9]. These brain
rhythms contain information associated with the ongoing neuronal processing in specific
brain areas, which allows EEG to be used as a non-invasive method for the characterization
of cortical reorganization, induced by various brain disorders, particularity in the diagnosis
of epilepsy and stroke [9-12], and the assessment of brain state alterations [13-15].

1.3. Integration of EEG and fNIRS: Rationale and Advantages

The functional activity of the cerebral cortex can be investigated using various imaging
techniques including EEG, fNIRS, fMRI, and their combinations [16-19]. Each of these
techniques has its own advantages and disadvantages. However, single-modality imaging
techniques can only capture limited information associated with neural activity due to their
technical limitations and the inherent complexity of neural processing within the brain.
For example, compared to fMRI, fNIRS features higher temporal resolution (<1 s), good
portability, lower cost, good resistance to motion artifacts, and applicability to various
measurement scenarios including clinical settings as well as the natural environment [5].
More importantly, fNIRS measurements have been proven to be similar to the blood oxygen
level dependent (BOLD) response obtained by fMRI [20]. However, there are also several
limitations of fNIRS techniques: the limited penetration depth, low signal-to-noise ratio,
and low temporal resolution compared to EEG. EEG possess several advantages over fMRI
for exploring dynamic brain activity: it is portable, inexpensive, and features a remarkably
high temporal resolution (millisecond) compared to fNIRS and fMRI [21], though EEG is
highly vulnerable to motion artifacts that would inhibit the EEG measurement in a natural
settings [22].

To comprehensively explore the functional activity of the brain, multimodal ap-
proaches are needed. Integrated EEG—fNIRS approaches offer numerous benefits over
single-modality methods by exploiting their individual strengths; EEG provides favorable
temporal resolution while {NIRS offers better spatial resolution and is robust to noise [23,24].
Additionally, EEG and fNIRS signals are associated with the neuronal electrical activity
and metabolic response, respectively, providing a built-in validation for identified activity.
Measurements obtained from each of these two modalities thereby provide complementary
information related to functional activity of the brain.

In addition to their complementary technical properties, the rationale behind the
combination of EEG and fNIRS relies on a physiological phenomenon called neurovas-
cular coupling within the brain [25]. Neural activity is inherently accompanied with the
fluctuation of cerebral blood flow (CBF) that carries vital oxygen and nutrients to neurons.
Specifically, when neurons are activated within a specific brain region, blood will flow to
that brain region to meet the increased demand of glucose and oxygen, resulting in fluc-
tuations of hemoglobin concentration (HbO and HbR) that can be detected by functional
imaging techniques such as fNIRS and fMRI (Figure 2). The so-called neurovascular cou-
pling forms the theoretical basis for integrated {NIRS-EEG imaging of brain activity. It has
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been shown in recent studies that impairment of neurovascular coupling could serve as a
sign for several neurological diseases such as Alzheimer’s disease and stroke [25-27], which
might provide a new prospective for evaluation and diagnosis of neurological diseases as
well as increase our understanding of mechanisms underlying neurovascular coupling.
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Figure 2. Demonstration of neurovascular coupling.

1.4. Motivation of the Present Review

The fact that integration of fNIRS and EEG provides complementary information about
electrical and metabolic-hemodynamic activity of the brain activity has led to increasing
investigations of the benefits of integrated EEG and fNIRS [27-29]. In the last decade,
numerous studies utilizing integrated fNIRS-EEG systems have been reported on both
nonclinical and clinical topics [30]. Data analysis of concurrent {NIRS-EEG recordings
is a fundamental but essential step for {NIRS-EEG research studies. This step usually
consists of several key processes, including raw data processing, feature extraction, and
integrated /fused analysis of these two modalities. Although several recent reviews have
been published to summarize the latest progress on applications of concurrent fNIRS—
EEG recordings, such as brain—computer interface, development of wearable fNIRS-EEG
devices, and neuromodulation, there is no comprehensive summary yet regarding the
general analysis pipeline of simultaneously recorded fNIRS and EEG signals. To fill this
knowledge gap, this review aims to systematically summarize the status of analyses
methods used in concurrent fNIRS-EEG studies involving healthy individuals as well as
patient populations. Specifically, we focus on multiple levels of integrated analyses of
concurrent fNIRS-EEG recordings by critically evaluating the data processing methods,
extracted features, and forms of integration of these two modalities. The present review
differs from previous reviews in that this is the first systematic, methodology-focused
review to describe which approaches were used in previous concurrent fNIRS-EEG studies
and how these approaches were used, thus providing an up-to-date overview and technical
guideline for future projects to conduct concurrent fNIRS-EEG studies.
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Prescreening Initial Search
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This review is organized as follows: Section 1 is dedicated to the description of the
origins, the main characteristics of fNIRS and EEG, and the rationale of combining fNIRS
and EEG for multimodal brain imaging. Section 2 describes the strategy of our literature
review and the criteria of identification and classification of published articles. Section 3
starts with a brief summary of the preprocessing of raw fNIRS and EEG data and then
elaborates three main categories of analysis approaches in concurrent {NIRS-EEG studies.
Finally, Section 4 is devoted to underlining the limitations, challenges, and future direction
of data analysis of integrated fNIRS-EEG techniques.

2. Methodology

This review was conducted following the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) protocol [31]. As shown in Figure 3, the flow
diagram of PRISMA mainly includes three steps: (1) initial search: search related studies
based on the defined keywords in selected databases; (2) prescreening: remove duplicated
articles and select articles based on designed criteria; (3) qualifying: read through the full
text of the selected articles to make sure they meet the eligibility and inclusion criteria.

Records found from selected databases
(Web of Science, PubMed)

| !

Web of Science PubMed
N=507 N=473

Records after removal of duplicated
publications
N=532

Exclusion (n = 377):
¢ Animal studies

*  Non-journal publications (reviews,
conference papers, comments, dissertations,
newspapers, and books)

*  Didn’t report results of both fNIRS and EEG
measurements

Records after reading of abstract
N =155

Exclusion (n = 63):

¢ Studies focused on hardware development,
montage/experiment design

«  Studies focused on preprocessing of
concurrent data

¢ Studies included extra modalities in the

Records after reading of full text analyses (Heart rate, TMS etc.)

N=92

!

}

EEG-informed
fNIRS analyses:
N=8

fNIRS-informed Parallel EEG-
EEG analyses: fNIRS analyses:
N=5 N=79

Figure 3. PRISMA flow diagram for the literature review and article selection.

2.1. Search Strategy

The search for relevant peer-reviewed articles describing the use of a concurrent
fNIRS-EEG design was conducted on PubMed and Web of Science as literature sources.
The following keyword combinations were used in the literature search: (“fIlNIRS” OR
“NIRS” OR “functional near-infrared spectroscopy” OR “near-infrared spectroscopy”)
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AND (“EEG” OR “electroencephalography”) AND (“Brain”). Only articles that were
published in English through 31 August 2021 were included.

2.2. Prescreening and Qualifying Criteria

The prescreening criteria were based on the reading of titles and abstracts. First,
duplicated articles under different titles were removed. Then, publications were excluded if
they (1) were not in line with the topic, i.e., animal studies; (2) were non-journal publications,
such as reviews, conference papers, comments, dissertations, newspapers, and books; and
(3) did not report analysis results of both {NIRS and EEG measurements.

We then performed further screening and qualifying by reading through the full text
of the articles. In this process, publications were excluded if they (1) focused on montage
design, experimental design, or hardware development of concurrent {NIRS-EEG systems;
(2) focused on preprocessing of fNIRS and/or EEG data; or (3) included extra modalities in
the analyses, such as heart rate, electromyography, transcranial magnetic stimulation, etc.
Furthermore, the following inclusion criteria for the review were considered: (1) articles
focusing on brain function investigation using concurrent {NIRS-EEG were included;
(2) articles with details of signal processing, feature extraction, and concurrent analysis of
fNIRS-EEG were included.

3. Results

The search strategy resulted in a total of 980 records in the initial search from the
selected databases (507 from Web of Science and 473 from PubMed, Figure 3). After the
prescreening and qualifying stages, we obtained a total of 92 articles available for this
review, including 5 studies focusing on fNIRS-informed EEG analyses, 8 studies focusing
on EEG-informed fNIRS analyses, and 79 studies focusing on the parallel analyses of f{NIRS—
EEG (Figure 3). Figure 4A summarizes the number of concurrent {NIRS-EEG studies each
year since 2012, and Figure 4B shows the percentage of each type of integrated analysis of
fNIRS-EEG.
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B 6% [ fNIRS-informed EEG
[ 1EEG-informed fNIRS
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. . . . . . .
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Figure 4. Literature summary of concurrent EEG-fNIRS studies: (A) Yearly publications from 2012 to
2021 and (B) distribution of each type of concurrent fNIRS-EEG studies.

3.1. Preprocessing of fNIRS and EEG Signal

Signal preprocessing is an essential step for any post-processing of integrated analysis
of concurrent fNIRS-EEG data. Since the present review specifically focused on the inte-
grated analysis of concurrent {NIRS-EEG data, here we only outline a general pipeline for
the basic preprocessing of each modality.
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3.1.1. Basic Preprocessing of fNIRS Signal

Basic preprocessing of fNIRS data is shown in Figure 5A. One particularly essential
step in the preprocessing of {NIRS data is signal quality check and artifact correction. The
quality of the fNIRS signal could be affected by several confounding noise sources, such as
instrument noise (e.g., due to light source instability, electronic noise) [32], physiological
interference (e.g., respiration, heartbeat) [33,34], or motion artifacts [35,36]. Instrument
noise and physiological interference are mostly located within a constant frequency range.
For instance, the instrument-degradation-induced noise is around 3~5 Hz, and respiration
and heartbeat lie in 1~1.5 Hz and 0.2~0.5 Hz, respectively [5]. Thus, these noises can be
easily removed by applying the band-pass filter /low pass filter. Motion artifact in the form
of spikes or baseline shifts is a typical category of noise in raw fNIRS signal, especially in
data collected from child populations or during experimental tasks that include motion
(e.g., walking or speaking) [36,37]. Multiple algorithms have been developed to identify
and correct motion artifacts in raw fNIRS signals, such as spline interpolation [38], wavelet-
based methods [39,40], or principal component analysis [41]. We refer the readers to
recently published articles for a more detailed overview of the preprocessing of fNIRS
signal [42,43].

Raw fNIRS data Raw EEG data

\ 4

Optical density conversion

Data Filtering
¢ Instrumental noise (50/60 Hz)
\ 4 ¢ Select target components (Alpha, Beta

Signal quality check etc)
Signal to noise ratio
Contrast to noise ratio

*  Optode-scalp coupling

A\ 4

Artifact removal

e Ocular/Eye blinks

¢ Motion/muscle artifact

Denoising +  Cardiac artifact

*  Remove Motion artifact

*  Remove systemic artifact
Filtering

Re-referencing

A

Hemoglobin concentration
(Hb)

A

y *  Average reference

¢ Linked Mastoids
*  Reference Electrode Standardization
Technique (REST)

B

Figure 5. Basic preprocessing pipeline: (A) fNIRS raw data and (B) EEG raw data.

3.1.2. Basic Preprocessing of EEG Signal

We have outlined the basic preprocessing of EEG data in Figure 5B. Similar to f{NIRS,
EEG recordings are often contaminated by different artifacts that come from internal and
external sources. Internal artifacts include physiological activities of the subject (e.g.,
ECG, muscle, and ocular artifacts) and movement [44,45]. External artifacts mainly in-
clude environmental/instrumental interference (50 Hz/60 Hz), electrode pop-up and
cable movement. Elimination of internal artifacts relies on extra measurements (e.g., elec-
trooculogram/ electrocardiogram/accelerometer) or signal decomposition algorithms (e.g.,
ICA/PCA) [46,47]. External artifacts may be removed either by simple filters, signal decom-
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position algorithms (e.g., ICA), or artifactual segment rejection [48]. We refer the readers
to [49,50] for a more detailed overview of the preprocessing of EEG signals.

3.2. EEG-Informed fNIRS Analyses

Neurovascular coupling demonstrates that regional neural activity is typically ac-
companied by the generation of electrical activity and the resulted metabolic variation,
which is the fundamental principle of EEG and fNIRS measurements. Simultaneous fNIRS—
EEG recording is therefore highly suited for neurovascular coupling investigation through
various analysis approaches.

Among all the concurrent fNIRS-EEG studies, using EEG-derived characteristics
to enhance fNIRS analyses, which is usually referred as EEG-informed fNIRS analyses,
provides a particularly new and straightforward solution for investigating neurovascular
coupling. Table 1 summarizes all studies that performed EEG-informed fNIRS analyses.

Table 1. Characteristics of studies that performed EEG-informed fNIRS analysis.

Authors Tasks Brain Regions Features I\A/Ir(l:t‘ll1}:)s<;z
Peng et al., 2014 [51] Resting ENEI(ES‘;VV}\:(})EIG ENEIC?:S:AEZ(I)H/ugER/HbT concentration GLM
Pouliot et al.,, 2014 [52] ~ Resting g;gswvggzle g;giﬁ%ﬁgw HPT concentration ) \y
Talukdar et al., Restin fNIRS: Whole fNIRS: HbO concentration CGLM
2015 [53] & EEG: Whole EEG: Power spectral envelopes
Simulation; fNIRS: Whole fNIRS: HbO/HbR/HbT concentration

Peng etal,, 2016 [54] Resting EEG: Whole EEG: Amplitude GLM

{NIRS: Left motor fNIRS: HbO/HbR concentration Vector-phase
Khan etal., 2018 [55] Motor EEG: Left motor EEG: Power spectrum analysis
Zamaetal,2019[56]  Motor g:g{swl\}/fgf:r g;g{SEl?Db%éb R concentration GLM

. fNIRS: Motor fNIRS: HbO/HDbR concentration

Lietal, 2020 [57] Motor EEG: Whole EEG: Absolute Power (amplitude) GLM
Sirpal et al., 2021 [58] Resting ;NEIGR:S‘:NV}Y(}:S(? ENEIGR:S:AiZi;%r;CQHtraUOH Autoencoder

In typical fNIRS analyses (Figure 6), the fNIRS signal is commonly regressed via

a general linear model (GLM) constructed by convolving the canonical hemodynamic

response function (HRF) with a boxcar or impulse function representing the consistent

temporal profile of the experimental paradigm to identify cortical regions activated by

specific stimuli [59]. Briefly, for measured fNIRS signal Y in a channel, the GLM model is
given by

Y = XB+e (1)

where X is the design matrix, § is the regression coefficients to be estimated, and ¢ is the
error term. In the case of a block design experiment, X is commonly given by a convolution
matrix of a chosen hemodynamic response function (HRF) and boxcar functions describing
the latency and duration of the stimulus. Note that the HRF may use various type of
shapes, such as canonical HRF, gamma-HREF, or Gaussian-HRF [35]. Columns of X are the
regressors that represent conditions or tasks in the experiment, and additional nuisance
terms or auxiliary measurements that usually account for the systemic physiology or
motion artifacts.
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Figure 6. Basic principle of general linear model (GLM) in fNIRS analysis.

The estimated regression coefficient  and the error € can be tested via a f-test to
identify the channels that represent a significant contrast between different tasks. The t-test
is calculated by

T
=P )
cTeov(B)c
where cov(p) is the covariance matrix of § and c is the contrast vector, which determines
the contrast between specific conditions.

The main limitation in common standalone fNIRS analysis is that neuronal response
to repeated trials or stimuli is time-varying across the experiment in a realistic setting,
which may be inconsistent with the boxcar function typically used in the construction
of a GLM analysis design matrix. With this in mind, the core idea of EEG-informed
fNIRS analysis is to replace or adjust the boxcar function in the fNIRS GLM analysis with
temporal- or frequency-specific regressors of interest derived from EEG signals [57]. Based
on the linear hypothesis of neurovascular coupling, the characteristics of the neural activity
extracted in EEG may offer better estimation of the fNIRS response after convoluting the
HREF, thus increasing the efficiency of identifying the related active region induced by
experimental tasks.

Figure 7 summarizes a generalized analysis framework of EEG-informed fNIRS analy-
sis. The selection of time-varying EEG features plays a crucial role in the construction of
a fNIRS GLM analysis design matrix. Among all EEG-informed fNIRS analysis studies,
amplitude information derived from EEG signals has been used as effective regressors of
interest for improving the estimation of the active fNIRS response associated with different
stimuli [56,57]. Li et al. collected concurrent EEG and fNIRS data from healthy participants
during a repeated motor execution task and extracted the peak value and latency of the
EEG signal within each trial to construct a series of frequency-specific design matrices [57].
Their results showed that amplitudes of frequency-specific EEG components, especially the
alpha and beta band, could better capture the time-varying neural activity at single trial
level and thus enhance the performance of {NIRS GLM analysis when compared with the
classic boxcar function-based fNIRS method [57]. The potential value of EEG-informed
fNIRS analysis in clinical applications was also explored, in particularly on the topic of
epileptic activity, given the suitability of this technique for the localization of brain sites
associated with epileptic discharges. A series of representative studies was performed
by Pouliot and his colleagues, where the onsets and amplitudes of epileptic spikes were
identified by EEG temporal traces and convolved with the HRF for fNIRS GLM estima-
tion [51,52,54,60]. These studies demonstrated that an EEG-informed fNIRS approach
revealed higher sensitivity and specificity than the classic GLM method in the detection of
epileptic events such as seizures or interictal epileptiform discharges (IEDs). Their work
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provides evidence that EEG-informed fNIRS analysis could be a sensitive technique for
monitoring epileptic activity.

Raw EEG Raw fNIRS

Preprocessing Preprocessing

Regressors extraction
* Amplitude-related
(a) Amplitude peak
(b) bsolute power

* Frequency related
(a) Spectral envelope

y

GLM estimation
e First level
* Second level

Design matrix construction

A

y
Model evaluation
* Residual error
* Activation map

Figure 7. The conventional schematic of EEG-informed fNIRS GLM analysis framework.

In addition to the amplitude-specific information, frequency-related features were de-
rived from EEG signals and used as regressors of interest for fNIRS GLM analysis. Talukdar
et al. used gamma transfer functions to map EEG spectral envelopes that reflect time-
varying power variations in neural rhythms to hemodynamics measured during median
nerve stimulation [53]. The approach was evaluated through simulated EEG—{NIRS data
and experimental EEG-NIRS data measured from three human subjects. Results indicated
that fNIRS hemodynamics can be predicted by EEG spectral envelopes convoluted with
multiple sets of gamma transfer functions, providing a new perspective for the modeling
of neurovascular coupling.

3.3. ENIRS-Informed EEG Analyses

Studies using fNIRS to enhance the processing of EEG signals typically rely on the
relatively robust spatial information of fNIRS compared to EEG. Within this context, {NIRS-
informed EEG analyses, as summarized in Table 2, include two main levels of applications:
fNIRS-informed EEG source localization and fNIRS-informed EEG channel selection. The
former applies task-evoked information of {NIRS to enhance the mathematical estimation
of active EEG source activity related to specific tasks [27], while the latter used fNIRS as
a reliable reference for choosing the most representative task-related EEG channels for
analysis [61].

3.3.1. ENIRS-Informed EEG Source Imaging Analysis

Due to its high temporal resolution and portability, EEG is by far the most widely
used neuroimaging technique to measure rapid neuronal electrical activity. However,
one limitation of scalp EEG is the volume conduction problem; a single electrode on
the scalp picks up activity from multitude sources (cortical activity, subcortical activity,
external noise, etc.), which results in difficulty accurately localizing the source activity [62].
Therefore, EEG source imaging (ESI) has been developed to overcome the limitation of scalp
EEG in characterizing the spatial brain activity. Typically, ESI relies on the surface EEG
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signals and the anatomical structure and physiological properties of the brain to estimate
sources within the brain. This allows for more accurate localization of the cortical regions
contributing to EEG signals measured at the scalp. A common challenge for ESI is the
ill-posed “inverse problem”; the number of sources that give rise to EEG signals vastly
outnumbers the available measurements, making it impossible to localize the measured
scalp EEG activity to the actual current-generating source within the brain with absolute
certainty [63]. Given the good spatial resolution of fNIRS, the majority of fNIRS-informed
EEG studies have focused on using fNIRS-based spatial priors to enhance the estimation of
EEG source activity.

In summary of these studies, a traditional pipeline of {NIRS-informed EEG source
imaging is shown in Figure 8. Briefly, this pipeline begins with the forward model of the
ESI (Figure 8A):

Y=GJ+eg, ®

where Y € R"*4 is the scalp EEG signal consisting of m channels and d measurement
samples, ] € R¥*4 is the unknown source activity of s dipole sources in the source space,
G € R™* is the lead field matrix which describes the relationship between the source
activity and the EEG electrodes, and ¢ represents the noise component in the sensor space.
Using the EEG signals measured at the scalp, we can attempt to invert the forward model to
determine which parts of the brain are active from their associated scalp potentials, which
is the so-called inverse problem. A common solution of the inverse problem using classical
minimum-norm estimate (MNE) is given as:

J = RG"(GRG +AC) Ty, @

where ] is the estimated source activity, R is the source covariance matrix representing
the prior knowledge about the distribution of source J, C is the noise covariance matrices,
and A is the regularization parameters representing the trade-off between model accuracy
and complexity, which is traditionally determined using the L-curve method [64]. The
source covariance matrix R and noise covariance matrix C are usually set to identity
matrices when no prior information about the source space is available. With this in mind,
spatial prior information provided by fNIRS, usually represented by f values of significant
channels after GLM analysis, can be applied directly on the source covariance matrix R,
changing the weight of each source according to whether or not it is within an fNIRS-active
region. This results in improvement of EEG source activity estimation (Figure 8B). Note
that the inverse problem can be solved by multiple approaches, such as MNE, weighted
MNE, or probabilistic Bayesian methods, resulting in different forms of source covariance
matrix R [65,66].

The analysis pipeline shown in Figure 8B has been adapted in all existing fNIRS-
informed EEG analysis studies to investigate brain dynamics associated with typical brain
function as well as brain disorders. The first {NIRS-informed ESI study was carried out
by Aihara et al., in which the authors incorporated the fNIRS-based prior information in
the current source estimation using a Variational Bayesian Multimodal EncephaloGraphy
(VBMEG) method [67]. Using a simulation study and a finger tapping motor task, this study
demonstrated that fNIRS-informed ESI can achieve results similar to fMRI-information ESL
Following a similar idea, Morioka et al. applied fNIRS-informed ESI to decode subjects’
mental states in a spatial attention task and found that the fNIRS-EEG framework exhibited
significant performance improvement over decoding methods based on EEG sensor signals
alone [68]. Recently, Li et al. employed the fNIRS-informed ESI technique to explore
the atypical brain dynamics associated with Alzheimer’s disease and stroke, from which
brain network alterations induced by these brain disorders were characterized in a high
spatiotemporal manner [27,69].



Sensors 2022, 22, 5865

12 of 22

/(A) Basic EEG source imaging framework \
forward
forward

). Y=G]+ ¢
Sensor space Lead-field Source space e~N(0,0)
() (©) (0] J~¥(0.R)

L source covariance matrix

Y A p inverse

oy k ) %
A min(l Y — G/ I” +4 1 W] I")
W

inverse solution

J = RGT(GRGT +AC) 'Y
inverse L fNIRS activation map

(B) fNIRS-informed EEG source imaging
1

~

§ [ Reconstructed EEG source activity
EEG 2
preprocess e . 'P“L-!»'w
o "'.'J“Ju,,,;,!u'(\,,
EEG/fNIRS
concurrent
recording \ e
fNIRS "
GEM R M f"‘qﬂﬂ.
analysis et st Y

K fNIRS activation map /

Figure 8. Basic concepts of EEG source imaging and traditional pipeline of fNIRS-informed EEG

source imaging analysis (adapted with permission from Ref. [27]. 2019, Li et al.

3.3.2. FNIRS-Informed EEG Channel Selection for BCI Studies

FNIRS-informed EEG source imaging represents the deep fusion of fNIRS and EEG
signals. In addition, one study published by Li et al. demonstrated that fNIRS-based
spatial prior information can also be used to optimize processing of scalp EEG signal in BCI
studies [61]. Briefly, a desirable BCI system should be portable, minimally invasive, and
feature high classification accuracy and efficiency. However, the main challenge of hybrid
EEG—NIRS BCI systems is how to reduce the complexity of the system while achieving a
satisfactory performance. To tackle this challenge, Li et al. proposed a fNIRS-based channel
selection method to greatly reduce the number of {NIRS and EEG channels needed for
BCI systems. In this fNIRS-based channel selection method, two fNIRS channels with
strongest task-evoked response, as assessed by GLM analysis, were determined. Then only
two EEG channels that were close to the selected fNIRS channels were selected for the
performance assessment of the hybrid fNIRS-EEG BCI system. Results demonstrated that
this approach could drastically minimized the burden (e.g., weight of cables, preparation
time) on the user while achieving a good performance compared to BCI systems including
large numbers of channels [61].

Overall, although limited studies focused on this topic were available or review, {NIRS-
informed EEG source imaging analysis has potential for achieving a deep fusion of these
two portable techniques. This multimodal approach holds promise for improving our
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understanding of the spatiotemporal dynamics of typical and atypical brain functions in
various scenarios including naturalistic interaction and clinical settings.

Table 2. Characteristics of studies performed fNIRS-informed EEG analysis.

Authors Tasks Brain Regions Features Analysis Methods

Aihara et al., Motor (Simulation;  fNIRS: Motor fNIRS: HbO peak EEG source

2012 [67] Experiment) EEG: Whole EEG: Source current amplitude imaging

Morioka et al., Mental fNIRS: Parietal, occipital ~ fNIRS: HbO t-statistic EEG source

2014 [68] EEG: Whole EEG: Source current amplitude imaging

Lietal, FNIRS: Motor fNIRS: HBO/HDbR concentrations . -

2017 [61] Motor EEG: Whol and slope Binary classification

' ole EEG: Wavelet transform coefficients

Lietal., Working memor fNIRS: Frontal, central fNIRS: HbO t-statistic EEaG isr?ur](;iain

2019 [27] & Y EEG: Whole EEG: Functional connectivity sng/ .
network analysis
EEG source

Lietal., Motor fNIRS: Frontal, parietal fNIRS: HbO t-statistic imaging,

2020 [69] EEG: Whole EEG: Functional connectivity Brain network
analysis

3.4. Parallel Analysis of EEG-fNIRS

Sections 3.3 and 3.4 describe directional integration analyses of EEG and f{NIRS. How-
ever, the majority of concurrent EEG-fNIRS studies available for review focused on parallel
analysis/integration of the two complementary techniques (Figure 4). Such parallel analy-
ses of concurrent fNIRS and EEG data usually seek to investigate the interaction between
fNIRS and EEG signals through feature-based fusion analyses or correlational analyses
without any directional interference from the two modalities.

3.4.1. Feature Fusion Based on fNIRS-EEG Signals for Classification

Hybrid fNIRS-EEG classification-based studies account for a significant portion of
feature-based fusion analyses of concurrent {NIRS-EEG data. We roughly summarize these
studies into two categories based on their study aims: (1) brain-computer interface (BCI)
studies and, (2) characterization of typical and atypical brain functions.

The development of a BCI system allows users to control computers or external devices
based directly on the modulation of brain activity. Active investigations of the benefits
of hybrid EEG-fNIRS BClIs have been conducted and validated on healthy populations
in a number of BCI studies [28,29,61,70]. Specifically, by fusing the features derived from
two modalities, hybrid {NIRS-EEG studies have shown enhanced classification and decoding
accuracy over a single modality in various tasks, such as motor imagery and execution [61,71].

On the other hand, the complementary properties of fNIRS and EEG have led to
extensive investigations of the spatiotemporal hemodynamic and electrical patterns of
brain activity associated with a variety of functions, such as mental workload [72-75],
affective state [76], and intellectual function [77]. Similar analysis pipelines have also been
adopted to identified atypical brain patterns associated with different brain disorders,
from which multimodal features can be used to differentiate patients with Alzheimer’s
Disease [78] and Parkinson’s Disease [79] from healthy controls.

Despite the different aims of studies within the above two categories, most studies
tend to follow similar steps when processing concurrent fNIRS and EEG data, primarily
consisting of feature extraction, feature fusion, and classification. Among the reviewed lit-
erature, widely used fNIRS features are commonly derived from the concentration changes
of HbO and HDR, including the mean, slope, skewness, kurtosis, peak value, variance,
and median of HbO/HbR [61,80-82]. Typical EEG features used in concurrent fNIRS-EEG
analyses largely depend on the experimental tasks. In the case of a motor task, the power



Sensors 2022, 22, 5865

14 of 22

spectrum density and common spatial patterns are widely used [29,83-86], mainly due to
the event-related desynchronization/event-related synchronization (ERD/ERS) observed
in motor-evoked electrical potential [87]. Studies involving cognitive tasks usually adopt
features related to band power of signals [72,82,88-91]. Additionally, the logarithmic
band power features [84], time-frequency features [61,71], and amplitude-related proper-
ties [92-94] are often utilized in several studies involving motor and mental tasks. Defini-
tions and calculations of these features are summarized and shown in Table 3. In terms of
classification, most existing studies adopt traditional machine learning techniques such as
decision tree [93,94], linear discriminant analysis (LDA) [28,29,81,82,86,89-91,95,96], sup-
port vector machine (SVM) [61,70,72,85], and k-nearest neighbors (KNN) [92-94]. Recent
studies have demonstrated increasing interest in innovative deep learning techniques such
as the convolutional neural network (CNN) [97] and recurrent neural networks (RNN) [98].
We refer the readers to [99,100] for a more detailed introduction of the state-of-the-art
classification techniques.

Table 3. Definition and calculation of EEG and fNIRS features.

Features Definitions
t
Mean (P) ‘u = % Zz: x(t)
t=t;
Slope (Sp) Sp = %
Standard deviation (Sd) Sd — 1/ 2x (5\){-#)2
Skewness (Skew) Skew = & W
Kurtosis (Kurt) Kurt = % Eiz:h (;‘éi)’”>4
Median (Med x(%) if n is even
edian (Med) Med = § y(21)4x(25)
22/ ifnisodd

Power spectral density (PSD)

Logarithmic band power (PLB)

Common spatial pattern (CSP)

Phase locking value (PLV) PLV = 'Nfl g i(@x(t)—oy(t)

L GO0 w0

VEGOH-9 ()7
x(t) is the input brain signals (i.e., EEG and fNIRS). N is the number of observations of the samples. @x(t) and @y(t)
are instantaneous phase values at time point f. f refers to the f-th frequency band. X; represent the measured
signals of i-th tasks. S; is the source signal related to the i-th task. Sy is the common source signal of both signals.
C; and Cy; are the weight matrix of common spatial pattern. x(t) and y(t) present the signals from different channel.
X and ¥ refer to the mean value of the signals of x(t) and y(t), respectively.

Pearson correlation coefficient (r)

3.4.2. Correlational Analysis of Concurrent {NIRS-EEG Data

The well-established phenomenon of neurovascular coupling (NVC) supports the
premise that regional neural activity is accompanied by electrical activity generation and
concurrent metabolic variation. Therefore, correlational analyses between concurrent
fNIRS-EEG recordings have been extensively explored to investigate the spatiotempo-
ral association between hemodynamic and electrical patterns of various brain functions.
Among the eighteen articles reviewed here (Table 4), correlational analyses of concurrent
fNIRS-EEG have mainly focused on correlation and coherence analyses. Pearson corre-
lation, partial correlation, and simple linear regression are commonly used measures for
assessing the relationship between the event-related potential pattern in EEG and hemo-
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dynamic changes in fNIRS [101-110]. Several studies assessed the relationship between
EEG and fNIRS signal through cross-correlation analysis and canonical correlation analysis
(CCA) [111-114]. Compared to the Pearson correlation method, cross-correlation can cap-
ture the delayed response of the hemodynamic compensation phenomenon after neural
firing, while the CCA is a statistical method to identify a linear relationship between the
two modality data sets by determining the inter-subject co-variances. Frequency and phase
coupling were adopted in two studies to evaluate the interaction between electrical acti-
vation and hemodynamic response, in which spectral coherence and wavelet coherence
were employed as metrics to assess the neurovascular coupling [115,116]. GLM-based
analysis was also utilized to model the association of {NIRS and EEG in a recent study.
Chaiarelli et al. proposed a novel general linear model-based algorithm to estimate the
interaction of {NIRS and EEG signal in persons with Alzheimer’s disease [117]. In the GLM,
key components of the down-sampled EEG power spectrum (theta, alpha, and beta) were
used as the independent variables. The fNIRS signal was treated as the dependent variable.
Then the estimated 3-weight was used to assess how well the frequency-specific neuronal
electric activity correlated with the corresponding hemodynamic response. Similarly, Per-
petuini et al. employed an entropy based GLM method to assess neurovascular coupling
alternation for an Alzheimer’s disease group relative to a healthy control group [118]. Due
to the significant variation in the temporal scale of two signals, the EEG signal was first
convolved with the canonical hemodynamic response and then downsampled. Compared
with single EEG/{NIRS-based features, neurovascular coupling-based features achieved
the highest classification accuracy for AD detection.

Table 4. Studies using parallel EEG-fNIRS analysis for neurovascular coupling investigation.

Authors Task Brain Regions Features Correlation Method
Chen et al., 2015 Visual and auditor fNIRS: Temporal, occipital fNIRS: HbO/HDbR concentrations Pearson correlation
[101] suatand audiioty EEG: Whole EEG: ERP carson correiatio
Chen et al., 2020 . fNIRS: HbO/HDbR global amplitude . .
[102] Resting Whole EEG: Power Spectrum Partial correlation
Balconi et al., 2016 Visual and auditor fNIRS: Frontal fNIRS: HbO concentrations Pearson correlation
[103] y EEG: Whole EEG: ERP
Zich et al., 2017 . fNIRS: HbO/HDbR concentrations .
[104] Motor execution Central EEG: ERD Pearson correlation
Borgheai et al., 2019 Mental arithmetic fNIRS: Frontal fNIRS: HbO/HDbR concentrations Pearson correlation
[105] EEG: Whole EEG: Power spectrum and ERP
Gentile et al., 2020 Fi ¢ . fNIRS: Motor fNIRS: HbO/HDbR concentrations Li .
[106] inger tapping EEG: Whole EEG: ERP inear regression
Zhang et al., 2020 . Whl fNIRS: dynamlF functlonal .
[107] Resting ole connectivity Pearson correlation
EEG: Microstate (amplitude)
Lin et al, 2020 Mental Occipital and parietal FNIRS: HbO concentration Pearson correlation

[108]

EEG: Power spectrum and ERD

Kaga et al., 2020
[109]

Working memory

fNIRS: Frontal fNIRS: HbO concentration

EEG: Pz, Cz, Pz, EEG: ERP Pearson correlation

Suzuki et al., 2018 Worki fNIRS: Frontal fNIRS: HbO concentration P lati

[110] oriang memory EEG: Fz, 01, 02, EEG: Power spectrum earson correlation

Keles et al., 2016 . fNIRS: HbO/HDbR concentrations R
[111] Resting Whole EEG: Power spectrum Cross-correlation

Pinti et al., 2021 . . . .. fNIRS: HbO/HDbR concentrations R
[112] Visual stimulation Occipital EEG: Power spectrum Cross-correlation

Nair et al., 2021 Anesthesia Frontal fNIRS: HbO/HbR amplitude Cross-correlation and
[113] esthe EEG: Amplitude phase difference
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Table 4. Cont.

Authors Task Brain Regions Features Correlation Method
Al-Shargie et al., 2017 Mental arithmetic Frontal fNIRS: HbO concentration Canonical correlation
[114] EEG: Average power (amplitude) analysis
Govindan et al., 2016 . fNIRS: difference between HbO and Coherence and Phase
[115] Resting Frontotemporal HbR Spectra
EEG: Amplitude
Chalak et al,, 2017 . . fNIRS: Cerebral t}ssue oxygen
[116] Resting Parietal saturation Wavelet coherence
EEG: Amplitude
Chiarelli et al., 2021 Restin Whole fNIRS: HbO/HDbR concentrations GLM-Standardized
[117] & EEG: Power envelops -weight
Prepetuini et al., 2020 Working memor fNIRS: Frontal fNIRS: HbO/HbR sample entropy GLM-Standardized
[118] & y EEG: Whole EEG: Sample entropy B-weight

4. Integrated Analysis of Concurrent fNIRS-EEG: Current Limitations and Future
Directions

Both fNIRS and EEG are portable, non-invasive and cost-effective brain imaging tech-
niques that enable researchers to study brain function in conditions not suited for other
neuroimaging modalities such as fMRI and MEG. Accordingly, acquisition and analysis of
concurrent, integrated fNIRS-EEG data can potentially reveal more comprehensive infor-
mation associated with brain activity. The present review highlights what data processing
and analysis approaches can be adopted to study brain functioning in healthy cohorts as
well as those with brain disorders, thus serving as a foundation for future work. However,
it should be acknowledged that further development of integrated analyses of the two
modalities is required to fully benefit from the added value of each modality.

Neurovascular coupling in the brain is highly dynamic in nature, for both resting state
and task-engaging states. While various fusion approaches of {NIRS and EEG signals allow
for the imaging and investigation of brain activity with richer information, the majority of
such integrated analyses still rely on a summary of signals extracted from fNIRS and EEG
time series data. Neural activity is time-varying, thus requiring a more dynamic analytic
approach to improve accuracy in modeling actual brain function. Therefore, it is important
to explore the dynamic interaction of {NIRS and EEG signals with a more fine-grained
temporal resolution. This is a challenge for fNIRS signals, which usually suffer reduced
temporal resolution relative to EEG. Recently, effort has been made to tackle this challenge
by growing interest in the temporal fluctuations of fNIRS-based functional connectivity
across the brain, the so-called dynamic functional connectivity (dFC). Several studies have
shown that resting-state and task-evoked hemodynamic responses can be characterized
using dFC analysis to reflect a more dynamic and modular nature of neurovascular coupling
during normal cognitive processing and atypical brain activity associated with Alzheimer’s
disease [119,120]. It is expected that fusion of the dynamic properties of fNIRS and EEG
may open new lines of concurrent fNIRS-EEG analyses.

Despite the numerous approaches for integrated analysis of concurrent {NIRS-EEG,
most studies have utilized feature-based fusion of these two modalities, such as hybrid BCI
systems or correlation analyses between fNIRS-based (e.g., mean HbO) and EEG-based
features (e.g., power spectrum). Such analyses only allow for a rough characterization
of neurovascular coupling underlying brain activity. Questions remain as to how the
findings obtained from the integrated analyses of fNIRS-EEG reflects the interaction be-
tween neuronal electric activity and the resulting hemodynamic response. Therefore, it is
expected that more directionally integrated analyses of {NIRS and EEG data, such as the
fNIRS-informed EEG analyses or the EEG-informed fNIRS analyses, can be explored in
future work.

Combining fNIRS and EEG serves to bridge brain imaging techniques across labora-
tory settings to practical applications due to their high mobility, non-invasiveness, and low
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cost compared to MRI-based techniques. However, few studies, especially those focusing
on hybrid fNIRS-EEG BCI systems, have validated the feasibility of using such multimodal
approaches to address the needs of multiple practical scenarios, such as hybrid real-time
BCI systems, bedside monitoring, or neuromodulation based on the so-called brain control-
lability analysis, to treat different neurological and psychiatric diseases [121-123]. Therefore,
a prioritized goal of future research may focus on enhancing the ecological validity of ex-
perimental designs and analysis pipelines/algorithms that can be adopted in online or low
time-delayed settings. In fact, as motivated by real-time BCI applications, progress has
been made to increase the temporal response of fNIRS-BCI systems through single-trial
analysis [124], early signal detection [61], and adaptive filtering [125]. We anticipate future
solutions for real-time fNIRS signal processing may facilitate the development of real-time
hybrid BCI systems that enable human-computer interaction with high spatial and tempo-
ral performance. Another typical experimental protocol of {NIRS is hyperscanning, where
brain activities are recorded from two or more participants simultaneously, permitting
a direct investigation of how multi-brains communicate to each other during social in-
teraction [120,126]. Following this, we expect that the development of wearable {NIRS
and EEG devices will likely drive the typical {NIRS-based hyperscanning studies toward
multimodal fNIRS-EEG system-based hyperscanning research. This innovation will enable
us to examine human interaction in a high spatiotemporal resolution perspective, thereby
expanding our understanding of the neural mechanism underlying social interaction.

Apart from the perspective on methodological integration of {NIRS and EEG, we want
to highlight challenges in instrument development that might affect study design and
signal processing of concurrent {NIRS-EEG studies. In particular, conventional concurrent
fNIRS-EEG studies usually connect separate {NIRS and EEG systems for data recording,
which reduces the mobility of both systems and constrains the applications of concurrent
fNIRS and EEG. Recent advances have been made toward fiberless and wearable integrated
fNIRS-EEG systems that allows for broader research scenarios such as social interaction
and outdoor activity [127,128]. However, further improvement of {NIRS and EEG instru-
ments is necessary when applying these systems in clinical cohorts with psychological or
psychiatric disorders. For example, patients with psychiatric disorders, such as ASD and
ADHD, often display motor restlessness, anxiety, or hyperarousal symptoms that require
specific considerations during development of integrated fNIRS-EEG instrumentation.
Key factors to be considered may include (1) user-friendly materials for comfort contact
between electrodes/optodes, (2) lightweight/highly integrated design for enhanced mea-
surement experience, and (3) advanced signal processing algorithms for robust long-time
real-world study. In addition, simultaneous multimodal data recording, including brain,
physiological, and behavioral information, is important to the comprehensive understand-
ing of disease-linked /function-specific brain activity. Physiological or auxiliary signals
(e.g., blood pressure, respiration, and head movement) have been proven to greatly im-
prove the filtering of physiological interference and motion artifacts during fNIRS signal
processing [129-131]. In this context, one impactful direction of fNIRS-EEG instrument
development should focus on the development of multimodal systems that are deeply inte-
grated with these and other emerging modalities, such as eye tracking devices, physiology
modules (e.g., heart rate, skin conductivity), and accelerometers as well as VR devices.
From a clinical perspective, such multimodal systems could offer multi-dimensional brain—
physiology-behavior biomarkers specifically linked to brain disorders at individual level.
Together with powerful statistical /machine learning, we expect that future studies in the
field will propose advanced algorithms to fuse such multimodal information for accurate
monitoring of brain activity and facilitating personalized treatment protocols to obtain
enhanced efficiency for each individual patient.

Author Contributions: Conceptualization, R.L.; literature search, R.L. and D.Y.; writing—original
draft preparation, R.L., D.Y,, EF, K-S.H., ALL.R. and Y.Z.; writing—review and editing, R.L. and D.Y,;
supervision, Y.Z.; proofreading, R.L. and Y.Z. All authors have read and agreed to the published
version of the manuscript.



Sensors 2022, 22, 5865 18 of 22

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Herculano-Houzel, S. The human brain in numbers: A linearly scaled-up primate brain. Front. Hum. Neurosci. 2009, 3, 31.
[CrossRef] [PubMed]

2. Pakkenberg, B.; Pelvig, D.; Marner, L.; Bundgaard, M.].; Gundersen, H.J.; Nyengaard, ].R.; Regeur, L. Aging and the human
neocortex. Exp. Gerontol. 2003, 38, 95-99. [CrossRef]

3.  Jobsis, EF. Noninvasive, infrared monitoring of cerebral and myocardial oxygen sufficiency and circulatory parameters. Science
1977, 198, 1264-1267. [CrossRef] [PubMed]

4. Ferrari, M.; Quaresima, V. A brief review on the history of human functional near-infrared spectroscopy (fNIRS) development
and fields of application. Neuroimage 2012, 63, 921-935. [CrossRef]

5. Scholkmann, E; Kleiser, S.; Metz, A.].; Zimmermann, R.; Pavia, ].M.; Wolf, U.; Wolf, M. A review on continuous wave functional
near-infrared spectroscopy and imaging instrumentation and methodology. Neuroimage 2014, 85, 6-27. [CrossRef] [PubMed]

6. Berger, H. Uber das elektroenkephalogramm des menschen. Arch. Fiir Psychiatr. Und Nervenkrankh. 1929, 87, 527-570. [CrossRef]

7. Buzsaki, G.; Anastassiou, C.A.; Koch, C. The origin of extracellular fields and currents—EEG, ECoG, LFP and spikes. Nat. Rev.
Neurosci. 2012, 13, 407-420. [CrossRef]

8. Schomer, D.L.; Da Silva, EL. Niedermeyer’s Electroencephalography: Basic Principles, Clinical Applications, and Related Fields; Lippincott
Williams & Wilkins: Philadelphia, PA, USA, 2012.

9.  Pizzagalli, D.A. Electroencephalography and high-density electrophysiological source localization. Handb. Psychophysiol. 2007, 3,
56-84.

10. Wu, J.; Quinlan, E.B.; Dodakian, L.; McKenzie, A.; Kathuria, N.; Zhou, R.J.; Augsburger, R.; See, J.; Le, V.H,; Srinivasan, R,;
et al. Connectivity measures are robust biomarkers of cortical function and plasticity after stroke. Brain 2015, 138, 2359-2369.
[CrossRef]

11.  Zhang, Q.; Hu, Y;; Potter, T.; Li, R.; Quach, M.; Zhang, Y. Establishing functional brain networks using a nonlinear partial directed
coherence method to predict epileptic seizures. J. Neurosci. Methods 2020, 329, 108447. [CrossRef]

12.  Gao, Y.; Gao, B.; Chen, Q.; Liu, J.; Zhang, Y. Deep convolutional neural network-based epileptic electroencephalogram (EEG)
signal classification. Front. Neurol. 2020, 11, 375. [CrossRef] [PubMed]

13.  Gao, Y;; Wang, X,; Potter, T.; Zhang, ].; Zhang, Y. Single-trial EEG Emotion recognition using granger causality/transfer entropy
analysis. J. Neurosci. Methods 2020, 346, 108904. [CrossRef]

14. Ma, Y,; Chen, B,; Li, R.; Wang, C.; Wang, J.; She, Q.; Luo, Z.; Zhang, Y. Driving fatigue detection from EEG using a modified
PCANet method. Comput. Intell. Neurosci. 2019, 2019, 4721863. [CrossRef] [PubMed]

15. Ren, Z.;Li, R.; Chen, B.; Zhang, H.; Ma, Y.; Wang, C.; Lin, Y,; Zhang, Y. EEG-based driving fatigue detection using a two-level
learning hierarchy radial basis function. Front. Neurorobotics 2021, 15, 618408. [CrossRef]

16. Li, R; Rui, G.; Chen, W,; Li, S.; Schulz, PE.; Zhang, Y. Early detection of Alzheimer’s disease using non-invasive near-infrared
spectroscopy. Front. Aging Neurosci. 2018, 10, 366. [CrossRef] [PubMed]

17.  Nguyen, T.; Zhou, T.; Potter, T.; Zou, L.; Zhang, Y. The cortical network of emotion regulation: Insights from advanced EEG-fMRI
integration analysis. IEEE Trans. Med. Imaging 2019, 38, 2423-2433. [CrossRef]

18. Fang, F; Potter, T.; Nguyen, T.; Zhang, Y. Dynamic reorganization of the cortical functional brain network in affective processing
and cognitive reappraisal. Int. . Neural Syst. 2020, 30, 2050051. [CrossRef]

19. Li, R.; Rui, G.; Zhao, C.; Wang, C.; Fang, F; Zhang, Y. Functional network alterations in patients with amnestic mild cognitive
impairment characterized using functional near-infrared spectroscopy. IEEE Trans. Neural Syst. Rehabil. Eng. 2019, 28, 123-132.
[CrossRef]

20. Cui, X;; Bray, S.; Bryant, D.M.; Glover, G.H.; Reiss, A.L. A quantitative comparison of NIRS and fMRI across multiple cognitive
tasks. Neuroimage 2011, 54, 2808-2821. [CrossRef]

21. Pfurtscheller, G.; Neuper, C. Motor imagery and direct brain-computer communication. Proc. IEEE 2001, 89, 1123-1134. [CrossRef]

22. He, B,; Yang, L.; Wilke, C.; Yuan, H. Electrophysiological imaging of brain activity and connectivity-challenges and opportunities.
IEEE Trans. BioMed. Eng. 2011, 58, 1918-1931. [CrossRef] [PubMed]

23. Nicolas-Alonso, L.F.; Gomez-Gil, J. Brain computer interfaces, a review. Sensors 2012, 12, 1211-1279. [CrossRef] [PubMed]

24. Waldert, S.; Tushaus, L.; Kaller, C.P,; Aertsen, A.; Mehring, C. fNIRS exhibits weak tuning to hand movement direction. PLoS
ONE 2012, 7, e49266. [CrossRef] [PubMed]

25. Girouard, H.; Iadecola, C. Neurovascular coupling in the normal brain and in hypertension, stroke, and Alzheimer disease. J.

Appl. Physiol. 2006, 100, 328-335. [CrossRef] [PubMed]


http://doi.org/10.3389/neuro.09.031.2009
http://www.ncbi.nlm.nih.gov/pubmed/19915731
http://doi.org/10.1016/S0531-5565(02)00151-1
http://doi.org/10.1126/science.929199
http://www.ncbi.nlm.nih.gov/pubmed/929199
http://doi.org/10.1016/j.neuroimage.2012.03.049
http://doi.org/10.1016/j.neuroimage.2013.05.004
http://www.ncbi.nlm.nih.gov/pubmed/23684868
http://doi.org/10.1007/BF01797193
http://doi.org/10.1038/nrn3241
http://doi.org/10.1093/brain/awv156
http://doi.org/10.1016/j.jneumeth.2019.108447
http://doi.org/10.3389/fneur.2020.00375
http://www.ncbi.nlm.nih.gov/pubmed/32528398
http://doi.org/10.1016/j.jneumeth.2020.108904
http://doi.org/10.1155/2019/4721863
http://www.ncbi.nlm.nih.gov/pubmed/31396270
http://doi.org/10.3389/fnbot.2021.618408
http://doi.org/10.3389/fnagi.2018.00366
http://www.ncbi.nlm.nih.gov/pubmed/30473662
http://doi.org/10.1109/TMI.2019.2900978
http://doi.org/10.1142/S0129065720500513
http://doi.org/10.1109/TNSRE.2019.2956464
http://doi.org/10.1016/j.neuroimage.2010.10.069
http://doi.org/10.1109/5.939829
http://doi.org/10.1109/Tbme.2011.2139210
http://www.ncbi.nlm.nih.gov/pubmed/21478071
http://doi.org/10.3390/s120201211
http://www.ncbi.nlm.nih.gov/pubmed/22438708
http://doi.org/10.1371/journal.pone.0049266
http://www.ncbi.nlm.nih.gov/pubmed/23145138
http://doi.org/10.1152/japplphysiol.00966.2005
http://www.ncbi.nlm.nih.gov/pubmed/16357086

Sensors 2022, 22, 5865 19 of 22

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

D’Esposito, M.; Deouell, L.Y.; Gazzaley, A. Alterations in the BOLD fMRI signal with ageing and disease: A challenge for
neuroimaging. Nat. Rev. Neurosci. 2003, 4, 863—-872. [CrossRef] [PubMed]

Li, R;; Nguyen, T.; Potter, T.; Zhang, Y. Dynamic cortical connectivity alterations associated with Alzheimer’s disease: An EEG
and fNIRS integration study. Neuroimage Clin. 2019, 21, 101622. [CrossRef]

Fazli, S.; Mehnert, J.; Steinbrink, J.; Curio, G.; Villringer, A.; Muller, K.R.; Blankertz, B. Enhanced performance by a hybrid
NIRS-EEG brain computer interface. Neuroimage 2012, 59, 519-529. [CrossRef]

Buccino, A.P; Keles, H.O.; Omurtag, A. Hybrid EEG-fNIRS Asynchronous Brain-Computer Interface for Multiple Motor Tasks.
PLoS ONE 2016, 11, e0146610. [CrossRef]

Chiarelli, A.M.; Zappasodi, F; Di Pompeo, F; Merla, A. Simultaneous functional near-infrared spectroscopy and electroen-
cephalography for monitoring of human brain activity and oxygenation: A review. Neurophotonics 2017, 4, 041411. [CrossRef]
Mobher, D.; Liberati, A.; Tetzlaff, ].; Altman, D.G.; Group, P. Preferred reporting items for systematic reviews and meta-analyses:
The PRISMA statement. PLoS Med. 2009, 6, e1000097. [CrossRef]

Hernandez, S.M.; Pollonini, L. NIRSplot: A tool for quality assessment of fNIRS scans. In Optics and the Brain; Optical Society of
America: Washington, DC, USA, 2020.

Obrig, H.; Neufang, M.; Wenzel, R.; Kohl, M.; Steinbrink, J.; Einhaupl, K.; Villringer, A. Spontaneous low frequency oscillations of
cerebral hemodynamics and metabolism in human adults. Neuroimage 2000, 12, 623—-639. [CrossRef] [PubMed]

Yucel, M.A; Selb, J.; Aasted, C.M,; Lin, PY.; Borsook, D.; Becerra, L.; Boas, D.A. Mayer waves reduce the accuracy of estimated
hemodynamic response functions in functional near-infrared spectroscopy. Biomed. Opt. Express 2016, 7, 3078-3088. [CrossRef]
[PubMed]

Barker, ].W.; Aarabi, A.; Huppert, T.]. Autoregressive model based algorithm for correcting motion and serially correlated errors
in fNIRS. Biomed. Opt. Express 2013, 4, 1366-1379. [CrossRef] [PubMed]

Brigadoi, S.; Ceccherini, L.; Cutini, S.; Scarpa, F; Scatturin, P; Selb, J.; Gagnon, L.; Boas, D.A.; Cooper, R.J. Motion artifacts in
functional near-infrared spectroscopy: A comparison of motion correction techniques applied to real cognitive data. Neuroimage
2014, 85 Pt 1, 181-191. [CrossRef] [PubMed]

Novi, S.L.; Roberts, E.; Spagnuolo, D.; Spilsbury, B.M.; Price, D.C.; Imbalzano, C.A.; Forero, E.; Yodh, A.G.; Tellis, G.M.; Tellis,
C.M,; et al. Functional near-infrared spectroscopy for speech protocols: Characterization of motion artifacts and guidelines for
improving data analysis. Neurophotonics 2020, 7, 015001. [CrossRef] [PubMed]

Scholkmann, E; Spichtig, S.; Muehlemann, T.; Wolf, M. How to detect and reduce movement artifacts in near-infrared imaging
using moving standard deviation and spline interpolation. Physiol. Meas. 2010, 31, 649-662. [CrossRef]

Molavi, B.; Dumont, G.A. Wavelet-based motion artifact removal for functional near-infrared spectroscopy. Physiol. Meas. 2012,
33, 259-270. [CrossRef]

Chiarelli, A.M.; Maclin, E.L.; Fabiani, M.; Gratton, G. A kurtosis-based wavelet algorithm for motion artifact correction of fNIRS
data. Neuroimage 2015, 112, 128-137. [CrossRef]

Zhang, X.; Noah, J.A.; Hirsch, J. Separation of the global and local components in functional near-infrared spectroscopy signals
using principal component spatial filtering. Neurophotonics 2016, 3, 015004. [CrossRef]

Pinti, P.; Scholkmann, F.; Hamilton, A.; Burgess, P.; Tachtsidis, I. Current Status and Issues Regarding Pre-processing of fNIRS
Neuroimaging Data: An Investigation of Diverse Signal Filtering Methods Within a General Linear Model Framework. Front.
Hum. Neurosci. 2018, 12, 505. [CrossRef]

Yucel, M.A.; Luhmann, A.V.; Scholkmann, E,; Gervain, J.; Dan, L.; Ayaz, H.; Boas, D.; Cooper, R.]J.; Culver, ].; Elwell, C.E.; et al.
Best practices for fNIRS publications. Neurophotonics 2021, 8, 012101. [CrossRef] [PubMed]

Chan, H.L,; Tsai, Y.T.; Meng, L.F.; Wu, T. The removal of ocular artifacts from EEG signals using adaptive filters based on ocular
source components. Ann. Biomed. Eng. 2010, 38, 3489-3499. [CrossRef] [PubMed]

Gao, J.E; Yang, Y; Lin, P; Wang, P.; Zheng, C.X. Automatic removal of eye-movement and blink artifacts from EEG signals. Brain
Topogr. 2010, 23, 105-114. [CrossRef] [PubMed]

Wang, G.; Teng, C.; Li, K.; Zhang, Z.; Yan, X. The Removal of EOG Artifacts From EEG Signals Using Independent Component
Analysis and Multivariate Empirical Mode Decomposition. IEEE |. Biomed. Health Inform. 2016, 20, 1301-1308. [CrossRef]
Frolich, L.; Dowding, I. Removal of muscular artifacts in EEG signals: A comparison of linear decomposition methods. Brain
Inform. 2018, 5, 13-22. [CrossRef]

Uriguen, J.A.; Garcia-Zapirain, B. EEG artifact removal-state-of-the-art and guidelines. J. Neural Eng. 2015, 12, 031001. [CrossRef]
Jiang, X.; Bian, G.B.; Tian, Z. Removal of Artifacts from EEG Signals: A Review. Sensors 2019, 19, 987. [CrossRef]

Gao, J.; Yang, Y.; Sun, J.; Yu, G. Automatic removal of various artifacts from EEG signals using combined methods. |. Clin.
Neurophysiol. 2010, 27, 312-320. [CrossRef]

Peng, K.; Nguyen, D.K,; Tayah, T.; Vannasing, P.; Tremblay, J.; Sawan, M.; Lassonde, M.; Lesage, F.; Pouliot, P. fNIRS-EEG study of
focal interictal epileptiform discharges. Epilepsy Res. 2014, 108, 491-505. [CrossRef]

Pouliot, P; Tran, TPY,; Birca, V.; Vannasing, P; Tremblay, J.; Lassonde, M.; Nguyen, D.K. Hemodynamic changes during posterior
epilepsies: An EEG-fNIRS study. Epilepsy Res. 2014, 108, 883-890. [CrossRef]

Talukdar, M.T,; Frost, H.R.; Diamond, S.G. Modeling Neurovascular Coupling from Clustered Parameter Sets for Multimodal
EEG-NIRS. Comput. Math. Methods Med. 2015, 2015, 830849. [CrossRef] [PubMed]


http://doi.org/10.1038/nrn1246
http://www.ncbi.nlm.nih.gov/pubmed/14595398
http://doi.org/10.1016/j.nicl.2018.101622
http://doi.org/10.1016/j.neuroimage.2011.07.084
http://doi.org/10.1371/journal.pone.0146610
http://doi.org/10.1117/1.NPh.4.4.041411
http://doi.org/10.1371/journal.pmed.1000097
http://doi.org/10.1006/nimg.2000.0657
http://www.ncbi.nlm.nih.gov/pubmed/11112395
http://doi.org/10.1364/BOE.7.003078
http://www.ncbi.nlm.nih.gov/pubmed/27570699
http://doi.org/10.1364/BOE.4.001366
http://www.ncbi.nlm.nih.gov/pubmed/24009999
http://doi.org/10.1016/j.neuroimage.2013.04.082
http://www.ncbi.nlm.nih.gov/pubmed/23639260
http://doi.org/10.1117/1.NPh.7.1.015001
http://www.ncbi.nlm.nih.gov/pubmed/31956662
http://doi.org/10.1088/0967-3334/31/5/004
http://doi.org/10.1088/0967-3334/33/2/259
http://doi.org/10.1016/j.neuroimage.2015.02.057
http://doi.org/10.1117/1.NPh.3.1.015004
http://doi.org/10.3389/fnhum.2018.00505
http://doi.org/10.1117/1.NPh.8.1.012101
http://www.ncbi.nlm.nih.gov/pubmed/33442557
http://doi.org/10.1007/s10439-010-0087-2
http://www.ncbi.nlm.nih.gov/pubmed/20532631
http://doi.org/10.1007/s10548-009-0131-4
http://www.ncbi.nlm.nih.gov/pubmed/20039116
http://doi.org/10.1109/JBHI.2015.2450196
http://doi.org/10.1007/s40708-017-0074-6
http://doi.org/10.1088/1741-2560/12/3/031001
http://doi.org/10.3390/s19050987
http://doi.org/10.1097/WNP.0b013e3181f534f4
http://doi.org/10.1016/j.eplepsyres.2013.12.011
http://doi.org/10.1016/j.eplepsyres.2014.03.007
http://doi.org/10.1155/2015/830849
http://www.ncbi.nlm.nih.gov/pubmed/26089979

Sensors 2022, 22, 5865 20 of 22

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Peng, K.; Nguyen, D.K,; Vannasing, P.; Tremblay, J.; Lesage, F.; Pouliot, P. Using patient-specific hemodynamic response function
in epileptic spike analysis of human epilepsy: A study based on EEG-fNIRS. Neuroimage 2016, 126, 239-255. [CrossRef] [PubMed]
Khan, M.J.; Ghafoor, U.; Hong, K.S. Early Detection of Hemodynamic Responses Using EEG: A Hybrid EEG-fNIRS Study. Front.
Hum. Neurosci. 2018, 12, 479. [CrossRef]

Zama, T.; Takahashi, Y.; Shimada, S. Simultaneous EEG-NIRS Measurement of the Inferior Parietal Lobule During a Reaching
Task With Delayed Visual Feedback. Front. Hum. Neurosci. 2019, 13, 301. [CrossRef] [PubMed]

Li, R.;; Zhao, C.; Wang, C.; Wang, J.; Zhang, Y. Enhancing fNIRS analysis using EEG rhythmic signatures: An EEG-informed fNIRS
analysis study. IEEE Trans. BioMed. Eng. 2020, 67, 2789-2797. [CrossRef] [PubMed]

Sirpal, P.; Damseh, R.; Peng, K.; Nguyen, D.K.; Lesage, F. Multimodal Autoencoder Predicts fNIRS Resting State From EEG
Signals. Neuroinformatics, 2021; online ahead of print. [CrossRef]

Tak, S.; Ye, ].C. Statistical analysis of fNIRS data: A comprehensive review. Neuroimage 2014, 85, 72-91. [CrossRef]

Peng, K.; Pouliot, P.; Lesage, F.; Nguyen, D.K. Multichannel continuous electroencephalography-functional near-infrared
spectroscopy recording of focal seizures and interictal epileptiform discharges in human epilepsy: A review. Neurophotonics 2016,
3, 031402. [CrossRef]

Li, R.; Potter, T.; Huang, W.; Zhang, Y. Enhancing Performance of a Hybrid EEG-fNIRS System Using Channel Selection and Early
Temporal Features. Front. Hum. Neurosci. 2017, 11, 462. [CrossRef]

Borich, M.R.; Brown, K.E.; Lakhani, B.; Boyd, L.A. Applications of Electroencephalography to characterize brain activity:
Perspectives in stroke. J. Neurol. Phys. 2015, 39, 43-51. [CrossRef]

He, B.; Sohrabpour, A.; Brown, E.; Liu, Z.M. Electrophysiological source imaging: A noninvasive window to brain dynamics.
Annu. Rev. Biomed. Eng. 2018, 20, 171-196. [CrossRef]

Hansen, P.C. Analysis of discrete ill-posed problems by means of the L-Curve. Siam. Rev. 1992, 34, 561-580. [CrossRef]

Michel, C.M.; Brunet, D. EEG source imaging: A practical review of the analysis steps. Front. Neurol. 2019, 10, 325. [CrossRef]
Grech, R.; Cassar, T.; Muscat, ].; Camilleri, K.P; Fabri, S.G.; Zervakis, M.; Xanthopoulos, P.; Sakkalis, V.; Vanrumste, B. Review on
solving the inverse problem in EEG source analysis. |. Neuroeng. Rehabil. 2008, 5, 25. [CrossRef]

Aihara, T.; Takeda, Y.; Takeda, K.; Yasuda, W.; Sato, T.; Otaka, Y.; Hanakawa, T.; Honda, M.; Liu, M.G.; Kawato, M.; et al. Cortical
current source estimation from electroencephalography in combination with near-infrared spectroscopy as a hierarchical prior.
Neuroimage 2012, 59, 4006—4021. [CrossRef]

Morioka, H.; Kanemura, A.; Morimoto, S.; Yoshioka, T.; Oba, S.; Kawanabe, M.; Ishii, S. Decoding spatial attention by using
cortical currents estimated from electroencephalography with near-infrared spectroscopy prior information. Neuroimage 2014, 90,
128-139. [CrossRef] [PubMed]

Li, R; Li, S.; Roh, J.; Wang, C.; Zhang, Y. Multimodal Neuroimaging Using Concurrent EEG/fNIRS for Poststroke Recovery
Assessment: An Exploratory Study. Neurorehab. Neural Repair 2020, 34, 1099-1110. [CrossRef] [PubMed]

Putze, F; Hesslinger, S.; Tse, C.; Huang, Y.; Herff, C.; Guan, C.; Schultz, T. Hybrid fNIRS-EEG based classification of auditory and
visual perception processes. Front. Neurosci. 2014, 8, 373. [CrossRef]

Yin, X.X.; Xu, B.L,; Jiang, C.H.; Fu, Y.E; Wang, Z.D.; Li, H.Y,; Shi, G. A hybrid BCI based on EEG and fNIRS signals improves the
performance of decoding motor imagery of both force and speed of hand clenching. J. Neural Eng. 2015, 12, 036004. [CrossRef]
Aghajani, H.; Garbey, M.; Omurtag, A. Measuring mental workload with EEG+{NIRS. Front. Hum. Neurosci. 2017, 11, 359.
[CrossRef]

Al-Shargie, F; Tang, T.B.; Kiguchi, M. Stress assessment based on decision fusion of EEG and fNIRS signals. IEEE Access 2017, 5,
19889-19896. [CrossRef]

Al-Shargie, F.; Kiguchi, M.; Badruddin, N.; Dass, S.C.; Hani, A.F; Tang, T.B. Mental stress assessment using simultaneous
measurement of EEG and fNIRS. Biomed. Opt. Express 2016, 7, 3882-3898. [CrossRef] [PubMed]

Omurtag, A.; Aghajani, H.; Keles, H.O. Decoding human mental states by whole-head EEG+{NIRS during category fluency task
performance. J. Neural Eng. 2017, 14, 066003. [CrossRef] [PubMed]

Sun, Y.; Ayaz, H.; Akansu, A.N. Multimodal Affective State Assessment Using fNIRS + EEG and Spontaneous Facial Expression.
Brain Sci. 2020, 10, 85. [CrossRef] [PubMed]

Firooz, S.; Setarehdan, S.K. IQ estimation by means of EEG-fNIRS recordings during a logical-mathematical intelligence test.
Comput. Biol. Med. 2019, 110, 218-226. [CrossRef] [PubMed]

Cicalese, P.A; Li, R.; Ahmadi, M.B.; Wang, C.; Francis, ].T.; Selvaraj, S.; Schulz, P.E.; Zhang, Y. An EEG-fNIRS hybridization
technique in the four-class classification of alzheimer’s disease. J. Neurosci. Methods 2020, 336, 108618. [CrossRef]

Abtahi, M.; Bahram Borgheai, S.; Jafari, R.; Constant, N.; Diouf, R.; Shahriari, Y.; Mankodiya, K. Merging fNIRS-EEG brain
monitoring and body motion capture to distinguish Parkinson’s disease. IEEE Trans. Neural Syst. Rehabil. Eng. 2020, 28, 1246-1253.
[CrossRef]

Hong, K.S.; Khan, M.].; Hong, M.]. Feature Extraction and Classification Methods for Hybrid fNIRS-EEG Brain-Computer
Interfaces. Front. Hum. Neurosci. 2018, 12, 246. [CrossRef]

Khan, M.J.; Hong, M.].Y.; Hong, K.S. Decoding of four movement directions using hybrid NIRS-EEG brain-computer interface.
Front. Hum. Neurosci. 2014, 8, 244. [CrossRef]

Khan, M.J.; Hong, K.S. Hybrid EEG-fNIRS-based eight-command decoding for bci: Application to quadcopter control. Front.
Neurorobotics 2017, 11, 6. [CrossRef]


http://doi.org/10.1016/j.neuroimage.2015.11.045
http://www.ncbi.nlm.nih.gov/pubmed/26619785
http://doi.org/10.3389/fnhum.2018.00479
http://doi.org/10.3389/fnhum.2019.00301
http://www.ncbi.nlm.nih.gov/pubmed/31555114
http://doi.org/10.1109/TBME.2020.2971679
http://www.ncbi.nlm.nih.gov/pubmed/32031925
http://doi.org/10.1007/s12021-021-09538-3
http://doi.org/10.1016/j.neuroimage.2013.06.016
http://doi.org/10.1117/1.NPh.3.3.031402
http://doi.org/10.3389/fnhum.2017.00462
http://doi.org/10.1097/NPT.0000000000000072
http://doi.org/10.1146/annurev-bioeng-062117-120853
http://doi.org/10.1137/1034115
http://doi.org/10.3389/fneur.2019.00325
http://doi.org/10.1186/1743-0003-5-25
http://doi.org/10.1016/j.neuroimage.2011.09.087
http://doi.org/10.1016/j.neuroimage.2013.12.035
http://www.ncbi.nlm.nih.gov/pubmed/24374077
http://doi.org/10.1177/1545968320969937
http://www.ncbi.nlm.nih.gov/pubmed/33190571
http://doi.org/10.3389/fnins.2014.00373
http://doi.org/10.1088/1741-2560/12/3/036004
http://doi.org/10.3389/fnhum.2017.00359
http://doi.org/10.1109/ACCESS.2017.2754325
http://doi.org/10.1364/BOE.7.003882
http://www.ncbi.nlm.nih.gov/pubmed/27867700
http://doi.org/10.1088/1741-2552/aa814b
http://www.ncbi.nlm.nih.gov/pubmed/28730995
http://doi.org/10.3390/brainsci10020085
http://www.ncbi.nlm.nih.gov/pubmed/32041316
http://doi.org/10.1016/j.compbiomed.2019.05.017
http://www.ncbi.nlm.nih.gov/pubmed/31202152
http://doi.org/10.1016/j.jneumeth.2020.108618
http://doi.org/10.1109/TNSRE.2020.2987888
http://doi.org/10.3389/fnhum.2018.00246
http://doi.org/10.3389/fnhum.2014.00244
http://doi.org/10.3389/fnbot.2017.00006

Sensors 2022, 22, 5865 21 of 22

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Koo, B.; Lee, H.G.; Nam, Y.; Kang, H.; Koh, C.S.; Shin, H.C.; Choi, S. A hybrid NIRS-EEG system for self-paced brain computer
interface with online motor imagery. J. Neurosci. Methods 2015, 244, 26-32. [CrossRef]

Lee, M.-H.; Fazli, S.; Mehnert, ].; Lee, S.-W. Subject-dependent classification for robust idle state detection using multi-modal
neuroimaging and data-fusion techniques in BCL. Pattern. Recogn. 2015, 48, 2725-2737. [CrossRef]

Ge, S.; Ding, M.-Y,; Zhang, Z.; Lin, P.; Gao, ].-F; Wang, R.-M.; Sun, G.-P,; Iramina, K.; Deng, H.-H.; Yang, Y.-K. Temporal-spatial
features of intention understanding based on EEG-fNIRS bimodal measurement. IEEE Access 2017, 5, 14245-14258. [CrossRef]
Kwon, ]J.; Shin, J.; Im, C.H. Toward a compact hybrid brain-computer interface (BCI): Performance evaluation of multi-class
hybrid EEG-fNIRS BClIs with limited number of channels. PLoS ONE 2020, 15, e0230491. [CrossRef] [PubMed]

Padfield, N.; Zabalza, J.; Zhao, H.; Masero, V.; Ren, ]. EEG-based brain-computer interfaces using motor-imagery: Techniques and
challenges. Sensors 2019, 19, 1423. [CrossRef] [PubMed]

Rezazadeh Sereshkeh, A.; Yousefi, R.; Wong, A.T.; Rudzicz, F; Chau, T. Development of a ternary hybrid fNIRS-EEG brain—
computer interface based on imagined speech. Brain Comput. Interfaces 2019, 6, 128-140. [CrossRef]

Ahn, S.; Nguyen, T.; Jang, H.; Kim, ].G; Jun, S.C. Exploring Neuro-Physiological Correlates of Drivers’ Mental Fatigue Caused by
Sleep Deprivation Using Simultaneous EEG, ECG, and fNIRS Data. Front. Hum. Neurosci. 2016, 10, 219. [CrossRef]

Liu, Y.; Ayaz, H.; Shewokis, P.A. Multisubject "Learning" for Mental Workload Classification Using Concurrent EEG, fNIRS, and
Physiological Measures. Front. Hum. Neurosci. 2017, 11, 389. [CrossRef]

Liu, Y.; Ayaz, H.; Shewokis, P.A. Mental workload classification with concurrent electroencephalography and functional near-
infrared spectroscopy. Brain Comput. Interfaces 2017, 4, 175-185. [CrossRef]

Alhudhaif, A. An effective classification framework for brain-computer interface system design based on combining of fNIRS
and EEG signals. PEER J. Comput. Sci. 2021, 7, e537. [CrossRef]

Hasan, M.A.H.; Khan, M.U.; Mishra, D. A Computationally Efficient Method for Hybrid EEG-fNIRS BCI Based on the Pearson
Correlation. Biomed. Res. Int. 2020, 2020, 1838140. [CrossRef]

Khan, M.U.; Hasan, M.A.H. Hybrid EEG-fNIRS BCI Fusion Using Multi-Resolution Singular Value Decomposition (MSVD).
Front. Hum. Neurosci. 2020, 14, 599802. [CrossRef] [PubMed]

Shin, J.; Kim, D.W.; Muller, K.R.; Hwang, H.]. Improvement of Information Transfer Rates Using a Hybrid EEG-NIRS Brain-
Computer Interface with a Short Trial Length: Offline and Pseudo-Online Analyses. Sensors 2018, 18, 1827. [CrossRef] [PubMed]
Shin, J.; Kwon, J.; Im, C.H. A Ternary Hybrid EEG-NIRS Brain-Computer Interface for the Classification of Brain Activation
Patterns during Mental Arithmetic, Motor Imagery, and Idle State. Front. Neuroinform. 2018, 12, 5. [CrossRef] [PubMed]
Rahman, M.A ; Uddin, M.S.; Ahmad, M. Modeling and classification of voluntary and imagery movements for brain—-computer
interface from fNIR and EEG signals through convolutional neural network. Health Inf. Sci. Syst. 2019, 7, 1-22. [CrossRef]
Sirpal, P; Kassab, A.; Pouliot, P; Nguyen, D.K.; Lesage, F. NIRS improves seizure detection in multimodal EEG-fNIRS recordings.
J. Biomed. Opt. 2019, 24, 1-9. [CrossRef]

Litjens, G.; Kooi, T.; Bejnordi, B.E.; Setio, A.A.A.; Ciompi, F; Ghafoorian, M.; van der Laak, J.; van Ginneken, B.; Sanchez, C.I. A
survey on deep learning in medical image analysis. Med. Image Anal. 2017, 42, 60-88. [CrossRef]

Khan, H.; Naseer, N.; Yazidi, A.; Eide, PX.; Hassan, H.W.; Mirtaheri, P. Analysis of Human Gait using Hybrid EEG-fNIRS-based
BCI System: A review. Front. Hum. Neurosci. 2020, 14, 605. [CrossRef]

Chen, L.C,; Sandmann, P; Thorne, J.D.; Herrmann, C.S.; Debener, S. Association of Concurrent {NIRS and EEG Signatures in
Response to Auditory and Visual Stimuli. Brain Topogr. 2015, 28, 710-725. [CrossRef]

Chen, Y.; Tang, J.; Chen, Y,; Farrand, J.; Craft, M.A; Carlson, B.W.; Yuan, H. Amplitude of {NIRS Resting-State Global Signal Is
Related to EEG Vigilance Measures: A Simultaneous fNIRS and EEG Study. Front. Neurosci. 2020, 14, 560878. [CrossRef]
Balconi, M.; Vanutelli, M.E. Hemodynamic (fNIRS) and EEG (N200) correlates of emotional inter-species interactions modulated
by visual and auditory stimulation. Sci. Rep. 2016, 6, 23083. [CrossRef]

Zich, C.; Debener, S.; Thoene, A K.; Chen, L.C.; Kranczioch, C. Simultaneous EEG-fNIRS reveals how age and feedback affect
motor imagery signatures. Neurobiol. Aging 2017, 49, 183-197. [CrossRef] [PubMed]

Borgheai, S.B.; Deligani, R.J.; McLinden, J.; Zisk, A.; Hosni, S.I.; Abtahi, M.; Mankodiya, K.; Shahriari, Y. Multimodal exploration of
non-motor neural functions in ALS patients using simultaneous EEG-fNIRS recording. J. Neural Eng. 2019, 16, 066036. [CrossRef]
[PubMed]

Gentile, E.; Brunetti, A.; Ricci, K.; Delussi, M.; Bevilacqua, V.; de Tommaso, M. Mutual interaction between motor cortex activation
and pain in fibromyalgia: EEG-fNIRS study. PLoS ONE 2020, 15, e0228158. [CrossRef]

Zhang, Y.; Zhu, C. Assessing brain networks by resting-state dynamic functional connectivity: An fNIRS-EEG Study. Front.
Neurosci. 2019, 13, 1430. [CrossRef] [PubMed]

Lin, C.T,; King, ].T.; Chuang, C.H.; Ding, W.; Chuang, W.Y; Liao, L.D.; Wang, Y.K. Exploring the brain responses to driving fatigue
through simultaneous EEG and fNIRS measurements. Int. |. Neural Syst. 2020, 30, 1950018. [CrossRef] [PubMed]

Kaga, Y.; Ueda, R.; Tanaka, M.; Kita, Y.; Suzuki, K.; Okumura, Y.; Egashira, Y.; Shirakawa, Y.; Mitsuhashi, S.; Kitamura, Y.; et al.
Executive dysfunction in medication-naive children with ADHD: A multi-modal fNIRS and EEG study. Brain Dev. 2020, 42,
555-563. [CrossRef]

Suzuki, K.; Okumura, Y,; Kita, Y.; Oi, Y.; Shinoda, H.; Inagaki, M. The relationship between the superior frontal cortex and alpha
oscillation in a flanker task: Simultaneous recording of electroencephalogram (EEG) and near infrared spectroscopy (NIRS).
Neurosci. Res. 2018, 131, 30-35. [CrossRef]


http://doi.org/10.1016/j.jneumeth.2014.04.016
http://doi.org/10.1016/j.patcog.2015.03.010
http://doi.org/10.1109/ACCESS.2017.2723428
http://doi.org/10.1371/journal.pone.0230491
http://www.ncbi.nlm.nih.gov/pubmed/32187208
http://doi.org/10.3390/s19061423
http://www.ncbi.nlm.nih.gov/pubmed/30909489
http://doi.org/10.1080/2326263X.2019.1698928
http://doi.org/10.3389/fnhum.2016.00219
http://doi.org/10.3389/fnhum.2017.00389
http://doi.org/10.1080/2326263X.2017.1304020
http://doi.org/10.7717/peerj-cs.537
http://doi.org/10.1155/2020/1838140
http://doi.org/10.3389/fnhum.2020.599802
http://www.ncbi.nlm.nih.gov/pubmed/33363459
http://doi.org/10.3390/s18061827
http://www.ncbi.nlm.nih.gov/pubmed/29874804
http://doi.org/10.3389/fninf.2018.00005
http://www.ncbi.nlm.nih.gov/pubmed/29527160
http://doi.org/10.1007/s13755-019-0081-5
http://doi.org/10.1117/1.JBO.24.5.051408
http://doi.org/10.1016/j.media.2017.07.005
http://doi.org/10.3389/fnhum.2020.613254
http://doi.org/10.1007/s10548-015-0424-8
http://doi.org/10.3389/fnins.2020.560878
http://doi.org/10.1038/srep23083
http://doi.org/10.1016/j.neurobiolaging.2016.10.011
http://www.ncbi.nlm.nih.gov/pubmed/27818001
http://doi.org/10.1088/1741-2552/ab456c
http://www.ncbi.nlm.nih.gov/pubmed/31530755
http://doi.org/10.1371/journal.pone.0228158
http://doi.org/10.3389/fnins.2019.01430
http://www.ncbi.nlm.nih.gov/pubmed/32038138
http://doi.org/10.1142/S0129065719500187
http://www.ncbi.nlm.nih.gov/pubmed/31366249
http://doi.org/10.1016/j.braindev.2020.05.007
http://doi.org/10.1016/j.neures.2017.08.011

Sensors 2022, 22, 5865 22 of 22

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Keles, H.O.; Barbour, R.L.; Omurtag, A. Hemodynamic correlates of spontaneous neural activity measured by human whole-head
resting state EEG plus fNIRS. Neuroimage 2016, 138, 76-87. [CrossRef]

Pinti, P,; Siddiqui, M.E;; Levy, A.D.; Jones, E.J.H.; Tachtsidis, I. An analysis framework for the integration of broadband NIRS and
EEG to assess neurovascular and neurometabolic coupling. Sci. Rep. 2021, 11, 3977. [CrossRef]

Vijayakrishnan Nair, V.; Kish, B.R.; Yang, H.S.; Yu, Z.; Guo, H.; Tong, Y.; Liang, Z. Monitoring anesthesia using simultaneous
functional Near Infrared Spectroscopy and Electroencephalography. Clin. Neurophysiol. 2021, 132, 1636-1646. [CrossRef]
Al-Shargie, F.; Tang, T.B.; Kiguchi, M. Assessment of mental stress effects on prefrontal cortical activities using canonical
correlation analysis: An fNIRS-EEG study. Biomed. Opt. Express 2017, 8, 2583-2598. [CrossRef] [PubMed]

Govindan, R.B.; Massaro, A.; Chang, T.; Vezina, G.; du Plessis, A. A novel technique for quantitative bedside monitoring of
neurovascular coupling. J. Neurosci. Methods 2016, 259, 135-142. [CrossRef] [PubMed]

Chalak, L.E; Tian, F; Adams-Huet, B.; Vasil, D.; Laptook, A.; Tarumi, T.; Zhang, R. Novel Wavelet Real Time Analysis of
Neurovascular Coupling in Neonatal Encephalopathy. Sci. Rep. 2017, 7, 45958. [CrossRef] [PubMed]

Chiarelli, A.M.; Perpetuini, D.; Croce, P; Filippini, C.; Cardone, D.; Rotunno, L.; Anzoletti, N.; Zito, M.; Zappasodi, F.; Merla,
A. Evidence of Neurovascular Un-Coupling in Mild Alzheimer’s Disease through Multimodal EEG-fNIRS and Multivariate
Analysis of Resting-State Data. Biomedicines 2021, 9, 337. [CrossRef]

Perpetuini, D.; Chiarelli, A.M.; Filippini, C.; Cardone, D.; Croce, P.; Rotunno, L.; Anzoletti, N.; Zito, M.; Zappasodi, F.; Merla, A.
Working Memory Decline in Alzheimer’s Disease Is Detected by Complexity Analysis of Multimodal EEG-fNIRS. Entropy 2020,
22,1380. [CrossRef]

Niu, H.; Zhu, Z.; Wang, M.; Li, X.; Yuan, Z.; Sun, Y.; Han, Y. Abnormal dynamic functional connectivity and brain states in
Alzheimer’s diseases: Functional near-infrared spectroscopy study. Neurophotonics 2019, 6, 025010. [CrossRef]

Li, R.; Mayseless, N.; Balters, S.; Reiss, A.L. Dynamic inter-brain synchrony in real-life inter-personal cooperation: A functional
near-infrared spectroscopy hyperscanning study. Neuroimage 2021, 238, 118263. [CrossRef]

Gu, S; Pasqualetti, F.; Cieslak, M.; Telesford, Q.K.; Alfred, B.Y.; Kahn, A.E.; Medaglia, ].D.; Vettel, ] M.; Miller, M.B.; Grafton, S.T.
Controllability of structural brain networks. Nat. Commun. 2015, 6, 1-10. [CrossRef]

Fang, F; Gao, Y.; Schulz, PE.; Selvaraj, S.; Zhang, Y. Brain controllability distinctiveness between depression and cognitive
impairment. J. Affect. Disord. 2021, 294, 847-856. [CrossRef]

Scheid, B.H.; Ashourvan, A; Stiso, J.; Davis, K.A.; Mikhail, F; Pasqualetti, F.; Litt, B.; Bassett, D.S. Time-evolving controllability of
effective connectivity networks during seizure progression. Proc. Natl. Acad. Sci. USA 2021, 118, e2006436118. [CrossRef]

von Luhmann, A.; Ortega-Martinez, A.; Boas, D.A.; Yucel, M.A. Using the General Linear Model to Improve Performance in
fNIRS Single Trial Analysis and Classification: A Perspective. Front. Hum. Neurosci. 2020, 14, 30. [CrossRef] [PubMed]
Ortega-Martinez, A.; Von Luhmann, A.; Farzam, P; Rogers, D.; Mugler, EM.; Boas, D.A.; Yucel, M.A. Multivariate Kalman
filter regression of confounding physiological signals for real-time classification of {NIRS data. Neurophotonics 2022, 9, 025003.
[CrossRef] [PubMed]

Cui, X.; Bryant, D.M.; Reiss, A.L. NIRS-based hyperscanning reveals increased interpersonal coherence in superior frontal cortex
during cooperation. Neuroimage 2012, 59, 2430-2437. [CrossRef]

Ban, H.Y,; Barrett, G.M.; Borisevich, A.; Chaturvedi, A.; Dahle, ].L.; Dehghani, H.; Dubois, J.; Field, R.M.; Gopalakrishnan, V,;
Gundran, A ; et al. Kernel Flow: A high channel count scalable time-domain functional near-infrared spectroscopy system. |
Biomed. Opt. 2022, 27, 074710. [CrossRef] [PubMed]

von Luhmann, A.; Wabnitz, H.; Sander, T.; Muller, K.R. M3BA: A Mobile, Modular, Multimodal Biosignal Acquisition Architecture
for Miniaturized EEG-NIRS-Based Hybrid BCI and Monitoring. IEEE Trans. Biomed. Eng. 2017, 64, 1199-1210. [CrossRef]
[PubMed]

Gagnon, L.; Cooper, R.J.; Yucel, M.A.; Perdue, K.L.; Greve, D.N.; Boas, D.A. Short separation channel location impacts the
performance of short channel regression in NIRS. Neuroimage 2012, 59, 2518-2528. [CrossRef]

Caldwell, M.; Scholkmann, E; Wolf, U.; Wolf, M.; Elwell, C.; Tachtsidis, I. Modelling confounding effects from extracerebral
contamination and systemic factors on functional near-infrared spectroscopy. Neuroimage 2016, 143, 91-105. [CrossRef]

von Luhmann, A.; Boukouvalas, Z.; Muller, K.R.; Adali, T. A new blind source separation framework for signal analysis and
artifact rejection in functional Near-Infrared Spectroscopy. Neuroimage 2019, 200, 72-88. [CrossRef]


http://doi.org/10.1016/j.neuroimage.2016.05.058
http://doi.org/10.1038/s41598-021-83420-9
http://doi.org/10.1016/j.clinph.2021.03.025
http://doi.org/10.1364/BOE.8.002583
http://www.ncbi.nlm.nih.gov/pubmed/28663892
http://doi.org/10.1016/j.jneumeth.2015.11.025
http://www.ncbi.nlm.nih.gov/pubmed/26684362
http://doi.org/10.1038/srep45958
http://www.ncbi.nlm.nih.gov/pubmed/28393884
http://doi.org/10.3390/biomedicines9040337
http://doi.org/10.3390/e22121380
http://doi.org/10.1117/1.NPh.6.2.025010
http://doi.org/10.1016/j.neuroimage.2021.118263
http://doi.org/10.1038/ncomms9414
http://doi.org/10.1016/j.jad.2021.07.106
http://doi.org/10.1073/pnas.2006436118
http://doi.org/10.3389/fnhum.2020.00030
http://www.ncbi.nlm.nih.gov/pubmed/32132909
http://doi.org/10.1117/1.NPh.9.2.025003
http://www.ncbi.nlm.nih.gov/pubmed/35692628
http://doi.org/10.1016/j.neuroimage.2011.09.003
http://doi.org/10.1117/1.JBO.27.7.074710
http://www.ncbi.nlm.nih.gov/pubmed/35043610
http://doi.org/10.1109/TBME.2016.2594127
http://www.ncbi.nlm.nih.gov/pubmed/28113241
http://doi.org/10.1016/j.neuroimage.2011.08.095
http://doi.org/10.1016/j.neuroimage.2016.08.058
http://doi.org/10.1016/j.neuroimage.2019.06.021

	Introduction 
	The Fundamental Basis of fNIRS 
	The Fundamental Basis of EEG 
	Integration of EEG and fNIRS: Rationale and Advantages 
	Motivation of the Present Review 

	Methodology 
	Search Strategy 
	Prescreening and Qualifying Criteria 

	Results 
	Preprocessing of fNIRS and EEG Signal 
	Basic Preprocessing of fNIRS Signal 
	Basic Preprocessing of EEG Signal 

	EEG-Informed fNIRS Analyses 
	FNIRS-Informed EEG Analyses 
	FNIRS-Informed EEG Source Imaging Analysis 
	FNIRS-Informed EEG Channel Selection for BCI Studies 

	Parallel Analysis of EEG-fNIRS 
	Feature Fusion Based on fNIRS–EEG Signals for Classification 
	Correlational Analysis of Concurrent fNIRS–EEG Data 


	Integrated Analysis of Concurrent fNIRS-EEG: Current Limitations and Future Directions 
	References

