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Abstract

This systematic review examines 76 studies that have
utilised portable electroencephalographic (EEG)
devices in naturalistic and semi-naturalistic contexts.
The review considers themes, purposes, contexts,
application populations, device characteristics, and
data use. The results show a dominance of studies
focused on attention, in technology-mediated semi-
naturalistic situations, in which records are made
individually, with university students using low-cost
equipment with fewer than 15 channels. This review
highlights an emerging field within educational
research that has not yet been fully integrated into
educational practice. However, these first experiences
can gradually generate a body of knowledge that
will facilitate future applications, together with the
development of better and more accessible devices.
The use of these devices in educational contexts
raises ethical concerns, particularly the influence on
teaching decisions by opaque commercial algorithms
that may oversimplify assessments of specific
cognitive processes and fail to adapt to individual
student characteristics.
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Context and implications

Rationale for this study: Portable EEG devices are emerging tools that offer new
insights into cognitive processes in learning situations.

Why the new findings are important: The findings of this study demonstrate the
potential of EEG to monitor aspects such as attention and cognitive load in real time,
which could enhance the personalisation of educational strategies.

Implications for educators, researchers and policy makers: This study has
implications for educators, researchers and policy makers, as it illustrates how
neurotechnology can be integrated into educational settings and emphasises the
need for more naturalistic studies to maximise its impact. It also highlights the
ethical challenges associated with the use of commercial algorithms in educational
decision-making.

INTRODUCTION

At the World Economic Forum Davos2023, Nita A. Farahany (2023) presented the possibil-
ities and challenges to be faced in the ‘neuro-society’. As the sales of commercial devices
based on electroencephalographic (EEG) readings to promote relaxation, focus or attention
have become more popular, expectations regarding their use in areas such as marketing,
video games or education have increased. In various fields, there is a growing interest in
the use of EEG (Yao et al., 2022). In the last two decades, new EEG devices have made it
possible for studies on brain activity to move beyond the laboratory, giving rise to new pos-
sibilities, speculations and potential scenarios.

Given the situated and culturally constructed nature of learning (e.g., Anderson et al., 1996;
Brown et al., 1989), there has been a great expectation in the educational field about apply-
ing neuro-information systems in real-world contexts.

But beyond the potential application of these neuroimaging techniques in educational
contexts and the expectations they generate, it is worth asking about the current level of ma-
turity in the application of these devices in educational practice and analysing the limitations
and challenges faced in the incorporation of this technology.

The potential of neuroscientific research in the classroom and its problems have been
debated for some time (Fischer et al., 2007; Posner & Rothbart, 2007). Davidesco (2020)
summarised this debate when he pointed out:

Bridging neuroscience and education is challenging, because these disciplines
have very different goals and research traditions. Neuroscientists typically adopt
a reductionist approach and study cognitive functions in isolation. Educational
researchers, on the other hand, focus on the learner as a whole and how the
learner is embedded in a context, such as a classroom.

To bridge the gap between laboratory studies and educational practice, various neuroim-
aging techniques have been employed, each with its own advantages and limitations. For
instance, techniques with high spatial resolution, such as functional magnetic resonance
imaging (fMRI), allow for the observation of neuronal activity in deep brain structures. fMRI
measures changes in cerebral blood flow, which enables the identification of brain areas
activated during specific cognitive tasks. However, this technique has significant limitations:
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it requires large, expensive equipment, highly controlled experimental procedures, and de-
mands that participants remain still during the measurements (Seghier et al., 2019).

In contrast, functional near-infrared spectroscopy (fNIRS) is another neuroimaging tech-
nique that, although offering lower spatial resolution compared to fMRI, provides greater
flexibility in educational settings. fNIRS measures changes in the concentration of oxyhae-
moglobin and deoxyhaemoglobin in cortical brain regions, allowing for the non-invasive in-
ference of neuronal activity using portable equipment. While this technique does not enable
the observation of deep brain structures, it offers the advantage of being more accessi-
ble and less restrictive, as participants can move naturally during tasks, making it suitable
for studies in more dynamic environments such as classrooms (Scholkmann et al., 2014).
These characteristics have contributed to its increased use in educational contexts over the
past decade (Zhan et al., 2024).

Another technique is electroencephalography (EEG). This method measures electrical
activity in the cortex. EEG activity is recorded as voltage differences at various locations on
the scalp, representing the summation of postsynaptic potentials from groups of neurons in
the cortex. Until now, the study through EEG of the processes involved in learning in lab-
oratory conditions has given productive results for their understanding (Tinga et al., 2020).
However, the potential of the new wireless EEG devices, the incipient studies in educational,
commercial or artistic fields, or the advertising of the companies that market them, have
generated many expectations in researchers and educators; notwithstanding, in comparison
with fields such as marketing (Bazzani et al., 2020) or video games (e.g., Ninaus et al., 2014;
Vasiljevic & de Miranda, 2020), research is still limited.

The high temporal resolution, non-invasiveness, the large amount of information it pro-
vides about different neural processes, and its portability suggest that the EEG is a very at-
tractive procedure for educational research and as an aid to teachers and students. However,
its use in real contexts is conditioned by its characteristics. The signals are highly prone to
motion artefacts, for example, when blinking, speaking or moving the head (common move-
ments in educational situations). Additionally, the cost of each device is based on its quality,
marked by the number of sensors, their technical characteristics (active or passive, contact
or with a conductive substance), and the sampling rate or the amplifier for sending the sig-
nal to the receiving computer. The worse the signal or the fewer recording channels used,
the less validity the results will have and processes such as source modelling may be less
accurate, as well as the removal of artefacts through processes such as linear regression
or adaptive filtering (Chavez et al., 2018) or blind source separation (Jung et al., 2000) that
require several reference channels. Depending on the quality, costs can range from $100
to $25,000. This is important because it establishes a tension between the quality of the re-
cords and the possibility of having several devices to collect simultaneous information from
several students in an educational context (Garcia-Monge et al., 2023).

Conducting neuroscience studies in naturalistic educational environments presents sev-
eral challenges. Naturalistic stimuli, such as films, narratives or real-world interactions, intro-
duce complexities that are less controlled compared to traditional laboratory settings. These
stimuli mimic everyday life, allowing for a more ecologically valid representation of brain
function, but they also introduce methodological difficulties, such as controlling for variability
in individual engagement and environmental factors (Sonkusare et al., 2019). Additionally,
naturalistic paradigms require advanced analytical approaches to account for the dynamic
and multimodal nature of the stimuli. Despite these challenges, naturalistic stimuli are cru-
cial for understanding how brain processes unfold in real-world scenarios and can yield in-
sights into how students process information in educational contexts (Willems et al., 2020).
The works of Janssen et al. (2021) or van Atteveldt et al. (2018) show several examples
of the EEG potential in education. Neurophysiology can help psychologists and educa-
tors gain a deeper understanding of cognition, motivation or the effects of different tasks,
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overcoming some limitations of rating scales and allowing access to internal processes
(Murphy & Benton, 2010), helping to understand individual processes and detect problems
(e.g., Vandermosten et al., 2016), or generating neurofeedback procedures that provide
feedback for learning and promote metacognitive processes (e.g., Hall & Johansson, 2003).
On the neuroscience side, work in educational settings can generate new questions and
lines of research (Willingham, 2009).

A non-systematic review on the use of EEG devices in educational contexts can be seen
in Xu and Zhong (2018), although they leave out fundamental works (e.g., Dikker et al., 2017),
as well as studies from the last 6 years, important for understanding the possibilities of neu-
roscientific research in school classrooms (e.g., Bevilacqua et al., 2019; Xu et al., 2022). This
article provides a systematic review of the studies from the last 10 years on the use of EEG
in educational contexts. Starting from the generic question “How is EEG technology used in
semi-naturalistic and naturalistic educational contexts?”, the scope of this review is guided
by the following specific research questions: (1) What topics are addressed? (2) What pur-
poses are pursued? (3) In what contexts are the studies carried out? (4) With what kind of
participants are these experiences developed? (5) What kind of devices are used? (6) How
are data obtained from the EEG devices used?

The discussion of the results will allow us to analyse the degree of maturity of this tech-
nology applied to education, as well as its limitations and challenges.

METHOD
Search sources

A systematic review was conducted of the literature published on EEG in the educa-
tional context. In order to find existing publications, a search was initiated in the elec-
tronic database Scopus. It was subsequently expanded through ScienceDirect and
supplemented through the snowballing approach (Jalali & Wohlin, 2012; Webster &
Watson, 2002). It was decided to use these complementary sources since in the review
process we noticed that many contributions on this topic come from the engineering
field and their findings are usually reflected in conference proceedings. Descriptors
“EEG school”, “EEG education”, “EEG learning”, “EEG students” and “EEG children”
were used. The search was conducted between June 2022 and May 2023, covering
10 years of publications (2013-2023).

Exclusion criteria

The selection of articles referring to experiences in naturalistic and semi-naturalistic
contexts, as defined by Matusz et al. (2019), was established as a basic criterion. There are
intermediate steps between pure laboratory conditions and those of ordinary social practices
that have been explored in the last decade. Matusz et al. (2019) propose three categories to
define research approaches with respect to the degree of “naturalism”: controlled laboratory,
partially naturalistic laboratory (semi-naturalistic) and naturalistic real-world research (a
more detailed development of this classification can be found in Naumann et al., 2022).
For Janssen et al. (2021), these three approaches can be seen as a three-stage cyclical
model for educational neuroscience in which lab studies are needed to provide a basis
for more naturalistic research, with the latter providing ground for previously established
knowledge or for formulating new hypotheses that can be tested in more controlled lab or
semi-naturalistic environments. Just as a pure laboratory situation designs experiments so
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that stimuli demand only one form of cognitive processing (Han et al., 2019), semi-naturalistic
situations would introduce more open-ended and multisensory stimuli, close to everyday
situations. In the case of naturalistic situations, neuroimaging devices would be introduced
into everyday contexts in which events are not so predetermined and interactions demand
continuous and complex experiences.

From this basic categorization, the exclusion criteria used were as follows: (1)
Duplicated articles, (2) Studies that did not use EEG devices, (3) Articles about propos-
als that did not specify data on their development (did not specify sample, procedure or
results), (4) Studies with laboratory or therapeutic procedures, and (5) Studies that lacked
a semi-naturalistic or naturalistic character in educational contexts and with mainstream
student populations.

For example, interesting articles were rejected that, despite trying to reproduce semi-
naturalistic situations, did not use educational materials in their development, but rather
standardised laboratory tests (e.g., Apicella et al., 2022; Li et al., 2022), or researches
that using educational materials were developed in special laboratory conditions (e.g.,
the work of Choi et al., 2019, studies the variations in reading attention as a function
of temperature changes within a climate chamber). Several papers utilized resting-state
procedures before and after academic tasks to examine potential changes in brain ac-
tivity (e.g., Rajendran et al., 2022; Siripornpanich et al., 2018). Additionally, other studies
employed experimental protocols that were not designed to replicate real-world learn-
ing scenarios, focusing instead on controlled conditions to investigate specific cognitive
or neural mechanisms (e.g., Daly et al., 2019). Those studies not focused in some way
on teaching and learning, which use recreational materials, have also been discarded
(e.g., such as the one by Kavitha et al., 2023, which used entertainment videos, songs,
dances or magic shows to analyse the emotional state of the students). Likewise, those
studies not developed with mainstream student populations were rejected (e.g., Waisman
et al., 2023). Studies that aimed to develop classifiers for different functions involved in
learning processes but relied on databases to train them were also excluded (e.g., Al-
Nafjan & Aldayel, 2022; Nandi et al., 2021).

Search limits and procedure

The search was conducted following the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines (Moher, Liberati, Tetzlaff, & Altman, 2009).
The search ended on May 20, 2023. Figure 1 shows the process from the beginning of
the search in the databases to the selection of the final 76 articles that comprise this
systematic review.

After the first search, through reading the titles and the abstracts, articles that did not
meet criteria 1, 2, 4 and 5 were rejected, that is: duplicates; those that did not use EEG tech-
nology; those whose title and abstract made it clear that they were not related to educational
contexts; those referring to laboratory conditions and therapeutic procedures; and those that
did not refer to mainstream student populations. In those articles that did not make clear in
their abstract the data on the participants, the procedures or the results, the body of the text
was searched for these data. In a final screening, those articles not referring to naturalistic
or semi-naturalistic educational situations or in which educational materials were not used
were rejected. The first and last author jointly conducted the screening, data extraction and
data synthesis processes. Cases of uncertainty were reviewed by all four authors, and con-
sensus was reached.

The selected articles were finally read by all the researchers and the information was
extracted in the words of the authors. The basic information was entered into a table in
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“EEG school” “EEG education” “EEG learning” “EEG students” “EEG children”
Scopus: 2,100 Scopus: 1,112 Scopus: 12,950 Scopus: 2,256 Scopus: 7,839

Search on Science Direct database and snowballing approach: 101,820

Total number of initial articles: 128,077
Articles excluded:

(1) Duplicate articles: 43,560
(2) Articles that did not use EEG devices: 7,431
(3) Articles on proposals that did not specify data on their development (did not specify sample,
procedure or results): 12,328
(4) Studies with laboratory or therapeutic procedures: 28,641
(5) Studies that lacked a semi-naturalistic or naturalistic character in educational contexts and with
mainstream student populations: 36,041

Final search: 76

FIGURE 1 Flow diagram of the systematic search process.

which basic data were collected to guide the answer to the research questions: (1) Authors
and date; (2) Topic; (3) Characteristics of the data collection, context and participants;
(4) Procedure; (5) Characteristics of the EEG devices used; (6) Signal processing and
data analysis.

RESULTS

Considering the results shown in Table 1 and in the Sankey diagram shown in Figure 2,
it could be summarized that most of the studies focused on attention, in semi-naturalistic
technology-mediated situations, in which records were made individually with university
students through low-cost equipment, with less than 15 channels.

What topics are covered?

Most of the articles focus on the study of two highly related topics: attention (n=39, 51.3%)
and engagement (n=13, 17.1%). This assessment of attention or engagement occurs in
varied contexts and with diverse populations. We found research on attention or engagement
during reading tasks (e.g., Huang et al., 2014), during the follow-up of educational videos
(e.g., Lee & Chin, 2014), in the practice of educational games in 3D environments (e.g., Ghali
et al., 2016), valuing attention in affective tutoring systems (Lin et al., 2016), in monitoring
both online (e.g., Chen & Wang, 2017) and face-to-face classes (e.g., Sezer et al., 2017),
effects of environment and posture (Kim et al., 2020; Yang et al., 2020), noting the effects on
attention or engagement before short stimuli of less than 6 minutes (e.g., Poulsen et al., 2017)
or carrying out prolonged follow-ups during the school day (Dikker et al., 2020). Related to
attention, two programmes to improve mindfulness through neurofeedback provided by an
EEG-based application are also included (Martinez & Zhao, 2018; Vekety et al., 2022). Some
of these studies have identified neural patterns that correlate with attention, suggesting that
EEG could be a valuable tool for monitoring engagement in real time and adjusting teaching
strategies accordingly.

Regarding the studies on attention and engagement, 54% (n=27) were measured through
the algorithm of the application associated with the EEG device used.

The third most researched topic (9.4%) is the cognitive load caused by reading situations
(Baceviciute et al., 2021), in watching videos (Zhou et al., 2017), during problem solving
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1 channel
(NeuroSky)
38.67% (29)

2 channels.

2 channels.

4 channel (Muse)
$ channel (Emotiv.
8 channels.

8 channel

8 channel

© channels (ABM
© channel (B-Alert).

32 channels.
32 channels.
84 channels.
4 channels.
128 channel (EGI).

ing memory 1.33%
Space 1.33% (1)

FIGURE 2 Sankey diagram relating the characteristics of the reviewed studies (subject, naturalism' grade,
situation, participation, participants and number of the channels of the devices used).

(Khedher et al., 2019) or in the development of games in 3D environments (Makransky
et al., 2019; Mazher et al., 2015). This cognitive load is estimated from power spectral
density analysis procedures in different frequency bands (frontal theta power, the beta/
theta+alpha ratio, Theta (Fz)/Alpha (Pz) ratio, comparison of alpha in different regions) and
procedures for classifying signal characteristics through machine learning. By measuring
cognitive load through EEG, researchers can determine when students feel overwhelmed
and adjust teaching materials or methods to optimise information retention without causing
excessive cognitive stress.

Research on synchrony and inter-brain coupling opens up new possibilities for applying
these technologies to better understand communication and learning processes in natural-
istic contexts. For instance, the pioneering work of Dikker et al. (2017) demonstrated that
brain synchrony among students in a classroom predicts class engagement and social dy-
namics, and may be driven by shared attention within the group. The study by Bevilacqua
et al. (2019) highlights interesting dynamics in educational processes: brain synchrony be-
tween teacher and student was greater during video-based lessons compared to lectures,
yet teacher-student synchrony during lectures positively correlated with the perceived close-
ness between the teacher and students. Chen et al. (2023) found that students with higher
scores on the final math exam exhibited stronger inter-brain coupling with the rest of their
classmates, while students with higher scores in language showed stronger inter-brain cou-
pling with the top-performing students in the class. These hyperscanning methods have
also allowed for exploration into how synchrony or inter-brain coupling can predict learning
outcomes (Davidesco et al., 2023).

Table 2 shows the rest of the topics, addressed to a lesser extent: emotions, working
memory, self-efficacy, learning performance, or effects of space and on EEG activity.

Figure 3 shows a Sankey Diagram relating the topics studied and the types of devices
used.

These lines of inquiry provide valuable insights into the cognitive processes underlying
various educational situations, advancing the measurement of attention, cognitive load, in-
terpersonal synchrony and the emotional implications of learning processes. The results
suggest a potential educational impact, given the possible applications for designing cur-
riculum materials better aligned with students' needs. However, as we will address in the
discussion, their application in educational settings remains limited.
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TABLE 2 EEG studies analysed grouped by topics.

Topic Studies Number

Attention Liu et al. (2013), Chen and Lin (2016), Sun (2014), Lai 39
et al. (2016), Lin et al. (2016), Chen and Wang (2017),
Huang et al. (2017), Ko et al. (2017), Sezer et al. (2017),
Sun and Yeh (2017), Cohen et al. (2018), Meza
et al. (2018), Mohamed et al. (2018), Sethi et al. (2018),
Lai et al. (2019), Lin and Chen (2019), Dikker et al. (2020),
Kim et al. (2020), Kumari and Deb (2020), Ni et al. (2020),
Shadiev and Huang (2020), Yang et al. (2020),

Aggarwal et al. (2021), Baceviciute et al. (2021), Chen

et al. (2021), Grammer et al. (2021), Pajk et al. (2021),
Zhang et al. (2021), Bitner and Le (2022), Garcia-Monge
et al. (2022), Juan and Chen (2022), Sorochinsky

et al. (2022), Sulaiman et al. (2022), Upadhyay

etal. (2022), Xu et al. (2022), Xiaojun et al. (2022),
Suttidee and Ruanguttamanun (2022), Tang et al. (2023),
Zheng et al. (2023)

Engagement Huang et al. (2014), Lee and Chin (2014), Ghali 13
et al. (2016), Ghergulescu and Muntean (2016), Hu and
Kuo (2017), Moldovan et al. (2017), Babiker et al. (2019),
Eldenfria and Al-Samarraie (2019), Kosmyna and
Maes (2019), Zhu et al. (2019), Babiker et al. (2020),
Varnavsky and Romanova (2020), Bouhdana et al. (2023)

Cognitive load Mazher et al. (2015), Zhou et al. (2017), Dan and 7
Reiner (2018), Lin and Kao (2018), Khedher et al. (2019),
Makransky et al. (2019), Wang et al. (2020)

Working memory Veronica et al. (2022) 1

Synchrony and inter-brain Dikker et al. (2017), Poulsen et al. (2017), Antonenko 7

coupling et al. (2019), Bevilacqua et al. (2019), Du et al. (2022),
Davidesco et al. (2023), Chen et al. (2023)

Emotions Verkijika and De Wet (2015), Robinson et al. (2019), 3
Garces-Gomez et al. (2023)

Mindfulness Martinez and Zhao (2018), Vekety et al. (2022) 2

Learning to create neurofeedback  Hernandez-Cuevas et al. (2020) 1

applications

Self-efficacy Yu et al. (2020) 1

Learning performance Ramirez-Moreno et al. (2021) 1

Effects of space on EEG activity Kim and Gero (2023) 1

What purposes are sought?

Studies that seek to assess different cognitive states (attention, engagement, emotions and
so on) during the development of educational tasks (n=29, 38.15%) are dominant, along
with those that seek to compare the impact of different tasks (n=23, 30.26%). Reading
and writing situations are monitored and compared (e.g., Robinson et al., 2019; Veronica
et al., 2022), educational games (Ghali et al., 2016), viewing of different multimedia materi-
als (e.g., Mazher et al., 2015; Poulsen et al., 2017), or exams (Garces-Gomez et al., 2023).
In some cases, the procedures are reminiscent of those used in the field of neuromarketing
(e.g., Zhu et al., 2019), analysing the effects on engagement or attention of different cur-
ricular materials.

Another extended purpose is the use of EEG as a means of neurofeedback (n=9, 11.8%)
or for the construction of classifiers that allow neurofeedback (n=9, 11.8%). In the case of
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Topic Device

29 1 channel (NeuroSky)
Attention 39

15 14 channel (Emotiv)

1 128 channel (EGI)
1 32 channels (NeuroSkan)

Engagement 13

Cognitive load 7 4 4 channel (Muse)

Emotion 3 N 2 6 channels (OpenBCl)

8 channel (Enobio
Synchrony 6 2 nnel (Er io)

Mindfulness 2 IR 1 21 channels
Self-Efficacy 1w -

i ‘ ;

FIGURE 3 Sankey diagram relating the topics studied and the types of devices used.

2 19 channels (DSI1-24)

2 2 channels (BrainlLink)

1 8 channel (OpenBCl)

1 24 channels (BrainProducts)
1 16 channels (OpenBCl)

developing classifiers, the aim is to extract characteristics from the EEG signals recorded
in identifiable cognitive situations (in some cases through complementary measures such
as self-assessment scales), to subsequently search for a classifier through machine learn-
ing procedures, which makes it possible to identify these characteristics in future records,
providing feedback through an interface. Linked to this, this review includes an interesting
study (Hernandez-Cuevas et al., 2020), focused on the development of neurofeedback ap-
plications with EEG devices by secondary education students.

A promising line of work investigates the interaction processes among students (e.g.,
Antonenko et al., 2019) or between students and teachers (e.g., Bevilacqua et al., 2019;
Chen et al., 2023), through hyperscanning procedures, analysing the synchrony between
the signals collected from the different participants.

Table 3 shows the studies grouped by purpose.

In what context are the studies carried out?

Semi-naturalistic situations (n=60, 78.9%) predominate over naturalistic ones (n=15,
19.7%). Within both there are different degrees. Among the semi-naturalistic situations,
some experiences propose highly controlled situations, with individual interventions, and a
strict control of the stimuli (e.g., Mazher et al., 2015). In other cases, an attempt is made to
bring students to situations closer to a real experience (e.g., Antonenko et al., 2019). In the
case of naturalistic conditions, different degrees of “naturalism” are also apparent, ranging
from those cases in which a situation is constructed that tries to reproduce a conventional
learning context (e.g., Babiker et al., 2019), to studies that are developed in conventional
classrooms (e.g., Chen et al., 2023), even involving the students in the preparation of the
devices (e.g., Dikker et al., 2017).

Regarding the degree of naturalism, it should be noted that there are very few studies
whose recordings exceed 1h, most of them focusing on recordings obtained in tasks car-
ried out in a short time (between 2 and 10 min). Chen et al.'s (2023) study spans 4 months
of regular classroom sessions and demonstrates that the integration of these devices into
the classroom is feasible and can provide valuable insights for both teachers and students.

Table 4 shows the studies grouped by their naturalism grade.
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TABLE 3 EEG studies analysed grouped by purpose.

Purpose Studies Number
Assessment of states Liu et al. (2013), Sun (2014), Ghali et al. (2016), Ghergulescu and 29
during the development Muntean (2016), Lai et al. (2016), Chen and Wang (2017), Huang

of tasks (attention, et al. (2017), Moldovan et al. (2017), Robinson et al. (2019),

involvement, working Ko et al. (2017), Sezer et al. (2017), Zhou et al. (2017),

memory, emotions, etc.) Cohen et al. (2018), Babiker et al. (2019), Eldenfria and Al-

Samarraie (2019), Khedher et al. (2019), Lin and Chen (2019),
Makransky et al. (2019), Babiker et al. (2020), Dikker et al. (2020),
Kumari and Deb (2020), Varnavsky and Romanova (2020), Pajk
et al. (2021), Bitner and Le (2022), Veronica et al. (2022), Garces-
Gomez et al. (2023), Suttidee and Ruanguttamanun (2022),
Davidesco et al. (2023), Kim and Gero (2023)

Comparison of impact of Chen and Lin (2016), Mazher et al. (2015), Hu and Kuo (2017), 23
different tasks Poulsen et al. (2017), Dan and Reiner (2018), Kosmyna and
Maes (2019), Zhu et al. (2019), Kim et al. (2020), Ni et al. (2020),
Shadiev and Huang (2020), Wang et al. (2020), Yang et al. (2020),
Aggarwal et al. (2021), Grammer et al. (2021), Baceviciute
et al. (2021), Chen et al. (2021), Garcia-Monge et al. (2022),
Juan and Chen (2022), Upadhyay et al. (2022), Xu et al. (2022),
Bouhdana et al. (2023), Tang et al. (2023), Zheng et al. (2023)

Neurofeedback Huang et al. (2014), Lee and Chin (2014), Verkijika and De 9
Wet (2015), Lin et al. (2016), Sun and Yeh (2017), Martinez and
Zhao (2018), Sethi et al. (2018), Sorochinsky et al. (2022), Vekety

et al. (2022)
Creation of a classifier for Zhou et al. (2017), Lin and Kao (2018), Meza et al. (2018), 9
neurofeedback Mohamed et al. (2018), Lai et al. (2019), Yu et al. (2020), Zhang

et al. (2021), Ramirez-Moreno et al. (2021), Sulaiman et al. (2022)
Learning to create Hernandez-Cuevas et al. (2020) 1
neurofeedback applications
Analysis of interactions Dikker et al. (2017), Antonenko et al. (2019), 6
(Hyperscanning) Bevilacqua et al. (2019), Xiaojun et al. (2022), Du et al. (2022),

Chen et al. (2023)

In these semi-naturalistic or naturalistic situations, ordinary learning tasks (n=26, 34.2%)
are developed, such as reading, writing or arithmetic, and tasks mediated by different types
of technology (n=49, 64.47%). Within the latter, some works are oriented to learning in
online contexts (n=11), and the rest aim to assess the effects of different didactic materials
such as educational videos (e.g., Lee & Chin, 2014), learning in virtual environments (e.g.,
Makransky et al., 2019), learning with augmented reality (Xiaojun et al., 2022), game-based
e-learning (Ghergulescu & Muntean, 2016), or the comparison between computer-based
and paper-based tasks (Tang et al., 2023).

Table 5 shows the studies grouped by situation.

With what type of participants are these experiences developed?

Work developed with university students dominates (59 studies, 77.6%), decreasing drasti-
cally at lower ages. There are few studies developed with elementary school (age: 4—11) and
middle school (age: 11-14) populations (Table 6).

Papers with a high number of participants are frequent. We found 41 papers with more
than 30 participants (Table 7).
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TABLE 4 EEG studies analysed grouped by their naturalism grade.

Naturalism
grade Studies Number
Semi-naturalistic  Liu et al. (2013), Chen and Lin (2016), Huang et al. (2014), Lee and 60

Chin (2014), Mazher et al. (2015), Verkijika and De Wet (2015), Ghali

et al. (2016), Ghergulescu and Muntean (2016), Lai et al. (2016), Lin

et al. (2016), Huang et al. (2017), Hu and Kuo (2017), Moldovan et al. (2017),
Robinson et al. (2019), Sun and Yeh (2017), Zhou et al. (2017), Cohen

et al. (2018), Dan and Reiner (2018), Lin and Kao (2018), Martinez and
Zhao (2018), Meza et al. (2018), Mohamed et al. (2018), Sethi et al. (2018),
Antonenko et al. (2019), Eldenfria and Al-Samarraie (2019), Khedher

et al. (2019), Kosmyna and Maes (2019), Lai et al. (2019), Lin and

Chen (2019), Makransky et al. (2019), Zhu et al. (2019), Kim et al. (2020),
Kumari and Deb (2020), Ni et al. (2020), Shadiev and Huang (2020),
Varnavsky and Romanova (2020), Wang et al. (2020), Yang et al. (2020),

Yu et al. (2020), Aggarwal et al. (2021), Baceviciute et al. (2021),

Chen et al. (2021), Grammer et al. (2021), Pajk et al. (2021), Zhang

et al. (2021), Ramirez-Moreno et al. (2021), Bitner and Le (2022), Garcia-
Monge et al. (2022), Juan and Chen (2022), Sorochinsky et al. (2022),
Sulaiman et al. (2022), Upadhyay et al. (2022), Vekety et al. (2022),
Veronica et al. (2022), Xu et al. (2022), Xiaojun et al. (2022), Garces-Gomez
et al. (2023), Suttidee and Ruanguttamanun (2022), Bouhdana et al. (2023),
Kim and Gero (2023), Zheng et al. (2023)

Naturalistic Sun (2014), Chen and Wang (2017), Dikker et al. (2017), Ko et al. (2017), 15
Poulsen et al. (2017), Sezer et al. (2017), Bevilacqua et al. (2019),
Dikker et al. (2020), Hernandez-Cuevas et al. (2020), Du et al. (2022),
Tang et al. (2023), Babiker et al. (2019), Babiker et al. (2020),
Davidesco et al. (2023), Chen et al. (2023)

In other EEG application areas, studies with more than 40 participants are uncommon.
The lengthy protocols for device preparation, data collection and data pre-processing mean
that samples are limited. However, many of the studies included in this review use EEG
devices with a low number of channels, which facilitates their preparation and signal pre-
processing (see Figure 4 on how most of the studies with more than 31 participants are per-
formed with devices with less than 14 channels and rapid preparation). In addition, as will be
shown below, several studies do not carry out signal processing, but use the data provided
by the algorithms of the devices used.

What types of devices are used?

Most studies are performed with low-cost devices (from $100 to $800). Thirty-eight studies
(50%) use devices with less than five channels. These devices collect signals through
contact sensors (faster to place, but more sensitive to artefacts) with good sampling rates
(256—512Hz). Table 8 shows the studies grouped by number of device channels.

The most widely used devices correspond to the two companies that first started to com-
mercialise consumer EEG headsets (NeuroSky and Emotiv). In both cases, the devices
had applications that displayed on an interface values of different states found through pro-
prietary algorithms, based on the collected signal. In the case of NeuroSky and Brainlink
(whose hardware is from NeuroSky), the application showed an attention index based in the
eSense algorithm. In the case of the Emotiv application, ratings of different states such as
engagement, excitement or frustration were displayed.

SANY) SUORIPUOD PUe SWIS | 8U} 885 *[5202/20/92] Uo AIqiT8Ul|UO A81IM ‘PlIOPRIRA 8Q PepSIRAIUN AG 0Z00L €/1/200T 0T/I0PAL00"A8 | AT.d 1 BUIIUO'S UINO [-.8q/Stny WO} pepeojumoq '€ ‘¥202 ‘€T996702

fojm A

-pUE-SUW.

85UBO |17 SUOLWIIOD 311810 3|cedl (dde auy Aq peusenob a.e sajpie YO ‘8sn Jo Sajni Joj Ariqi auluo AS|IM uo



ELECTROENCEPHALOGRAPHY IN EDUCATIONAL CONTEXTS Review of Education | 5337

TABLE 5 EEG studies analysed grouped by situation.

Situation Studies Number

Common Sun (2014), Huang et al. (2014), Dikker et al. (2017), Sun and Yeh (2017), 26
Ko et al. (2017), Sezer et al. (2017), Martinez and Zhao (2018), Bevilacqua
et al. (2019), Khedher et al. (2019), Lai et al. (2019), Dikker et al. (2020), Kim
et al. (2020), Kumari and Deb (2020), Varnavsky and Romanova (2020),
Yang et al. (2020), Yu et al. (2020), Garcia-Monge et al. (2022), Juan
and Chen (2022), Sulaiman et al. (2022), Vekety et al. (2022), Veronica
et al. (2022), Xu et al. (2022), Bouhdana et al. (2023), Davidesco et al. (2023),
Garces-Gomez et al. (2023), Chen et al. (2023)

Online Liu et al. (2013), Lai et al. (2016), Chen and Wang (2017), Robinson 11
et al. (2019), Lin and Kao (2018), Sethi et al. (2018), Eldenfria and Al-
Samarraie (2019), Aggarwal et al. (2021), Pajk et al. (2021), Suttidee and
Ruanguttamanun (2022), Du et al. (2022)

Technology- Chen and Lin (2016), Lee and Chin (2014), Mazher et al. (2015), Verkijika 38
mediated and De Wet (2015), Ghali et al. (2016), Ghergulescu and Muntean (2016), Lin
et al. (2016), Huang et al. (2017), Hu and Kuo (2017), Moldovan et al. (2017),
Poulsen et al. (2017), Zhou et al. (2017), Cohen et al. (2018), Dan and
Reiner (2018), Meza et al. (2018), Mohamed et al. (2018), Antonenko
et al. (2019), Kosmyna and Maes (2019), Lin and Chen (2019), Makransky
et al. (2019), Zhu et al. (2019), Hernandez-Cuevas et al. (2020), Ni et al. (2020),
Shadiev and Huang (2020), Wang et al. (2020), Baceviciute et al. (2021),
Chen et al. (2021), Grammer et al. (2021), Zhang et al. (2021), Ramirez-
Moreno et al. (2021), Bitner and Le (2022), Sorochinsky et al. (2022),
Upadhyay et al. (2022), Vekety et al. (2022), Xiaojun et al. (2022), Kim and
Gero (2023), Tang et al. (2023), Zheng et al. (2023)

The indices displayed by the device's own applications have been used in 32 studies (23
using NeuroSky and 4 Emotiv).

In connection with this, we wondered how the data obtained from EEG devices are used?

Mainly, the signals are used in three ways:

* Interpreting indexes provided by the applications of the devices used. In this case, re-
searchers do not access the raw data (32 studies, 42.1%).

* Pre-processing the signals to remove possible artefacts and extracting wave characteris-
tics in the frequency domain, dividing the frequency into canonical frequency bands (delta,
theta, alpha, beta and gamma), and then comparing the power spectral densities (PSD).
In 24 studies, different analyses are performed in the frequency domain.

» Signal feature extraction to create signal classifiers through different machine learning
(13 studies) or deep learning (2 studies) procedures. These classifiers are used to create
neurofeedback applications. All these studies build their classifiers from signals collected
with devices with less than 15 channels (six of the studies use devices with less than five
channels).

Figure 5 shows the evolution over time of the use of these three procedures for process-
ing EEG recordings.

Signal processing is crucial when discussing EEG data in naturalistic or semi-naturalistic
settings, given the significant presence of artefacts (noise) that can affect data quality.

Studies based on indexes provided by the devices' applications typically do not apply any
form of signal preprocessing, suggesting that these data may be heavily contaminated with
movement, electromyographic or vascular artefacts.

In contrast, studies that perform frequency-domain analysis use various pre-
processing pipelines. This involves artefact correction, often through visual inspection
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TABLE 6 EEG studies analysed grouped by age of the participants.

Participants Studies Number
Kindergarten Lee and Chin (2014) 1
Elementary school— Huang et al. (2014), Verkijika and De Wet (2015), Kim et al. (2020), 8
Middle school Garcia-Monge et al. (2022), Vekety et al. (2022), Veronica et al. (2022),

Xu et al. (2022), Xiaojun et al. (2022)
High school Lai et al. (2016), Chen and Wang (2017), Dikker et al. (2017), Martinez 8

and Zhao (2018), Bevilacqua et al. (2019), Dikker et al. (2020),
Hernandez-Cuevas et al. (2020), Chen et al. (2023)

University Liu et al. (2013), Chen and Lin (2016), Sun (2014), Mazher 59
et al. (2015), Ghali et al. (2016), Ghergulescu and Muntean (2016),
Lin et al. (2016), Huang et al. (2017), Hu and Kuo (2017), Moldovan
et al. (2017), Poulsen et al. (2017), Sezer et al. (2017), Robinson
et al. (2019), Sun and Yeh (2017), Ko et al. (2017), Zhou et al. (2017),
Cohen et al. (2018), Dan and Reiner (2018), Lin and Kao (2018), Meza
et al. (2018), Mohamed et al. (2018), Sethi et al. (2018), Antonenko
et al. (2019), Babiker et al. (2019), Eldenfria and Al-Samarraie (2019),
Kosmyna and Maes (2019), Khedher et al. (2019), Lai et al. (2019), Lin
and Chen (2019), Makransky et al. (2019), Zhu et al. (2019), Babiker
et al. (2020), Kumari and Deb (2020), Ni et al. (2020), Shadiev and
Huang (2020), Varnavsky and Romanova (2020), Wang et al. (2020),
Yang et al. (2020), Yu et al. (2020), Aggarwal et al. (2021), Baceviciute
et al. (2021), Chen et al. (2021), Grammer et al. (2021), Pajk
et al. (2021), Zhang et al. (2021), Ramirez-Moreno et al. (2021), Bitner
and Le (2022), Du et al. (2022), Juan and Chen (2022), Sorochinsky
et al. (2022), Sulaiman et al. (2022), Upadhyay et al. (2022),
Garces-Gomez et al. (2023), Suttidee and Ruanguttamanun (2022),
Bouhdana et al. (2023), Davidesco et al. (2023), Kim and Gero (2023),
Tang et al. (2023), Zheng et al. (2023)

(rejecting contaminated segments) or automated methods such as the Artefact Subspace
Reconstruction Method or Independent Component Analysis (ICA, a statistical method for
decomposing multivariate data into its statistically independent hidden components). Most
studies use toolboxes like EEGLab or Fieldtrip in Matlab, often with custom code, and to a
lesser extent, BrainStorm, BrainVision Analyser, and different Matlab or Python-based tools.
Only eight studies explicitly mention the number of channels or segments discarded, or the
proportion of data that was corrected.

Among the studies that use machine learning (ML) or deep learning (DL) techniques to
develop signal classifiers, six works use raw unprocessed data, while the rest follow pre-
processing procedures similar to those described in frequency-domain analysis.

DISCUSSION

This review shows the potential use of EEG devices in educational contexts to monitor in
real time the effects of different educational tasks and materials (reading, writing, calcula-
tion, listening to lectures or educational videos, participation in educational games in differ-
ent multimedia environments and so on) and, in some cases, to provide immediate feedback
to students and teachers. However, despite the low cost of some of the devices on the mar-
ket (from $100), their use is still very restricted, limited to experimental environments with
university students (77.6% of the studies).

Of the studies analysed, 68.4% focus on the analysis or improvement of attention or
engagement. Undoubtedly, these aspects are crucial in any learning process. However, it
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TABLE 7 EEG studies analysed grouped by number of participants.
Number of
participants Studies Number
1-10 Mazher et al. (2015), Hu and Kuo (2017), Martinez and Zhao (2018), 7
Varnavsky and Romanova (2020), Garcia-Monge et al. (2022), Sulaiman
et al. (2022), Garces-Gomez et al. (2023)
11-20 Chen and Lin (2016), Huang et al. (2014), Dikker et al. (2017), Dan 17
and Reiner (2018), Robinson et al. (2019), Ko et al. (2017), Bevilacqua
et al. (2019), Khedher et al. (2019), Zhu et al. (2019), Hernandez-Cuevas
et al. (2020), Aggarwal et al. (2021), Chen et al. (2021), Pajk et al. (2021),
Ramirez-Moreno et al. (2021), Sorochinsky et al. (2022), Upadhyay
et al. (2022), Kim and Gero (2023)
21-30 Liu et al. (2013), Sezer et al. (2017), Babiker et al. (2020), Dikker et al. (2020), 9
Kim et al. (2020), Ni et al. (2020), Grammer et al. (2021), Bitner and
Le (2022), Veronica et al. (2022)
More than 30 Sun (2014), Lee and Chin (2014), Verkijika and De Wet (2015), Ghali 41

11to 20 21

31to 100 36

1to108 .

et al. (2016), Ghergulescu and Muntean (2016), Lai et al. (2016),

Lin et al. (2016), Chen and Wang (2017), Huang et al. (2017), Moldovan

et al. (2017), Poulsen et al. (2017), Sun and Yeh (2017), Cohen et al. (2018),
Lin and Kao (2018), Mohamed et al. (2018), Sethi et al. (2018), Antonenko
et al. (2019), Babiker et al. (2019), Eldenfria and Al-Samarraie (2019),
Kosmyna and Maes (2019), Lai et al. (2019), Lin and Chen (2019),
Makransky et al. (2019), Kumari and Deb (2020), Shadiev and Huang (2020),
Wang et al. (2020), Yang et al. (2020), Yu et al. (2020), Baceviciute

et al. (2021), Zhang et al. (2021), Du et al. (2022), Juan and Chen (2022),
Vekety et al. (2022), Xu et al. (2022), Xiaojun et al. (2022), Suttidee and
Ruanguttamanun (2022), Bouhdana et al. (2023), Davidesco et al. (2023),
Tang et al. (2023), Zheng et al. (2023), Chen et al. (2023)

Number of Device
participants

29 1 channel (NeuroSky)

14 14 channel (Emotiv)

1 128 channel (EGI)
1 32 channels (NeuroSkan)

4 4 channel (Muse)

2 8 channel (Enobio)

B — e 1 21 channels
21to308 — S

2 19 channels (DSI1-24)
2 2 channels (BrainLink)
1 8 channel (OpenBCl)

1 32 channels (ActiCap)
1 32 channels (Enobio)

FIGURE 4 Sankey diagram relating the number of participants and the types of devices used.

1 20 channels (Allengers NeuroPLOT)

is worth questioning the extent to which this research direction may be influenced by the
characteristics of the devices used and the applications offered by commercial companies
(51.92% of the studies on attention and engagement utilise the indexes provided by the
applications used). There may be an interesting relationship occurring that limits the range
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TABLE 8 EEG studies analysed grouped by number of device channels.

Channels Studies

Number

1-5

16-25

26-35

+ de 36

Liu et al. (2013), Chen and Lin (2016), Sun (2014), Verkijika and De 38
Wet (2015), Lai et al. (2016), Lin et al. (2016), Chen and Wang (2017), Huang
et al. (2017), Hu and Kuo (2017), Sezer et al. (2017), Sun and Yeh (2017),

Lin and Kao (2018), Martinez and Zhao (2018), Sethi et al. (2018), Kosmyna
and Maes (2019), Kim et al. (2020), Lai et al. (2019), Lin and Chen (2019),
Kumari and Deb (2020), Ni et al. (2020), Shadiev and Huang (2020), Yang

et al. (2020), Yu et al. (2020), Aggarwal et al. (2021), Chen et al. (2021),

Pajk et al. (2021), Zhang et al. (2021), Bitner and Le (2022), Du et al. (2022),
Juan and Chen (2022), Sulaiman et al. (2022), Vekety et al. (2022), Veronica
et al. (2022), Xiaojun et al. (2022), Suttidee and Ruanguttamanun (2022), Tang
et al. (2023), Zheng et al. (2023), Chen et al. (2023)

Huang et al. (2014), Lee and Chin (2014), Verkijika and De Wet (2015), 20
Ghali et al. (2016), Ghergulescu and Muntean (2016), Dikker et al. (2017),

Moldovan et al. (2017), Zhou et al. (2017), Mohamed et al. (2018), Babiker

et al. (2019), Bevilacqua et al. (2019), Eldenfria and Al-Samarraie (2019),

Khedher et al. (2019), Makransky et al. (2019), Babiker et al. (2020), Dikker

et al. (2020), Baceviciute et al. (2021), Ramirez-Moreno et al. (2021), Garcia-

Monge et al. (2022), Sorochinsky et al. (2022)

Dan and Reiner (2018), Robinson et al. (2019), Wang et al. (2020), Grammer 7
et al. (2021), Upadhyay et al. (2022), Xu et al. (2022), Kim and Gero (2023)

Ko et al. (2017), Varnavsky and Romanova (2020), Bouhdana et al. (2023), 4
Davidesco et al. (2023)

Mazher et al. (2015), Cohen et al. (2018), Zhu et al. (2019) 3

App Indices

ML-DL classifier

o A > ) S P o % >
> > > > X X v ¥
= & = = S = 3 S

FIGURE 5 Evolution over time of the use of different procedures for processing EEG recordings.

of study topics: certain companies marketing low-cost EEG devices tailor their applications
towards neuromarketing, driving, video games or learning situations. Consequently, many
researchers access these devices (due to their affordability and ease of use) and base their

data on the indices provided by these applications.

In any case, it is a promising step forward to have devices that make it possible to improve
students' metacognition, providing them with real-time information about their states through
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neurofeedback, and that provide teachers with information about the effect of their materials
and proposals in order to better adjust them to personal needs and processes.

Mainly, the studies aim to analyse the effects of different educational activities and materials
on students (on attention, engagement, workload, or synchronicity among students and be-
tween students and teachers), and to build and test classifiers that allow real-time neurofeed-
back. Nevertheless, perhaps the development of knowledge and applications in this field are
still incipient, since we have not found studies that show the development of educational expe-
riences in which these methods are applied for a sustained period of time (with the exception
of Chen et al.'s 2023 study, which extends over 4 months of classroom sessions). There is no
follow-up of the contributions made (for example, in the use of brain computer interface [BCI]
and neurofeedback), studying their prolonged application in educational contexts through more
intensive methods such as case studies, design-based research or action-research.

In order to conduct this type of research, it is crucial to implement projects that take into
account the interests of teachers, students, families and researchers and foster interdisci-
plinary collaboration (Katzir & Paré-Blagoev, 2006). Moreover, researchers need to refine
their research questions to gain a better understanding of the realities within the educational
settings (Liu & Zhang, 2021) and effectively communicate the potential of brain research
to the educational community (Mason, 2009). To accomplish this, it is essential to pursue
partnership models that consider the needs and demands of teachers, students and fam-
ilies (Howard-Jones et al., 2016; Liu & Zhang, 2021) and ensure that these collaborative
experiences are meaningfully integrated into educational programmes. Furthermore, the
establishment of these partnerships relies on cultivating relationships based on mutual trust,
which can only be developed over time (Liu & Zhang, 2021).

The need to deploy a ‘real-world neuroscience’ (Matusz et al., 2019; Shamay-Tsoory
& Mendelsohn, 2019) seems to present some limitations when developing studies in edu-
cational contexts (Garcia-Monge et al., 2023; Janssen et al., 2021). As noted, most of the
studies analysed are conducted in semi-naturalistic conditions with population close to the
research teams (university students) and with low-end devices.

The cost of the devices (Patil et al., 2022; Varma et al., 2008) and the complexity of their
integration in classrooms (Garcia-Monge et al., 2023; Janssen et al., 2021), may be behind
their low use in naturalistic conditions, in groups of schoolchildren and for prolonged peri-
ods of time. Integrating these devices in naturalistic contexts involves high economic and
organisational costs (obtaining permissions, agreement with teachers on the purpose and
plan of action, preparation of the devices, verification of contact and signal quality, equip-
ment to receive the signals from each device, avoiding interference from the signals sent
by each device to each receiving equipment, etc.). All of this may be getting simpler with
the emergence of simple devices geared for simultaneous use (Lee et al., 2019) and the
improvement of signal quality collected by fast setup devices with dry sensors. In general,
dry electrodes reduce device placement times, but their signal may be more affected by
artefacts (Mathewson et al., 2017; Shad et al., 2020). The ease of placement, as well as not
relying on a substance that loses conductive properties if recording is prolonged, makes
these sensors very attractive for use in real-world contexts with broad applications not only
in the field of research, but in device management through electroencephalographic sig-
nals (BCI); thus, there are constant advances in this field (e.g., Hajare & Kadam, 2021; Kim
etal., 2022; Li et al., 2020). These future advances may correct the limitations in the low sig-
nal quality of some of the most commonly used devices in the presented studies (Duvinage
et al., 2013; Li et al., 2020; Maskeliunas et al., 2016). Moreover, some EEG devices with
built-in automatic artefact removal filters (e.g., artefact subspace reconstruction algorithm
[ASR], used by mBrainTrain's SmartingPro device, or g-Tec's Online Signal Conditioning &
Artefact Removal) are now starting to be commercialised. A review on the subject can be
found in Seok et al. (2021). In any case, the collected signal must be pre-processed, for
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which interesting tools are beginning to appear, such as those offered on the Medusa plat-
form (Santamaria-Vazquez et al., 2023) oriented to the development of BCI systems.

Beyond technical or organisational limitations, Xu et al. (2022) point out that EEG studies
with children in naturalistic settings often have limitations in isolating specific neurocognitive
processes, as well as being more susceptible to artefact contamination. It is a challenge to
integrate good EEG research designs into the everyday classroom, but the review provides
good examples of how this can be achieved by involving students (e.g., Dikker et al., 2017),
which can result in learning about brain activity, neurofeedback processes and metacogni-
tion (e.g., Bevilacqua et al., 2019; Dikker et al., 2020; Xu et al., 2022). In addition, as Han
et al. (2019) point out, methodological heuristics acquired in naturalistic and semi-naturalistic
research in the field of video games could endow the field of neuroimaging in educational
contexts with an interesting body of knowledge.

Another aspect to be analysed is the interpretation of the signals. We have seen that
42 1% of the studies analysed base their metrics on the indexes provided by the applications
of the EEG devices used. It should be considered that these indices are based on data
collected in specific situations and populations. By varying the ages and characteristics of
the participants or the context of application, the markers may lose validity. Authors such as
Larsen et al. (2021) question, for example, whether attention metrics with EEG devices are
reliable and whether attention is a measurable phenomenon that can be reasonably repre-
sented by a metric. Attention encompasses various cognitive processes (e.g., Petersen &
Posner, 2012) that can hardly be reduced to data obtained from one or two electrodes. At
best, we would be referring to a part of the attentional process. In addition to this, we must
consider the interpersonal variability in mental processes and EEG recordings (e.g., Basile
et al., 2007) or variations due to developmental maturation (e.g., Ramos-Loyo et al., 2022).
lenca et al. (2018) highlight another limitation of these measurements provided by applica-
tions from companies that commercialise low-cost EEG devices: their limited traceability and
verifiability, given their ‘black box algorithms’. Therefore, caution must be exercised when
considering the emergence of commercial neurofeedback solutions that are generalised to
groups of students, as they may influence educational decisions based on unreliable data
and inadequately tailored to each individual student.

In principle, the extensive literature on neural correlates associated with different cog-
nitive functions and the utilisation of ML or DL procedures allow for the reduction of sen-
sor numbers and limited placement areas to record specific cognitive processes. However,
there is a risk in extrapolating neuromarkers extracted from highly controlled laboratory
conditions to define processes occurring in more complex situations. The limited number
of electrodes in some devices poses challenges for accurate source modelling (e.g., Akalin
Acar & Makeig, 2013) and restricts the range of processes that can be studied and the pos-
sible analyses (e.g., Lau-Zhu et al., 2019). In a more cautious approach, recordings should
encompass broader areas of the scalp (using more than 15 channels). This would allow:

e Better pre-processing, being able to dispense with channels with too many artefacts
(something common in the work with children or in naturalistic situations).

* Better reconstruction of sources to determine areas of interest.

¢ Studies of connectivity between areas.

Extraction of more characteristics from the signals that would allow better adjustment of

the classifiers associated with different cognitive processes.

The development of Al models could help streamline these procedures by using raw data
from a few channels to differentiate between various cognitive states. This use of Al could
reduce computational demands for real-time analysis of signals from a group of students
and display measures of interest, such as inter-brain coupling (Chen et al., 2023).
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In line with the work of Jiang et al. (2024), which focuses on the use of brain-computer
interfaces in education, the results report that, as with any new technology, the adoption
rate in educational contexts is slow. The economic and training costs are obvious barriers to
incorporating any new device into educational practice. Considering the Gartner Hype Cycle
(e.g., Dedehayir & Steinert, 2016), it could be said that the application of these devices in
educational settings, after the initial phases of ‘Technology Trigger’ and the ‘Peak of Inflated
Expectations’, appears to be entering the ‘Trough of Disillusionment’. It is probable that the
accumulation of knowledge, advancements in artificial intelligence (Al), and the improve-
ment and cost reduction of sensors may soon propel these technologies into the ‘Slope of
Enlightenment’, where second-generation products will emerge, offering decreased costs
and increased reliability and usability in real-world contexts.

A final crucial aspect for discussion pertains to the ethical implications of employing
this technology within the educational setting, involving the extraction of physiological
signals from students and accessing their ‘black box’ of privacy. The integration of neu-
rotechnology in classrooms holds significant value in advancing our comprehension of
the underlying processes involved in proposed tasks, thereby facilitating educational
environments that can be better tailored to the individual needs and characteristics of
students. However, as elucidated by Janssen et al. (2021), drawing on the work of Rose
and Abi-Rached (2014), a cautionary note must be raised regarding the potential for
treating the brain as a ‘biopolitical resource’, thereby promoting processes of optimis-
ation and competitiveness. Scholars like Williamson (2018) further caution against the
perils of ‘neurogovernance’, which aims to scrutinise the brain to shape specific abilities,
and, as lenca et al. (2022) observe, the risk that Al features may override the intention-
ality, volition and agency of the user. Given the well-acknowledged political dimension
of education, it is essential to conscientiously consider the objectives and implications
of such studies.

In summary, the results of this review show us an incipient field with great potential
for research and improvement in educational practice. Currently, the cost of the devices
and the necessary human and organisational resources limit the extension of these ex-
periences to completely naturalistic situations. Moreover, the predominance of studies
focused on university students and the use of low-cost EEG devices with fewer chan-
nels restricts the generalisability and accuracy of the findings. Future research should
prioritise the inclusion of more diverse educational settings, the use of advanced EEG
technology, and longitudinal designs that can better integrate these tools into everyday
classroom practices.

However, work in this direction will generate a corpus of knowledge that will facilitate
future applications. This, together with the improvement of the sensors and possibly the
lower cost of the devices, will allow their extension for the benefit of education. Additionally,
these technologies hold the potential to provide real-time feedback on cognitive states such
as attention and engagement, enabling more personalised and adaptive teaching strate-
gies. Nonetheless, the use of these devices in educational contexts raises ethical concerns,
particularly the influence on teaching decisions by opaque commercial algorithms that may
oversimplify assessments of specific cognitive processes and fail to adapt to individual stu-
dent characteristics.
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