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Background: Educational research has been conducted mainly by using behavioural
approaches. Whilst such methods provide invaluable insights into the field, several important
questions such as ‘how do we learn?” and ‘what mechanisms cause individual differences?’
cannot be answered thoroughly by using only behavioural approaches. In the last three
decades, the advances of neuroimaging technologies and computational power have allowed
researchers to investigate these questions beyond behavioural measures that provide
complementary knowledge about human brain.

Aim: One of the most recent neuroimaging techniques that holds much promise for use in
educational settings is functional near-infrared spectroscopy (fNIRS). This article aims to
introduce the fNIRS technique to educational researchers interested in neurocognitive
mechanisms of academic learning and achievements to further promote the growing field of
Educational Neuroscience.

Method: We present the properties of the fNIRS device, its basic principles and important
considerations when planning an fNIRS study.

Results: Functional near-infrared spectroscopy is a portable, cost-effective and easy-to-handle
neuroimaging device that allows experimentation in naturalistic settings such as in the school.

Conclusion: Even though several articles describe different applications and technical
features of the fNIRS technique, there is still a need for materials with a more accessible
language for those unfamiliar with neuroscientific and technical terms.

Keywords: functional near-infrared spectroscopy (fNIRS); educational neuroscience;
neuroimaging; academic education; reading; mathematics.

Introduction

Although the global literacy and numeracy rates have improved in the last decades, there are
still inequalities around the world (Roser & Ortiz-Ospina 2016). This discrepancy displays an
urgent need to equate these numbers across the world (Tilak 1987). Educational research is
one of the fields that provide evidence-based insights to address those global issues (Bruer
2016). However, most of this research relies on theoretical and behavioural approaches and
do not necessarily provide insights about underlying cognitive mechanisms of children’s
academic achievements as one of the crucial factors in individual differences, in addition to
several others, such as socio-economic status and educational facilities (McCandliss 2010;
Thomas, Ansari & Knowland 2019). As a growing field in the last decade, Educational
Neuroscience is a multidisciplinary field that tries to bring cognitive neuroscientists and
educational scientists together to further disclose those neurocognitive mechanisms of
academic achievements in ecologically valid settings such as schools (Goswami 2006). The
aim of this article is to introduce one of the promising neuroimaging methods to educational
researchers who are interested in further investigation of individuals” learning. Outcomes of
studies with functional near-infrared spectroscopy (fNIRS) might, ultimately, contribute to
diminishing the global inequities in education.

The advancement of neuroimaging techniques has provided opportunities to investigate the
neurocognitive mechanisms underlying the complex cognitive processes of learning, such as in
reading and mathematics competence (Ansari & Coch 2006; Sziics & Goswami 2007). Functional
magnetic resonance imaging (fMRI) is a neuroimaging modality that has been frequently used for
studying the process of reading and learning mathematics (Ansari 2008; Jasifiska et al. 2021). It is
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a non-invasive technique that measures brain activity, using
strong magnetic fields. Although application of fMRI in
educational studies has helped us to have a better
understanding of individuals’ learning, its requirements
restrict its appropriateness in educational investigations
(Gervain et al. 2011). For instance, it requires the individuals
to be laid inside the scanner with no movement, except some
button presses; it is very noisy, which may intimidate
children; it is incompatible with metal implants because the
fMRI measurement relies on a strong magnetic field; and it is
an expensive technique (Pinti et al. 2018; Soltanlou et al.
2018b). Specifically, with regard to educational research,
fMRI can only be applied in a very controlled in-lab setting.
Such an environment cannot simulate the everyday world of
children’s written or oral production of responses.

Another commonly used method to investigate the brain
mechanisms in educational studies of reading and
mathematics is electroencephalography (EEG). It measures
the electrical signals of the brain by placing electrodes on the
participant’s head (Xu & Zhong 2018). Electroencephalography
is also sensitive to movement artefacts such as fMRI (Gervain
et al. 2011). It has a lower spatial resolution, which means
that it is more difficult to infer the original sources of
the brain signal (Mehta & Parasuraman 2013). Also, the
preparation and the placement of the electrodes in
the individual’s scalp may be tiring in case of a dense
coverage of the head, especially for children (Curtin & Ayaz
2018; Ferrari & Quaresima 2012). Although fMRI and EEG
have significantly contributed to the field of education
and are quite appropriate for some conditions, a more flexible
approach for naturalistic studies, in which participants
may need to move freely in a known environment, would
benefit the field (Da Silva Ferreira Barreto et al. 2020).

A fast-growing neuroimaging method that increasingly
appears to be appropriate for educational settings is fNIRS. It
is a non-invasive technique that indirectly measures brain
activity (similar to fMRI) by placing sources and detectors (see
Figure 3a) of near-infrared (NIR) light on the participant’s
head (Jobsis 1977). This technique has many advantages over
other neuroimaging methods, such as fMRI and EEG (Curtin
& Ayaz 2018). For instance, it has an easy and fast setup, is
comparatively of low cost (Gervain et al. 2011; Lloyd-Fox,
Blasi & Elwell 2010) and less susceptible to movement artefacts,
and the portable models allow the participants to move
(Balardin et al. 2017; Pinti et al. 2018). These characteristics of
fNIRS devices have made it a promising tool to investigate the
neurocognitive mechanisms of academic skills in naturalistic
situations that simulate everyday life or are actual everyday
settings, such as classrooms (Jasinska et al. 2021; Soltanlou
et al. 2018b).

All these advantages have made its use in studying
reading, numerical and mathematical cognition, problem-
solving and interaction between teacher and student in the
field of Educational Neuroscience (Jasinska et al. 2021;
Soltanlou et al. 2018b). As an example, in so-called
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‘hyperscanning’ studies, the brain activations of the
teacher and the students are simultaneously monitored,
using fNIRS, whilst they were interacting in a teaching—
learning task (Barreto et al. 2021). In another study, the
fNIRS tool was used to track longitudinal changes in
brain responses during arithmetic problem-solving after
1 year of schooling (Artemenko, Soltanlou, et al., 2018),
and changes related to arithmetic training in typically
developing children (Soltanlou et al. 2018b), as well as
with children with developmental dyscalculia (Soltanlou
et al. 2018b).

Considering that fNIRS has been a promising tool for studies of
educational neuroscience, this article aims to introduce fNIRS
in non-technical and neuroscientific language to educational
researchers whomightbeinterested in combining neuroimaging
methods with their behavioural educational studies.

Principles of functional near-
infrared spectroscopy
measurements

Neurovascular coupling

Functional near-infrared spectroscopy indirectly measures
the brain activity by estimating the changes in blood supplies
in specific brain regions. Neurovascular coupling (NVC) is
the mechanism that links neuronal activity to haemodynamic
changes (changes in blood supplies) in the brain (Hendrikx
et al. 2019). Amongst all substances involved in such NVC,
the oxygenated and deoxygenated haemoglobin (HbO and
HbR, respectively) is most relevant to understanding the
fNIRS measurements (Ferrari & Quaresima 2012). When a
stimulus, such as pictures, sounds or questions, is presented
to a participant, the brain regions involved in processing that
stimulation are activated. This activation causes an increase
in oxygen consumption in the corresponding brain regions
(Len-Carrion & Len-Dominguez 2012). The cerebral blood
flow (CBF) increases in those regions to regulate oxygen
consumption. It leads to more oxygenated blood and,
consequently, deoxygenated blood decay (Lloyd-Fox et al.
2010). After some seconds of stimulus presentation, the brain
activation of the related region is characterised by an increase
of HbO and a decrease of HbR (Figure 1). Once the stimulus
ends, the concentration changes in HbO and HbR tend to
return for the called basal period (the period without
stimulation). These metabolic variations of HbO and HbR are
called haemodynamic response function (HRF), which takes
around 15 s from the stimuli start to return to the basal period
(Figure 1b).

The Beer-Lambert law and computation of
oxygenated haemoglobin and deoxygenated
haemoglobin variations

The NIR light wavelengths vary from 700 nm to 900 nm.
This range is considered an optical window for the human
tissue, skin and bone, making them almost transparent to
the NIR light (Jobsis 1977). Therefore, when an NIR light is
emitted into the participants’ head, it penetrates the skull
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FIGURE 1: lllustration of the neurovascular couple concept. (a) A schema depicting the haemodynamic changes related to brain activity metabolism. The up and
down arrows represent increase and decrease, respectively. HbO stands for oxygenated haemoglobin; and HbR for deoxygenated haemoglobin. (b) Brain
haemodynamic response to a stimulus. The traced rectangle represents the stimulus period (e.g. the time spent by a participant to perform a cognitive task such as
solving a mathematical problem). Once the stimulus or task starts, an increase of the oxygenated haemoglobin (HbO) and a decrease of the deoxygenated
haemoglobin (HbR) occur and reach a peak. After the stimulus period, the HbO and HbR concentrations tend to return to the initial values before the stimulus

(basal period).

and reaches the brain. Some portions of this light scatter
and can be detected by the light detectors placed on the
head, some portions are absorbed by some molecules called
chromophores (Jobsis 1977; Villringer 1997) and some
portions are lost in the medium. The HbO and HbR are the
main chromophores related to brain activity and absorb
most of NIR light (Len-Carrion & Len-Dominguez 2012).
The inference about brain activity is made by computing
the changes of HbO and HbR concentrations and applying
the NVC concept. This calculation is made with the
Beer-Lambert law (Equation 1) (Baker et al. 2014; Gervain
etal. 2011):

A=—-1log Ii =[x e, xIxDPF)+G [Eqn 1]
0

The left side of this equation is related to the light emitted in
the scalp and the light scattered and detected by the detector
( I and I, respectively). The right side is related to the
features of the medium where the light is propagated such
as the tissue so that C is related to concentration of the
light-absorbing molecules. The extinction coefficient (&)
represents the characteristic of the light-absorbing molecule
for a specific type of light such as NIR. The path through
which light travels is represented by the distance between
source and detector (called the light path denoted by 1 in
Eqn. 1). Also, the differential path length (DPF) denotes the
non-linear trajectory of light in the biological tissue and G is
called the scattering term. We will not present details
about the computation with Beer-Lambert law because it
is out of the scope of this article.
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Types of functional near-infrared spectroscopy
techniques

Three types of fNIRS instrumentation are currently
available: the continuous wave (CW), the time domain (TD)
and the frequency domain (FD). They vary according to the
emitted and transmitted light features considered in the
measurements (Figure 2).

In the CW systems, the intensity of the light emitted is constant,
and the detectors measure only the light intensity that passes
through the tissue and is scattered back. Other parameters of
the light as a signal, such as frequency, phase and time spent
for the light to cross the tissues, are not considered. Therefore,
CW systems only provide information of HbO and HbR
concentration changes. In the TD systems, an extremely short
pulse of light is emitted into the tissue. In this sophisticated
and complex model, the time of arrival of the photons
(tiny particles of light) to detectors is also measured.

In the FD systems, the intensity of the light emitted is not
constant in time, but rather changes. When passing through
the tissue not only intensity but also the phase of the light
signal changes (i.e. the time that a signal goes up and down).
In this case, both the intensity of the transmitted light and the
phase shift are measured. Although the time and FDs provide
information about the absolute values of HbO and HDbR,
these systems are complex and not so cost-effective (Boas
et al. 2014; Scholkmann et al. 2014). The CW is the most
affordable and most used system in the fNIRS literature,
which is the focus of this article.
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FIGURE 2: Representation of light propagation for the three types of functional near-infrared spectroscopy technique: the continuous wave (CW), time domain (TD)
and frequency domain (FD). /; = intensity of the emitted light, / = intensity of transmitted (light after cross the tissue) and ¢ = phase shift. The features of the light
such as intensity and phase change when it crosses the head (represented on the diagram by the tissue). Note that only in the CW system the intensity of the emitted
light is constant.
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fNIRS, functional near-infrared spectroscopy.

FIGURE 3: An example of functional near-infrared spectroscopy (fNIRS) device: (a) A pair of optodes. The red label represents a light source and the blue label
represents the light detector. (b) An example of a prefrontal arrangement of the optodes (which is called montage). Note that the yellow dots represent a
channel. (c) A portable, battery-operated fNIRS device with the hardware needed to perform an fNIRS data acquisition. The computer used to monitor the
brain signals online is close to the fNIRS charger. Depending on the experimental task, an additional computer may be needed for task presentation. Note that
the appearance of fNIRS devices might be quite differentiable depending on the company. (d) A non-portable fNIRS system, which is usually bigger than the
portable systems.

some other factors within each study. The portable
systems are small, normally battery operated (Figure 3c)
and more suitable for naturalistic experimentation in
everyday life, such as schools (Balardin et al. 2017; Pinti
et al. 2018). However, these systems usually have a fewer
optodes, limiting the brain region coverage as compared

The functional near-infrared spectroscopy device

The fNIRS device consists of NIR light sources and
detectors called optodes that are usually attached into
caps or bands to be placed on the participant’s head
(Figures 3a and 3b). The optodes are connected to the
light source amplifier and a computer unit (Figure 3c). A

pairwise source-detector with the distance of 3 cm is
known as a channel, which is the brain region between
those two optodes. The number of channels varies
according to the available system, the research question
and the sample, the brain region of interest (ROI) and

http://www.sajce.co.za . Open Access

with stationary lab-based systems. The lab-based systems
(Figure 3d) have more optodes, which usually cover the
whole head. However, they are less transportable and
more suitable for experiments performed inside a
laboratory.
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Planning a functional near-infrared
spectroscopy study

As a common research practice, the first step when planning
an fNIRS study is to define an appropriate research question
that needs the application of the fNIRS method to be
answered. It is essential to have clear hypotheses to create
an efficient experimental ‘paradigm’. Educational studies
with fNIRS are typically designed to answer questions
about which brain regions show activations when
individuals perform a cognitive/behavioural task such as
solving arithmetic problems or reading a sentence (Soltanlou
et al. 2018b). In the following section, we discuss planning
an fNIRS study and highlight the specificities related to
this technique.

The sample size, inclusion and exclusion criteria

Like any educational or psychological study, it is
recommended to calculate the sample size at the beginning of
the study by using a program such as G*Power. This
approach strengthens the reliability of statistical analysis and
the experiment’s outcomes. In an fNIRS study, this calculation
further depends on the number of fNIRS measurement
channels (Faul et al. 2007, 2009). It is also important to
consider the number of ‘discarded” participants because of
noisy data. ‘Noisy data’” means data with meaningless
information that comes from irrelevant activities to the brain
such as head movements or optodes weekly attached to the
head. Those data are called artefacts and contaminate the
brain signals measured with fNIRS signal. If the fNIRS data
have high level of artefacts, it should not be included in the
analysis. Furthermore, anything that may confound the
fNIRS results should be considered as exclusion criteria. For
instance, participants who suffer from blood pressure
problems or diabetes or participants who use medications
that may change the blood pressure or individuals with a
history of caffeine, drug and alcohol abuse should not be
considered in an fNIRS study. Another critical point is the
participants” age. Whilst it is usually considered in any
educational or psychological study, it needs further caution
in fNIRS studies because the haemodynamics responses
change with age (Wu et al. 2016).

Experimental design

Typically, the experimental paradigms employed in fNIRS
studies are the (1) block design, (2) event-related or (3)
resting state (Tak & Ye 2014). The block design has been
frequently used in fNIRS studies in an educational context
(Jasinska et al. 2021; Soltanlou et al. 2018). In this design, the
stimuli are present in groups called blocks (Amaro & Barker
2006). For instance, in 30 s of a block, the participants should
solve as many multiplication problems as they can, and
then they will have a short rest time and again start a new
block (Artemenko et al. 2018b; Jasifiska et al. 2021).
The blocks must last long enough to allow the complete
haemodynamic response (usually longer than 15 s) but not
too long (usually shorter than 60 s) to avoid signals
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saturation. Also, the blocks should be repeated multiple
times (usually between 4 and 10 blocks in educational
studies) to provide a robust statistical inference (Bonomini
et al. 2015) or, in case one needs to discard some noisy
blocks with high level of artefacts. The block design studies
are usually shorter, and therefore suitable for special
populations and statistically provide very strong signals.
It has some limitations as well. For example, one may need
to decide whether to include the blocks that contain both
correct and incorrect responses or whether the number of
presented problems within each block should be fixed
(then, because of individual differences, there will have
to be different length of blocks within and between
participants) or the duration of the block should be fixed
(then, because of individual differences, there will be a
different number of solved problems within each block
across participants).

In the event-related design, the tasks or stimuli are presented
for a very short period and with adequate time for response
from each other (Plichta et al. 2007b). Different conditions or
problems (e.g. subtraction and multiplication problems) are
presented in a mixed order. The event-related studies allow
the analysis of every single problem and random order of
presented problems (to avoid order effect) (Plichta et al.
2007a). A drawback of this design is different duration of the
problems across participants (Amaro & Barker 2006). They
also usually last longer than block designs.

The resting-state studies are usually performed to investigate
the brain mechanism not related to a specific cognitive task or
stimuli (Wang, Dong & Niu 2017). In this design, participants
are asked to stay quiet and not engage in any mental effort
(Geng et al. 2017). Sometimes, the participants are requested to
keep their eyes closed or open their eyes, looking at a fixation
cross. Keeping children still is difficult; therefore, a practice
that has been used with this population is to watch a video
designed to provide minimum cognitive load but keep them
interested in the experiment (Vanderwal, Eilbott & Castellanos
2019). This paradigm has been extensively used in fMRI and
has been applied in fNIRS studies, revealing important brain
networks that are not necessarily task related.

The appropriate design is chosen based on several factors,
such as the sample and the research questions (Gervain
et al. 2011). For example, a block design might work better
in young children because it is usually shorter than an
event-related design, or if a researcher is interested in the
brain response to each individual problem, event-related
designs would provide more precise information (Amaro &
Barker 2006). Resting-state designs are not so common in
educational settings, which usually ask participants to
engage in mental tasks.

Placement of the optodes

As a result of technical limitations, the fNIRS measures only
activity related to the human brain cortex, which is the outer
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brain layer and with the depth of about 1 cm — 1.5 cm. The
brain cortex is divided into lobes, frontal, parietal, temporal
and occipital (see Figure 4).

Although the brain works as a network system with
regions connected functionally and anatomically, the
activity of each lobe is related to cognitive functions that
are necessary for educational achievements. The frontal

Parietal lobe
® Temporal lobe Occipital lobe

Frontal lobe

Note: A courtesy from Amanda Yumi Ambriola Oku.
FIGURE 4: Illustration of the cortical lobes.
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lobe is related to cognitive functions such as working
memory, attention and emotional regulation (McKendrick
et al. 2014; Takeuchi et al. 2017), the parietal lobe is
associated with numerical cognition and manipulation of
numbers as magnitudes (Hyde et al. 2010; Soltanlou et al.
2018a) and the temporal lobes are activated when
participants perform reading tasks (Joyal et al. 2017;
Ojemann et al. 1988).

The ‘region of interest’ (ROI) is a term used in neuroimage
studies referring to the brain region that is being
investigated in a study. The ROI is defined based on the
research hypothesis and information retrieved from the
relevant literature. Once the ROl is defined, it is necessary
to decide the optodes’ position (the ‘montage’) on the
participant’s head so that the fNIRS light can achieve the
cortical ROI. To guide this choice, researchers use the EEG
10-20 international system. It is a standardised method,
which defines the position of the sensors in the scalp (Figure
5a) (Malmivuo & Plonsey 1995; Tatum 2013). In this
system, letters (FP = frontal pole, F = frontal, C = central,
T = temporal, P = parietal, Z = midline and O = occipital)
and numbers (1,3,5,7,9; 2,4, 6,8,10) are used to represent
the electrodes’ position in relation to the cortical lobes
and hemisphere lateralisation. Even and odd numbers
represent the right and left cortical hemisphere,
respectively. The fNIRS channel is a pairwise source-
detector, instead of a single electrode detector such as in
the EEG system. Therefore, researchers use some software

Mode: Parcellation

Brain Atlas

AAL2
AICHA

fNIRS Optodes’ Location Decider

" Brodmann
Juelich
LONI

Anatomical Landmarks

Precentral_L -
Precentral_R

2]

| Frontal Sup_2_L
Frontal_Sup_2_R
Frontal_Mid_2_L
Frontal_Mid_2_R
Frontal_Inf_Oper_L

Frontal_Inf Oper_R
Frontal_Inf_Tri_L

Frontal Inf Tri R i

Specificity (%) | 30 =

0 20 40 60 80 100

+|Force Symmetry
Load | [ save

Export | Help 10-10 | 105(EEG_32) | 105(EEG_64) | Summary \

fNIRS, functional near-infrared spectroscopy.

FIGURE 5: Region of interests and optodes montage. (a) Example of the fNIRS optodes’ location decider interface (Zimeo Morais et al. 2018). Five options of Brain Atlas
are shown on upper left panel. In this example, the automated anatomical labelling atlas (AAL2) was chosen. A list of anatomical landmarks is depicted in the left middle
panel. For illustration purposes, we chose the superior frontal cortices bilaterally. The left bottom panel is the specificity, which is the minimum landmark portion relative
to the brain that a channel needs to cover to be included in the montage layout. The bottom box shows force symmetry that forces optodes’ symmetry between left and
right hemispheres. The right panel is the EEG-10-10 system layout (by dividing the distance in EEG 10-20, we can make 10-10 system). Red and blue circles represent
source and detectors, respectively. (b) A real fNIRS cap with the respective montage represented by the delimited black rectangle in (a).
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to simulate the light propagation and to give more
accurate anatomical landmarks so as to have an anatomical
approximation about where the light is propagating into
the cortex. Softwares such as fNIRS Optodes’ Location
Decider (fOLD) or PHOBE define the optodes’ placement
in the scalp by considering anatomical projections into
MRI atlases (Pollonini, Bortfeld & Oghalai 2016; Zimeo
Morais, Balardin & Sato 2018). Those projections are
transformed into the EEG 10-20 system to guide the
placement of the optodes on the participant’s head.

Pre-processing of the functional near-infrared
spectroscopy signals

The artefacts may influence the results by adding signals
that do not necessarily originate from the brain (Huppert
2016). Some artefacts are related to the participant’s head
movement. Moving the head may detach the optodes and
influence the signals (Brigadoi et al. 2014). Also, thick or
dark hair may cause poor attachment between the optodes
and the scalp, interfering in the quality of the signals
(Di Lorenzo et al. 2019). Physiological signals related to
heart beats and respiratory cycles oscillate in specific
frequencies (1 Hz for a heartbeat and 0.25 Hz for
respiration) that may interfere with the fNIRS signals
(Huppert 2016; Pinti et al. 2019). Head layers other
than the
around the cortex may also cause additional artefacts
(Zhou et al. 2020).

brain such as skin, skull and the fluid

A pre-processing process is performed to remove or to
diminish the artefacts before computing any statistical
analysis with the fNIRS data (Behrendt et al. 2018; Di
Lorenzo et al. 2019). The noise related to physiological
artefacts can be attenuated by applying frequency filters
(Figure 6) as proposed by Nguyen et al. (2018) and Pinti
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et al. (2019). The short-distance channels are those with
source-detector distances usually less than 1 cm, and they
measure non-brain signals from the skull and scalp.
Computational and mathematical manipulations of these
values have been used to remove the artefacts related to the
non-brain sources (Brigadoi & Cooper 2015; Zhou et al.
2020). Thus, the approach to remove or to diminish the noise
effects varies according to the artefacts” type and source
(Tak & Ye 2014).

Statistical analysis of functional near-infrared
spectroscopy signals

The analysis of fNIRS data varies with the design used in
the experiment. The methods of block average, the area
under the curve and general linear model (GLM) have been
frequently used to analyse data from this experimental
paradigm (Luke et al. 2021; Tak & Ye 2014). The block
average consists of averaging the fNIRS signals over the
same block condition so that, for each condition, a mean
value of HbO and HbR is computed (Artemenko et al.
2018b; Soltanlou et al. 2017). The mean values of different
conditions are compared via statistical tests such as t-test or
analysis of variance. The brain-behaviour relationship is
computed by correlation measurements, such as Pearson’s or
Spearman’s correlation coefficient, between the mean values
of the fNIRS signals The brain-behaviour relationship is
computed by correlation measurements, such as Pearson’s
or Spearman’s correlation coefficient , between the mean
values of the fNIRS signals and the task performance
(Pfeifer, Scholkmann & Labruyere 2018). The area under the
curve is a method that has been applied to analyse fNIRS
data from experiments with different sizes of blocks. It
consists of computing the area delimited by the HbO and
HbR curves and comparing these values across conditions
(Dresler et al. 2009; Obersteiner et al. 2010). Finally, the
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FIGURE 6: Band-pass filter illustration. (a) functional near-infrared spectroscopy (fNIRS) raw data. Each line represents the signal from one channel. (b) The raw and
filtered data. The shaded curve is the raw data and the darker curve is the filtered data. An example of a filter application. For illustration purposes, a band-pass filter with
the features of roll off width (%) =15 15, low cut-off frequency (Hz) = 0.01 and high cut-off frequency (Hz) = 0.2 was applied to the fNIRS light intensity. This step is
performed before the application of the Beer—Lambert law to change it to oxygenated haemoglobin and deoxygenated haemoglobin.
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GLM, which is also called statistical parametric maps (SPM)
(Ye et al. 2009), applies statistical concepts of regression
models to create activation maps denoting the brain
activations related to the task (Huppert et al. 2009; Tak & Ye
2014). As it is out of the scope of this article, we will not go
through the mathematical aspects of these methods.

Conclusion and perspectives

In this article, we presented an introduction to fNIRS as a
research tool for educational researchers in the framework
of Educational Neuroscience. This article is an effort to
familiarise the readers with the fNIRS technical vocabulary,
ranging from preparing an fNIRS study to the data
analysis processes.

A few cautions should be considered when planning an
fNIRS study: (1) the fNIRS measures only cortical activity;
therefore, it is not suitable to investigate deeper brain layers
(Len-Carrin & Len-Domnguez 2012). (2) fNIRS studies
provide insights about the association and not causation
between the brain and behavioural measurements. For
instance, it is possible to infer that the activation of a particular
cortical region is associated with some task performance but
it does not imply that one causes another. (3) In terms of an
experimental design, it must be discussed and established
well before data collection takes place. A poor experimental
design may waste time and resources, as a neuroimaging
study is usually much more effortful than an equivalent
behavioural study. The best approach would be to perform a
pilot study to make the necessary adjustments before the
official data collection. (4) It is also important to remind
users that fNIRS is approved for research only and has not
been approved for clinical interventions.

The fNIRS has been applied to a variety of studies within
educational neuroscience field. Functional near-infrared
spectroscopy has been used to investigate the neural
mechanisms underlying mathematical cognition (Artemenko
et al. 2018a, 2018b; Soltanlou et al. 2018a). Also, fNIRS was
used to measure brain activity related to the use of game-
based approach to teaching and learning mathematics
(Cakir et al. 2015, 2016). Recent and cutting-edge studies
have applied the modern machine learning algorithms to
fNIRS signals to predict the students” performance after
watching online classes, and the student’s brain signals
using the teacher’s during a hyperscanning paradigm
(Barreto et al. 2021; Oku & Sato 2021). Neural mechanisms
of language development and literacy have also been
frequently investigated using fNIRS (Jasinska et al. 2021;
Joyal et al. 2017).

Even though fNIRS has been applied to educational
experiments to investigate the neural correlates associated
with mathematics and literacy (Jasinska et al. 2021; Soltanlou
et al. 2018), a rich and complex field is still available to be
explored. This technique has the potential of measuring
cortical activation of subjects under realistic situations,
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bringing previous static laboratories to the dynamic settings in
schools and classrooms (Balardin et al. 2017; Brockington et al.
2018; Dresler et al. 2009). Open questions related to population
such as pre-school children, infants and babies that could
hardly be addressed previously because of technical
limitations can be explored with the fNIRS. In addition, fNIRS
is suitable to perform multimodal studies in which additional
neurophysiological measurements such as heart rate, skin
conductance and eye tracking and EEG can be measured
simultaneously (e.g. Katus et al. 2019; Soltanlou et al. 2018a). It
provides a robust set of measurements to support the
understanding of the teaching and learning mechanisms.

To conclude, it is worth mentioning that most of the
research in the field of Educational Neuroscience has been
performed in developed countries because of financial
support. Compared with other neuroimaging modalities,
the affordable cost of the fNIRS device has provided the
opportunity for researchers from developing countries to
participate in the field (Katus et al. 2019). It reinforces
the global and diverse features of science, which hopefully
contributes to diminishing educational inequities across
the world.
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	FIGURE 1: Illustration of the neurovascular couple concept. (a) A schema depicting the haemodynamic changes related to brain activity metabolism. The up and down  arrows represent increase and decrease, respectively. HbO stands for oxygenated haemoglobin; and HbR for deoxygenated haemoglobin. (b) Brain haemodynamic  response to a stimulus. The traced rectangle represents the stimulus period (e.g. the time spent by a participant to perform a cognitive task such as solving a mathematical problem). Once the stimulus or task starts, an increase of the oxygenated haemoglobin (HbO) and a decrease of the deoxygenated haemoglobin  (HbR) occur and reach a peak. After the stimulus period, the HbO and HbR concentrations tend to return to the initial values before the stimulus (basal  period).
	FIGURE 2: Representation of light propagation for the three types of functional near-infrared spectroscopy technique: the continuous wave (CW), time domain (TD) and frequency domain (FD). I0 = intensity of the emitted light, I = intensity of transmitted (light after cross the tissue) and ϕ = phase shift. The features of the light such  as intensity and phase change when it crosses the head (represented on the diagram by the tissue). Note that only in the CW system the intensity of the emitted light is constant.
	FIGURE 3: An example of functional near-infrared spectroscopy (fNIRS) device: (a) A pair of optodes. The red label represents a light source and the blue label represents the light detector. (b) An example of a prefrontal arrangement of the optodes (which is called montage). Note that the yellow dots represent a channel.   (c) A portable, battery-operated fNIRS device with the hardware needed to perform an fNIRS data acquisition. The computer used to monitor the brain  signals online is close to the fNIRS charger. Depending on the experimental task, an additional computer may be needed for task presentation. Note that the  appearance of fNIRS devices might be quite differentiable depending on the company. (d) A non-portable fNIRS system, which is usually bigger than the portable systems.
	FIGURE 4: Illustration of the cortical lobes.
	FIGURE 5: Region of interests and optodes montage. (a) Example of the fNIRS optodes’ location decider interface (Zimeo Morais et  al. 2018). Five options of Brain Atlas are shown on upper left panel. In this example, the automated anatomical labelling atlas (AAL2) was chosen. A list of anatomical landmarks is depicted in the left middle panel. For illustration purposes, we chose the superior frontal cortices bilaterally. The left bottom panel is the specificity, which is the minimum landmark portion relative to the brain that a channel needs to cover to be included in the montage layout. The bottom box shows force symmetry that forces optodes’ symmetry between left and right hemispheres. The right panel is the EEG-10-10 system layout (by dividing the distance in EEG 10-20, we can make 10-10 system). Red and blue circles represent source and detectors, respectively. (b) A real fNIRS cap with the respective montage represented by the delimited black rectangle in (a).
	FIGURE 6: Band-pass filter illustration. (a) functional near-infrared spectroscopy (fNIRS) raw data. Each line represents the signal from one channel. (b) The raw and filtered data. The shaded curve is the raw data and the darker curve is the filtered data. An example of a filter application. For illustration purposes, a band-pass filter with the features of roll off width (%) =15 15, low cut-off frequency (Hz) = 0.01 and high cut-off frequency (Hz) = 0.2 was applied to the fNIRS light intensity. This step is performed before the application of the Beer–Lambert law to change it to oxygenated haemoglobin and deoxygenated haemoglobin.



