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Abstract

Virtual reality (VR) is a transformative technology for studying language processing and
learning. It offers realistic and naturalistic environments while maintaining experimental
control, supporting the exploration of social and sensorimotor cues that have often been
overlooked in traditional psycholinguistic research. It can also be integrated with behavioral
and neurocognitive measures to examine how learning processes influence learning outcomes.
These VR characteristics have brought new opportunities and contributed to the expansion of
theoretical frameworks on language processing and learning. Through reviewing recent empir-
ical findings, we establish VR as a novel methodology for investigating how embodied and social
experiences shape language processing and learning. We emphasize that realizing this potential
fully requires real-time multimodal tracking of learning processes, systematic examination of
individual differences and development of richer virtual environments and VR-suitable assess-
ment tasks. This review provides methodological insights for future VR research on the
neurocognitive bases of language processing and learning.

Highlights

• We overview how existing studies used virtual reality as an experimental tool to study
language processing and learning.

• We explore possible theoretical questions that can be better answered with virtual-reality-
based approaches.

• We identify gaps and challenges associated with implementing virtual reality in experimental
research.

• We explore possible integrations of virtual reality with behavioral and neurocognitive measures.
• Multimodal approaches provide significant insights into the dynamic language learning

processes and outcomes.

1. Introduction

Advances in virtual reality (VR) technology, driven by popular commercial products like Meta
Quest andHTCVIVE and the rise of concepts such as themetaverse and spatial computing, have
led to its growing popularity in everyday life. This trend presents new opportunities to examine
the neurocognitive processes underlying second language (L2) learning and their consequences
using VR jointly with behavioral and neurocognitive measures.

VR as a complex media system simulates real-world experiences. It can be delivered via
desktop screens, head-mounted displays (HMDs) and cave automatic virtual environment
(CAVE) systems. Among them, HMD and CAVE systems provide a full 360° field of regard
and enable body-based interactive exploration via real-time motion tracking, resulting in highly
immersive experiences. In recent years, researchers have used bothHMDs andCAVE in language
research, in addition to desktop 3D simulations such as Second Life (Linden Research, Inc.). In
this article, unless specified as VR presented on desktops, we focus on the VR technology
mediated through HMD and CAVE systems.

VR technology has at least two advantages as an experimental tool. First, the immersive and
interactive activities in VR simulate naturalistic environments, which activate learners’ sense of
presence. This makes the language environments close to daily communication compared to lab-
based experiments conducted on 2D screens (Dijkstra & Peeters, 2023), allowing language learners
to contextualize the to-be-learned knowledge and retain it in an embodied manner (Casasanto &
Jasmin, 2018; Li & Lan, 2022; Pausch et al., 1997). Embodied cognition posits that multimodal
information from the environment is an integral part of our linguistic and conceptual represen-
tation, and that human cognition develops when the humanmind, human body and environments
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are integrated (Barsalou, 2003, 2008; Glenberg, 1997). VR technology
supports this perspective by engaging sensorimotor and social cues,
and thus, forms the foundation for developing VR-based experiment
platforms. With a proper design, learners can experience processes
that are abstract, dynamic, invisible, non-obtainable and/or imagin-
ary to human beings. For example, learners can visualize electrostat-
ics activities (Greenwald et al., 2019) and explore the lunar surface
(Paige et al., 2024) in virtual platforms. Such dynamic activities
remain physically intangible within traditional classroom settings.

Second, VR provides controlled experimental manipulations
while supporting the simultaneous recording of behavior and neu-
rocognitive signals, including eye movements, body movements,
electroencephalogram (EEG), functional near infrared spectros-
copy (fNIRS) and functional magnetic resonance imaging (fMRI)
(Dijkstra & Peeters, 2023). This integration enables multimodal
data collection to examine the cognitive and neural bases for both
learning processes and outcomes comprehensively. For example,
Huizeling et al. (2023) linked eye gazes of participants with EEG
data when they talked with virtual interlocutors.

Together, this naturalisticVR-based approach is a game-changer for
language research. It allows us to revisit psycholinguistic and neurolin-
guistic theories on language processing and learning, and test hypoth-
eses that can be evaluated most effectively via this approach (Li & Lan,
2022; Yu et al., 2026). Moreover, it can be used to examine learner
characteristics such as cognitive abilities, linguistic backgrounds and
language proficiency through not only surveys and tests, but also brain
signals such as neural oscillations (Gu et al., 2026; Kepinska et al., 2017).

This article reviews the latest empirical studies on L2 processing and
learning of various linguistic constructs, focusing on how VR technol-
ogy in combination with behavioral and neurocognitive measures can
make valuable contributions. Because L2 processing (real-time lan-
guage comprehension and production) and L2 learning (learning
processes over time) address distinct aspects of L2 development, the
two topics are reviewed in Section 2 in separate sub-sections, followed
by a summary of gaps for future research. The sections on language
processing (Section 2.1) and learning (Section 2.2) are structured
around three themes: the theoretical frameworks underlying existing
work, the ways in which they have used VR as a research tool and the
focal factors they have investigated. Section 3 is an overview of the
techniques and potential applications of this new approach. The article
concludes with a discussion on future directions of VR-based language
processing and learning research, as well as digital language learning in
general and their contributions to language learning theories (e.g.,
embodied cognition and social L2 learning). Figure 1 presents
an illustration of the integration of VR with behavioral and neurocog-
nitive measures for language processing and learning research.

2. Virtual reality for second language research

2.1. Virtual reality for language processing

Scholars have tested language processing theories in VR, simulating
daily oral communication. In a real-life conversation, people rarely
hear a sentence with no visual cues from interlocutors and/or

Figure 1. Virtual reality as a novel experimental tool integrated with behavioral and neurocognitive measures (Credit note: the diagramwas generated by GPT-5.3 model, and then
was edited by the authors for accuracy and clarity).
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surrounding environments. VR allows researchers to simulate these
conditions while maintaining strict experimental control (Dijkstra
& Peeters, 2023; Huizeling et al., 2022; Tromp et al., 2018). Given
that this field is still expanding, our discussion includes studies on
both native (L1) and L2 processing, focusing on how experiments
were conducted with VR and their implications for theories of
language processing.

The studies using VR-based paradigms have examined if theor-
ies of L2 processing still hold in naturalistic environments. For
example, Titus and Peeters (2024) investigated how L2-English
speakers with L1-Dutch code-switched between the two languages
in a naturalistic setting, i.e., a virtual market in a CAVE system.
While the authors found that the overall theoretical claims on
inhibitory control still hold (Green & Abutalebi, 2013; Meuter &
Allport, 1999), they revealed that, only in the naturalistic virtual
environment, switching from L1-Dutch to L2-English was harder
than that from L2-English to L1-Dutch. The authors attributed this
asymmetry to the naturalistic VR experience, which required more
fluent and error-free speech production, when compared with lab-
based experiments conducted on 2D screens. As a result, partici-
pants needed to exert increased inhibition on their L1 due to their
lower proficiency in L2.

In addition, this line of research has examined the effects of non-
linguistic sensorimotor information in L1 processing through
involving virtual interlocutors to elicit naturalistic responses from
the participants (e.g., Huizeling et al., 2022; Misersky et al., 2022;
Tromp et al., 2018). For example, using the eye-tracking technique,
Huizeling et al. (2022) investigated how native Dutch speakers
processed disfluent spoken sentences produced by avatars simulat-
ing native Dutch speakers in the CAVE system. As an indicator for
anticipating speech in face-to-face conversations in the real world,
listeners tend to look at their interlocutor’s face when disfluencies
occur. The study found that the same strategy was used in the
virtual environment, where participants looked at the avatar’s face
upon hearing the disfluencies while waiting for the forthcoming
speech. Likewise, Tromp et al. (2018) employed EEG and observed
consistent N400 effects in native Dutch speakers when they listened
to sentences that inaccurately described the food on a table in a
virtual restaurant. However, it is unclear if L2 learners adopt similar
strategies when interacting with avatars in virtual environments.

Although VR as an experimental tool is promising for studying
language processing, the linguistic constructs examined with this
paradigm are still very limited. There are a few on speech (Huizeling
et al., 2022; Titus & Peeters, 2024) and words (Huizeling et al.,
2023), but very few studies have investigated the native processing
of syntax in virtual environments (Misersky et al., 2022), and even
fewer on L2 processing. To go beyond syntax, Taguchi (2022a,
2022b) used VR headsets to examine pragmatics including how
L1 and L2 speakers of English used intonation in dispreferred
speech acts, such as complaining, in tasks presented via a VR
headset or on a 2D screen. In addition, individual characteristics
have been barely examined in the existing studies. The combination
of the behavioral and neurocognitive measures has also been
limited to eye-tracking and EEG.

To summarize, most research in this group suggests that VR
can effectively elicit sensorimotor and social information of lan-
guages across participant groups even for the information that
may be difficult to elicit and/ormeasure in conventional lab-based
experiments. To reach this goal, participants in these studies
usually interacted with 3D avatars in virtual environments.
Broadening the field of language processing and learning, these
studies demonstrate the potential of VR for examining how L2

learners process the multisensory and social information inherent
in languages, contexts, and environments. The VR-based para-
digms also show potential as pre- and post-test tasks for language
learning studies.

2.2. Virtual reality for language learning

While studies on language processing reveal the real-time snap-
shots of an acquired language, language learning is a developmental
process over time. One essential goal for studies on L2 learning is to
understand the cognitive and neural bases of this process.
Embodied cognition theories have proposed that human cognition,
including L2 learning, develops when the body, mind and envir-
onments interact with each other and integrate information for
learning (Atkinson, 2010; Barsalou, 2003, 2008; Glenberg, 1997).
Under this framework, social L2 learning theory posits that social
cues such as joint attention embedded in social interaction promote
learning (Li & Jeong, 2020; Zappa et al., 2025). However, it is
challenging for traditional lab-based experiments on 2D screens
to capture the dynamic interactions. With the help of VR, we can
investigate to what extent L2 learners can encode the sensorimotor
and social information of language into their mental representa-
tions during learning, and to what extent the encoded information
enhances language learning.

Existing studies have primarily examined L2 vocabulary learning,
with cognitive and neural measures conducted in pre- and post-tests.
One line of the studies incorporated EEG during the (pre- and) post-
tests to assess learning outcomes and the quality of mental represen-
tations of the learned words. In a study by Zappa et al. (2024), novice
learners of Serbian with L1-French learned Serbian action verbs
through either imitating the actions or pointing to the target verbs
on a VR platform. Indicated by the increased N400 effect for seman-
tic processing from the pre-test to the post-test, the authors found
that both action methods in VR facilitated semantic encoding of the
newly learned Serbian verbs. Further evidencewas found by Jiao et al.
(2024, 2026) examining if visuospatial cues in virtual environments
facilitated the learning of German nouns by L1-Chinese speakers.
Their semantic priming task (2025) showed that by eliciting increased
N400, VR enhanced the encoding of the learned German nouns in
semantic memory.

Another line of research adopted magnetic resonance imaging
(MRI) in the pre- and post-tests. Using functional MRI, scholars
have shown that vocabulary learned with pictures and gestures,
rather than word-word association, elicits greater activation in the
visual and motor cortices during retrieval, suggesting more
enriched encoding of words (Bechtold et al., 2023; Mayer et al.,
2015). Moreover, using structural MRI, Legault et al. (2019b)
investigated structural changes in learners’ brains under two learn-
ing conditions: Second Life, a desktop VR platform and a conven-
tional picture-word association task. Novice learners of Chinese
with L1-English learned 90 Chinese words over seven sessions
within 20 days in one of the two learning conditions. Learning
outcomes were measured at three time points, (1) after each learn-
ing session, (2) 3 weeks later and (3) 6 weeks later. MRI scans were
obtained after the first and last learning sessions. The authors found
that in the VR-based learning condition, the learners’ performance
was positively correlated with the cortical thickness in the right
inferior parietal lobe, a region associated with sensorimotor inte-
gration and embodied cognition (Claeys et al., 2003;Macaluso et al.,
2003). In contrast, the picture-word association condition was
associated with cortical thickness in the right inferior frontal gyrus,
indicative of semantic learning (Jones et al., 2012). The findings
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suggest that VR-based learning may lead to distinct brain structure
changes compared to the picture-word association task.

Different from the research on language processing, recent
studies have explored how individual characteristics influence L2
learning with VR-based platforms. Jiao et al. (2024) found that L2
age of acquisition was negatively correlated with N200 amplitude,
an indicator of early lexical selection and phonological processing,
whereas inhibitory control showed a null correlation. Rudling et al.
(2026) revealed that VR-based learning platforms might benefit
child L2 learners who struggled with tasks requiring sustained
attention. Both Legault et al. (2019a) and Macedonia et al. (2023)
reported that less successful learners especially benefited from VR
learning. Macedonia et al. (2023) suggest that the impact of
VR-based motor cues, such as grasping, depends on a learner’s
language aptitude, i.e., the specific cognitive abilities for L2 learning,
which vary significantly across individual learners (Dörnyei &
Skehan, 2003; Rogers et al., 2017). For high-aptitude learners with
efficient declarative memory, these procedural cues offer negligible
benefits. Conversely, for low-aptitude learners, interactive proced-
ural activities provide a vital compensatory pathway that supple-
ments a less efficient declarative memory system. Although the
study did not directly assess the learners’ declarative and procedural
memory, it represents a crucial step toward understanding how
these memory systems as individual characteristics influence L2
learning in virtual environments (Morgan-Short et al., 2014; Saito
et al., 2022; Ullman & Lovelett, 2018).

To summarize, sensorimotor and social cues from immersive and
interactive environments may facilitate L2 learning and thus con-
tribute to the theoretical frameworks of embodied cognition and
social L2 learning (seeMathias & vonKriegstein, 2023; Yu et al., 2026
for detailed discussion). However, the conclusion is tentative given
the following limitations. First, the behavioral and neurocognitive
measures have been dominantly used in the post-learning testing
sessions, rather than both the learning and the testing sessions
(except for Gao et al., under review.a; Hsiao et al., 2017; see Sec-
tion 3.2). Consequently, the learning processes remain a black box.
Second, the neurocognitive measures in the testing sessions were
based on conventional, non-embodied 2D paradigms, instead of
directly assessing how well the sensorimotor and social cues of the
learned language are encoded and retained (Jiao et al., 2024, 2026; Lin
et al., 2026). It is necessary to develop novel VR-suitable tasks for the
pre- and post-tests to accurately test the learning outcomes and to
conduct thewhole experiment inVR. Third, it is still unexplored how
sensorimotor and social cues can maximize learning outcomes,
especially in the long termwithin the constraints of human cognition
(Zou et al., 2025). Commercial VR learning platforms as well as other
digital language learning tools often include attractive but complex
interactive features, but such features are often not tested or validated
empirically and hence may be unnecessary or ineffective (Li & Lan,
2022). Future research should identify both effective and distracting
design features for learners and integrate evidence-based learning
strategies into immersive experiences. Such insights can greatly
improve the pedagogical value of VR-based language learning plat-
forms in the long run (Fuhrman et al., 2021; Gao et al., under review.
a; Hartfill et al., 2020).

2.3. Gaps and areas for future development

With the above analyses, we have identified four shared areas for
future advancement. First, future research should include more
diverse learner populations, especially speakers of non-European
languages, examine a broader range of linguistic constructs, test

more environmental and social contexts and examine the inter-
actions with interlocutors. This will contribute to the discussion on
how the sensorimotor and social cues embedded in human lan-
guages and virtual environments are processed and learned within
the constraints of human cognition and experience, and thus
broaden the theories on language processing and learning in nat-
uralistic embodied environments (Barsalou, 2003, 2008; Hagoort,
2023; Mahon & Caramazza, 2008; Wilson, 2002; Zou et al., 2025).
For example, we are currently testing if motion and spatial cues
facilitate L2 learning of spatial language in a VR environment.

Second, we need to develop richer dynamic virtual environ-
ments based upon recent developments in VR technology and its
integration with other technologies including Large Language
Models (LLMs), portable neuroimaging devices and biofeedback
(Yu et al., 2026). While LLMs enable sophisticated, naturalistic
human-machine interaction, VR provides an embodied 3D context
that grounds these interactions in vivid scenarios. For example, it is
now feasible to generate context-appropriate, interlocutor-specific
conversations by including LLM-powered AI agents in VR. This
will help create a new mode of communication, moving from one-
sentence responses to naturalistic human-avatar dialogues (Wan
et al., 2024). Additionally, by integrating measures like eye move-
ments (Bovo et al., 2025) and fNIRS (Wen et al., 2025), AI agents
and VR environments can be dynamically adjusted in accordance
with human real-time responses.

Third, the impacts of individual characteristics warrant compre-
hensive investigation. On the one hand, we need to examine how the
well-established individual cognitive abilities like language aptitude,
working memory span (Gao et al., under review.a; Legault et al.,
2019a), attention span (Rudling et al., 2026), declarative and proced-
ural memory systems (Ullman & Lovelett, 2018) and linguistic
experiences such as length of residence in an L2 environment (Gao
et al., under review.b; Saito, 2015) influence L2 processing and
learning in naturalistic virtual environments. On the other hand,
we need to examine the abilities relevant to VR such as spatial
abilities, motion sickness and prior VR experience (Li et al., 2020;
Zhao et al., 2021). This line of inquiry will identify which learner
groups benefit most from immersive environments, enabling devel-
opers to tailor VR platforms to diverse needs. Furthermore, such
research deepens our understanding of the neurocognitive mechan-
isms for language processing and learning. For instance, it allows us
to investigate whether established structural brain differences
between fast and slow learners persist within ecologically valid,
naturalistic settings.

Lastly, in terms of methodology, both language processing and
learning research have utilized limited behavioral and neurocogni-
tive measures in VR, although it is crucial to understand the
cognitive and neural mechanisms for language processing in virtual
environments, and to uncover how neural changes occur during
learning with VR and how they affect both short- and long-term
learning outcomes. An important direction for the future will be
approaches for combining behavioral and neurocognitive measures
within VR and for analyzing the multimodal data collected from
such measures, to which we now turn.

3. Tools and methods for VR-based approach

3.1. Head-mounted display (HMD) and cave automatic virtual
environment (CAVE) system for cognitive studies

BothHMDandCAVE areVR systems that offer users a 360° field of
regard in virtual environments (Zhao et al., 2019). The CAVE
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system is a cube-shaped room with multiple projection surfaces
(e.g., walls and floor) capable of displaying computer-generated 3D
imagery (Cruz-Neira et al., 1992; DeFanti et al., 2011). Users inside
the CAVE system can simultaneously explore virtual content while
seeing each other’s bodies and responses. Such a shared space
facilitates natural communications and collaborative demonstra-
tions but comes at the high cost of specialized infrastructure. In
contrast, HMDs provide a highly immersive, portable and cost-
effective solution, allowing individual users to experience virtual
environments from anywhere and with minimal visual input from
the physical surroundings (Slater &Wilbur, 1997). Both CAVE and
HMD systems support interactive exploration through real-time
motion tracking, although HMDs typically afford more embodied
and tangible experiences due to their seamless integration of a
virtual body and hand-based interactions (Zhao et al., 2020). When
wearing an HMD, users are visually isolated from the real world
around them, which enhances immersion but limits social contact
with other users (Lantz, 1996). In this regard, recent advances in
networked collaborative VR now bring users from different phys-
ical locations into the same virtual environment (e.g., VRChat).
Combined with fully rigged and customizable avatars, these devel-
opments are helping address earlier concerns about isolation
among HMD users. Figure 1 presents an illustration of the CAVE
and HMD systems and their utility for language learning research.

3.2. Tracking learning processes in virtual reality with
behavioral and neurocognitive measures

As VR promises to bridge the gap between controlled experiments
and real-world language learning, it becomes equally important to
capture the diverse cognitive and behavioral processes that unfold
along with learners’ exploration and interaction in these immersive
spaces (Li et al., 2020; Li & Lan, 2022; Peeters, 2019; Zappa &
Frenck-Mestre, 2023). Combining VR with behavioral and neuro-
cognitive measures presents an invaluable opportunity to investi-
gate learners’ real-time cognitive states, brain activities and
behavioral patterns during ongoing learning processes (i.e., eye-
brain-behavior correspondence; see Gu et al., 2024), thus introdu-
cing a novel way of uncovering how learning processes influence
learning outcomes, which remains rarely studied in experiments
with a pretest-training-posttest design, as discussed above.
Advanced multimodal data analytic methods such as intersubject
correlation (ISC) analysis can be used to handle these complex large
datasets (Freund et al., 2013;Madsen&Parra, 2022). In this section,
we will discuss possibilities for the use of HMD and CAVE systems
to be combined with behavioral and neurological data recordings,
limitations of each combination, ways in which they may comple-
ment one another and methods for analyzing and interpreting
these data.

3.2.1. Eye-tracking
Since VR is inherently a visuospatial experience, eye movements
serve as a window into learners’ attentional dynamics and other
cognitive processes (Gu et al., 2024; Shadiev & Li, 2023). Many
high-end VR headsets, such as HTC Vive Pro Eye, Varjo XR series
and Meta Quest Pro, feature integrated eye-tracking capabilities,
with sampling rates typically ranging from 30 to 200 Hz. These
systems continuously record raw eye movement data, including
gaze coordinates, gaze direction and pupil dilation, while synchron-
izing their timestamps with events in the VR environment. As for
the CAVE system, participants need to wear transparent stereo

glasses with the eye tracking function. The studies discussed in
previous sections (e.g., Huizeling et al., 2022, 2023) used SMI Eye-
TrackingGlasses 2Wireless with a binocular sampling rate of 60Hz
(Eichert et al., 2018).

Fixation counts and gaze durations are two of the most widely
used eye-tracking metrics in VR-based learning research (Bacca-
Acosta et al., 2022; Wang et al., 2021). These metrics can provide
precise indicators of visual attention and learning patterns based on
the fixation frequency and duration on specific objects in VR. For
example, Bacca-Acosta et al. (2022) used the Vive Pro Eye to
investigate the effectiveness of scaffolding materials in English
learning. They found that an immersive VR environment allowing
free exploration, compared to a seated condition, induced signifi-
cantly more fixations on scaffolding materials, which in turn led to
better learning outcomes. Recent analytical methods also enable
researchers to move beyond these classical eye-tracking metrics.
First, network science methods can model eye movement trajec-
tories as scanpath networks, revealing the effects of individual
differences and exploration strategies for effective learning
(Ma et al., 2023). Second, entropy-based features can be extracted
from eye movement data to estimate the diversity of exploration
patterns (Krejtz et al., 2014). For example, inspired by studies on
human navigation in cities (Heller et al., 2020) and mice in mazes
(Freund et al., 2013), Gao et al. (under review.a) calculated global
and local roaming entropies to estimate L2 learners’ exploration
areas in virtual environments. Their analyses demonstrated that
distant environmental cues (indicated by global roaming entropy)
facilitated L2 learning of Spanish words whereas adjacent ones
(indicated by local roaming entropy) hindered the learning. Finally,
machine learning models, such as Eye Movement analysis with
Hidden Markov Models, have been successfully employed to clas-
sify participants’ visual attention patterns in domains such as face
recognition and driving (Hsiao et al., 2021; Yang et al., 2023). These
advanced methodologies offer promising avenues for a deeper
understanding of learners’ cognitive processes in VR-based lan-
guage learning.

3.2.2. Body movement tracking
One of VR’s strengths is its ability to incorporate natural body
movements, such as walking, reaching, controller clicking and
object grasping, into the learning process. As learners navigate in
a virtual environment, their movement trajectories can be recorded
and analyzed (Brunec et al., 2023). For example, Yang et al. (2021)
calculated the movement distance of head and hands to estimate
exploration areas. In addition to movement trajectories, controller
clicks are especially informative regarding how participants interact
with learning materials. Gao et al. (under review.a) quantified
learners’ exploration paths by calculating the ratio between actual
and possible controller clicks among to-be-learned Spanish words
in a virtual environment (Borsboom et al., 2021; Ma et al., 2023).
They found that linear rather than net-like exploration paths
facilitated word learning. In an analysis of the order of clicks data
from Lan et al.’s (2015) study, Hsiao et al. (2017) revealed that
learners who grouped the to-be-learned words according to their
functions, such as their phonological and semantic features, learned
better. SomeVRheadsets such asMetaQuest Pro enable even finer-
grained tracking of body movements with built-in hand tracking,
eliminating the need for controllers or external motion-capture
systems. These developments have opened new opportunities for
studying complex body-based interactions and naturalistic hand
gestures during learning.
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3.2.3. Brain imaging
Observable learning behaviors and outcomes are often under-
pinned by learners’ brain processes. Neural evidence tells us how
multimodal information in naturalistic learning settings is inte-
grated in the brain and ultimately contributes to knowledge for-
mation. Therefore, integrating VR with brain imaging technologies
can uncover the neural mechanisms of language learning, often in
real time and not revealed by behavioral measures or tests. In this
section, we focus on three brain imaging technologies, EEG, fNIRS
and fMRI, which have been primarily used in neurocognitive
research. We exclude structural MRI because it is mainly used to
assess brain structure changes, which occur over relatively long-
time scales (Legault et al., 2019b) although there is recent evidence
that such changes can occur rapidly (Rumetshofer et al., 2026).

Currently, simultaneous VR-brain imaging research on lan-
guage learning remains scant (Hua & Wang, 2023; Peng et al.,
2024). Nevertheless, existing studies on language processing have
demonstrated the potential of combining these technologies. EEG
has been a popular choice in language comprehension studies due
to its high temporal resolution and relatively flexible setup
(Huizeling et al., 2023; Tromp et al., 2018; Zappa et al., 2019).
For example, Zappa et al. (2019) combined a CAVE system with a
64-channel EEG to investigate embodied cognition during the
processing of verbs about hand and arm actions. The analysis of
event-related spectral perturbation revealed significant motor-
related neural oscillatory activity in the mu and beta bands, con-
tributing empirical evidence to the embodied cognition theory that
motor information can be encoded in mental representations. In
the context of language learning, a few studies have successfully
combined digital games with portable, single-channel EEG systems
(e.g., Hsu, 2022; Yu & Tsuei, 2023). While the limited spatial
coverage in the brain may constrain the depth of neurocognitive
insights, these studies demonstrate EEG’s capability to monitor
cognitive engagement and attention during interactive game-based
learning.

Researchers have also used fNIRS to investigate language learning
in naturalistic interactive contexts, as it can capture hemodynamic
activities from language-related cortices while allowing moderate
motions (Lawrence et al., 2021; Soltanlou et al., 2018). This makes
fNIRS suitable for examining language processing and learning in
interactive VR environments, although this combination has been
predominantly applied in studies of non-linguistic tasks and cogni-
tive skills (Peng et al., 2024 for a review). Additionally, the hypers-
canning technique enables capturing the neural dynamics ofmultiple
participants during interaction. Recent studies demonstrate that
discussions elicit high frontal inter-brain coherence, linking syn-
chrony with improved L2 word learning outcomes (e.g., Zhang
et al., 2025). Although not yet applied in VR, it is possible to apply
hyperscanning for role plays and discussions in virtual environ-
ments, investigating how immersion and social dynamics drive L2
learning. fNIRS data are typically analyzed by calculating the changes
in oxygenated hemoglobin (HbO). Concentration comparison, acti-
vation analysis and functional connectivity are mostly used for a
block- or event-related experimental design (Yücel et al., 2021). In
contrast, ISC (Hasson et al., 2004; Madsen & Parra, 2022) and
wavelet coherence (Zhang et al., 2025) are often used to capture
inter-brain coherence during interactions, particularly in the hypers-
canning and naturalistic paradigms (see also discussion below on
IS-RSA).

Selecting an appropriate brain imaging method for VR-based
research requires considering system compatibility as well as trade-
offs in temporal resolution, spatial resolution andmotion tolerance.

Both EEG and fNIRS systems allow participants to use wearable
caps, and the caps with low-profile sensors are often compatible
with VR headsets and CAVE systems. In contrast, VR–fMRI inte-
gration requires specialized MRI-safe devices, such as the Visual-
System HD (Nordic NeuroLab, Norway). EEG offers excellent
temporal resolution but poor spatial resolution, and it is prone to
non-neural electrical artifacts such as motion-induced noises. In
contrast, fMRI has high spatial resolution but poor temporal reso-
lution, and can be unnatural when combined with VR given the
constraints on participants’ body movements. fNIRS offers mod-
erate temporal and spatial resolutions, positioned between EEG and
fMRI, and has a higher motion tolerance than the other two
methods.

In Sections 3.2.1 and 3.2.2, we discussed how eye and body
movement data in VR could be useful. It is possible to incorporate
brain imaging techniques with eye and body movement to gain a
multifaceted view of the learning process. Huizeling et al. (2023)
explored the possibility of linking eye-tracking and EEG with the
CAVE system for studying language prediction. They found that
the two measurements can be complementary to each other. For
example, when participants stopped looking at the virtual inter-
locutor as shown by the eye-tracking data, EEG data including theta
and alpha frequency bands and theN400 component could indicate
whether the participants have lost confidence in their prediction or
got distracted. Mixed effects models were used to connect eye
movements and N400 amplitude. Though not used in VR yet, Gu
et al. (2024) investigated how the presence of instructors in online
lectures influenced the student learning outcomes by linking the
students’ eye movements, brain activities, and post-test perform-
ances via ISC and inter-subject representational similarity analyses
(IS-RSA). ISC measures similarities of brain activities among the
students during the video lectures, while IS-RSA correlates the
similarities with those in eye movements (Finn et al., 2020; Hasson,
2025; Madsen & Parra, 2022).

In summary, emerging VR technologies offer sophisticated
behavioral tracking capabilities and are compatible with advanced
brain imaging methods. By capturing rich, multimodal data
throughout the learning process, VR studies of language learning
have the potential to transcend the limitations of traditional pre-
and post-test assessments and questionnaires. Synthesizing these
complex data will yield unprecedented insights into the real-time
cognitive and neural mechanisms underlying language processing
and learning.

4. Conclusion

This review explores VR as a cutting-edge tool for research on L2
processing and learning. VR offers a dynamic, immersive environ-
ment to investigate howmultimodal cues and sensorimotor experi-
ences shape L2 knowledge representation, encoding and retention.
We highlight innovative approaches that integrate VR with behav-
ioral and neurocognitivemeasures so as to gain insights into howL2
learning processes impact learning outcomes.

Looking ahead, future research on both language processing and
learning with VR-based paradigms should include more diverse
learner populations, explore a broader range of linguistic constructs
and delve into individual learner characteristics including cognitive
abilities, linguistic experiences and VR-specific individual differ-
ences. Additionally, we should develop richer virtual environments
and integrate with other emerging technologies such as LLMs and
physiological monitoring (Yu et al., 2026). We should also develop
VR-suitable assessment tasks for pre- and post-tests and integrate
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more behavioral and neurocognitive measures with VR, so that we
can conduct experiments within virtual environments while col-
lecting multimodal data during both learning and testing periods.
Finally, advancing sophisticated multimodal data analysis tech-
niques is essential for tracking learning processes in real time. This
requires researchers to adopt analytic methods from other fields
such as spatial cognition (Brunec et al., 2023; Zhao et al., 2022).

Digital language learning as a rapidly evolving research field not
only enriches our understanding of L2 processing and learning but
alsoprovides novelmethodologies for understandinghowother digital
learning tools, such as mobile Apps and online platforms, can trans-
form research on personalized language learning for the future (Li &
Lan, 2022). Together, these findings will inform the development of
technology-enhanced language learning tools that promote effective
language education for learners with diverse individual characteristics.
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