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Functional near-infrared spectroscopy (fNIRS) is a non-
invasive optical imaging technique that indirectly assesses
neuronal activity by measuring changes in oxygenated and
deoxygenated hemoglobin in tissues using near-infrared light.
fNIRS has been used not only to investigate cortical activity in
healthy human subjects and animals but also to reveal ab-
normalities in brain function in patients suffering from neuro-
logical and psychiatric disorders and in animals that exhibit
disease conditions. Because of its safety, quietness, resistance
to motion artifacts, and portability, fNIRS has become a tool
to complement conventional imaging techniques in measur-
ing hemodynamic responses while a subject performs diverse
cognitive and behavioral tasks in test settings that are more
ecologically relevant and involve social interaction. In this re-
view, we introduce the basic principles of fNIRS and discuss

the application of this technique in human and animal studies.
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INTRODUCTION

In response to external stimuli or changes in the environ-
ment, the brain undergoes various electrophysiological and
neurochemical reactions that are the result of the harmonious

interactions of neurons and non-neuronal cells in the brain.
The increase in local neuronal activity is usually accompanied
by the consumption of glucose and oxygen (Villringer and
Chance, 1997), which in turn leads to an increase in local
blood flow and blood volume through the distension of the
capillaries, eventually leading to the entry of oxygen-bound
hemoglobin into the region (Roy and Sherrington, 1890).
During this neurovascular coupling, the amount of oxygen
supplied is typically greater than that consumed locally, re-
sulting in a substantial increase in oxygenated hemoglobin
and a slight reduction in deoxygenated hemoglobin in the
region (Fox et al., 1988; Villringer and Dirnagl, 1995). Since the
magnitute and location of both oxy- and deoxy-hemoglobin
are tightly linked to the extent and location of neuronal ac-
tivity, the hemodynamic response is often measured as an
alternative marker of neuronal activity (Chance et al., 1993;
Ogawa et al., 1990; Villringer and Chance, 1997).

Over the last several decades, a number of non-invasive or
minimally invasive methods have been developed to meas-
ure neuronal activity in the brain. Neurophysiological tech-
nigues such as magnetoencephalography (MEG), electroen-
cephalography (EEG), and event-related brain potentials offer
the ability to measure the overall change in the electromag-
netic field with an excellent time resolution of a thousandth
of a second, but with very limited spatial resolution. On the
other hand, brain imaging techniques such as positron
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emission tomography (PET), single-positron emission com-
puted tomography, and functional magnetic resonance im-
aging (fMRI) allow indirect measurement of neuronal activity
by monitoring local hemodynamic and metabolic changes.
These techniques have excellent spatial resolution but lim-
ited temporal resolution (Irani et al., 2007).

FUNCTIONAL NEAR-INFRARED SPECTROSCOPY

Functional near-infrared spectroscopy (fNIRS) is an emerging
optical imaging technigue that measures the hemodynamic
response in the brain using light in the near-infrared wave-
length range (~700-900 nm), which is known to be perme-
able to biological samples (Fig. 1) (Fox and Raichle, 1986;
Jobsis, 1977). The fNIRS system consists of two main com-
ponents: a light source, such as a light emitting diode or
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Fig. 1. fNIRS imaging of cortical regions in humans. (A) fNIRS uses
near-infrared light to measures the relative changes in oxygenat-
ed (Oxy-Hb) and deoxygenated (Deoxy-Hb) hemoglobin in a
brain region at baseline (“Resting”) and during neuronal activa-
tion. Oxy-Hb and deoxy-Hb are the main chromophores absorb-
ing near-infrared light, and they exhibit distinct absorption spec-
tra. (B) The surface of the head is irradiated with a combination
of near-infrared wavelengths of light generated by the light
source (“Source”). Photons returning to the surface of the head
after traveling a banana-shaped path (in orange and yellow) in
the tissues are captured by the photodetector (“Detector”) on
the scalp. The number and array of the light source and photo-
detector on the head vary between studies.
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laser, which irradiates near-infrared light at the surface of
the subject's head; and the nearby photodetector, which
captures photons returning to the surface of the head after
being scattered, reflected, and absorbed in the tissue (Bunce
et al., 2006; Villringer and Chance, 1997). Some photons
that leave the light source can reach the photodetector by
typically following a banana-shaped path in the tissue, but
the remaining photons are either dispersed away from the
photodetector or absorbed by chromophores present in the
tissue, including oxy- and deoxy-hemoglobin and cyto-
chrome c oxidase (Bonner et al., 1987; Gratton et al., 1994).
Because oxy- and deoxy-hemoglobin are the main absorbers
of near-infrared light with distinct absorption spectra, the
relative changes in these chromophores in a target region
can be assessed by measuring the absorption of light at two
wavelengths, one of which is more sensitive to oxy-
hemoglobin and the other to deoxy-hemoglobin (Ferrari and
Quaresima, 2012). In other words, the local changes in the
hemodynamic response can be determined by using a modi-
fied version of the Beer-Lambert law, with the light intensi-
ties at the source and detector (Leon-Carrion and Leon-
Dominguez, 2012). In order to measure the absolute
amount of these chromophores in the tissue, rather than the
relative changes, more sophisticated fNIRS approaches such
as a time-resolved system are required. This technique has
been validated by the strong correlation observed between
the hemodynamic responses measured by fNIRS and by oth-
er standard imaging techniques such as fMRI (Ferrari and
Quaresima, 2012; Kleinschmidt et al., 1996).

fNIRS has distinct strengths and limitations when com-
pared to other neuroimaging techniques. The temporal reso-
|ution of this technique is better than that of fMRI and PET,
whereas the spatial resolution is better than that of MEG
and EEG, but lower than that of fMRI and PET. One of the
major limitations of fNIRS is its shallow imaging depth,
which is the result of an exponential attenuation of light
intensity as it travels through the scalp and skull and then
penetrates through the brain tissue (Bunce et al., 2006; Irani
et al., 2007). It has been shown that the imaging depth is
influenced by certain factors such as the wavelength and
intensity of light, the optical properties of the tissue (such as
skin color), and the distance between the light source and
the photodetector (Ferrari and Quaresima, 2012; Leon-
Carrion and Leon-Dominguez, 2012). In general, the more
intense the light and/or the further the distance between the
light source and the photodetector, the deeper the light can
penetrate into the tissue (Ferrari and Quaresima, 2012).
However, there are realistic constraints to these parameters,
in that the light intensity should be kept much lower than
the safety limit in order to avoid skin damage caused by the
associated heat, and the distance between the light source
and photodetector should be close enough to transmit and
receive signals efficiently (Villringer and Chance, 1997). Thus,
the imaging depth of fNIRS is generally limited to the surface
of the cortex in the case of humans (Sakudo, 2016).

Despite these few limitations, fNIRS offers many ad-
vantages. Because it uses a safe, low-energy near-infrared
light, fNIRS can continuously and repeatedly measure the



hemodynamic response; this type of measurement is not
possible with other imaging techniques that require the use
of radioisotopes or contrast reagents. Its quietness and tol-
erance of motion artifacts make fNIRS ideal for use in infants,
children, and patients who are uncomfortable with conven-
tional imaging technigues that require confinement in an
fMRI magnet, physical constraints, or exposure to loud noise.
In addition, other features of fNIRS, including its compact,
portable, and wireless design, allow researchers to conduct
more physiologically and clinically relevant studies under
natural and socially interactive settings. It is also notable that
the cost of the fNIRS device and of each test session are
much lower than those of other functional neuroimaging
methods. Finally, fNIRS can be readily used in conjunction
with implanted devices such as cochlear implants and other
recording and stimulating equipment, including EEG and the
transcranial magnetic stimulator (Boas et al., 2014; Bunce et
al, 2006; Irani et al., 2007, Leon-Carrion and Leodn-
Dominguez, 2012; Lloyd-Fox et al., 2010).

APPLICATIONS OF fNIRS TO HUMAN SUBJECTS

Over the years, the fNIRS technique has received increasing
attention as a new approach to complement other standard
imaging techniques such as fMRI. Given its unique strengths,
combining fNIRS with a variety of behavioral tests that assess
cognitive, motor, and emotional functions offers great ad-
vantages not only in studying basic brain function in normal
human subjects but also in identifying abnormalities in neu-
ronal activity in the brain of patients suffering from neuro-
logical and psychiatric disorders.

The main features of fNIRS, such as its portability and low-
er susceptibility to motion artifacts, allow researchers to
measure changes in cortical activity during diverse motor
tasks, ranging from moving the fingers and hands in clicking
a mouse or keyboard during a Stroop task or computer
game (Carrieri et al., 2016; Harmat et al., 2015; Kashou et
al., 2016; Shortz et al,, 2015) to those body movements
requiring coordination, such as juggling (Carius et al., 2016)
and balancing on a board (Herold et al., 2017), and even to
those requiring fine motor skills, such as simulating surgery
(Andreu-Perez et al.,, 2016) and flight (Choe et al., 2016;
Gateau et al., 2015). In addition, several recent studies have
investigated the effects of bodily and road conditions, such
as fatigue (Xu et al., 2017), age (Foy et al., 2016), and road
curve (Oka et al., 2015), on the hemodynamic responses of
subjects during a driving simulation test. These studies found
an activation of a number of brain regions that are known to
be involved in cognitive and motor functions, including the
prefrontal cortex (PFC), motor cortex, premotor cortex
(PMQ), and supplementary motor area (SMA).

By the same token, fNIRS has become an excellent tool for
investigating conditions such as stroke and Parkinson’s dis-
ease (PD) that are primarily characterized by impaired
movements. It has been shown that a significant increase in
asymmetrical hemodynamic response occurs in a number of
regions mediating motor functions, including the sensorimo-
tor cortex (SMC), SMA, PMC, and PFC, when patients suf-
fering from either stroke or PD perform motor-related tasks,
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including treadmill walking and postural perturbation tasks
(Al-Yahya et al., 2016; Fujimoto et al., 2014; Maidan et al.,
2015; 2016; Mihara et al., 2007; Miyai et al., 2002; Nieu-
whof et al., 2016).

Because it is safe and flexible, fNIRS is well suited to stud-
ies of infants and children. For example, recent studies have
demonstrated that lateral activation of the cerebral cortex
occurs during language development (Altvater-Mackensen
and Grossmann, 2016; Vannasing et al., 2016). In addition,
it has been reported that the activity of the medial PFC (Ura-
kawa et al., 2015) and inferior frontal and temporal regions
(Lloyd-Fox et al., 2015) increases when infants interact with
their parents and other infants, respectively. fNIRS has also
been used to study neurodevelopmental disorders, such as
attention deficit hyperactivity disorder (ADHD) and autism
spectrum disorder (ASD), that occur mainly in infants and
children. ADHD is characterized by the persistent symptoms
of inattention, hyperactivity, and impulsivity (Faraone et al.,
2005). By using behavioral tasks requiring attentiveness and
concentration, fNIRS imaging has demonstrated that these
ADHD-related symptoms are associated with low cerebral
cortical activity in a number of regions, including the PFC,
inferior prefrontal gyrus, middle prefrontal gyrus, supra-
marginal gyrus, and angular gyrus (Araki et al., 2015;
Ichikawa et al., 2014; Inoue et al., 2012; Ishii-Takahashi et al.,
2015; Kochel et al., 2015; Monden et al., 2015; Moser et al.,
2009; Nagashima et al., 2014a; 2014b; 2014c; Negoro et al.,
2010; Schecklmann et al., 2011b; Tsujimoto et al., 2013;
Weber et al., 2005; Xiao et al., 2012; Yasumura et al., 2014).
Similarly, frontal hypoactivity has been observed in ASD pa-
tients during behavioral tasks designed to assess social rela-
tions and communicative abilities that are dysfunctional or
inappropriate in these patients (lwanaga et al., 2013; Kajiume
et al., 2013; Kita et al., 2011; Kuwabara et al., 2006; Mina-
gawa-Kawai et al., 2009; Tamura et al., 2012; Xiao et al.,
2012; Yasumura et al., 2014). Furthermore, the effect of neu-
rofeedback training to improve facial processing in ASD pa-
tients has been assessed using fNIRS (Liu et al., 2017).

fNIRS imaging has also been used in patients suffering
from schizophrenia and affective disorders such as depres-
sion, panic disorder, and posttraumatic stress disorder
(PTSD) in order to explore cortical regions showing abnormal
activity that may account for the inappropriate emotional
responses found in patients with these disorders. Exposure
to extreme stress can have long-lasting effects that often
lead to psychological symptoms of PTSD, including memory
deficits and poor health. It has been reported that the PFC of
patients suffering from PTSD, for example, victims of the
Tokyo subway sarin gas attack, exhibit complex changes in
brain response, in that cortical activity increases dramatically
when the person encounters an object associated with trag-
ic and traumatic events (Matsuo et al., 2003a), but decreas-
es when the person performs tasks requiring cognitive func-
tions (Matsuo et al., 2003b). Consistent with earlier findings
using other imaging techniques, a majority of fNIRS studies
have found that patients suffering from major depression
disorder show hypoactivation in PFC during cognitive tasks,
suggesting the importance of the prefrontal function in
symptoms associated with this disorder (Herrmann et al.,
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2004; Matsuo et al., 2002; Noda et al., 2012; Ohta et al.,
2008; Pu et al, 2011; 2012; Schecklmann et al., 2011a).
Similarly, hypoactivation of the frontal brain region has been
found in panic disorder patients during cognitive tasks as
well as a word fluency test (Akiyoshi et al., 2003; Nishimura
etal., 2007; 2009; Ohta et al., 2008).

Finally, fNIRS scans of schizophrenic patients also indicate
the presence of brain abnormalities, primarily in the bilateral
PFC and frontal and temporal cortex in the left hemisphere,
during various cognitive tasks, such as the verbal fluency and
emotional go/no-go tasks (Azechi et al., 2010; Chou et al.,
2015; Egashira et al., 2015; Ehlis et al., 2007; lkezawa et al.,
2009; Koike et al., 2011; Kubota et al., 2005; Marumo et al.,
2014; Quan et al., 2015; Quaresima et al., 2009; Shimodera
et al., 2012; Takeshi et al.,, 2010; Takizawa et al., 2008;
Watanabe and Kato, 2004).

Most fNIRS experiments carried out thus far have been
performed on individual subjects. However, with the devel-
opment of the hyperscanning system that enables simulta-
neous interpersonal brain scanning, it is now possible to
measure the synchronization of the hemodynamic responses
from multiple subjects (Jiang et al., 2012). Recent studies
have shown that a simultaneous increase in activity in the
left inferior frontal cortex and the right temporo-parietal
junction is more common in subjects who are singing or
playing computer games while facing each other than in
subjects who perform the same task while viewing the walls
(Osaka et al., 2015; Tang et al., 2016). Furthermore, the
hyperscanning system has been used to compare the differ-
ences in the cortical responses of subjects according to the
gender of the collaborators (Baker et al., 2016). Finally, a
recent study has been able to measure cortical activities from
four subjects participating in a conversation at the same time
(Nozawa et al., 2016). If the hyperscanning system were
combined with recently developed wireless or wearable
fNIRS techniques, it might be possible to measure brain ac-
tivity from multiple subjects who participate in group or out-
door activities, which has thus far been impossible with the
wired fNIRS system or other neuroimaging techniques (Ayaz
et al., 2013; Cutini and Brigadoi, 2014; Di and Zhang, 2017;
Dommer et al., 2012; Holper and Wolf, 2011; Holper et al.,
2010; 2011; 2012a; 2012b; 2012¢; 2013; 2014; Macnab
and Shadgan, 2012; McKendrick et al., 2016; 2017, Piper et
al., 2014; von Luhmann et al., 2015; 2017). In the conven-
tional wired system, a subject is connected to fiber-optic
bundles that may restrict the subject's head position, limit
the range of action to the length of the fiber-optic bundles,
and cause discomfort, particularly in young subjects and
patients.

In summary, fNIRS is a non-invasive, safe, less restrictive,
and low-cost alternative that has successfully measured
changes in brain activity in healthy human subjects and pa-
tients while they are performing a variety of behavioral tasks
under ecologically relevant conditions.

APPLICATIONS OF FNIRS TO MODEL ANIMALS

The fNIRS technique has been used in a variety of model
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animals, including non-human primates, sheep, dogs, pigs,
and rodents. The advantages of model animals include the
ready availability of invasive techniques, diverse disease
models, genetically engineered models, and advanced mo-
lecular genetic tools (Franceschini et al., 2008). The number
of fNIRS studies performed using animals is still far lower
than that of human studies, probably because the clinical
applications of this technigue has been the primary consid-
eration, and there are many other non-invasive and invasive
methods already available for animals. However, recent
studies have shown a potential for utilizing fNIRS in non-
humans, with broad applicability to model animals.

fNIRS studies on non-human primates have focused on
customizing and cross-validating this technigue with other
well-established methods, such as electrophysiological re-
cordings (Zaidi et al., 2015). Previous studies have found a
strong correlation between visual stimulus-elicited responses
in the primary visual cortex and PFC of monkeys when
measured by fNIRS and via electrodes in the same experi-
ment (Wakita et al., 2010; Zaidi et al., 2015). Interestingly,
one study has shown that the activity of the frontal region of
monkeys increases in response to various visual stimuli and
that the magnitude of the response varies depending on the
type of visual stimuli, such as a flower, monkey, snake, or
food (Lee et al., 2017). One study has shown a significant
correlation between the hemodynamic response measured
by fNIRS and the cortical field potentials detected by the
epidural electrodes during a delayed working memory task
in monkeys (Fuster et al.,, 2005). However, another study
using the same behavioral paradigm has demonstrated that
electrophysiological responses measured by EEG exhibit
characteristics of complexity and fragmentation of the elec-
trical frequencies, whereas the hemodynamic response ob-
tained with fNIRS increases homogenously and cumulatively,
suggesting that the two methods measure slightly different
aspects of the neural responses (Ardestani et al., 2016).

Unlike the fNIRS system used for primates, a mobile, min-
jaturized 8-channel wireless fNIRS system has been typically
used to study sheep (Guldimann et al,, 2015; Vogeli et al,,
2014), goats (Gygax et al., 2013), and dogs (Gygax et al.,
2015). To investigate cortical activities representing the af-
fective state, fNIRS imaging has been performed on animals
exposed to rich and stable versus poor and unpredictable
housing conditions, hot and cold stimuli (Vogeli et al,
2015a), gentle grooming (Muehlemann et al., 2011), or
video clips showing positive versus negative social interac-
tions (Vogeli et al., 2015b). Although the effects of these
stimuli on the emotional responses of the animals were in-
consistent among studies, fNIRS imaging was able to moni-
tor changes in hemodynamic activity in response to such
stimuli in the same animals.

In rodents, a set of miniaturized optodes consisting of a
light source and photodetector was placed on either the
surface of the skull or brain using variable interoptode dis-
tances (approximately 400 um-1.5 ¢m) and diverse array
formations, depending on the brain region being targeted.
A previous study using an adapted electroptode (a combina-
tion of optode and electrode) has demonstrated a strong
correlation between the signals measured by EEG and by



fNIRS in the somatosensory cortex and auditory cortex when
the rats were stimulated with an electric shock on the fore-
paw and by the speech sounds of humans, respectively,
validating the efficacy of fNIRS in this model animal
(Mahmoudzadeh et al., 2017). fNIRS was also shown to be
able to detect the sequential activation of the primary and
secondary somatosensory cortices and the motor cortex
when an electrical stimulus was applied to the whiskers of
rats, indicating that fNIRS is capable of detecting a subtle
difference in the time sequence, thanks to its high sampling
rate (Im et al., 2010). In rats, fNIRS has been used in a wide
range of experiments to investigate the effect of diverse
stimuli on brain activity, such as electrical stimulation of the
somatosensory cortex (Lee et al., 2012), subcutaneous injec-
tions of amphetamine and nicotine (Crespi et al., 2005), and
the transcranial direct-current stimulation of the barrel cor-
tex (Han et al., 2014). Furthermore, fNIRS imaging has been
applied to rodents experiencing epilepsy (Hoshi et al., 1985;
Lee et al., 2010; Roche-Labarbe et al., 2010), stroke (Chang
et al,, 2007; Wolf et al., 1997), brain damage (Abookasis et
al., 2013), or pain (He et al., 2012). For example, fNIRS im-
aging is capable of measuring an increased activity in various
cortical and subcortical regions that have previously been
shown to mediate pain when the animals are treated with
noxious stimuli (e.g., subcutaneous formalin or a noxious
pinch on the hindpaw).

In mice, TNIRS has been shown to be capable not only of
identifying the correlated activity change in multiple cortical
regions during seizures but also of distinguishing between
different types of seizures that are classified according to
their EEG signal patterns (Lee et al., 2010). Typically, brain
activity in mice is measured by non-invasive methods such as
fMRI and intrinsic signal optical imaging (Cui et al., 2014), as
well as by invasive methods such as multi-photon microsco-
py and microendoscopy. Because fMRI is susceptible to mo-
tion artifacts, it is mainly used for anesthetized or move-
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ment-restricted animals (Grandjean et al., 2014, Jonckers et
al., 2011; Martin et al., 2013). Multi-photon microscopy and
microendoscopy, on the other hand, measure the fluores-
cent signal emitted by an activity marker exogenously ex-
pressed in neurons, such as a genetically encoded calcium
indicator GCaMP, at the cellular level by imaging a target
region in head-fixed or freely moving animals (Ghosh et al.,
2011; Helmchen, 2009). Fiber photometry is another tech-
nique measuring the collective changes in fluorescence of an
activity marker expressed in a target region using a fiber-
optic cable installed just above the target region in freely
moving animals (Kim et al., 2016; Packer et al., 2015). These
recording techniques offer the ability to directly measure
neuronal activity at high resolution in an awake animal, but
they have the disadvantage of requiring expensive equip-
ment and the expression of a neuroactivity marker in a tar-
get region (Girven and Sparta, 2017). In contrast, fNIRS of-
fers a low-cost alternative for non-invasively or invasively
measuring changes in activity in the cortical and subcortical
regions of awake, behaving animals by using a set of fiber-
optic cables that either transmit or capture photons in the
target region (Fig. 2). If fNIRS could be integrated with
optogenetics, a method enabling the manipulation of neu-
ronal activity using a light-responsive protein called an opsin,
it might be possible to monitor and manipulate neuronal
activity using the same fiber-optic cables installed in a target
region; this approach would permit the examination of cor-
relations and causal relationships between regional activity
and physiological or behavioral changes in the same animal
(Fig. 2). If the fNIRS and optogenetic equipment were de-
signed to control each other, it would be possible to main-
tain regional activity by continuously manipulating the activi-
ty using optogenetics according to the change in regional
activity measured by fNIRS; such an approach might be use-
ful for patients with brain disorders who often suffer from a
sudden activity change in the brain.
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Fig. 2. Potential integration of optogenetics and fNIRS. Activity of neurons in a cortical (feft panels) or a subcortical (right panels) region
can be manipulated by expressing a light-responsive protein called an opsin (such as channelrhodopsin-2) and delivering photostimula-
tion using a fiber-optic cable installed just above the target region (top panels) in the rodent brain. Using the same fiber-optic cable, a
combination of wavelengths of near-infrared light can be delivered to the target brain region alternately (bottorn panels). The neighbor-
ing fiber-optic cable, which is connected to the photodetector, captures the returning photons. Thus, it would be possible to perform
targeted optogenetic manipulation and fNIRS imaging simultaneously in the same animal.
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CONCLUSIONS

Since fNIRS was first developed in 1985, its usage has been
increasing gradually. Most studies have focused on establish-
ing and improving fNIRS technology, developing data analy-
sis methods, and confirming the validity of the technique by
reproducing the results obtained via other imaging tech-
niques. Taking advantage of the strengths of fNIRS allows
researchers to perform experiments that are either impossi-
ble or limited with other imaging techniques. With the new
fNIRS technologies such as wireless and wearable devices
and the hyperscanning system, fNIRS has great potential to
provide novel insights into brain function by allowing the use
of the technigue under more ecologically relevant testing
conditions. Finally, fNIRS can be developed into a low-cost
option that would permit us to diagnose brain disorders
using a more objective method based on brain activity and
also to monitor the efficacy of therapeutic approaches dur-
ing the course of treatment.
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