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Abstract. Multimodal monitoring has become particularly common in the study of human brain function. In this
context, combined, synchronous measurements of functional near-infrared spectroscopy (fNIRS) and electro-
encephalography (EEG) are getting increased interest. Because of the absence of electro-optical interference, it
is quite simple to integrate these two noninvasive recording procedures of brain activity. fNIRS and EEG are both
scalp-located procedures. fNIRS estimates brain hemodynamic fluctuations relying on spectroscopic measure-
ments, whereas EEG captures the macroscopic temporal dynamics of brain electrical activity through passive
voltages evaluations. The “orthogonal” neurophysiological information provided by the two technologies and the
increasing interest in the neurovascular coupling phenomenon further encourage their integration. This review
provides, together with an introduction regarding the principles and future directions of the two technologies, an
evaluation of major clinical and nonclinical applications of this flexible, low-cost combination of neuroimaging
modalities. fNIRS–EEG systems exploit the ability of the two technologies to be conducted in an environment or
experimental setting and/or on subjects that are generally not suited for other neuroimaging modalities, such as
functional magnetic resonance imaging, positron emission tomography, and magnetoencephalography. fNIRS–
EEG brain monitoring settles itself as a useful multimodal tool for brain electrical and hemodynamic activity
investigation. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of

this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.NPh.4.4.041411]
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1 Introduction
Investigation of human brain functions has become of great
interest within the scientific community. Because of the multiple
physiological information that brain activity can provide, several
techniques have been developed over the years to study brain
signals coming from different neurophysiological mechanisms.
Due to the absence of a specific technology that can record the
whole spectrum of the information generated by these signals,
simultaneous multimodal monitoring of brain state has become
increasingly common in the last decade. Among multimodal
monitoring, the integration of functional near-infrared spectros-
copy (fNIRS) and electroencephalography (EEG) is receiving
increased interest.

fNIRS is a relatively new neuroimaging technique that has
become a useful tool for brain activity monitoring due to its port-
ability and lightweight properties and its limited costs. fNIRS is
a scalp-based optical spectroscopic measurement that uses light
injection and detection points to measure hemodynamic fluctu-
ations in the brain tissues.1–3 fNIRS can record the blood oxygen
level dependent (BOLD) effect, which is the compensatory
hemodynamic response occurring in the brain due to the
increased oxygen demand in activated brain areas. fNIRS relies

on differential measurements of the backscattered light, which is
sensitive to changes in concentration of the two principal oscil-
lating absorbing chromophores in the near-infrared (NIR) spec-
tral range: oxy- and deoxyhemoglobin (O2Hb and HHb). O2Hb

and HHb have different absorption spectra in the NIR range
(wavelengths between 650 and 900 nm).1,4 This characteristic,
coupled with the water’s low absorption within the same wave-
length range, allows the measuring of relative concentration
and oscillations of these substances. Over the years, fNIRS tech-
nology has become a widely applied brain imaging method in
different populations and experimental conditions.5–15

EEG is a well-established technique in neurological and
neuroimaging settings16 suitable for capturing the macroscopic
temporal dynamics of brain electrical activity through the pas-
sive measurements of scalp located voltages. EEG systems are
widely used for clinical and nonclinical purposes to diagnose
and monitor brain functions and dysfunctions.17

Electrical brain activity and its hemodynamic counterpart do
not have a perfect spatiotemporal correspondence.18 Their inter-
action is mediated through the neurovascular coupling mecha-
nism that can be studied using the combined technologies.
On the contrary, if a model of the neurovascular coupling is
assumed, increased accuracy on the neural signal estimates
can be obtained from multimodal measurements.19,20 The two
recording procedures share multiple advantages: fNIRS and
EEG technologies are decently robust against motion artifacts
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and do not impose remarkable physical constraints, particularly
when compared with functional magnetic resonance imaging
(fMRI), positron emission tomography (PET), or magnetoence-
phalography (MEG), thus being feasible for more natural types
of cognitive tasks and for a wide range of populations (e.g., from
infants to elderly people). Moreover, fNIRS and EEG do not
involve exposure to high-intensity (>1 T) magnetic fields nor
ionizing radiations. Last but not less important, hardware
costs are significantly lower than those of most other functional
brain imaging modalities (fMRI, PET, and EEG).

This review is structured as follows: the first section is dedi-
cated to the description of the physical principles, the origins,
and the evolutions of both fNIRS and EEG. The second section
is dedicated to analyzing the main advantages in the coupling of
the two techniques and to investigating the major nonclinical
and clinical applications of fNIRS–EEG measurements. Finally,
the last section is devoted to underlining the limitations, chal-
lenges, and future direction of fNIRS–EEG integration. A con-
clusion section ends the review. It should be stressed that, with
respect to the application section, the goal of the review is to
report to the reader an up-to-date overview of where and for
what purposes the multimodal procedure was applied, and it
is not intended to report meta-analysis or to perform an in-
depth critical evaluation of the specific findings within each
application. In fact, these analyses would be not suited for a sin-
gle, broad-topic review of the technology and its applications

and should be reported in more focused, single-field-of-applica-
tion, reviews.

2 Technology, Principles, and Evolution

2.1 Functional Near-Infrared Spectroscopy

The most common application of NIR light in the study of the
human brain is fNIRS. fNIRS measures changes in the optical
properties of brain tissue in the NIR range (650 to 950 nm) to
estimate fluctuations in the concentration of HHb and O2Hb
associated with neural activity. In fact, HHb and O2Hb are
the main time-varying chromophores in this spectral range,
and they provide different absorption spectra.1,4 This character-
istic, coupled with the water’s low absorption and the high tissue
diffusive properties within the same wavelength range, makes it
possible to measure relative concentrations of these substances
directly from the scalp. Based on hemoglobin fluctuation mea-
surements, fNIRS can record the BOLD effect, which is the
compensatory hemodynamic response occurring in the brain
due to the increased oxygen demand in activated brain areas.
Because of the low-frequency characteristic of the BOLD
response (<0.1 Hz), the fNIRS signal has intrinsic low temporal
resolution capabilities. Whereas a functional MRI measures the
BOLD effect primarily because of its sensitivity to the HHb and
its paramagnetic properties, fNIRS can uncouple the HHb and

Fig. 1 (a) Example of a typical “BOLD” response recorded by fNIRS in a task-activated brain region.
Average changes in HHb and O2Hb concentrations are reported together with their variability (standard
error) for each time point. The BOLD response in active brain areas is characterized by an overcom-
pensatory supply of O2Hb with a concurrent wash-out of HHb, typically with a ratio (O2Hb∕HHb) of
∼3 and consisting of few μmol changes. (b) Coronal head slice of a typical continuous wave light-sen-
sitivity pattern (logarithmic scale) for a source–detector couple positioned on the scalp (fNIRS channel),
overlaid on a structural MRI. The light-sensitivity pattern was computed using a finite element method
approach.21 (c) Example of a possible optical array and channels’ average light sensitivity pattern (log-
arithmic scale, averaged across multiple channels), employed to the imaging of motor and sensorimotor
cortices, overlaid on a subject structural MRI and extracted gray matter. Multiple sources and detectors
are required to increase the “field of view” of the fNIRS technology.
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O2Hb fluctuations present in the BOLD response [Fig. 1(a)]. An
estimate of total hemoglobin changes (HbT) related to cerebral
blood volume (CBV) changes may be further computed.

Jöbsis22 reported that brain tissue transparency to NIR light
allowed a noninvasive and continuous monitoring of tissue oxy-
gen using forward-scattering measurement (transillumination).
Transillumination was mainly used in children, and it was of
limited utility for studying adult brain; it was replaced by the
backscattering mode procedures. Development of fNIRS sys-
tems proceeded rapidly, and, by the mid-1980s, the first studies
on cerebral oxygenation using a backscattering approach were
conducted.23

Standard fNIRS measurements rely on injecting light (using
light sources with power of ∼1 mW), and detecting it in a back-
scattering geometry (through highly sensitive light detectors, up
to single photon sensitivity capabilities), the coupling of which
(channel) creates a typical sensitivity pattern in the highly dif-
fusive head structures [Fig. 1(b)]. fNIRS typically rely on inject-
ing and detecting light in and from the scalp through optical
fibers/fiber bundles. Optical fibers electrically isolate the sub-
ject, and they allow light sources and detectors to be located
sufficiently far from the scalp. Different instrumental technolo-
gies procedures have been developed and used for fNIRS mon-
itoring. Three main classes can be identified: time domain
(TD),24 frequency domain (FD),25 and continuous wave (CW)26

recording systems. TD systems use very short pulses of light
(picoseconds) whereas FD systems use light modulated at
radio frequencies (>50 MHz) to investigate the tissue of inter-
est. CW systems, because of the simple technological character-
istics, are the most diffused systems both in clinical and
nonclinical settings. CW systems rely on measuring the CW
component of the light that traveled through the tissue. They
can provide estimates of hemoglobin and oxygenation changes
over time (by employing the modified Beer–Lambert equation
with a priori differential pathlength factors27), but they do not
provide absolute estimation of tissue optical properties (absorp-
tion and reduced scattering coefficient) at a channel level.
They can measure regional cerebral oxygen saturation (rSO2)
and fractional tissue oxygenation extraction (FTOE) variability
over time when a spatially resolved spectroscopy approach is
employed.28

In this review, we focus on CW measurements and their
application to combined fNIRS–EEG. When we further refer to
and/or describe fNIRS throughout the paper, we mean CW-
fNIRS, unless explicit reference to TD or FD systems is made.

Because light sensitivity decays exponentially (within a few
cm) from the given source–detector couple, fNIRS provides
very good localization power parallel to the scalp surface.
However, it requires multiple optodes (sources and detectors)
to properly cover the region of interest [Fig. 1(c)]. A problem
that affects fNIRS measurement is its high sensitivity to scalp-
related (extracerebral) hemoglobin oscillations. However, this
confounding factor can be overcome by investigating multiple
source–detector distance measurements. fNIRS provides differ-
ent depth sensitivities depending on the source–detector
distance employed. Generally, in adults, distances of around
3 cm or more are sensitive to both extracerebral and brain-
related hemodynamic fluctuations. On the contrary, short distan-
ces (around 1.5 cm) are sensitive only to extracerebral hemo-
dynamic components,29 since their sensitivity patterns do not
reach the brain cortex. This characteristic allows the creation
of topographic images of brain activity using longer distance

channels or a combination of longer and shorter distances.
Channel-based topographic fNIRS imaging can reach a good
depth sensitivity (around 3 cm from the scalp using longer
source–detector distances); however, depth localization of
hemoglobin fluctuation is limited.

Tomographic reconstruction of hemoglobin oscillations can
be achieved through fNIRS [diffuse optical tomography (DOT)]
by exploiting the different light-sensitivity patterns of different
source–detector distances.30,31 Using high-density optical arrays
and combining multiple source–detector distances (from around
1.5 to 6 cm), good tomographic images can be obtained up to
3 cm from the scalp with localization power of ∼2 mm and spa-
tial resolution of ∼1.5 cm (HD-DOT).32–34 However, the high
density of optodes required for HD-DOT makes the instrumen-
tation expensive and, because of the presence of many optodes,
hard to be implemented with concurrent EEG recordings. Thus,
in combined fNIRS–EEG measurements, sparse optical arrays
are generally implemented.

fNIRS measurements and the corresponding signal process-
ing techniques have evolved over time, and they share common
features with the well-established analysis of fMRI signals.35

Blocked and event-related designs as well as resting state experi-
ments may be employed. Signal analysis over time involves,
among other things: motion artifact correction, filtering, averag-
ing, deconvolution, general linear model (GLM), principal com-
ponent analysis (PCA), and independent component analysis.
Signal analysis over space and the related statistical procedures
generally rely on filtering, PCA, spatial clustering, and false
discovery rate controlling procedures (Gaussian random field
theory, etc.).35–37

2.2 Electroencephalography

Since the first recording of the human brain electric potential on
the scalp in 1924, EEG has been widely developed and has
become the cheapest, fastest, and most diffuse noninvasive
method to monitor brain electrophysiology, particularly in clini-
cal environments (for an extensive review on EEG and its clini-
cal application, see Ref. 38). EEG provides a very high temporal
resolution of brain activity (∼1 ms), allowing the tracking of
the cerebral dynamics with the temporal detail of the neuronal
processes.

The EEG signal is originated by the simultaneous activation
of a large number of neurons [Fig. 2(a)]. Typical values of
voltage detected on the scalp are of the order of μV. The
International 10–20 system is the recognized method for apply-
ing the EEG sensors on the scalp in the standard locations. The
system is implemented to guarantee the reproducibility of the
EEG measurements in the same subject over time and the com-
parability of measurements across different subjects. Usually,
the EEG sensors are allocated over a cup in positions following
the 10–20 system. Their number varies from 16 to 256 sensors
for high-density arrays. To ensure low impedance (typical values
for the more diffuse EEG amplifiers: 5 kΩ) and a good electric
contact with the scalp, surface conductive gels or electrolyte-
based solutions are used. Effort has been made to find solutions
that allow quicker measurement preparation and a better signal-
to-noise ratio. For example, dry and/or active electrodes have
been tested. Dry electrodes do not need to use conductive
paste whereas active electrodes amplify the EEG signals directly
at the scalp, reducing the effect of ambient electrical noise.

EEG signals are a superimposition of oscillations at different
frequencies and different amplitudes, with topographic and
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task-related temporal specificity. These oscillations are known
as “brain rhythms” and can be quantified and described by
means of frequency and time-frequency signal processing
[Fig. 2(b)]. Brain rhythms have been traditionally classified
by their frequency. Their modulations have been described
and related to healthy physiological brain activity and their alter-
ation linked to brain pathological conditions. The first rhythm
observed by Hans Berger through EEG in the 20’s was an oscil-
lation at around 10 Hz, the alpha rhythm (8 to 12 Hz), located in
the occipital-parietal cortical area in eyes-closed, awake, and
relaxed healthy adults. The magnitude of this rhythm was
reduced after the opening of eyes or during arousal increase.
For this reason, alpha has been considered related to drowsiness.
Recently, it has been proposed that alpha rhythm modulation
plays a role in conscious perception, as well as in the sensory
gating mechanisms deployed by attention or by task-related
neurocognitive strategies.40,41 The beta band (15 to 30 Hz) has
traditionally been considered a “motor” rhythm. Indeed, beta

oscillation modulations have been observed during motor and
sensory processing and control, corticospinal coupling in iso-
metric contractions, proprioception, and sensory-motor integra-
tion. The suppression of alpha and beta rhythms is the sign of
the engagement of the area during the task [event-related
desynchronization (ERD);42 Fig. 2(b)]. A recent hypothesis pro-
posed the presence of beta activity in the maintenance of the
brain “status quo” during sensory and cognitive processing.43

Gamma oscillations (30 to 90 Hz) have been observed in
small cortical areas during several task and conditions: sensori-
motor or multisensory integration, stimulus selection, feature
extraction and integration, pattern recognition, pain processing,
empathy, attention, and memory. A significant low-frequency
activity (delta band: 1 to 4 Hz) has been observed during
sleep in the healthy population. The presence of intense delta
rhythm in resting state EEGs of waking adults is often associ-
ated with neurological disorders. Finally, theta band power
(4 to 7.5 Hz) has been found in emotional arousal and working

Fig. 2 (a) Schematic representation of the EEG signal generation. The synchronous activity of a large
number of neurons generates electric fields that, if synchronous, can add up to produce a signal intense
enough to be detectable by electrodes placed on the scalp. The primary currents are mainly the result of
the synaptic potentials in correspondence of the dendritic trees, which follow a preferential direction, as in
the case of the pyramidal neurons. The neurons are surrounded by the cerebral tissues, i.e., a conductive
medium. The primary current provokes extracellular currents flowing thorough this medium, as well as
through the cerebrospinal fluid, the skull, and the scalp. These currents, named secondary or volume
currents, reach the scalp and generate voltage differences, detectable by a pair of EEG electrodes.
(b) Example of time-frequency representation of EEG signal at C3 (located over the left motor cortex)
during a visually guided finger tapping task, executed with the right hand. For each frequency, the power
is expressed as percentage variation of the corresponding value in the premovement period, evidencing
a reduction in the alpha and beta rhythms during the movement (ERD) and an increase of theta rhythm
within the first 500 ms from the movement onset (ERS). (c) Example of VEP obtained by a pattern-rever-
sal stimulation. The EEG activity was recorded by a 128-channel system (EGI). Top: average response
locked to the stimulus for the electrode Oz (referred to Cz), placed on the occipital lobe in correspon-
dence to the visual cortex. The VEP consists of a sequence of negative-positive-negative peaks at spe-
cific latencies. The parameters that are considered to describe these waves are the latency and the
amplitude of such peaks, which are referred to as N (negative) or P (positive) depending on the polarity
with respect to a specific montage. In the case of the VEP, N75-, P100-, and N135-components can be
seen. Bottom: on the left the topographical map shows the interpolation above the scalp surface of
the values of all EEG sensors at the p100 latency. On the right, the P100 cerebral source is obtained
by voltage scalp distribution and superimposed to the realistic volume conductor cortex model recon-
structed from the individual anatomical magnetic resonance images. Localization was performed by
means of the Curry 6.0 (Neuroscan) analysis software. For an overview on the localization procedures
see Darvas et al.39
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memory (WM) tasks, as well as in the processing and control of
novelty and unexpected stimuli.

When the phase of continuous oscillations of a neuronal pop-
ulation is reset in response to an external stimulus or an event, an
evoked response occurs. The evoked potentials (EPs) or event-
related potentials (ERPs) generally are obtained by averaging
time-locked to a sequence of stimuli [Fig. 2(c)]. The hypothesis
is that while the responding brain area activity is identical for
each stimulus, the rest of the brain activity is completely uncor-
related to it. Therefore, this uncorrelated noise that hides the
activity of interest can be suppressed with averaging [Fig. 2(c)].

3 Combined fNIRS–EEG: Advantages and
Applications

fNIRS–EEG systems can be employed with similar flexibility to
stand-alone EEGs. The integration of the two methodologies
provides complementary information about electrical and meta-
bolic-hemodynamic activity of the brain cortex with no electro-
optical interference. fNIRS and EEG can be combined for con-
current acquisition in a nonlaboratory environment (e.g., natu-
ralistic environment, ambulatory monitoring, incubator, at the
bedside, etc.) without causing major discomfort to the patient.44

Main applications of combined fNIRS and EEG focused on
both nonclinical and clinical topics. Nonclinical applications
generally employed denser optical and electrical sensor arrays
when compared with clinical applications. Figure 3(a) reports
the total number of scientific, innovative papers published uti-
lizing integrated fNIRS–EEG measurements, at 5 year intervals
(font: Medline). Although the literature research probably does
not summarize the whole scientific production, we found more

than 90 scientific papers published in the last three decades
using this multimodal brain imaging modality. Scientific works
combining the two technologies started in the early 90s and con-
tinued to increase over time, with a small dip at the start of
the new century. The dashed lines report the expected publica-
tion production at the end of 2019, since last year’s papers were
counted based on a 2 year period (2015 to 2016). Comparable
production over time was found for clinical and nonclinical
applications, with a small prevalence of nonclinical applications
before 2010 and clinical application after 2010. As reported in
Fig. 3(b), similar overall scientific production came from non-
clinical and clinical applications, with slightly more papers in
clinical research (45% nonclinical and 55% clinical).

3.1 Nonclinical Applications

Within nonclinical applications, three main areas exploited
fNIRS–EEG integration: brain–computer interface (18% of non-
clinical applications), neurovascular coupling (35%), and the
study of healthy brain functions (40%). A minor field in the
nonclinical research was found to be sleep investigation (7%
of nonclinical applications) [Fig. 3(c)].

3.1.1 Brain–computer interface

One of the main applications of fNIRS–EEG systems is brain–
computer interface (BCI).45,46 BCI is particularly suited for
fNIRS–EEG due to the system’s flexibility and portability.

BCIs allow the control of computers or external devices
directly from the modulation of brain activity due to EEG
and/or other recording modalities. In fact, it was demonstrated

Fig. 3 (a) Numbers of scientific papers published from 1990 to 2016 grouped at a 5-year pace. The
papers are reported divided by macroapplication (nonclinical and clinical) and as a total. The dashed
lines represent the expected publication at the end of 2019, since the last group of papers was produced
in only 2 years (2015 to 2016). (b) Pie chart separating the papers by macroarea. (c) Pie chart separating
nonclinical papers by area of interest. (d) Pie chart separating clinical papers by area of interest.
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that noninvasive EEG-based BCIs allow brain-derived commu-
nication in paralyzed and locked-in patients. Moreover, some
degree of movement restoration was achieved with noninvasive
BCIs in patients with spinal cord lesions and chronic stroke.45

Historically, the discovery of ERD and event-related synchroni-
zation (ERS) of alpha and beta rhythms in the EEG signal from
motor cortex paved the way for the development of BCIs. In
fact, the modulation of brain rhythms in the motor cortex during
the imagination of the movement was the first parameter used
for feature extraction to achieve a machine control. However,
EEG-standalone BCIs still have limited capabilities. Reliable
detection of BCI commands is proportional to the EEG
epoch length, which makes high information transfer rates dif-
ficult to achieve. Moreover, the EEG-BCIs often misclassify the
EEG signals as commands, although the subject is not perform-
ing any task.47 Finally, EEG signals are generally a mixture of
neural activity from broad areas, some of which may not be
related to the task targeted by BCI, hence impairing BCI per-
formance. Combined fNIRS–EEG systems showed increased
sensitivity and specificity when compared with a standalone
EEG. The fNIRS signal can be used in a joint classification pro-
cedure with EEG or perhaps as a predictor of EEG activity. In
both cases, more robust EEG-based BCI classifiers and overall
an increase in the general stability of BCI performance is found
using fNIRS–EEG systems.

Fazli et al., Almajidy et al., and Koo et al.48–51 applied com-
bined fNIRS–EEG-BCI to sensorimotor imagery. The goal of
sensorimotor imagery BCI is to identify when the subject is
imagining a specific motor task. Fazli et al.48,49 estimated that
EEG-based BCI control could be predicted by preceding
fNIRS activity. The fNIRS predictions were employed to
generate new, more robust, EEG-based BCI classifiers, which
enhanced classification significantly while minimizing perfor-
mance fluctuations and increasing the general stability of
BCI. Simultaneous measurements of fNIRS and EEG on 14 sub-
jects (24 measurement channels located on frontal motor and
parietal areas for fNIRS, 37 electrodes over the whole head
for EEG) improved the classification accuracy of motor imagery
in over 90% of considered subjects and on average increased
performance by 5%. Almajidy et al.50 applied BCI to four
motor imagery tasks (7 subjects, 20 fNIRS channels, and 8
EEG sensors over the sensorimotor cortices): imagery motion
of left hand, right hand, both hands, and both feet. The slope
in O2Hb concentration fluctuations measured by fNIRS and
the power spectrum density of EEG (8 to 30 Hz) were used
for feature extraction. Through linear discriminant analysis,
they obtained a highest classification accuracy of 85%.
Combined fNIRS–EEG-BCI showed improvement in classifica-
tion accuracy when compared with EEG-BCI. Koo et al.51

focused on fNIRS–EEG self-paced motor imagery BCI. They
performed measurements on six healthy subjects over the pri-
mary motor cortices with eight fNIRS channels and six EEG
sensors. They reported that the hybrid system had a true-positive
rate of about 88% and a false-positive rate of 7% with an average
response time of 10 s.

Khan et al.52 applied a combined fNIRS–EEG system in a
different fashion. They tried to extract and decode four different
types of brain signals from 12 volunteers. Twelve fNIRS chan-
nels were located over the prefrontal brain region whereas
eight EEG electrodes were located over the left and right
motor cortex areas. The subject undergoing the BCI experiment
was instructed to perform four types of tasks: “forward,”

“backward,” “left,” and “right” commands. The control com-
mands for forward and backward movements were estimated
by performing arithmetic mental tasks, and they were related to
O2Hb changes. The left and right directions commands were
associated with right and left hand tapping, respectively. High
classification accuracies were achieved for the four different
control signals using the hybrid fNIRS–EEG technology.

EEG-BCIs can be also performed through steady-state visu-
ally evoked potentials (SSVEP) classification. SSVEP are sig-
nals that are natural responses to visual stimulation at specific
frequencies. When the retina is excited by a visual stimulus
ranging from 4 to 80 Hz, the brain generates electrical activity
at the same frequency or at multiples of it. The goal is to
discriminate when the subject is looking at the stimulus and
to detect the frequency of the stimulus with high accuracy.
Tomita et al.53 focused on the joint use of fNIRS and EEG dur-
ing an SSVEP classification on 13 subjects. The authors showed
a clear improvement in error rates obtained by combining only
one fNIRS channel with EEG measurements.

Finally, fNIRS-based prior information was incorporated
in a variational Bayesian multimodal encephalography
methodology.54 The authors applied a Bayesian logistic regres-
sion technique to decode subjects’ mental states to a spatial
attention task in a unified fNIRS–EEG framework. The authors
found that the fNIRS–ERD-based decoder exhibited significant
performance improvement over decoding methods based on
EEG sensor signals alone (8 volunteers, 49 fNIRS channels
over the parietal and occipital lobes, and 64 EEG electrodes).

3.1.2 Neurovascular coupling

Localized neural activity is accompanied by complex and
heterogeneous biological processes, such as electrical activity
generation and concurrent metabolic variation. The underlying
link between electrical events and hemodynamic oscillations
caused by the metabolic activity is generally referred to as neu-
rovascular coupling.55 Through vasodilatory processes an over-
compensatory oxygenated blood supply is provided to activated
brain areas. Combined fNIRS–EEG measurements are highly
suited for neurovascular coupling monitoring both in a data-
driven approach or, if the coupling is assumed known, for
better neural activity reconstruction. An important aspect of
neurovascular coupling is that electrical brain activity and its
hemodynamic response do not have a perfect spectral and spa-
tiotemporal correspondence, nor, although often it is assumed
for simplicity, is their relation linear. Neurovascular coupling
can be assessed in different experimental settings: during resting
state activity, in response to an external sensory stimulation, and
during manipulation of vascular parameters and manipulation of
brain electrical states.

Several authors56–59 studied neurovascular coupling through
fNIRS–EEG measurements on the brain at rest. Keles et al.56

collected data with a combined sparse whole-head fNIRS–
EEG system (18 subjects, 19 recording locations, combined
fNIRS–EEG sensors). Focusing on spectral-EEG effects on neu-
rovascular coupling, they found a delayed alpha activity (8 to
16 Hz) modulation in occipital areas and a strong beta activity
(16 to 32 Hz) modulation of hemodynamic fluctuations, which
was generated by the alpha-beta coupling in EEG. Nikulin
et al.57 also focused on the link between specific spectral EEG
features and neurovascular coupling at rest. They studied the
monochromatic ultraslow oscillations (0.07 to 0.14 Hz) in
human EEG and their relation with hemodynamic (10 subjects,
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26 fNIRS channels, and 58 EEG electrodes). They suggested
that these oscillations might be of a rather extraneuronal origin
reflecting cerebral vasomotion. Pfurtscheller et al.58 performed
motor cortices EEG and frontal fNIRS measurements on nine
volunteers and found that slow precentral HHb concentration
oscillations during awake rest could be temporarily coupled
with EEG fluctuations in sensorimotor areas. Attempts for con-
tinuous quantification of neurovascular coupling in spontaneous
brain activity have been made by Govindan et al.59 The author
proposed a method for neurovascular coupling quantification
based on combined fNIRS–EEG acquisitions. They brought
the two measurements into a common dynamical time frame
(DTF), by partitioning both signals into 1-s epochs. They quan-
tified the extent of neurovascular coupling by calculating spec-
tral coherence between the two signals in the DTF. The authors
tested their procedure on both simulated data and four infants
undergoing therapeutic hypothermia for neonatal encephalopa-
thy with encouraging results. In particular, they found increased
neurovascular coupling based on their metric in children who
showed the best recovering.

Neurovascular coupling can also be assessed during time-
locked brain responses to external stimulation.8,60 Obrig
et al.60 combined fNIRS and EEG during visual stimulation (vis-
ual evoked potential for EEG, VEP) in the assessment of both
electrical and hemodynamic visual habituation on 15 volunteers
(two fNIRS channels over the occipital cortex and five EEG sen-
sors). Within the stimulation period, they found a decrease in
P100/N135-component amplitude, closely coupled to a decrease
in the amplitude of tissue oxygenation. Unclear neurovascular
behavior was found when considering the N75/P100-compo-
nent. Although stressing the approximation implied assuming
neurovascular coupling a linear phenomenon, they found,
when calculating a ratio between the amplitude of the P100/
N135-component and the concentration changes in the hemo-
globin, a coupling index of 0.2 μmol in HHb and of þ0.6 μmol

in O2Hb per 1 μV increase in VEP-component amplitude. Also,
Fabiani et al.8 investigated the relationship between neuronal
and hemodynamic changes elicited by visual stimulation by
combining fNIRS–EEG measurements over the occipital cortex
(32 source and 8 detector locations for fNIRS and 7 EEG sen-
sors), together with fast optical signals61,62 and functional MRI.
Based on the C1 location response of the ERP for the electrical
components, results indicated that both younger (19 subjects)
and older adults (44 subjects) exhibited a nonlinear (at least
quadratic) relationship between neuronal and hemodynamic
effects, with reduced the hemodynamic response at high levels
of neuronal activity.

Neurovascular coupling relying on vascular state manipula-
tion was further investigated.63,64 Babiloni et al.63 investigated
vasomotor reactivity and coherence of resting state EEG
rhythms in the older population during hypercapnia. Resting
state eyes-closed fNIRS–EEG data were recorded pre-, dur-
ing-, and posthypercapnia in 20 subjects. Frontal bilateral
fNIRS (two channels) was performed to assess the vasomotor
reactivity estimate through cortical HHb and O2Hb concentra-
tion changes. EEG coherence across all electrodes (19 sensors)
was computed at different EEG frequency bands. Hypercapnia
increased O2Hb and decreased HHb as well as total EEG coher-
ence. Moreover, they found that the extent of changes in these
variables and hypercapnia were strictly correlated, reflecting
in a neurovascular coupling phenomenon. Vanhatalo et al.64

applied combined fNIRS–EEG recordings on 12 subjects to

study whether hemodynamic changes in human brain generate
slow frequency EEG responses. They employed 24 fNIRS chan-
nels over the frontal-parietal regions and six EEG channels.
They applied noninvasive manipulations of intracranial hemo-
dynamics by different mechanisms: bilateral jugular vein
compression, head-up tilt, head-down tilt, Valsalva maneuver,
and Mueller maneuver. They observed consistent slow EEG
shifts during all manipulations with highest amplitudes (up to
250 μV) at the midline electrodes, and the most pronounced
changes (up to 15 μV∕cm) in the voltage gradient around the
vertex. Their interpretation of extraneuronal origin of slow EEG
oscillations was analogous to the one found later by Nikulin
et al.57

Assessment of neurovascular coupling through fNIRS–EEG
during anodal transcranial direct current stimulation (tDCS) of
brain electrical activity was performed by Dutta et al.65–67 Based
on analysis procedures relying on the Hilbert–Huang transform,
they analyzed chronic stroke survivors and found nonstationary
effects of anodal tDCS on EEG that correlated with the O2Hb
response. They also found correspondence between the initial
dip in O2Hb concentration at the beginning of anodal tDCS
and an increase in the mean-power of EEG within a 0.5- to
11.25-Hz frequency band.

Finally, approaches to the neurovascular coupling relying on
mathematical models of the phenomenon have been proposed.
A mixed model-based data-driven approach was provided by
Talukdar et al.68 They applied gamma transfer functions to
map EEG spectral envelopes that reflect time-varying power
variations in neural rhythms to hemodynamics measured during
median nerve stimulation. They first validated the approach
using simulated fNIRS–EEG data and then applied the pro-
cedure to experimental fNIRS–EEG recordings (16 sources
and 8 detectors for fNIRS, 30 EEG electrodes, whole head).
By applying cluster analysis, statistically significant parameter
sets were found to predict fNIRS hemodynamics from EEG
spectral envelopes. The three subjects investigated were found
to have significant clustered parameters for fNIRS–EEG data
fitted using gamma transfer functions. Results from the exper-
imental data indicated that the neurovascular coupling relation-
ship could be modeled using multiple sets of gamma transfer
functions and the approach could provide a better understanding
of neurovascular coupling phenomenon.

3.1.3 Brain Functions

fNIRS–EEG has been involved in the characterization of the
healthy brain functions. Within this field of application, fNIRS–
EEG allowed investigation in an ecological environment of the
spatiotemporal hemodynamic and electrical evolution of brain
activity during sensory stimulation, language, motor intention,
WM, and emotions in social interaction or stressful event. Part
of the combined fNIRS–EEG studies focused on characterizing
brain activity during external sensory stimulation (auditory or
visual).69–71

Ehlis et al.69 conducted simultaneous fNIRS–EEG measure-
ments (22 fNIRS channels on frontotemporal areas and 3 mid-
line EEG electrodes) on 10 subjects to assess cortical correlates
of auditory sensory gating in humans. Sensory gating refers to
the ability of cerebral networks to inhibit brain response to irrel-
evant environmental stimuli to prevent information overflow.
Acoustic gating is generally assessed based on the reduction
of the P50 amplitude (an early component of the ERP in
electrophysiological recordings) after repeated occurrence of
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a particular acoustic stimulus. Combining the hemodynamic
data with electrophysiological information revealed a positive
correlation between the amount of sensory gating and the
strength of the hemodynamic response in the left prefrontal
and temporal cortices. The results strengthen the hypothesis
of a possible inhibitory influence of the prefrontal cortex on pri-
mary auditory ones. Takeda et al.70 recently studied the effect of
pleasant and unpleasant auditory stimulation on the prefrontal
cortex of 12 subjects with combined fNIRS–EEGmeasurements
and other autonomic nervous system monitoring. The authors
found a bilateral increase in the hemodynamic activity of the
prefrontal cortex with a greater activation of the left side for
pleasant stimuli and a larger activation of right side for unpleas-
ant stimuli. Greater alpha wave modulation was obtained for
pleasant versus unpleasant stimulation.

Regarding sensory-related brain response investigation, vis-
ual stimulation has been studied using combined measurements.
Rovati et al.71 utilized an embedded few channels fNIRS–EEG
instrumentation for the assessment of hemodynamic changes
and VEP in the occipital area of nine subjects during steady-
state visual stimulation, employing different stimulus contrasts
(1%, 10%, and 100%). The results showed clear, coupled,
BOLD, and VEP responses. Both responses, hemodynamic
and VEP, presented a logarithmic profile as a function of the
stimulus contrast.

Jaušovec and Jaušovec72,73 exploited gender differences in
the brain processing during visual and auditory stimulation
using fNIRS–EEG (eight fNIRS channels located over left-
right frontal cortex in a multidistance configuration and 19
EEG sensors) measurements on 30 males and 30 females.
The fNIRS results showed that males have a higher increase
in oxygen saturation during task performance compared with
females. Gender-related differences in EEG activity were
observed in the amplitudes of the early evoked gamma response
and the P3 component and were more pronounced for the visual
than for the auditory stimuli. Overall, the studies suggested that
females’ visual event-categorization process is more efficient
than in males.

Other multimodal experiments focused on sensorimotor
responses and motor intention paradigm.74,75 Takeuchi et al.74

investigated hemodynamic responses and neural activity rela-
tionships in the somatosensory cortices of 18 young adults
during electrical stimulation of the right median nerve. They
developed a head cap for fNIRS and EEG in a square grid con-
figuration employing whole-head 103 fNIRS and 32 EEG chan-
nels. A GLM-based analysis of the hemodynamic signal showed
increasedO2Hb concentration at the contralateral primary soma-
tosensory region during stimulation, followed by responses that
spread to more posterior and ipsilateral somatosensory areas.
The EEG data indicated that positive somatosensory evoked
potentials (SEPs) peaking at 22-ms latency (P22) were recorded
from the contralateral somatosensory area. fNIRS and EEG
topographical maps of hemodynamic responses and current
source density of P22 were significantly correlated. Further-
more, time-delayed GLM-analysis highlighted the temporal
ordering of neural activation in the hierarchical somatosensory
pathway. Pfurtscheller et al.75 investigated whether the initiation
of a voluntary motor act, such as finger movement, could be
temporally related to slow O2Hb and electrical oscillations at
rest. They analyzed, in a continuous fashion, prefrontal HHb
and O2Hb with fNIRS and EEG signals (few channels systems)
over sensorimotor and prefrontal areas in 10 healthy subjects at

rest. They found that EEG beta power increases ∼3 s after slow
fluctuating O2Hb peaks during rest was indicative of a slow
excitability change of central motor cortex neurons that could
possibly trigger the voluntary motor act.

Some studies focused their attention on the proprioception-
related brain state during changes of gravity conditions. The in-
fluence of changing gravity conditions on neurophysiological
processes and associated neurocognitive impairment is of criti-
cal interest for aerospace application.76,77 Brümmer et al.76 high-
lighted the suited characteristic of fNIRS–EEG imaging for
assessing neurophysiological processes during atypical gravity
conditions in two subjects. Smith et al.77 investigated the rela-
tionship between brain cortical activity (through 32 EEG sen-
sors) and brain oxygenation (through a two channel fNIRS
system) in the prefrontal cortex of 12 participants during hyper-
gravity exposure. In fact, artificial gravity has been proposed as
a method to counteract the physiological deconditioning of
long-duration spaceflight; however, the effects of hypergravity
on the central nervous system were poorly assessed. The authors
found a significant increase in the EEG prefrontal cortex activity
during hypergravity. Moreover, prefrontal cortex oxygenation
was significantly decreased during and because of hypergravity
exposure. However, no significant correlation was found
between EEG prefrontal cortex activity and hemodynamic var-
iables. Thus, the authors concluded that the increase in the EEG
prefrontal cortex activity could be attributable to psychological
stress, which could pose a problem for the use of a short-arm
human centrifuge as a countermeasure.

Some work was also conducted on studying neural correlates
of attention and WM.78,79 Butti et al.78 investigated and
described neural correlates during sustained attention in nine
subjects through the usage of a 16-channel fNIRS and 19-chan-
nel EEG system. Good agreement was found between the two
modalities, both showing higher brain activity in the middle
upper frontal and temporal regions during the task. Jaušovec
and Jaušovec79 investigated the effect of training on WM
tasks in 30 participants through changes in fNIRS–EEG
(8 and 19 channels, respectively) patterns of brain activity.
WM training significantly increased performance on all tests of
fluid intelligence. During WM, changes in patterns of EEG
brain activity were mostly pronounced in the theta and alpha
bands for the trained group. Theta and lower-1 alpha band
ERS was accompanied by increased lower-2 and upper alpha
ERD. The hemodynamic patterns of brain activity after training
changed from higher right hemispheric activation to a balanced
activity of both frontal areas. The electrical as well as hemo-
dynamic patterns of brain activity suggested that the training
influenced WM.

Moreover, fNIRS–EEG systems were applied to study lan-
guage-related processes. Language involves auditory and visual
task as well as more complex brain mechanisms. Thus, a multi-
modal brain imaging approach is almost a requirement for its
characterization.80 fNIRS–EEG coregistration combines high
temporal and spatial resolution and can offer unique opportuni-
ties for studying functional connectivity in linguistic experi-
ments. Measurement of electrical and metabolic brain
activities is essential, and the multimodal approach should be
noninvasive to facilitate in vivo recordings, particularly in
children. Wallois et al.80 reviewed the advantages of simulta-
neous fNIRS–EEG acquisition in providing a better under-
standing of the brain mechanisms involved during language
processes.
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Emotion perception is also a complex process that should
preferably be examined by means of a multimethodological
approach. fNIRS presents several advantages in the study of
emotions when compared with other approaches, especially
in combination with frequency resolved EEG.81 Among the dif-
ferent modalities available for monitoring brain activity, fNIRS
is particularly well suited for evaluating the prefrontal cortex
activity, which is among the regions involved in emotional
processing. Balconi et al.81 investigated the brain processing
of emotional images with fNIRS–EEG 6-channel fNIRS system
over the prefrontal area and 16-channel EEG system). The 20
subjects undergoing the study were asked to observe and evalu-
ate affective pictures. The multiple measures were then related
to self-report data such as subjective appraisal in term of valence
(positive versus negative) and arousal (high versus low). The
contribution of prefrontal cortex was elucidated by the O2Hb

increase within the right hemisphere with negative valence, sug-
gesting a relevant lateralization effect induced by the specific
valence (negative) of the emotional patterns. Moreover, EEG
activity, especially in theta and delta bands, was associated
with the cortical hemodynamic responsiveness to the negative
emotional patterns within the right side. Important effects
were derived from correlational analyses between hemodynamic
and cortical EEG. Other studies evaluating the response to pleas-
ant and unpleasant emotions were conducted by Hoshi et al.82

Nineteen subjects were exposed to negative, positive, and neu-
tral pictures previously classified. fNIRS (through 16 channels
located on the forehead), ERPs (through six EEG electrodes),
systemic blood pressure, and pulse rate were measured simulta-
neously. Unpleasant emotion was accompanied by an O2Hb

increase in the bilateral ventrolateral prefrontal cortices, while
very pleasant emotion was accompanied by a decrease in
O2Hb in the left dorsolateral prefrontal cortices. Brain activation
of the occipital cortex modulated by the emotional content of
the visual positive and negative stimuli has been studied by
Herrmann et al.83 with combined fNIRS–EEG (22 and 4 chan-
nels, respectively) on 16 volunteers. The ERP results showed an
increased early posterior negativity over the occipital cortex for
both positive and negative stimuli. Moreover, positive as well as
negative stimuli lead to a significantly higher decrease in HHb
than neutral stimuli over the occipital cortex. This result can be
explained by the selective attention occurring while viewing
pictures with an emotional content. The use of fNIRS as an
alternative technique for mental state analysis has been also
studied84 and compared with other conventional techniques
such as EEG and peripheral arterial tonometry. Seven subjects
were exposed to stress and healing tasks, and a 6-channel
fNIRS and 10-channel EEG signals were recorded over the
frontal area. fNIRS results showed increased HbT in the frontal
cortex during the stress task and decreased HbT during the
healing phase for all subjects that were sensitive to the specific
stimuli.

fNIRS–EEG recordings are also highly suited for studying
social interaction.85,86 The relevant approaches to studying
brain state during social interaction were reviewed in
Konvalinka and Roepstorff.85 Reviewed studies employed either
fMRI, EEG, or fNIRS and the recordings coupling each other in
quantifying hemodynamics or modulations of brain rhythms,
both intra- and interpersonally, and integrate various conceptual
frameworks. Regarding social interaction, fNIRS and EEG were
employed in a hyperscanning modality86 where multiple sub-
jects are recorded using the same instrument. Hyperscanning

approaches were already described for fMRI dual recording
coil. This approach is highly suited for studying social interac-
tion since there is no need to calibrate across devices, there are
no synchronization problems, and experimental designs are
easy to implement.

3.1.4 Sleep

Multimodal fNIRS–EEG recordings can be suited for long brain
monitoring during sleep due to the potential flexibility and port-
ability of the combined technology. Combined fNIRS–EEG
measurements were applied to the study of sleep phases or
awake to sleep transitions. In this context, EEG mainly provided
information about different sleep conditions (such as non-REM
phase, REM phase, or awake-to-sleep transition), whereas
fNIRS estimated the hemodynamic fluctuations of hemoglobin
during the different phases. Pierro et al.87 investigated amplitude
and phase of spontaneous low-frequency oscillations (LFOs) of
cerebral HHb and O2Hb concentrations during sleep in five sub-
jects employing two multidistance probes located on the fore-
head. Interestingly, by applying phasor algebra, they were able
to estimate oscillations in CBVand cerebral blood flow velocity.
By exploiting phase differences between the two forms of hemo-
globin, they found greater phase lead of HHb versus O2Hb

LFOs during non-REM sleep with respect to the awake and
REM sleep states (∼π∕2). Amplitude analysis highlighted sup-
pression of both forms of hemoglobin during non-REM sleep
with respect to the awake and REM sleep states (maximum
amplitude decrease: 87%). The associated CBV and CBFC
oscillations were found to maintain their relative phase differ-
ence during sleep, and their amplitudes were attenuated during
non-REM sleep. Overall, the author highlighted the capabilities
of phasor algebra to the study of LFO during sleep phases. Some
work to characterize intracerebral hemodynamic during sleep
state transitions has also been performed.88 By studying frontal
areas (employing one fNIRS and seven EEG channels) in nine
subjects, a decrease in HbT concentration at sleep onset and an
increase in HbT concentration at sleep offset were highlighted
with an average effect lasting ∼3 s. The results suggested an
overcompensatory increase in brain perfusion during wakeful-
ness with respect to sleep.

Pizza et al.89 were the only ones that investigated fNIRS–
EEG temporal relation during sleep. In particular, they estimated
the synchronized signal changes associated with periodic leg
movements during sleep (PLMS) in three subjects employing
eight fNIRS channels and four EEG channels. PLMS is a move-
ment disorder that occurs during sleep sometimes called peri-
odic limb movements during sleep. They found that PLMS
were constantly associated with increased oscillations amplitude
in cerebral hemodynamic, and they were coupled with changes
in the EEG features.

3.2 Clinical Applications

Clinical research mainly focuses on newborn (37% of clinical
applications) and epilepsy (27%) [Fig. 3(d)]. Although slightly
less applied, fNIRS–EEG found good application in the intra-
operative environment (surgery, 16%). Minor clinical applica-
tions were rehabilitation (8% of clinical applications), child
development (6%), and psychiatry (6%).
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3.2.1 Newborn

The continuous monitoring of neurological functioning is man-
datory in critically ill preterm and full-term infants. Due to its
noninvasiveness and portability, EEG is the technique most
suited to continuously monitor electrical brain activity. Indeed,
the use of the amplitude-integrated electroencephalography
(aEEG) is routinely employed in neonatal intensive care
units: a limited number of EEG channels, typically a pair
over bilateral parietal or central regions, are placed on the neo-
nate scalp and data are displayed in a semilogarithmic time-
compressed scale. The usefulness of EEG has been proven in
premature infants, full-term infants with hypoxia-ischemia,
and infants suspected of epileptic seizures. In this scenario,
fNIRS is utilized to noninvasively collect parameters that char-
acterize metabolic activity, generally employing few optodes.
Changes in HHb and O2Hb, rSO2, and FTOE provide a way
to continuously monitor brain oxygen imbalance. Regarding
NIR investigation of newborns’ brain status, it is worth high-
lighting that, although not strictly related to the topic of
this review, combined FD-NIRS and diffuse correlation spec-
troscopy (DCS)90–92 measurements are arousing great interest
within the fNIRS and neonatal communities. In fact, FDNIRS-
DCS systems allow for quantitative assessment of cerebral
blood flow in preterm infants93 and infants with hypoxic
encephalopathies94,95 or congenital cardiopathies.96,97

The integration of fNIRS and EEG techniques will probably
become the future direction of neonatal brain monitoring.98,99

Nowadays, the simultaneous measures are usually performed
synchronizing two different conventional fNIRS and EEG
systems. In particular, few fNIRS sensors are applied over the
bilateral parietal or temporal regions together with the EEG.

A low oxygen delivery may be the cause of brain damage in
preterm and term newborns. Nowadays, brain cooling is the
elective treatment in asphyxiated newborns, and combined
fNIRS and EEG may be a valuable method to monitor CBV,
brain oxygenation, and electrical activity during hypothermia,
possibly revealing its efficacy.100 Moreover, several studies
have been carried out to investigate the prognostic value of
fNIRS–EEG brain monitoring in asphyxia, without conclusive
findings.101–105 The efficacy of fNIRS in monitoring cerebral
oxygenation to guide treatments within the first 72 h of life
has been also studied in clinical trials: in fNIRS-guided-treated
infants, a reduction in the burden of cerebral hypoxia, as evi-
denced by EEG outcomes, has been shown.106,107

Combined NIRS and EEG have been utilized to characterize
brain functioning alterations in infants. In patients with neuro-
logical damage, in which seizures were observed, transient
hemodynamic events frequently occurred.108 In preterm infants,
the combined techniques may give new insights into brain func-
tioning, to identify potentially vulnerable conditions after birth
and to better understand the required treatments.109 Indeed,
increased maturation of EEG activity is associated with
decreased variability in cerebral oxygen extraction and was
accompanied by increased FTOE. Moreover, oxygenation in
the first hour after birth may be a biomarker of brain
vulnerability.110–112

During immediate postnatal transition, i.e., within the first
15 min after birth, useful information provided by fNIRS and
EEG may help to guide resuscitation.113 Neonates with initially
low cerebral activity (i.e., low EEG activity) during immediate
transition after birth concurrently showed low rSO2 values,114

and compromised neonates that require resuscitation presented

different cerebral activity with respect to uncompromised
neonates.115 Moreover, the fNIRS–EEG simultaneous brain
monitoring has been utilized in monitoring brain functioning
in deep hypothermic circulatory arrest during arterial switch
operation.116,117

An important question in intensive care unit is understanding
how infants respond to painful treatments that they receive.118

A multimodal approach for measuring brain responses to
peripheral noxious and sensory stimulations in infants has
been tested. The simultaneous detection of (1) brain responses
through fNIRS and EEG, (2) withdrawal reflex activity through
electromyography, (3) autonomic responses by means of pulse
oximetry, electrocardiography, and respiration, and (4) behav-
ioral activity through video monitoring had 100% sensitivity
and specificity in measuring both types of stimulation.119

Note that single-trial analysis of responses to somatosensory
and noxious stimuli showed that at individual levels, electrophy-
siologic and hemodynamic responses do not always occur
together.120 This result highlights the need for integrated
brain monitoring in newborns. As for sensory stimuli, a com-
bined approach can also be successfully applied to investigate
the newborn cerebral responses to stimuli obtained with other
modalities, for example, visual responses during photic stimu-
lation,121 as well as to monitor the brain ability of sensory
processing during normal development, such as acoustic
processing in infants within the first 6 months of life.122

3.2.2 Children

fNIRS–EEG recordings were also applied for monitoring the
brain status of ill or injured children (preschool and primary
school age). fNIRS–EEG monitoring is particularly suited for
studying brain response in children without causing major
restraint and discomfort. This is particularly important in chil-
dren with neurodevelopmental problems.

Zennifa et al.123 monitored the unrestrained cognitive state
of children with mental retardation using wireless combined
fNIRS–EEG recordings. Marx et al.124 investigated fNIRS for
the treatment of children with attention-deficit-hyperactivity dis-
order (ADHD) in a neurofeedback approach. In this pilot study,
O2Hb in the prefrontal cortex of children with ADHD was mea-
sured and fed back. fNIRS-neurofeedback was compared with
the EEG (slow cortical potentials) and feedback from electro-
myographic (EMG) signals (i.e., muscular activity of left and
right musculus supraspinatus). The task was used either to
increase or decrease hemodynamic activity in the prefrontal
cortex (fNIRS), to produce positive or negative shifts of SCP
(EEG), or to increase or decrease muscular activity. The author
reported that ADHD symptoms decreased significantly 4 weeks
and 6 months after the fNIRS and EEG or EMG training accord-
ing to different metrics.

fNIRS–EEG measurements were also applied for monitoring
of traumatic brain injury (TBI) in children.125 In fact, children
commonly develop secondary diffuse cerebral swelling after
TBI. Adelson et al.125 used fNIRS on children with severe TBI
and compared Hb,O2Hb, and HbT fluctuations with intracranial
pressure (ICP), mean arterial pressure (MAP), and EEG metrics.
The researchers found increased HbT with worsening ICP and
MAP parameters, indicating increased cerebrovascular dilata-
tion after the injury. They also noticed that posttraumatic
seizures were preceded by an unexplained rapid cerebral hyper-
oxygenation several hours prior to the onset of clinical seizures.
Researchers concluded that fNIRS could be integrated with

Neurophotonics 041411-10 Oct–Dec 2017 • Vol. 4(4)

Chiarelli et al.: Simultaneous functional near-infrared spectroscopy and electroencephalography. . .



EEG and other methodologies for monitoring posttraumatic
brain injuries in children.

3.2.3 Epilepsy

fNIRS and EEG are feasible for long continuous monitoring as
they do not require subject immobilization. This characteristic is
of crucial importance in the study of patients with epilepsy;
fNIRS–EEG-integrated synchronous measurements were per-
formed extensively on epileptic patients.126,127

Notice that the studies presented in this section are reported
by subdividing them between studies that were focused on
the temporal characteristic of the signals recorded (generally
employing fewer fNIRS–EEG sensors) and studies that were
more interested in the signals spatial information content (gen-
erally employing more fNIRS–EEG sensors). The division was
not performed based on clinical aspects such as the presence of
interictal discharges, focal seizures, and/or generalized seizures.

Steinhoff et al.128 performed a pilot study where they coupled
fNIRS recordings with video-EEG during the presurgical evalu-
ation of two patients with intractable epilepsy of mesial tempo-
ral origin. Two fNIRS sensors were placed on the frontal cortex.
Ipsilateral measurements revealed a marked desaturation during
the seizures with a postictal maximum. The favorable outcome
of selective amygdalahippocampectomy retrospectively con-
firmed the correct lateralization based on video-EEG and the
fNIRS findings in both patients.

Combined studies have been performed during the last two
decades mainly with the goal to assess the usefulness of fNIRS
in epileptic patients and primarily focused on the hemodynamic
mechanisms before, during, and after seizures (periictal phase)
at different time scales and brain locations.14,15,129–132 For a good
review regarding focal seizures and interictal epileptiform
discharges identification using fNIRS–EEG recordings, refer
Ref. 133.

Adelson et al.129 combined fNIRS–EEG to study cerebral
oxygenation in the periictal phase. Ictal events were recorded
and oxygen availability was evaluated in pre-, intra-, and pos-
tictal periods. Although the study was preliminary, only two
patients were examined (with large age variability), and only
a few optodes were employed, they found an increase in cerebral
oxygenation between 1 and 10 h before the ictal event.
Continued seizure activity and isolated ictal events were asso-
ciated with decreased cerebral oxygen availability. Differences
in cerebral oxygen availability were noted among different
types of seizures. Seyal130 investigated whether hemodynamic
changes in the frontal scalp could predict temporal lobe seizures
by recording simultaneously fNIRS and video-EEG. An fNIRS
sensor was placed ipsilateral to the first recorded seizure on six
patients. rSO2 increased during the preictal phase, around 5 min
prior to the seizure, and it decreased close to the seizure onset.
After the seizure, rSO2 increased again with an overoxygenated
state lasting for around 35 min. Sokoloff et al.131 studied 20 criti-
cally ill neonates in the periictal phase. They estimated cerebral
and systemic rSO2 with concurrent fNIRS, over the parietal
region, and video-EEG. rSO2 declined during seizures com-
pared with baseline and postictal phases (baseline 81.2 versus
ictal 77.7 versus postictal 79.4). FTOE was highest during seiz-
ures. Moreover, they evaluated the impact of phenobarbital ad-
ministration in the infants. After drug administration, cerebral
rSO2 rose and FTOE declined, with monotonic relations as
a function of phenobarbital dosage. Roche-Labarbe et al.14

studied metabolic/hemodynamic brain activity during absence

epilepsy in children. They measured HHb, O2Hb, and HbT
with an fNIRS–EEG system (1 fNIRS channel over the left fron-
tal area and 11 electrodes positioned according to the 10-20 sys-
tem). They recorded frontal hemodynamic fluctuations in six
patients with generalized spike-and-wave discharges (GSWD).
GSWD were associated with an increase in tissue oxygenation
in the frontal area (beginning 10 s before the GSWD) followed
by a strong deoxygenation phase, another increase in oxygena-
tion and CBV, and a final return to baseline. Regional CBV dur-
ing seizures has been studied by Watanabe et al.15 in 12 patients
with intractable epilepsy. Eight or twenty-four channel fNIRS
were employed for nine and three subjects, respectively.
Seizures were induced by bemegride injection. In all cases,
rCBV increased rapidly after the seizure onset. The increased
rCBV lasted between 30 and 60 s. Shichiri et al.132 monitored
CBV in two patients with symptomatic epilepsy for which epi-
leptic discharges were not recognized in the EEG. fNIRS mon-
itoring demonstrated an increase in CBV in the right frontal
region, which began 10 min before the seizure onset and lasted
for 3 h.

Moreover, more sophisticated analysis was performed to
improve the detection of epileptic activity using fNIRS.
Machado et al.134 compared TD and time-frequency domain
(wavelet) methods based on the GLM approach to detect hemo-
dynamic responses during epileptic activity. The time of epilep-
tic discharges was detected based on the EEG. This analysis was
tested using both realistic simulations with different signal-to-
noise ratios and on an epileptic patient. For fNIRS, the wavelet
analysis was more specific than the TD analysis. Forty-three
fNIRS channels (21 sources and 8 detectors) were placed
over the right frontal, bilateral parasagittal regions, and bilateral
rolandic regions. EEG was carried out simultaneously using
19 electrodes placed according to the 10–20 system. A focal
increase in CBV was found in the 10-year-old epileptic patient
in accordance with the epileptogenic focus that was confirmed
after surgery. Pouliot et al.135 investigated posterior epilepsies
employing combined high-density fNIRS–EEG recordings
(over 100 fNIRS channels and 19 EEG sensors). Spikes and
seizures were marked on EEG traces and convolved with a stan-
dard hemodynamic response function for GLM analysis. GLM
results for seizures (in three patients) and spikes (seven patients)
were broadly sensitive to the epileptic focus in seven of the
nine patients examined and specific in five patients. The Hbb
responses were localized in regions within the occipital or
parietal lobes. The same group also reported fNIRS–EEG
recordings and analysis applied to monitoring of temporal136

and frontal137 lobe seizures. The authors found a bilateral
increase when the temporal seizures occurred for CBV, O2Hb,
and decreased Hbb, followed by an increased Hbb. Moreover,
they found heterogeneous hemodynamic changes in remote
frontal and/or parietal areas early on when epileptic activity
was limited to the temporal lobe. Hemodynamic changes in
the frontal lobe seizures consisted of lateralized and local
increases of CBV and O2Hb but heterogeneous Hbb behavior.
Furthermore, rapid hemodynamic alterations were observed in
the homologous contralateral region, even in the absence of
obvious propagated epileptic activity.

Other studies involving fNIRS–EEG measurements were
directed toward epileptogenic focus localization.138–140 Watanabe
et al.138 examined the use of multichannel fNIRS (24 channels)
to evaluate CBV change during long-term EEG monitoring in
32 cases of intractable epilepsy. The goal was to locate the
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epileptogenic focus. In 96% of cases, fNIRS showed significant
hyperperfusion in the side of seizure foci, whereas ictal single-
photon emission computed tomography SPECT showed hyper-
perfusion in 69% of cases. Peng et al.139 performed a simulta-
neous fNIRS–EEG study using a large bilateral coverage (64
fibered light sources and up to 16 detectors, 19 carbon EEG
electrodes) on 40 patients with drug-resistant focal epilepsy.
They generated topographic maps of hemoglobin fluctuations
caused by interictal epileptic discharges. They reported a signifi-
cant variation of HHb in 62% of patients with neocortical epi-
lepsies where the epileptic foci were identified. Presurgical
investigation of patients with refractory epilepsy has been
also studied. Gallagher et al.140 recorded fNIRS–EEG signals
to evaluate the position of the ictal onset zone (28 fNIRS chan-
nels over the right frontal bilateral parasagittal regions and
bilateral rolandic regions, 18 EEG electrodes). One patient
underwent a prolonged recording, and the results were com-
pared with other presurgical techniques. They obtained a
good concordance on the ictal onset zone localization showing
that combined fNIRS–EEG could be used to increase presurgi-
cal investigation accuracy. In a recent study,141 the same group
evaluated the possible presurgical usefulness of fNIRS–EEG in
a boy with refractory epilepsy. In the study, they compared high-
density fNIRS (11 detectors and 46 sources) results obtained
while the participant performed expressive and receptive lan-
guage tasks with those obtained using fMRI. The case study
illustrated the potential for fNIRS to contribute favorably to
the localization of language functions in children with epilepsy
and cognitive or behavioral problems and its potential advan-
tages over fMRI in a presurgical assessment.

The usefulness of fNIRS in the medication management of
an infant with status epilepticus and subtle or no clinical man-
ifestations was studied by Arca Diaz et al.142 Simultaneously,
monitoring of electroencephalographic activity and cerebral
rSO2 was performed. They found that antiepileptic drugs influ-
enced the frequency of rSO2 fluctuations and electroencephalo-
graphic seizures. They suggested that fNIRS could be used to
gauge the effects of antiepileptic medications in patients with
similar disease manifestation. In another recent study, Visani
et al.143 evaluated the hemodynamic and EEG signals during
unilateral hand movement in patients with cortical myoclonus.
TD-fNIRS–EEG (16 fNIRS channels over the sensorimotor
areas, centered over C3 and C4, and 19 EEG sensors) together
with fMRI data were acquired. Ten patients with progressive
myoclonic epilepsy and 12 healthy controls underwent the mea-
surements. HHb, O2Hb, BOLD changes, and ERD/ERS in the
alpha and beta bands during a motor task were analyzed. In the
patients group, TD-fNIRS and fMRI data were highly corre-
lated. TD-fNIRS and fMRI showed smaller hemodynamic
changes and minimal or absent postmovement beta rebound in
the patients group versus controls.

3.2.4 Surgical

fNIRS–EEG is suited for intraoperative monitoring for its light-
weight properties, particularly when few-channel systems are
employed. Combined measurements have been applied for
monitoring brain function and oxygenation during carotid end-
arterectomy (CEA) under general anesthesia,144–149 always
employing a flexible one or a few channels fNIRS systems.
The monitoring goal was to predict perioperative cerebral ische-
mia that required arterial shunting.144 In fact, clamping during

CEA causes major changes in cerebral blood flow that can lead
to brain insult.

rSO2 measured using fNIRS as well as EEG signals were
generally monitored bilaterally during carotid CEA. de Letter
et al.145 aimed at evaluating sensitivity and specificity of fNIRS
cerebral oximetry to ischemia during CEA using EEG as a gold
standard. The cross-clamping changes of cerebrovascular rSO2

were compared with data from EEG analysis. A sensitivity of
100% and specificity of 44% were achieved at a cut-off value
of 5% decrease in rSO2. They concluded that the fNIRS rSO2

metric alone was not sufficient for good procedure specificity
and further validation was required. The same approach and
similar results were investigated by other groups.146–148 Moritz
et al.148 combined fNIRS–EEGwith transcranial Doppler (TCD)
and internal carotid pressure (stump pressure, SP) measure-
ments. The EEG measurement relied on SEP estimates.
In the 48 patients undergoing carotid surgery during regional
anesthesia, cerebral ischemia was assumed when neurologic
deterioration occurred. During clamping, the minimum rSO2,
its percentage change, the percent changes of SEP amplitude,
the mean TCD velocity, its percentage change, and the mean
SP were recorded. Data analysis highlighted a best performance
for TCD and rSO2 percent change and SP measurement. Lower
performance was found for SEP monitoring. Mauermann
et al.146 investigated 90 patients undergoing unilateral CEA
with bilateral fNIRS–EEG. Changes in cerebral rSO2 were
assessed. A general decrease in rSO2 during carotid cross-
clamping for CEA was associated with EEG-determined need
for shunting. Pennekamp et al.147 performed both fNIRS–
EEG and TCD measurements in a prospective cohort study.
An intraluminal shunt was placed selectively determined by pre-
defined EEG changes in alpha, beta, theta, or delta activity. rSO2

in the frontal lobe and mean blood flow velocity (from TCD)
were estimated. An ROC analysis revealed a threshold of
16% decrease in rSO2 and 48% decrease in mean velocity as
the optimal cut-off value to detect cerebral ischemia during
CEA under general anesthesia. The authors found moderate sen-
sitivity but very high specificity of both fNIRS and TCD mea-
surements. They suggested that fNIRS measurements could be
suitable for excluding patients from unnecessary shunt use.
Perez et al.149 found that the surgical-side and contralateral-
side rSO2 dropped significantly below the baseline values
during clamping (−17.6% and −9.4%, respectively). After
shunting, the contralateral-side rSO2 returned to baseline while
the surgical-side rSO2 remained significantly below baseline
(−9.0%) until the shunt was removed following surgery. At
clamping, the surgical-side and contralateral-side processed
EEG also dropped below baseline (−19.9% and −20.6%,
respectively). However, following shunt activation, the proc-
essed EEG returned bilaterally to baseline values. During the
course of this research, they found the rSO2 monitor to be
clinically more robust (4.4% failure rate) than the processed
EEG monitor (20.0% failure rate). The authors concluded
that fNIRS-based cerebral oximetry discriminates between the
surgical and contralateral sides during surgery better than
a stand-alone EEG. They also highlighted the possibility of
integrated metrics for prediction of cerebral ischemia during
CEA to decide whether to perform a carotid artery shunting.

fNIRS–EEG systems have also been applied for monitoring
of cardiac surgery. In fact, various studies have demonstrated
that many patients undergoing cardiac surgery have evidence
of central nervous system suffering. Although evidence is

Neurophotonics 041411-12 Oct–Dec 2017 • Vol. 4(4)

Chiarelli et al.: Simultaneous functional near-infrared spectroscopy and electroencephalography. . .



compelling that cerebral emboli are a major cause of perioper-
ative central nervous system morbidity in such patients, altera-
tions in cerebral perfusion pressure and blood flow can also
influence the extent of injury after an embolic insult.150

Nollert et al.151 evaluated 41 patients undergoing cardiac
operations with extracorporeal circulation with fNIRS–EEG. HHb
and O2Hbwere estimated with fNIRS. Neuropsychological test-
ing such as the minimental-state test indicated reversible post-
operative neuropsychological deficits in four patients. HHb and
O2Hb concentration changes in these patients supported the
hypothesis that neuropsychological deficits in patients after car-
diac surgery can be caused by intraoperative cerebral hypoxia.

fNIRS–EEG also found application for monitoring brain
function and oxygenation during aortic arch repair in hypother-
mia or normothermia152 and arthroscopic shoulder surgery.153

3.2.5 Psychiatric

fNIRS–EEG measurements were employed for psychiatric dis-
order assessment. An fNIRS–EEG recording can be helpful for
studying a psychiatric population in natural settings. Neural cor-
relates of bipolar disorder, schizophrenia, and game addiction
were investigated.

fNIRS studies on bipolar patients indicated low frontal activ-
ity during a verbal fluency task and altered fNIRS responses
compared with those of patients with major depressive disorder
or healthy subjects. EEG highlighted altered gamma, beta, and
alpha band activities always related to deficits of frontal activity
and frontotemporal-parietal connectivity.154

Possible neurophysiological markers of language percep-
tion in schizophrenia were investigated using fNIRS–EEG
recordings.155 In particular, fNIRS was coupled with ERPs
that were previously proven to be a useful tool for studying lan-
guage processing abilities in psychiatric patients. Twenty-two
patients were exposed to sentences that were either literal, meta-
phoric, or meaningless. EEG analysis showed that both N400
and left-hemispheric activation were altered in psychiatric
patients. Differently from controls, correlation analyses showed
a poor metaphor-related fNIRS-ERPs relation in the psychiatric
patients.

Lastly, an fNIRS–EEG investigation was conducted on a
game-addicted Japanese population during game play.156 The
recording showed a decrease in O2Hb during game play corre-
lated with a decrease in beta-band power but unaltered alpha
band power in addicted subjects.

Although only a few studies were performed, combined
fNIRS–EEG measurements are feasible for psychiatric patient
evaluation.

3.2.6 Rehabilitation

Rehabilitation is a fundamental part of postacute care in neuro-
logical disease. fNIRS–EEG monitoring of brain activity during
recovery can be of great help in providing brain function infor-
mation without restricting the patient movement. fNIRS–EEG
monitoring has been applied for rehabilitation purposes, either
for monitoring functional brain recovery157 or through proce-
dures that rely on the previously described BCI technology,
mainly dedicated to gait rehabilitation.158 Pittaccio et al.159

investigated the potential role of early passive motion in stimu-
lating cortical areas of the brain devoted to the control of the
lower limbs. They monitored brain activity in four volunteers
over motor and somatosensory areas during active and passive

mobilizations of the lower limbs by an fNIRS–EEG (64 chan-
nels-sensors) system. Spatial correlation analysis of recording
procedures highlighted similar patterns of activity between
active and passive mobilizations for both measurements,
particularly in the contralateral premotor areas. The results sug-
gested that passive motion could provide somatosensory affer-
ences that are processed in a similar manner as for voluntary
control. fNIRS–EEG has also been employed through BCI
for postacute neurological motor recovery. BCI for stroke
motor recovery includes intensive training linking brain activity
related to patient’s intention to move the paretic limb with the
contingent sensory feedback of the paretic limb movement
guided by assistive devices. BCI training was demonstrated
in a controlled study to significantly improve motor perfor-
mance in stroke patients with severe paresis.160

4 Combined fNIRS–EEG: Current Limitations
and Future Directions

fNIRS–EEG systems exploit the ability of the two technologies
to be conducted in conditions not suited for other neuroimaging
modalities, and the multimodal approach is a useful tool for
assessing brain electrical activity and hemodynamic/oxygena-
tion state. A further development of the multimodal technology
can be expected based on the constant positive trend over time
and multiple fields of application of fNIRS–EEG scientific pro-
duction within the last 30 years.

Among the limitations with respect to other techniques,
such as fMRI, a poor sensitivity of fNIRS–EEG measurements
to brain activity in deep brain cortex layers should be
mentioned.161 Moreover, the main limitation when combining
the two modalities derives from shared scalp surface and the
presence of wires/fibers. In fact, poor mechanical reliability
of sensors and/or optodes and lack of available scalp surface
are possible problems that can be encountered during fNIRS–
EEG integration, especially if the number of sensors used is
large. Whereas EEG normally requires the use of gels, saline
solutions, and/or pastes to keep the electrodes in place and to
reduce impedance, a good fNIRS signal relies on mechanical
rigidity and proper optode coupling with the scalp surface.
Indeed, standard fNIRS inject and detect light in and from
the scalp through optical fibers/fiber bundles. Optical fibers
allow the subject to be electrically isolated. However, the fibers,
combined with EEG electrical wires, may create discomfort to
the patient, thus losing the lightweight, portability, and flexibil-
ity properties of the modalities. In fact, standard fNIRS detectors
are difficult to be placed directly on the patient’s head, espe-
cially in the presence of conductive EEG gel.162 This is because
of the high-voltages biases of the sensitive detectors employed,
such as photomultiplier tubes or avalanche photo diodes. This
practical disadvantage also introduces a long preparation time to
place electrodes and optodes on the subject head. Although this
limitation can be partially overcome by increasing mechanical
stability and reliability of optical patches and electrodes caps,
both systems require precise placement of dozens of electro-
des/optodes on the subject scalp. Different procedures and tech-
nological advancements can be implemented to overpass these
limitations. From the fNIRS standpoint, the use of light-emitting
diodes, silicon photomultipliers (SiPM),163 and/or silicon photo-
diodes (SPDs) allows for increased space availability and the use
of optical fibers/bundles to be avoided. The use of dry electrodes
in EEG may allow avoidance of the conductive paste.164 It is
worth mentioning that very few attempts have been made to

Neurophotonics 041411-13 Oct–Dec 2017 • Vol. 4(4)

Chiarelli et al.: Simultaneous functional near-infrared spectroscopy and electroencephalography. . .



create combined fNIRS–EEG solutions,162,165 and the two
modalities have been implemented extensively using two sepa-
rate wireline systems. To the best of our knowledge, there
is lack of available solution on the market for stable and com-
fortable fNIRS–EEG helmets. Although advances have been
made in the past 10 years, a perfect solution is not yet available,
and most research teams build their own helmet. This aspect was
clear when considering the great variability of the number of
optodes and electrodes employed in the studies reported in this
review. This issue is a clear limiting factor for a wide usage of
fNIRS–EEG recordings in both clinical and nonclinical settings.

Ad hoc development of mechanical structures for an inte-
grated system would allow for a stable and easy to wear
fNIRS and EEG sensors layout. The development of portable,
fiberless, and especially wireless combo fNIRS–EEG devices
may extend the system application to everyday life settings.
This is essential for the diagnosis of brain functional abnormal-
ities as the artificial and tightly constrained settings may inter-
fere with patients’ behavior and physiological status. Moreover,
a wireless system is definitely more suitable in a clinical setting.

5 Conclusion
In this review, fNIRS, EEG, and combined fNIRS–EEG have
been described and discussed. Moreover, major areas where
multimodal investigation was employed both in clinical and
nonclinical settings were presented. fNIRS, relying on spectro-
scopic measurements, can provide estimates of hemodynamic
fluctuations and oxygenation of the brain, whereas EEG can
be effectively used to measure the temporal dynamics of
brain electrical activity. Thus, fNIRS and EEG provide different
physical and physiological information, encouraging their flex-
ible and lightweight integration in multiple brain research fields.

Within nonclinical applications, fNIRS–EEG exploited the
spatiotemporal hemodynamic and electrical evolution of the
human brain functions. Studies were performed assessing
brain responses to external sensory stimulation (auditory or vis-
ual),69–71 or more complex brain functions such as language,80

motor intention,74,75 WM,79 and emotions.82 fNIRS–EEG was
also applied for studying social interaction.85,86 An interesting
application in the brain function field was the study of brain
state proprioception during changes of gravity conditions.76,77

Moreover, BCI clearly showed the beneficial effects of multi-
modal fNIRS–EEG recordings. Multimodal BCI found a
main application in sensorimotor imagery48–51 and SSVEP
classification.53 Neurovascular coupling was also extensively
studied using fNIRS–EEG systems relying on the high hemo-
dynamic information content of fNIRS. Neurovascular coupling
was assessed with fNIRS–EEG using three different experi-
mental approaches. Some groups56–59 studied neurovascular
coupling relying on resting state paradigm. Others8,60 assessed
neurovascular coupling based on task-related response.
Neurovascular coupling relying on external vascular63,64 or
electrical manipulation (through anodal tDCS) was further
investigated.65–67 A minor field of application of fNIRS–EEG
in a nonclinical setting was sleep research.87

Within the clinical environment, fNIRS–EEG was exten-
sively applied to newborn monitoring due to its portability, light-
weight properties, and adequacy for long-term monitoring.
Generally, for newborn and for overall clinical research, sparser
optical and electrical arrays were employed when compared
with nonclinical applications. fNIRS–EEG have been applied
for monitoring newborn cerebral hypoxia106,107 or newborn brain

activity and oxygenation immediately after birth.110–112,114

Moreover, the fNIRS–EEG simultaneous monitoring was
utilized during deep hypothermic circulatory arrest.101,117

Response to painful treatments received118 and degree of sen-
sory-related brain responses was assessed.121,122 Another impor-
tant application of fNIRS–EEG in clinical settings was epileptic
patients monitoring. In this field, in similarity with the newborn
one, fNIRS–EEG flexibility is essential for continuous record-
ing. Many studies focused on the hemodynamic mechanisms
before, during, and after seizures.14,15,129–132 Some studies were
performed to improve the temporal detection of epileptic
activity134 whereas others were directed toward epileptogenic
focus138–140 identification. fNIRS–EEG was also applied for
the study of status epilepticus with subtle manifestations in
infants142 and for cortical myoclonous monitoring.143 The com-
bined measurements have been also applied to monitoring brain
function and oxygenation intraoperatively during CEA.144–149

Other intraoperative environments for fNIRS–EEG were cardiac
surgery150 aortic arch repair in hypothermia or normothermia152

and arthroscopic shoulder surgery.153 Minor clinical applications
were rehabilitation,159 children development (mental retarda-
tion,123 ADHD,124 and TBI125), and psychiatry (bipolar disor-
der,154 schizophrenia,155 and game addiction156).

Current limiting factors for the multimodal technology are
the presence of optical fibers for fNIRS, the presence of conduc-
tive gel/pastes for EEG, and the absence of standardized helmets
for the combined technology. Future technical trends for fNIRS–
EEG may fully exploit the combined system flexibility and port-
ability for clinical and nonclinical environments through the
usage of high sensitive semiconductor light detectors (such as
SiPM) located directly on the scalp for fNIRS and dry active elec-
trodes for EEG in a portable, fiberless, and even wireless devices
with standardized helmets, overpassing current limitations.

Disclosures
No conflicts of interest, financial or otherwise, are declared by
the authors.

Acknowledgments
This study was partially funded by grant: H2020, ECSEL-04-
2015-Smart Health, Advancing Smart Optical Imaging and
Sensing for Health (ASTONISH).

References
1. A. Villringer and B. Chance, “Non-invasive optical spectroscopy and

imaging of human brain function,” Trends Neurosci. 20(10), 435–442
(1997).

2. G. Boas, “Noninvasive imaging of the brain,”Optics & Photonics News,
http://www.osa-opn.org/home/articles/volume_15/issue_1/features/
noninvasive_imaging_of_the_brain/ (28 March 2017).

3. M. Ferrari and V. Quaresima, “A brief review on the history of human
functional near-infrared spectroscopy (fNIRS) development and fields
of application,” NeuroImage 63(2), 921–935 (2012).

4. H. Obrig, “NIRS in clinical neurology: a ‘promising’ tool?”
NeuroImage 85(Pt. 1), 535–546 (2014).

5. D. A. Boas et al., “Twenty years of functional near-infrared spectros-
copy: introduction for the special issue,” NeuroImage 85(Pt. 1), 1–5
(2014).

6. T. Farroni et al., “Infant cortex responds to other humans from shortly
after birth,” Sci. Rep. 3, 2851 (2013).

7. M. Costantini et al., “Studying social cognition using near-infrared
spectroscopy: the case of social Simon effect,” J. Biomed. Opt. 18(2),
025005 (2013).

Neurophotonics 041411-14 Oct–Dec 2017 • Vol. 4(4)

Chiarelli et al.: Simultaneous functional near-infrared spectroscopy and electroencephalography. . .

http://dx.doi.org/10.1016/S0166-2236(97)01132-6
http://www.osa-opn.org/home/articles/volume_15/issue_1/features/noninvasive_imaging_of_the_brain/
http://www.osa-opn.org/home/articles/volume_15/issue_1/features/noninvasive_imaging_of_the_brain/
http://www.osa-opn.org/home/articles/volume_15/issue_1/features/noninvasive_imaging_of_the_brain/
http://www.osa-opn.org/home/articles/volume_15/issue_1/features/noninvasive_imaging_of_the_brain/
http://dx.doi.org/10.1016/j.neuroimage.2012.03.049
http://dx.doi.org/10.1016/j.neuroimage.2013.03.045
http://dx.doi.org/10.1016/j.neuroimage.2013.11.033
http://dx.doi.org/10.1038/srep02851
http://dx.doi.org/10.1117/1.JBO.18.2.025005


8. M. Fabiani et al., “Neurovascular coupling in normal aging: a com-
bined optical, ERP and fMRI study,” NeuroImage 85(Pt. 1), 592–607
(2014).

9. A. J. Fallgatter and W. K. Strik, “Right frontal activation during the
continuous performance test assessed with near-infrared spectroscopy
in healthy subjects,” Neurosci. Lett. 223(2), 89–92 (1997).

10. A. Gallagher et al., “Near-infrared spectroscopy as an alternative to
the Wada test for language mapping in children, adults and special
populations,” Epileptic Disord. 9(3), 241–255 (2007).

11. T. Grossmann et al., “Early cortical specialization for face-to-face
communication in human infants,” Proc. R. Soc. B 275(1653),
2803–2811 (2008).

12. S. Lloyd-Fox, A. Blasi, and C. E. Elwell, “Illuminating the developing
brain: the past, present and future of functional near infrared spectros-
copy,” Neurosci. Biobehav. Rev. 34(3), 269–284 (2010).

13. M. Mahmoudzadeh et al., “Syllabic discrimination in premature
human infants prior to complete formation of cortical layers,” Proc.
Natl. Acad. Sci. U. S. A. 110(12), 4846–4851 (2013).

14. N. Roche-Labarbe et al., “NIRS-measured oxy- and deoxyhemoglobin
changes associated with EEG spike-and-wave discharges in children,”
Epilepsia 49(11), 1871–1880 (2008).

15. E. Watanabe et al., “Noninvasive cerebral blood volume measurement
during seizures using multichannel near infrared spectroscopic topog-
raphy,” J. Biomed. Opt. 5(3), 287–290 (2000).

16. P. L. Nunez and R. Srinivasan, Electric Fields of the Brain: The
Neurophysics of EEG, 2nd ed., Oxford University Press, Oxford,
New York (2006).

17. C.-T. Lin et al., “Review of wireless and wearable electroencephalogram
systems and brain-computer interfaces: a mini-review,” Gerontology
56(1), 112–119 (2010).

18. H. Shibasaki, “Human brain mapping: hemodynamic response and
electrophysiology,” Clin. Neurophysiol. 119(4), 731–743 (2008).

19. P. Croce et al., “EEG-fMRI Bayesian framework for neural activity
estimation: a simulation study,” J. Neural Eng. 13(6), 066017 (2016).

20. P. Croce et al., “Exploiting neurovascular coupling: a Bayesian
sequential Monte Carlo approach applied to simulated EEG fNIRS
data,” J. Neural Eng. 14, 046029 (2017).

21. H. Dehghani et al., “Near infrared optical tomography using
NIRFAST: algorithm for numerical model and image reconstruction,”
Int. J. Numer. Methods Biomed. Eng. 25(6), 711–732 (2009).

22. F. F. Jöbsis, “Noninvasive, infrared monitoring of cerebral and
myocardial oxygen sufficiency and circulatory parameters,” Science
198(4323), 1264–1267 (1977).

23. M. Ferrari et al., “Continuous non invasive monitoring of human brain by
near infrared spectroscopy,” Adv. Exp. Med. Biol. 191, 873–882 (1985).

24. A. D. Mora et al., “Towards next-generation time-domain diffuse
optics for extreme depth penetration and sensitivity,” Biomed. Opt.
Express 6(5), 1749–1760 (2015).

25. B. Chance et al., “Phase modulation system for dual wavelength
difference spectroscopy of hemoglobin deoxygenation in tissues,”
Proc. SPIE 1204, 481 (1990).

26. F. Scholkmann et al., “A review on continuous wave functional near-
infrared spectroscopy and imaging instrumentation and methodology,”
NeuroImage 85(Pt. 1), 6–27 (2014).

27. D. T. Delpy et al., “Estimation of optical pathlength through tissue
from direct time of flight measurement,” Phys. Med. Biol. 33(12),
1433–1442 (1988).

28. G. Naulaers et al., “Use of tissue oxygenation index and fractional
tissue oxygen extraction as non-invasive parameters for cerebral oxy-
genation. A validation study in piglets,” Neonatology 92(2), 120–126
(2007).

29. Y. Hoshi and M. Tamura, “Dynamic multichannel near-infrared optical
imaging of human brain activity,” J. Appl. Physiol. 75(4), 1842–1846
(1993).

30. A. P. Gibson, J. C. Hebden, and S. R. Arridge, “Recent advances in
diffuse optical imaging,” Phys. Med. Biol. 50(4), R1 (2005).

31. N. M. Gregg et al., “Brain specificity of diffuse optical imaging:
improvements from superficial signal regression and tomography,”
Front. Neuroenerg. 2, 14 (2010).

32. A. M. Chiarelli et al., “Comparison of procedures for co-registering
scalp-recording locations to anatomical magnetic resonance images,”
J. Biomed. Opt. 20(1), 016009 (2015).

33. A. T. Eggebrecht et al., “Mapping distributed brain function and net-
works with diffuse optical tomography,” Nat. Photonics 8(6), 448–454
(2014).

34. A. M. Chiarelli et al., “Combining energy and Laplacian regularization
to accurately retrieve the depth of brain activity of diffuse optical tomo-
graphic data,” J. Biomed. Opt. 21(3), 036008 (2016).

35. W. D. Penny et al., Statistical Parametric Mapping: The Analysis of
Functional Brain Images, Academic Press, San Diego, California
(2011).

36. A. M. Chiarelli et al., “A kurtosis-based wavelet algorithm for motion
artifact correction of fNIRS data,” NeuroImage 112, 128–137 (2015).

37. T. J. Huppert et al., “HomER: a review of time-series analysis methods
for near-infrared spectroscopy of the brain,” Appl. Opt. 48(10),
D280–D298 (2009).

38. D. L. Schomer and F. L. da Silva, Niedermeyer’s
Electroencephalography: Basic Principles, Clinical Applications,
and Related Fields, Lippincott Williams & Wilkins, Philadelphia,
Pennsylvania (2012).

39. F. Darvas et al., “Mapping human brain function with MEG and EEG:
methods and validation,” NeuroImage 23(Suppl. 1), S289–S299
(2004).

40. L. Marzetti et al., “Magnetoencephalographic alpha band connectivity
reveals differential default mode network interactions during focused
attention and open monitoring meditation,” Front. Hum. Neurosci.
8, 832 (2014).

41. S. Palva and J. M. Palva, “New vistas for α-frequency band oscilla-
tions,” Trends Neurosci. 30(4), 150–158 (2007).

42. G. Pfurtscheller and F. H. Lopes da Silva, “Event-related EEG/MEG
synchronization and desynchronization: basic principles,” Clin.
Neurophysiol. 110(11), 1842–1857 (1999).

43. A. K. Engel and P. Fries, “Beta-band oscillations–signalling the status
quo?” Curr. Opin. Neurobiol. 20(2), 156–165 (2010).

44. P. Pinti et al., “Using fiberless, wearable fNIRS to monitor brain activ-
ity in real-world cognitive tasks,” J. Visualized Exp. 106, e53336
(2015).

45. N. Birbaumer et al., “Physiological regulation of thinking: brain-com-
puter interface (BCI) research,” Prog. Brain Res. 159, 369–391 (2006).

46. U. Chaudhary et al., “Brain-computer interface-based communication
in the completely locked-in state,” PLoS Biol. 15(1), e1002593 (2017).

47. G. Pfurtscheller et al., “The hybrid BCI,” Front. Neurosci. 4, 30
(2010).

48. S. Fazli et al., “Using NIRS as a predictor for EEG-based BCI perfor-
mance,” in Annual Int. Conf. of the IEEE Engineering in Medicine and
Biology Society (EMBC ’12), pp. 4911–4914 (2012).

49. S. Fazli et al., “Enhanced performance by a hybrid NIRS-EEG brain–
computer interface,” NeuroImage 59(1), 519–529 (2012).

50. R. K. Almajidy et al., “Multimodal 2D brain–computer interface,” in
37th Annual Int. Conf. of the IEEE Engineering in Medicine and
Biology Society (EMBC ’15), pp. 1067–1070 (2015).

51. B. Koo et al., “A hybrid NIRS-EEG system for self-paced brain–com-
puter interface with online motor imagery,” J. Neurosci. Methods 244,
26–32 (2015).

52. M. J. Khan, M. J. Hong, and K.-S. Hong, “Decoding of four movement
directions using hybrid NIRS-EEG brain-computer interface,” Front.
Hum. Neurosci. 8, 244 (2014).

53. Y. Tomita et al., “Bimodal BCI using simultaneously NIRS and EEG,”
IEEE Trans. Biomed. Eng. 61(4), 1274–1284 (2014).

54. H. Morioka et al., “Decoding spatial attention by using cortical
currents estimated from electroencephalography with near-infrared
spectroscopy prior information,” NeuroImage 90, 128–139 (2014).

55. Y. Hoshi et al., “Relationship between fluctuations in the cerebral
hemoglobin oxygenation state and neuronal activity under resting
conditions in man,” Neurosci. Lett. 245(3), 147–150 (1998).

56. H. O. Keles, R. L. Barbour, and A. Omurtag, “Hemodynamic corre-
lates of spontaneous neural activity measured by human whole-head
resting state EEG + fNIRS,” NeuroImage 138, 76–87 (2016).

57. V. V. Nikulin et al., “Monochromatic ultra-slow (∼0.1 Hz) oscillations
in the human electroencephalogram and their relation to hemodynam-
ics,” NeuroImage 97, 71–80 (2014).

58. G. Pfurtscheller et al., “Coupling between intrinsic prefrontal HbO2

and central EEG beta power oscillations in the resting brain,” PLoS
One 7(8), e43640 (2012).

Neurophotonics 041411-15 Oct–Dec 2017 • Vol. 4(4)

Chiarelli et al.: Simultaneous functional near-infrared spectroscopy and electroencephalography. . .

http://dx.doi.org/10.1016/j.neuroimage.2013.04.113
http://dx.doi.org/10.1016/S0304-3940(97)13416-4
http://dx.doi.org/10.1684/epd.2007.0118
http://dx.doi.org/10.1098/rspb.2008.0986
http://dx.doi.org/10.1016/j.neubiorev.2009.07.008
http://dx.doi.org/10.1073/pnas.1212220110
http://dx.doi.org/10.1073/pnas.1212220110
http://dx.doi.org/10.1111/j.1528-1167.2008.01711.x
http://dx.doi.org/10.1117/1.429998
http://dx.doi.org/10.1159/000230807
http://dx.doi.org/10.1016/j.clinph.2007.10.026
http://dx.doi.org/10.1088/1741-2560/13/6/066017
http://dx.doi.org/10.1088/1741-2552/aa7321
http://dx.doi.org/10.1002/cnm.1162
http://dx.doi.org/10.1126/science.929199
http://dx.doi.org/10.1007/978-1-4684-3291-6
http://dx.doi.org/10.1364/BOE.6.001749
http://dx.doi.org/10.1364/BOE.6.001749
http://dx.doi.org/10.1117/12.17711
http://dx.doi.org/10.1016/j.neuroimage.2013.05.004
http://dx.doi.org/10.1088/0031-9155/33/12/008
http://dx.doi.org/10.1159/000101063
http://dx.doi.org/10.1088/0031-9155/50/4/R01
http://dx.doi.org/10.3389/fnene.2010.00014
http://dx.doi.org/10.1117/1.JBO.20.1.016009
http://dx.doi.org/10.1038/nphoton.2014.107
http://dx.doi.org/10.1117/1.JBO.21.3.036008
http://dx.doi.org/10.1016/j.neuroimage.2015.02.057
http://dx.doi.org/10.1364/AO.48.00D280
http://dx.doi.org/10.1016/j.neuroimage.2004.07.014
http://dx.doi.org/10.3389/fnhum.2014.00832
http://dx.doi.org/10.1016/j.tins.2007.02.001
http://dx.doi.org/10.1016/S1388-2457(99)00141-8
http://dx.doi.org/10.1016/S1388-2457(99)00141-8
http://dx.doi.org/10.1016/j.conb.2010.02.015
http://dx.doi.org/10.3791/53336
http://dx.doi.org/10.1016/S0079-6123(06)59024-7
http://dx.doi.org/10.1371/journal.pbio.1002593
http://dx.doi.org/10.3389/fnpro.2010.00003
http://dx.doi.org/10.1109/EMBC.2012.6347095
http://dx.doi.org/10.1109/EMBC.2012.6347095
http://dx.doi.org/10.1016/j.neuroimage.2011.07.084
http://dx.doi.org/10.1109/EMBC.2015.7318549
http://dx.doi.org/10.1109/EMBC.2015.7318549
http://dx.doi.org/10.1016/j.jneumeth.2014.04.016
http://dx.doi.org/10.3389/fnhum.2014.00244
http://dx.doi.org/10.3389/fnhum.2014.00244
http://dx.doi.org/10.1109/TBME.2014.2300492
http://dx.doi.org/10.1016/j.neuroimage.2013.12.035
http://dx.doi.org/10.1016/S0304-3940(98)00197-9
http://dx.doi.org/10.1016/j.neuroimage.2016.05.058
http://dx.doi.org/10.1016/j.neuroimage.2014.04.008
http://dx.doi.org/10.1371/journal.pone.0043640
http://dx.doi.org/10.1371/journal.pone.0043640


59. R. B. Govindan et al., “A novel technique for quantitative bedside
monitoring of neurovascular coupling,” J. Neurosci. Methods 259,
135–142 (2016).

60. H. Obrig et al., “Habituation of the visually evoked potential and its
vascular response: implications for neurovascular coupling in the
healthy adult,” NeuroImage 17(1), 1–18 (2002).

61. A. M. Chiarelli et al., “Fast optical signal in visual cortex: improving
detection by general linear convolution model,” NeuroImage 66, 194–
202 (2013).

62. A. M. Chiarelli, G. L. Romani, and A. Merla, “Fast optical signals in
the sensorimotor cortex: general linear convolution model applied to
multiple source-detector distance-based data,” NeuroImage 85(Pt. 1),
245–254 (2014).

63. C. Babiloni et al., “Hypercapnia affects the functional coupling of
resting state electroencephalographic rhythms and cerebral haemody-
namics in healthy elderly subjects and in patients with amnestic
mild cognitive impairment,” Clin. Neurophysiol. 125(4), 685–693
(2014).

64. S. Vanhatalo et al., “Scalp-recorded slow EEG responses generated
in response to hemodynamic changes in the human brain,” Clin.
Neurophysiol. 114(9), 1744–1754 (2003).

65. A. Dutta, “Bidirectional interactions between neuronal and hemo-
dynamic responses to transcranial direct current stimulation (tDCS):
challenges for brain-state dependent tDCS,” Front. Syst. Neurosci.
9, 107 (2015).

66. A. Dutta et al., “EEG-NIRS based assessment of neurovascular cou-
pling during anodal transcranial direct current stimulation: a stroke
case series,” J. Med. Syst. 39(4), 205 (2015).

67. U. Jindal et al., “Development of point of care testing device for neuro-
vascular coupling from simultaneous recording of EEG and NIRS dur-
ing anodal transcranial direct current stimulation,” IEEE J. Transl.
Eng. Health Med. 3, 1–12 (2015).

68. M. T. Talukdar, H. R. Frost, and S. G. Diamond, “Modeling neuro-
vascular coupling from clustered parameter sets for multimodal
EEG-NIRS,” Comput. Math. Methods Med. 2015, 830849 (2015).

69. A.-C. Ehlis et al., “Cortical correlates of auditory sensory gating:
a simultaneous near-infrared spectroscopy event-related potential
study,” Neuroscience 159(3), 1032–1043 (2009).

70. T. Takeda et al., “Influence of pleasant and unpleasant auditory stimuli
on cerebral blood flow and physiological changes in normal subjects,”
in Oxygen Transport to Tissue XXXVII, Vol. 876, pp. 303–309 (2016).

71. L. Rovati et al., “Optical and electrical recording of neural activity
evoked by graded contrast visual stimulus,” Biomed. Eng. Online 6,
28 (2007).

72. N. Jaušovec and K. Jaušovec, “Gender related differences in visual
and auditory processing of verbal and figural tasks,” Brain Res.
1300, 135–145 (2009).

73. N. Jausovec and K. Jausovec, “Do women see things differently than
men do?” NeuroImage 45(1), 198–207 (2009).

74. M. Takeuchi et al., “Brain cortical mapping by simultaneous recording
of functional near infrared spectroscopy and electroencephalograms
from the whole brain during right median nerve stimulation,” Brain
Topogr. 22(3), 197–214 (2009).

75. G. Pfurtscheller et al., “Does conscious intention to perform a motor
act depend on slow prefrontal (de)oxyhemoglobin oscillations in the
resting brain?” Neurosci. Lett. 508(2), 89–94 (2012).

76. V. Brümmer et al., “Coherence between brain cortical function and
neurocognitive performance during changed gravity conditions,”
J. Visualized Exp. 51, 2670 (2011).

77. C. Smith et al., “The relationship between brain cortical activity and
brain oxygenation in the prefrontal cortex during hypergravity expo-
sure,” J. Appl. Physiol. 114(7), 905–910 (2013).

78. M. Butti et al., “Multimodal analysis of a sustained attention protocol:
continuous performance test assessed with near infrared spectroscopy
and EEG,” in 28th Annual Int. Conf. of the IEEE, Engineering in
Medicine and Biology Society (EMBS ’06), Vol. 1, pp. 1040–1043
(2006).

79. N. Jaušovec and K. Jaušovec, “Working memory training: improving
intelligence–changing brain activity,” Brain Cognit. 79(2), 96–106
(2012).

80. F. Wallois et al., “Usefulness of simultaneous EEG-NIRS recording in
language studies,” Brain Lang. 121(2), 110–123 (2012).

81. M. Balconi, E. Grippa, and M. E. Vanutelli, “What hemodynamic
(fNIRS), electrophysiological (EEG) and autonomic integrated mea-
sures can tell us about emotional processing,” Brain Cognit. 95,
67–76 (2015).

82. Y. Hoshi et al., “Recognition of human emotions from cerebral blood
flow changes in the frontal region: a study with event-related near-
infrared spectroscopy,” J. Neuroimaging 21(2), e94–e101 (2011).

83. M. J. Herrmann et al., “Enhancement of activity of the primary visual
cortex during processing of emotional stimuli as measured with event-
related functional near-infrared spectroscopy and event-related poten-
tials,” Hum. Brain Mapp. 29(1), 28–35 (2008).

84. Y. Ishii et al., “Study on mental stress using near-infrared spectroscopy,
electroencephalography, and peripheral arterial tonometry,” in 30th
Annual Int. Conf. of the IEEE Engineering in Medicine and
Biology Society (EMBS ’08), pp. 4992–4995 (2008).

85. I. Konvalinka and A. Roepstorff, “The two-brain approach: how can
mutually interacting brains teach us something about social interac-
tion?” Front. Hum. Neurosci. 6, 215 (2012).

86. F. Babiloni and L. Astolfi, “Social neuroscience and hyperscanning
techniques: past, present and future,” Neurosci. Biobehav. Rev. 44,
76–93 (2014).

87. M. L. Pierro et al., “Phase-amplitude investigation of spontaneous low-
frequency oscillations of cerebral hemodynamics with near-infrared
spectroscopy: a sleep study in human subjects,” NeuroImage 63(3),
1571–1584 (2012).

88. A. J. Spielman et al., “Intracerebral hemodynamics probed by near
infrared spectroscopy in the transition between wakefulness and
sleep,” Brain Res. 866(1–2), 313–325 (2000).

89. F. Pizza et al., “Periodic leg movements during sleep and cerebral
hemodynamic changes detected by NIRS,” Clin. Neurophysiol.
120(7), 1329–1334 (2009).

90. S. A. Carp et al., “Due to intravascular multiple sequential scattering,
diffuse correlation spectroscopy of tissue primarily measures relative
red blood cell motion within vessels,” Biomed. Opt. Express 2(7),
2047–2054 (2011).

91. E. M. Buckley et al., “Diffuse correlation spectroscopy for measure-
ment of cerebral blood flow: future prospects,” Neurophotonics 1(1),
011009 (2014).

92. T. Durduran and A. G. Yodh, “Diffuse correlation spectroscopy for
non-invasive, micro-vascular cerebral blood flow measurement,”
NeuroImage 85(Pt. 1), 51–63 (2014).

93. N. Roche-Labarbe et al., “Noninvasive optical measures of CBV, StO2,
CBF index, and rCMRO2 in human premature neonates’ brains in
the first six weeks of life,” Hum. Brain Mapp. 31(3), 341–352
(2010).

94. M. Dehaes et al., “Cerebral oxygen metabolism in neonatal hypoxic
ischemic encephalopathy during and after therapeutic hypothermia,”
J. Cereb. Blood Flow Metab. 34(1), 87–94 (2014).

95. P.-Y. Lin et al., “Reduced cerebral blood flow and oxygen metabolism
in extremely preterm neonates with low-grade germinal matrix-intra-
ventricular hemorrhage,” Sci. Rep. 6, 25903 (2016).

96. M. Dehaes et al., “Perioperative cerebral hemodynamics and oxygen
metabolism in neonates with single-ventricle physiology,” Biomed.
Opt. Express 6(12), 4749–4767 (2015).

97. T. Durduran et al., “Optical measurement of cerebral hemodynamics
and oxygen metabolism in neonates with congenital heart defects,”
J. Biomed. Opt. 15(3), 037004 (2010).

98. M. C. Toet and P. M. A. Lemmers, “Brain monitoring in neonates,”
Early Hum. Dev. 85(2), 77–84 (2009).

99. Z. M. Grinspan et al., “Multimodal monitoring in the pediatric inten-
sive care unit: new modalities and informatics challenges,” Semin.
Pediatr. Neurol. 21(4), 291–298 (2014).

100. G. Ancora et al., “Changes in cerebral hemodynamics and amplitude
integrated EEG in an asphyxiated newborn during and after cool cap
treatment,” Brain Dev. 31(6), 442–444 (2009).

101. M. C. Toet et al., “Cerebral oxygenation and electrical activity after
birth asphyxia: their relation to outcome,” Pediatrics 117(2), 333–
339 (2006).

102. K. Gucuyener et al., “Use of amplitude-integrated electroencephalog-
raphy (aEEG) and near infrared spectroscopy findings in neonates with
asphyxia during selective head cooling,” Brain Dev. 34(4), 280–286
(2012).

Neurophotonics 041411-16 Oct–Dec 2017 • Vol. 4(4)

Chiarelli et al.: Simultaneous functional near-infrared spectroscopy and electroencephalography. . .

http://dx.doi.org/10.1016/j.jneumeth.2015.11.025
http://dx.doi.org/10.1006/nimg.2002.1177
http://dx.doi.org/10.1016/j.neuroimage.2012.10.047
http://dx.doi.org/10.1016/j.neuroimage.2013.07.021
http://dx.doi.org/10.1016/j.clinph.2013.10.002
http://dx.doi.org/10.1016/S1388-2457(03)00163-9
http://dx.doi.org/10.1016/S1388-2457(03)00163-9
http://dx.doi.org/10.3389/fnsys.2015.00107
http://dx.doi.org/10.1007/s10916-015-0205-7
http://dx.doi.org/10.1109/JTEHM.2015.2389230
http://dx.doi.org/10.1109/JTEHM.2015.2389230
http://dx.doi.org/10.1155/2015/830849
http://dx.doi.org/10.1016/j.neuroscience.2009.01.015
http://dx.doi.org/10.1186/1475-925X-6-28
http://dx.doi.org/10.1016/j.brainres.2009.08.093
http://dx.doi.org/10.1016/j.neuroimage.2008.11.013
http://dx.doi.org/10.1007/s10548-009-0109-2
http://dx.doi.org/10.1007/s10548-009-0109-2
http://dx.doi.org/10.1016/j.neulet.2011.12.025
http://dx.doi.org/10.3791/2670
http://dx.doi.org/10.1152/japplphysiol.01426.2012
http://dx.doi.org/10.1109/IEMBS.2006.260493
http://dx.doi.org/10.1109/IEMBS.2006.260493
http://dx.doi.org/10.1016/j.bandc.2012.02.007
http://dx.doi.org/10.1016/j.bandl.2011.03.010
http://dx.doi.org/10.1016/j.bandc.2015.02.001
http://dx.doi.org/10.1111/j.1552-6569.2009.00454.x
http://dx.doi.org/10.1002/hbm.20368
http://dx.doi.org/10.1109/IEMBS.2008.4650335
http://dx.doi.org/10.1109/IEMBS.2008.4650335
http://dx.doi.org/10.1109/IEMBS.2008.4650335
http://dx.doi.org/10.3389/fnhum.2012.00215
http://dx.doi.org/10.1016/j.neubiorev.2012.07.006
http://dx.doi.org/10.1016/j.neuroimage.2012.07.015
http://dx.doi.org/10.1016/S0006-8993(00)02320-9
http://dx.doi.org/10.1016/j.clinph.2009.05.009
http://dx.doi.org/10.1364/BOE.2.002047
http://dx.doi.org/10.1117/1.NPh.1.1.011009
http://dx.doi.org/10.1016/j.neuroimage.2013.06.017
http://dx.doi.org/10.1002/hbm.20868
http://dx.doi.org/10.1038/jcbfm.2013.165
http://dx.doi.org/10.1038/srep25903
http://dx.doi.org/10.1364/BOE.6.004749
http://dx.doi.org/10.1364/BOE.6.004749
http://dx.doi.org/10.1117/1.3425884
http://dx.doi.org/10.1016/j.earlhumdev.2008.11.007
http://dx.doi.org/10.1016/j.spen.2014.10.005
http://dx.doi.org/10.1016/j.spen.2014.10.005
http://dx.doi.org/10.1016/j.braindev.2008.06.003
http://dx.doi.org/10.1542/peds.2005-0987
http://dx.doi.org/10.1016/j.braindev.2011.06.005


103. G. Ancora et al., “Early predictors of short term neurodevelopmental
outcome in asphyxiated cooled infants. A combined brain amplitude
integrated electroencephalography and near infrared spectroscopy
study,” Brain Dev. 35(1), 26–31 (2013).

104. R. A. Shellhaas et al., “Limited short-term prognostic utility of cerebral
NIRS during neonatal therapeutic hypothermia,” Neurology 81(3),
249–255 (2013).

105. P. Zaramella et al., “Can tissue oxygenation index (TOI) and cotside
neurophysiological variables predict outcome in depressed/asphyxi-
ated newborn infants?” Early Hum. Dev. 83(8), 483–489 (2007).

106. S. Hyttel-Sorensen et al., “A phase II randomized clinical trial on
cerebral near-infrared spectroscopy plus a treatment guideline versus
treatment as usual for extremely preterm infants during the first three
days of life (SafeBoosC): study protocol for a randomized controlled
trial,” Trials 14, 120 (2013).

107. A. M. Plomgaard et al., “The SafeBoosC II randomized trial: treatment
guided by near-infrared spectroscopy reduces cerebral hypoxia without
changing early biomarkers of brain injury,” Pediatr. Res. 79(4), 528–
535 (2016).

108. R. J. Cooper et al., “Transient haemodynamic events in neurologically
compromised infants: a simultaneous EEG and diffuse optical imaging
study,” NeuroImage 55(4), 1610–1616 (2011).

109. L. Skov et al., “Acute changes in cerebral oxygenation and cerebral
blood volume in preterm infants during surfactant treatment,”
Neuropediatrics 23(3), 126–130 (1992).

110. H. J. Ter Horst et al., “The relationship between electrocerebral activity
and cerebral fractional tissue oxygen extraction in preterm infants,”
Pediatr. Res. 70(4), 384–388 (2011).

111. M. L. Tataranno et al., “Early oxygen-utilization and brain activity in
preterm infants,” PLoS One 10(5), e0124623 (2015).

112. M. El-Dib et al., “EEG maturation and stability of cerebral oxygen
extraction in very low birth weight infants,” J. Perinatol. 36(4),
311–316 (2016).

113. G. Pichler et al., “How to monitor the brain during immediate neonatal
transition and resuscitation? A systematic qualitative review of the
literature,” Neonatology 105(3), 205–210 (2014).

114. A. Tamussino et al., “Low cerebral activity and cerebral oxygenation
during immediate transition in term neonates: a prospective observa-
tional study,” Resuscitation 103, 49–53 (2016).

115. G. Pichler et al., “aEEG and NIRS during transition and resuscitation
after birth: promising additional tools; an observational study,”
Resuscitation 84(7), 974–978 (2013).

116. M. C. Toet et al., “Cerebral oxygen saturation and electrical brain
activity before, during, and up to 36 hours after arterial switch procedure
in neonates without pre-existing brain damage: its relationship to neuro-
developmental outcome,” Exp. Brain Res. 165(3), 343–350 (2005).

117. P. P. Drury et al., “Deep hypothermic circulatory arrest during the
arterial switch operation is associated with reduction in cerebral
oxygen extraction but no increase in white matter injury,” J. Thorac.
Cardiovasc. Surg. 146(6), 1327–1333 (2013).

118. C. Hartley and R. Slater, “Neurophysiological measures of nociceptive
brain activity in the newborn infant—the next steps,” Acta Paediatr.
103(3), 238–242 (2014).

119. A. Worley et al., “Multi-modal pain measurements in infants,”
J. Neurosci. Methods 205(2), 252–257 (2012).

120. M. Verriotis et al., “Mapping cortical responses to somatosensory
stimuli in human infants with simultaneous near-infrared spectros-
copy and event-related potential recording,” eNeuro 3(2), pii:
ENEURO.0026-16 (2016).

121. M. Biallas et al., “Multimodal recording of brain activity in term
newborns during photic stimulation by near-infrared spectroscopy
and electroencephalography,” J. Biomed. Opt. 17(8), 086011 (2012).

122. S. Telkemeyer et al., “Acoustic processing of temporally modulated
sounds in infants: evidence from a combined near-infrared spectros-
copy and EEG study,” Front. Psychol. 1, 62 (2011).

123. F. Zennifa et al., “Monitoring of cognitive state on mental retardation
child using EEG, ECG and NIRS in four years study,” in 37th Annual
Int. Conf. of the IEEE Engineering in Medicine and Biology Society
(EMBC ’15), pp. 6610–6613 (2015).

124. A.-M. Marx et al., “Near-infrared spectroscopy (NIRS) neurofeedback
as a treatment for children with attention deficit hyperactivity disorder
(ADHD): a pilot study,” Front. Hum. Neurosci. 8, 1038 (2014).

125. P. D. Adelson et al., “The use of near infrared spectroscopy (NIRS)
in children after traumatic brain injury: a preliminary report,” Acta
Neurochir. Suppl. 71, 250–254 (1998).

126. F. Wallois et al., “EEG-NIRS in epilepsy in children and neonates,”
Neurophysiol. Clin. 40(5–6), 281–292 (2010).

127. D. N. Lenkov et al., “Advantages and limitations of brain imaging
methods in the research of absence epilepsy in humans and animal
models,” J. Neurosci. Methods 212(2), 195–202 (2013).

128. B. J. Steinhoff, G. Herrendorf, and C. Kurth, “Ictal near infrared spec-
troscopy in temporal lobe epilepsy: a pilot study,” Seizure 5(2), 97–101
(1996).

129. P. D. Adelson et al., “Noninvasive continuous monitoring of cerebral
oxygenation periictally using near-infrared spectroscopy: a prelimi-
nary report,” Epilepsia 40(11), 1484–1489 (1999).

130. M. Seyal, “Frontal hemodynamic changes precede EEG onset of
temporal lobe seizures,” Clin. Neurophysiol. 125(3), 442–448 (2014).

131. M. D. Sokoloff et al., “Phenobarbital and neonatal seizures affect
cerebral oxygen metabolism: a near-infrared spectroscopy study,”
Pediatr. Res. 78(1), 91–96 (2015).

132. M. Shichiri et al., “Usefulness of near-infrared spectroscopy for iden-
tification of epileptic foci in two localization-related epilepsy patients,”
No To Hattatsu Brain Dev. 33(6), 475–479 (2001).

133. K. Peng et al., “Multichannel continuous electroencephalography-
functional near-infrared spectroscopy recording of focal seizures
and interictal epileptiform discharges in human epilepsy: a review,”
Neurophotonics 3(3), 031402 (2016).

134. A. Machado et al., “Detection of hemodynamic responses to epileptic
activity using simultaneous electro-encephalography (EEG)/near infra
red spectroscopy (NIRS) acquisitions,” NeuroImage 56(1), 114–125
(2011).

135. P. Pouliot et al., “Hemodynamic changes during posterior epilepsies:
an EEG-fNIRS study,” Epilepsy Res. 108(5), 883–890 (2014).

136. D. K. Nguyen et al., “Non-invasive continuous EEG-fNIRS recording
of temporal lobe seizures,” Epilepsy Res. 99(1–2), 112–126 (2012).

137. D. K. Nguyen et al., “Noninvasive continuous functional near-infrared
spectroscopy combined with electroencephalography recording of
frontal lobe seizures,” Epilepsia 54(2), 331–340 (2013).

138. E. Watanabe, Y. Nagahori, and Y. Mayanagi, “Focus diagnosis of
epilepsy using near-infrared spectroscopy,” Epilepsia 43(Suppl. 9),
50–55 (2002).

139. K. Peng et al., “fNIRS-EEG study of focal interictal epileptiform
discharges,” Epilepsy Res. 108(3), 491–505 (2014).

140. A. Gallagher et al., “Non-invasive pre-surgical investigation of a 10
year-old epileptic boy using simultaneous EEG-NIRS,” Seizure 17(6),
576–582 (2008).

141. P. Vannasing et al., “Potential brain language reorganization in a boy
with refractory epilepsy; an fNIRS-EEG and fMRI comparison,”
Epilepsy Behav. Case Rep. 5, 34–37 (2016).

142. G. Arca Diaz et al., “Near infrared spectroscopy in the management of
status epilepticus in a young infant,” Eur. J. Paediatr. Neurol. 10(1),
19–21 (2006).

143. E. Visani et al., “Hemodynamic and EEG time-courses during unilat-
eral hand movement in patients with cortical myoclonus. An EEG-
fMRI and EEG-TD-fNIRS study,” Brain Topogr. 28(6), 915–925
(2015).

144. C. W. A. Pennekamp et al., “The value of near-infrared spectroscopy
measured cerebral oximetry during carotid endarterectomy in perioper-
ative stroke prevention. A review,” Eur. J. Vasc. Endovasc. Surg.
38(5), 539–545 (2009).

145. J. A. de Letter et al., “Near-infrared reflected spectroscopy and electro-
encephalography during carotid endarterectomy–in search of a new
shunt criterion,” Neurol. Res. 20(Suppl. 1), S23–S27 (1998).

146. W. J. Mauermann et al., “Comparison of electroencephalography and
cerebral oximetry to determine the need for in-line arterial shunting in
patients undergoing carotid endarterectomy,” J. Cardiothorac. Vasc.
Anesth. 27(6), 1253–1259 (2013).

147. C. W. A. Pennekamp et al., “Near-infrared spectroscopy to indicate
selective shunt use during carotid endarterectomy,” Eur. J. Vasc.
Endovasc. Surg. 46(4), 397–403 (2013).

148. S. Moritz et al., “Accuracy of cerebral monitoring in detecting cerebral
ischemia during carotid endarterectomy: a comparison of transcranial
Doppler sonography, near-infrared spectroscopy, stump pressure, and

Neurophotonics 041411-17 Oct–Dec 2017 • Vol. 4(4)

Chiarelli et al.: Simultaneous functional near-infrared spectroscopy and electroencephalography. . .

http://dx.doi.org/10.1016/j.braindev.2011.09.008
http://dx.doi.org/10.1212/WNL.0b013e31829bfe41
http://dx.doi.org/10.1016/j.earlhumdev.2006.09.003
http://dx.doi.org/10.1186/1745-6215-14-120
http://dx.doi.org/10.1038/pr.2015.266
http://dx.doi.org/10.1016/j.neuroimage.2011.01.022
http://dx.doi.org/10.1055/s-2008-1071327
http://dx.doi.org/10.1203/PDR.0b013e3182294735
http://dx.doi.org/10.1371/journal.pone.0124623
http://dx.doi.org/10.1038/jp.2015.200
http://dx.doi.org/10.1159/000357162
http://dx.doi.org/10.1016/j.resuscitation.2016.03.011
http://dx.doi.org/10.1016/j.resuscitation.2012.12.025
http://dx.doi.org/10.1007/s00221-005-2300-3
http://dx.doi.org/10.1016/j.jtcvs.2013.02.011
http://dx.doi.org/10.1016/j.jtcvs.2013.02.011
http://dx.doi.org/10.1111/apa.12490
http://dx.doi.org/10.1016/j.jneumeth.2012.01.009
http://dx.doi.org/10.1523/ENEURO.0026-16.2016
http://dx.doi.org/10.1117/1.JBO.17.8.086011
http://dx.doi.org/10.3389/fpsyg.2011.00062
http://dx.doi.org/10.1109/EMBC.2015.7319908
http://dx.doi.org/10.1109/EMBC.2015.7319908
http://dx.doi.org/10.1109/EMBC.2015.7319908
http://dx.doi.org/10.3389/fnhum.2014.01038
http://dx.doi.org/10.1016/j.neucli.2010.08.004
http://dx.doi.org/10.1016/j.jneumeth.2012.10.018
http://dx.doi.org/10.1111/epi.1999.40.issue-11
http://dx.doi.org/10.1016/j.clinph.2013.09.003
http://dx.doi.org/10.1038/pr.2015.64
http://dx.doi.org/10.1117/1.NPh.3.3.031402
http://dx.doi.org/10.1016/j.neuroimage.2010.12.026
http://dx.doi.org/10.1016/j.eplepsyres.2014.03.007
http://dx.doi.org/10.1016/j.eplepsyres.2011.10.035
http://dx.doi.org/10.1111/epi.12011
http://dx.doi.org/10.1046/j.1528-1157.43.s.9.12.x
http://dx.doi.org/10.1016/j.eplepsyres.2013.12.011
http://dx.doi.org/10.1016/j.seizure.2008.01.009
http://dx.doi.org/10.1016/j.ebcr.2016.01.006
http://dx.doi.org/10.1016/j.ejpn.2005.11.001
http://dx.doi.org/10.1007/s10548-014-0402-6
http://dx.doi.org/10.1016/j.ejvs.2009.07.008
http://dx.doi.org/10.1080/01616412.1998.11740604
http://dx.doi.org/10.1053/j.jvca.2013.02.013
http://dx.doi.org/10.1053/j.jvca.2013.02.013
http://dx.doi.org/10.1016/j.ejvs.2013.07.007
http://dx.doi.org/10.1016/j.ejvs.2013.07.007


somatosensory evoked potentials,” Anesthesiology 107(4), 563–569
(2007).

149. W. Perez et al., “Cerebral oxygenation and processed EEG response to
clamping and shunting during carotid endarterectomy under general
anesthesia,” J. Clin. Monit. Comput. 29(6), 713–720 (2015).

150. N. Saidi and J. M. Murkin, “Applied neuromonitoring in cardiac
surgery: patient specific management,” Semin. Cardiothorac. Vasc.
Anesth. 9(1), 17–23 (2005).

151. G. Nollert et al., “Postoperative neuropsychological dysfunction and
cerebral oxygenation during cardiac surgery,” Thorac. Cardiovasc.
Surg. 43(5), 260–264 (1995).

152. M. Ly et al., “Continuous cerebral perfusion for aortic arch repair:
hypothermia versus normothermia,” Ann. Thorac. Surg. 92(3), 942–
948 (2011).

153. H. Kawano and T. Matsumoto, “Anesthesia for arthroscopic shoulder
surgery in the beach chair position: monitoring of cerebral oxygenation
using combined bispectral index and near-infrared spectroscopy,”
Middle East J. Anaesthesiol. 22(6), 613–617 (2014).

154. T. Onitsuka, N. Oribe, and S. Kanba, “Neurophysiological findings
in patients with bipolar disorder,” Suppl. Clin. Neurophysiol. 62,
197–206 (2013).

155. S. Schneider et al., “Haemodynamic and electrophysiological markers
of pragmatic language comprehension in schizophrenia,” World J.
Biol. Psychiatry 16(6), 398–410 (2015).

156. A. Mori et al., “Game addiction,” Nihon Rinsho Jpn. J. Clin. Med.
73(9), 1567–1573 (2015).

157. J. C. Eliassen et al., “Brain-mapping techniques for evaluating post-
stroke recovery and rehabilitation: a review,” Top. Stroke Rehabil.
15(5), 427–450 (2008).

158. T. Castermans et al., “Towards effective non-invasive brain-computer
interfaces dedicated to gait rehabilitation systems,” Brain Sci. 4(1),
1–48 (2013).

159. S. Pittaccio et al., “Can passive mobilization provide clinically-
relevant brain stimulation? A pilot EEG and NIRS study on healthy
subjects,” in 35th Annual Int. Conf. of the IEEE Engineering in
Medicine and Biology Society (EMBC ’13), pp. 3547–3550 (2013).

160. U. Chaudhary, N. Birbaumer, and M. R. Curado, “Brain-machine
interface (BMI) in paralysis,” Ann. Phys. Rehabil. Med. 58(1), 9–13
(2015).

161. P. Giacometti and S. G. Diamond, “Correspondence of electroencepha-
lography and near-infrared spectroscopy sensitivities to the cerebral
cortex using a high-density layout,” Neurophotonics 1(2), 025001
(2014).

162. E. Lareau et al., “Multichannel wearable system dedicated for simul-
taneous electroencephalography/near-infrared spectroscopy real-time
data acquisitions,” J. Biomed. Opt. 16(9), 096014 (2011).

163. D. R. Schaart et al., “A novel, SiPM-array-based, monolithic scintil-
lator detector for PET,” Phys. Med. Biol. 54(11), 3501–3512 (2009).

164. G. Gargiulo et al., “A new EEG recording system for passive dry
electrodes,” Clin. Neurophysiol. 121(5), 686–693 (2010).

165. J. Safaie et al., “Toward a fully integrated wireless wearable EEG-
NIRS bimodal acquisition system,” J. Neural Eng. 10(5), 056001
(2013).

Antonio M. Chiarelli received his BS degree and MS degree in phys-
ics engineering, optics and photonics, from the Polytechnic in Milan,
Italy, in 2006 and 2009, respectively. In 2013, he received his PhD
in neuroimaging technologies from the University of G. D’Annunzio
in Chieti-Pescara, Italy. Since 2013 he has been a postdoctoral
researcher at Beckman Institute, University of Illinois at Urbana-
Champaign. His research interests focus on optical brain imaging
methods, their integration with other neuroimaging technologies,
stochastic models and machine learning applied to the study of brain
status and function.

Filippo Zappasodi is an assistant professor of applied physics at
University of G. D’Annunzio, Chieti, Italy. Since 2001 he has partici-
pated in 13 national and international projects, which received grants
from government agencies, the European Union, and private founda-
tions on topics connected to neuroimaging, brain data analysis and
pathologies of the central nervous system. He is author of 80 scientific
articles in international indexed journals, with about 2,000 citations
and an H index of 26.

Francesco Di Pompeo received his MS degree in physics from the
University of L’Aquila, Italy, in 2005 and a PhD in physics in 2010
while working on the WArP experiment at the Gran Sasso National
Laboratory, Italy. Since 2010 he has been a postdoctoral researcher
at ITAB (Institute for Advanced Biomedical Technologies, University
of Chieti-Pescara, Italy). He was involved in the Human Connectome
Project from 2010 to 2016 for the development of analysis software of
resting state data. He is now involved in the ASTONISH project
for the development of smart optical sensing. He authored more
than 15 papers published in peer-reviewed journals and conference
proceedings.

Arcangelo Merla received his MS degree in physics from the
University of Bologna, Italy, in 1994 and a PhD in biomedical technol-
ogy from the University of Chieti-Pescara, Italy, in 2001. Since 2002
he has been director of the Infrared Imaging Lab at ITAB–Institute for
Advanced Biomedical Technology at the University of Chieti-Pescara,
where he is also associate professor of physics applied to medicine
and biology. He currently works at the development of applications of
thermal IR imaging and fNIRS in neurosciences and human-machine
interaction. He authored more than 130 papers published in peer-
reviewed journals and conference proceedings.

Neurophotonics 041411-18 Oct–Dec 2017 • Vol. 4(4)

Chiarelli et al.: Simultaneous functional near-infrared spectroscopy and electroencephalography. . .

http://dx.doi.org/10.1097/01.anes.0000281894.69422.ff
http://dx.doi.org/10.1007/s10877-014-9657-4
http://dx.doi.org/10.1177/108925320500900103
http://dx.doi.org/10.1177/108925320500900103
http://dx.doi.org/10.1055/s-2007-1013224
http://dx.doi.org/10.1055/s-2007-1013224
http://dx.doi.org/10.1016/j.athoracsur.2011.03.006
http://dx.doi.org/10.1016/B978-0-7020-5307-8.00013-2
http://dx.doi.org/10.3109/15622975.2015.1019359
http://dx.doi.org/10.3109/15622975.2015.1019359
http://dx.doi.org/10.1310/tsr1505-427
http://dx.doi.org/10.3390/brainsci4010001
http://dx.doi.org/10.1109/EMBC.2013.6610308
http://dx.doi.org/10.1109/EMBC.2013.6610308
http://dx.doi.org/10.1016/j.rehab.2014.11.002
http://dx.doi.org/10.1117/1.NPh.1.2.025001
http://dx.doi.org/10.1117/1.3625575
http://dx.doi.org/10.1088/0031-9155/54/11/015
http://dx.doi.org/10.1016/j.clinph.2009.12.025
http://dx.doi.org/10.1088/1741-2560/10/5/056001

