
Protocol

Comparing Real and Virtual Nature Exposure on Cognition,
Well-Being, and Brain Activity in Adults With and Without
Attention-Deficit/Hyperactivity Disorder: Protocol for a Randomized
Experimental Study

Tianran Zhang1,2, MSc; Dimitrios Adamis3, MSc, GradStat, MD, PhD; Natasha Langan3, DClinPsych; Martin O’Neill1,2,
BSc, PhD
1Atlantic Technological University, Department of Health and Nutritional Sciences, Sligo, Ireland
2Atlantic Technological University, The Health and Biomedical Strategic Research Centre (HEAL), Sligo, Ireland
3HSE Sligo Leitrim Mental Health Services, Sligo, Ireland

Corresponding Author:
Martin O’Neill, BSc, PhD
Atlantic Technological University
Department of Health and Nutritional Sciences
Ash Lane
Sligo, F91 YW50
Ireland
Phone: 353 719155222
Email: martin.oneill@atu.ie

Abstract

Background: Natural environments are associated with improved cognitive functioning and psychological well-being, potentially
through attentional restoration and stress reduction. Virtual reality (VR) offers an accessible way to simulate natural settings;
however, it remains unclear whether VR nature engages the brain and cognition in the same way as real nature, particularly in
adults with attention-deficit/hyperactivity disorder (ADHD), who show atypical neural oscillations and heightened sensitivity to
environmental demands.

Objective: This protocol describes a randomized experimental study designed to compare the effects of a single exposure to
real vs virtual nature on cognition, well-being, and brain activity in adults with and without ADHD and to examine how
neurocognitive profiles and ADHD symptom dimensions shape these responses over time.

Methods: A total of 80 adults (40 with a confirmed ADHD diagnosis and 40 neurotypical controls) will be recruited and
randomly assigned to either a real nature condition or an immersive VR-simulated nature condition. After a baseline assessment,
participants will complete a 20-minute seated exposure in the assigned condition while 32-channel mobile electroencephalography
(EEG) is recorded. Immediately post exposure, they will complete gamified cognitive tasks assessing cognitive flexibility and
metacognition, self-report measures of mood, perceived restoration, simulator sickness, and nature connectedness. ADHD
symptomatology and functional impact will be assessed with standardized scales at preexposure and postexposure and at the final
follow-up. Ecological momentary assessment of emotional well-being, weekly self-reports of real-world nature and VR exposure,
and repeated nature connectedness ratings will be collected via a mobile app over an 8-week follow-up period to characterize the
decay or maintenance of effects. EEG analyses will focus on alpha-band markers of cognitive restoration, complemented by
dimensional modeling of ADHD symptoms in linear mixed-effects models. The study has been preregistered on the Open Science
Framework and will be prospectively registered with the Australian New Zealand Clinical Trials Registry (ANZCTR) before
enrollment of the first participant. Ethical approval has been received from the Research Ethics Committee at Sligo University
Hospital.

Results: At the time of manuscript submission, participant recruitment had not yet begun and no outcome data were available.
The project received funding in May 2025. Participant recruitment is expected to begin in January 2026, followed by data collection
in April 2026 to ensure suitable outdoor conditions. Data analysis will follow data collection, and study findings are expected to
be published in May 2028.
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Conclusions: This study will test whether VR nature can reproduce key cognitive and neural benefits of real-world nature
exposure and whether these effects differ between adults with ADHD and neurotypical adults. By integrating EEG, cognitive
performance, symptom dimensions, and longitudinal self-report data, the findings are expected to clarify when VR nature may
serve as a useful, scalable complement to real nature–based approaches for supporting attention and psychological well-being.

International Registered Report Identifier (IRRID): PRR1-10.2196/82970

(JMIR Res Protoc 2026;15:e82970) doi: 10.2196/82970
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Introduction

Humans evolved in close connection with the natural world,
and growing evidence suggests that contact with nature
continues to play an important role in supporting psychological
well-being. As mental health challenges increasingly emerge
within the built structures of modern cities, many have turned
their attention back to nature in search of restoration. A
substantial body of research has shown that exposure to natural
environments is associated with improvements across multiple
domains, including cognitive and brain functioning, autonomic
regulation, sleep quality, and reductions in stress, anxiety,
depression, anger, and fatigue [1-8]. These benefits are often
apparent in the cognitive domain: compared with urban settings,
natural environments have been linked to enhanced attention,
executive functioning, and perceived restorativeness [9-14].
Recent meta-analytic findings further indicate that even brief
exposures as short as 10 minutes can produce measurable
short-term benefits, especially for adults with mental health
conditions [1,15]. Moreover, the presence of green or natural
spaces in one’s surroundings has been linked to quantifiable
psychological benefits [16].

These observations align with longstanding theoretical
perspectives suggesting that humans may have an inherent
affinity for nature. The biophilia hypothesis proposes that, across
evolutionary history, natural settings supported survival and
thus shaped a preference for the sensory qualities of natural
landscapes. Building on this foundation, 2 major psychological
frameworks have guided contemporary research on the mental
effects of nature. Attention Restoration Theory (ART) describes
how natural environments may replenish directed attention by
engaging effortless, involuntary forms of attention, often referred
to as “soft fascination” [17]. Early experimental work consistent
with ART showed that time spent in natural settings was
followed by improved performance on demanding cognitive
tasks [9]; although this evidence was primarily behavioral, it
explicitly linked the effects to prefrontal functioning and helped
pave the way for subsequent functional magnetic resonance
imaging (fMRI) and electroencephalography (EEG) studies of
nature exposure. Stress Reduction Theory (SRT), developed
around the same period, is grounded in psychoevolutionary and
psychophysiological research and emphasizes rapid,
precognitive affective responses to natural stimuli [18]. Classic
studies comparing responses to natural vs urban scenes reported
lower autonomic arousal indexed by measures such as heart
rate, skin conductance, and facial muscle activity, supporting

the idea that such settings can quickly dampen stress responses
through parasympathetic activation [19].

Building on these theoretical accounts, recent work has begun
to test whether exposure to natural environments is accompanied
by the kind of bottom-up, low-effort processing proposed by
ART and SRT. Neuroimaging studies have reported changes
in prefrontal activity when people spend time in, or view, natural
settings compared with urban ones [16,20-22]. Mobile EEG
studies conducted during outdoor walks further suggest that
moving from busy city streets into green spaces is followed by
a rapid decrease in neural indices associated with frustration
and arousal and a simultaneous increase in alpha activity linked
to more relaxed, meditative states [23]. This pattern is consistent
with the idea that responses can shift automatically in natural
environments, as described by SRT, while involuntary attention
takes over from effortful control, as described by ART.

Although the neural pathways through which real natural
environments influence cognition are not fully understood,
advancements in immersive technology have made it possible
to study simulated nature using VR. Motivated by the proven
benefits of nature exposure, as well as the unequal accessibility
of natural spaces, researchers have increasingly turned to VR
as a scalable, affordable, and portable alternative for
understanding neuroplasticity [24] and promoting public
well-being [25]. VR simulations of forests, coasts, and other
natural settings can reduce stress and anxiety, support relaxation
and emotional regulation, and even alleviate pain [26-29]. In
the cognitive domain, VR-simulated nature has been associated
with higher perceived restorativeness and improvements in
working memory and executive function [26,30-32]. Even
minimal natural cues, such as the inclusion of virtual plants,
have been linked to improved cognitive performance and
emotional well-being [33]. As head-mounted displays have
become more immersive and embodied, VR nature paradigms
are increasingly combined with neurophysiological tools such
as EEG to characterize cognitive engagement, attentional load,
emotional processing, and other mental states, with applications
ranging from clinical interventions to neurorehabilitation
[34-36].

Despite promising findings, whether VR-based nature engages
the same processes as real nature remains unclear. VR nature
experiences often lead to self-reported relaxation, but
physiological data do not always show a simple parallel. One
study reported that VR forest scenes led to greater improvements
in mood than VR urban scenes, while reductions in blood
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pressure and heart rate were similar across conditions,
suggesting that subjective restoration was not fully mirrored in
basic physiological responses [37]. An EEG study found that
watching forest videos in VR produced changes in relative alpha
and beta power, particularly an increase in the ratio of
sensorimotor rhythm-mid beta to theta, which the investigators
interpreted as reflecting concentration and immersion in the VR
content rather than simple relaxation [38]. These findings
suggest that VR nature may rely more on an actively engaged,
top-down route to feeling restored rather than the largely
effortless attentional shift described by ART. Another EEG
study on top-down processing and nature connectedness
provides a complementary perspective. It showed that when
participants heard the same ambiguous environmental sound,
simply being told it came from a “natural waterfall” vs an
“industry” led to different alpha responses and feelings of
relaxation [39]. This finding indicated that beliefs and cognitive
labels about nature can modulate physiological reactions even
when the sensory input is identical. Together, these results raise
the possibility that VR-simulated nature often achieves
subjective restoration through a more cognitively engaged,
top-down route, whereas real nature may more readily trigger
bottom-up, low-effort recovery consistent with these theories.
To date, however, there has been no direct EEG comparison of
real and VR or other simulated nature environments. One related
near-infrared spectroscopy study found that viewing real plants,
but not projected images of the same plants, produced a marked
reduction in prefrontal oxyhemoglobin concentration [40],
suggesting that genuine, physically present nature may more
easily induce prefrontal deactivation than visually similar
simulations.

This hypothesis is supported by broader EEG work in immersive
VR, which suggests that the medium of VR itself can change
how the brain handles sensory and cognitive demands, but the
direction of these effects is not consistent. Conceptual studies
have argued that, although VR can engage brain systems similar
to those involved in real-world interaction, maintaining a
convincing sense of presence requires ongoing monitoring and
correction by prefrontal networks [34]. Reviews of EEG in
immersive VR similarly note that situations with sensory conflict
or rich interactivity are often accompanied by increased frontal
and central theta and reduced alpha, patterns typically linked
to sustained attention and task engagement rather than passive
rest [35,41]. Some studies report that the sensory richness of
immersive VR may impose higher cognitive load and, in specific
tasks, impair performance or alter neural processing, for
example, reduced spatial selectivity of hippocampal place cells
in 2D VR, higher mental workload in immersive laparoscopic
surgery training, or lower learning outcomes at very high levels
of presence [42-44]. Conversely, other studies indicate that
immersive VR can reduce cognitive load or show no
disadvantage compared with traditional digital formats, with
users reporting higher motivation and usability [45-47]. The
inconsistent evidence suggests that immersive VR is not a
neutral substitute for real-world experience. It can be engaging
and potentially relaxing, but its cognitive and neural
consequences depend strongly on context, and it remains unclear
whether it supports the same low-effort restorative processes
proposed for real nature exposure.

Although the mechanisms by which different environments
influence cognition are not yet fully understood, VR has already
been widely used to assess and treat diverse neurocognitive
profiles, particularly attention-deficit/hyperactivity disorder
(ADHD), for example, through virtual classroom paradigms
and aquatic attention tasks [48,49]. ADHD is a
neurodevelopmental condition marked by atypical neural
oscillations, altered prefrontal activation, and persistent
difficulties in sustained attention and executive function [50].
Individuals with ADHD are sensitive to environmental
distractions and cognitive load [51-53], so high stimulation in
immersive VR might be expected to be problematic. Yet clinical
reports indicate that many people with ADHD tolerate and even
prefer VR environments, and VR-based motor-cognitive and
classroom-like programs have been shown to be feasible and
associated with improvements in selected behavioral and
cognitive outcomes [54]. Consistent with this, a recent
meta-analysis concluded that brief (15-25 minutes) VR
assessments or longer interventions are generally safe and
acceptable for children with ADHD, while highlighting the need
for long-term and mechanistic studies [55]. One possible
explanation comes from optimal stimulation and
arousal-dysregulation accounts of ADHD, which propose that
symptoms partly reflect chronically low or unstable arousal and
that richer, more engaging stimulation can temporarily normalize
performance [56,57]. Consistent with this view, several studies
report that when tasks are delivered with higher motivational
salience or immersive, game-like formats, including VR-based
interventions, children with ADHD show improved attention
and executive performance compared with lower-stimulation
or nonimmersive formats [58,59]. VR may therefore enhance
short-term engagement in ADHD, for example by providing
salient cues and reducing external distractions, but these benefits
do not imply that immersive VR is intrinsically restorative or
low in cognitive demand, and the underlying mechanisms likely
depend on specific task demands and sensory load. Meanwhile,
although no studies to date have directly examined VR nature
exposure in ADHD, emerging evidence suggests that contact
with real natural environments may improve attention and
emotional regulation in this population [60].

This view aligns with dimensional frameworks such as the
Research Domain Criteria [61], which emphasize the distributed
neurobiological underpinnings of attentional and regulatory
processes across clinical and nonclinical populations, and
dual-pathway models that highlight heterogeneous cognitive
and motivational routes to ADHD symptoms [62]. Studying
ADHD-related traits along continuous spectra, rather than only
using categorical diagnoses, allows us to examine whether
variation in symptom levels is linked to variation in
environmental sensitivity and restorative responses. From an
ecological standpoint, comparing adults with ADHD and
neurotypical controls in both real nature and VR nature settings
provides a practical way to test how attentional and affective
mechanisms operate in real-world-like environments. Natural
settings may preferentially engage bottom-up sensory processing
and low-effort neural restoration, whereas VR nature may rely
more on cognitively engaged, top-down routes. By modeling
ADHD symptom dimensions across the full sample and
including diagnostic group, this study aims to characterize where
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responses to real and virtual nature converge and where they
diverge and to identify conditions under which VR-based nature
exposure is more or less suitable for individuals with higher
ADHD traits.

The overarching aim of this study is to test whether immersive
VR-simulated nature can approximate the cognitive and neural
benefits of real-world nature and to identify for whom each
modality is most suitable. To this end, we focus on 3 core
questions. First, we ask whether a brief exposure to real and
VR-simulated nature produces comparable immediate changes
in attention, cognitive flexibility, affect, and EEG markers of
restoration relative to baseline or control conditions. Second,
we examine whether adults with ADHD differ from neurotypical
adults in these cognitive, affective, and neural responses to real
and virtual nature. Third, we investigate, across the full sample,
how continuous ADHD symptom dimensions and related traits
predict the magnitude and durability of benefits from each type
of nature exposure.

Based on the literature and the theoretical framework outlined
above, we hypothesize that both real and VR-simulated nature
will acutely improve attention, cognitive flexibility, and mood
and will be accompanied by EEG changes consistent with
restoration, but that real nature will show stronger signatures
of low-effort, bottom-up restoration than VR. We further expect
that adults with ADHD will show equal or greater cognitive
and affective gains than neurotypical adults after both real and
VR-simulated nature, while displaying distinct patterns of
prefrontal and parietal EEG change, reflecting different
regulatory mechanisms. More tentatively, we anticipate that
individual differences in ADHD-related symptoms will shape
both the size and the time course of these effects: higher
symptom levels may be linked to larger immediate benefits
from nature exposure, but also to a faster decline of gains over
the follow-up period, and the pattern of attenuation may differ
between real and virtual nature along the continuum from
neurotypical adults to those with more pronounced ADHD traits.
Together, these aims position the study to clarify where
responses to real and virtual nature converge, where they
diverge, and under which conditions VR-based nature exposure
is a suitable supplement to real-world nature for adults with
higher ADHD traits.

Methods

Ethical Considerations
The study was preregistered on the Open Science Framework
[63] on June 11, 2025, with the protocol and planned analyses
made publicly available before data collection. The study will
also be prospectively registered with the Australian New
Zealand Clinical Trials Registry (ANZCTR) before enrollment
of the first participant. Ethical approval was obtained from the
Research Ethics Committee at Sligo University Hospital on
April 7, 2025 (reference number 1044). Any substantial protocol
amendments (eg, changes to eligibility criteria, assessments, or
exposure procedures) will be submitted for prior review and
approval by the same committee and will be updated in the
registrations before implementation. Given the low-risk,

nontherapeutic nature of this trial, no special ancillary or
posttrial care is planned beyond usual clinical care; however,
participants who experience distress will be advised to contact
their treating clinicians and will be provided with information
on appropriate local support services. Protocol version 1.4 dated
January 2026.

Study Design
This study uses a randomized experimental design with a
between-subjects factor and a within-subject repeated-measures
component over an 8-week follow-up period. Participants will
be randomly assigned to 1 of 2 exposure conditions: a real
natural environment or an immersive VR-simulated natural
environment. Cognitive performance, emotional well-being,
nature connectedness, and ADHD symptomatology will be
assessed both before and immediately after exposure, with
additional follow-up assessments conducted over the next 8
weeks, while brain activity will be continuously recorded during
the exposure session.

Procedures
Participant enrollment will be conducted through a face-to-face
clinical interview with a trained psychologist or psychiatrist to
confirm the diagnosis of ADHD and assess potential
comorbidities based on DSM-5 (Diagnostic and Statistical
Manual of Mental Disorders, Fifth Edition) criteria.

Following informed consent and completion of baseline
assessments, participants will be stratified by diagnostic status
(ADHD vs neurotypical control). Within each stratum, the
random allocation sequence will be generated by an independent
research coordinator (not involved in recruitment or outcome
assessment) using computer-generated permuted blocks of
variable size with a 1:1 allocation ratio. This stratified block
design ensures balanced group sizes over time and equal
distribution of diagnostic groups across conditions.

The allocation sequence will be implemented using sequentially
numbered, opaque, sealed envelopes prepared in advance by
the independent research coordinator. Treating clinicians or
research assistants will enroll participants and open the next
envelope only after baseline measures are completed, ensuring
that upcoming assignments remain concealed from both
participants and enrollment staff. Due to the nature of the
intervention condition, blinding of participants and
experimenters is not feasible; however, data analysts will remain
blinded to group allocation and condition labels until the primary
analyses are completed to minimize bias during statistical
analysis.

As illustrated in Figure 1, cognitive and emotional assessments
will be administered at 10 time points: preexposure (T0),
immediately postexposure (T1), and weekly over an 8-week
follow-up period (T2-T9). These assessments will be completed
online within the study platform. ADHD-specific assessments
will be conducted at 3 time points: T0, T1, and the final
follow-up (T9). EEG data will be recorded continuously during
the exposure session to capture real-time brain activity in
response to the environmental condition.
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Figure 1. Participant flow and schedule of assessments.

The initial baseline assessment (T0) will take approximately 30
to 40 minutes, while T1 and T9 will require approximately 20
to 30 minutes because of the inclusion of ADHD symptom
self-reports. The weekly follow-up assessments from T2 to T8
will each take approximately 10 to 15 minutes to complete. T0,
T1, and T9 assessments will be conducted at the study site,
where trained research assistants will guide participants through
the procedures using their smartphones. All follow-up
assessments (T2-T8) will be completed independently by
participants at home via the online platform. To support
retention during the 8-week follow-up, participants will receive
automated weekly reminders via the Neureka app, with 1
additional email reminder if a survey is missed. Small
nonmonetary incentives (eg, feedback summary upon study
completion) will be offered to encourage continued participation.

Follow-Up Assessments
Existing work on nature exposure largely falls into 2 patterns:
single-session studies that examine immediate effects and
multiweek intervention programs involving repeated exposure
(eg, weekly 45-minute walks in nature), with follow-up data
suggesting that some benefits are no longer detectable at
1-month follow-up [64]. Against this background, this study
includes an extended follow-up after a single 20-minute
exposure to real or VR-simulated nature, delivered via an online
survey platform that sends automatic weekly reminders before
each assessment to support retention and minimize participant
burden.

Beyond the immediate postexposure assessment, participants
complete weekly online follow-ups over an 8-week period. The
primary rationale for these repeated assessments is to
characterize how any acute changes in cognition and mood
observed at T1 decay over time. This design allows us to
estimate the short-term time course of attenuation and to explore
whether the pattern of change differs between exposure

modalities and between individuals with different neurocognitive
profiles, including varying levels of ADHD symptoms. Such
information may help to inform the scheduling and dosing of
future nature-based interventions.

In addition, the extended 8-week window provides an
opportunity to examine more gradual shifts in lifestyle and
nature relatedness. At baseline and at follow-up, we record the
frequency and duration of participants’ additional contact with
real outdoor nature and VR-based nature experiences, as well
as repeated measures of nature connectedness using the Nature
Connection Index (NCI) [65]. These data will be used
descriptively and in exploratory analyses to assess whether a
single experimental session has any downstream impact on
everyday nature exposure or perceived connection to nature
while also helping to account for ongoing environmental input
when interpreting long-term trajectories.

Participants
A total of 80 participants aged 18 to 65 years will be recruited,
comprising 40 adults with a confirmed diagnosis of ADHD and
40 neurotypical controls.

Adults with ADHD will be recruited through outpatient ADHD
clinics in Sligo, Ireland, where psychologists or psychiatrists
will identify eligible participants based on a clinical diagnosis
according to DSM-5 criteria. Neurotypical controls will be
recruited through community outreach, including advertisements
in schools and local public spaces.

Inclusion criteria for all participants include fluency in English
and the ability to understand study instructions and complete
cognitive assessments. Exclusion criteria for all participants
include (1) a history of learning disabilities; (2) severe brain
injury causing cognitive impairment; (3) current substance or
alcohol abuse; (4) severe medical illnesses or mental illnesses
like acute psychosis, mania, or major depression affecting
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cognitive function; and (5) extended reality–specific
contraindications, including a history of epilepsy or
photosensitive seizures, diagnosed vestibular disorders (eg,
Ménière disease, chronic vertigo, and vestibular migraine), or
severe motion sickness or cybersickness that has previously
limited engagement with VR or similar technologies. These
factors may confound cognitive and EEG outcomes, limiting
the interpretability of environmental exposure effects, and are
therefore excluded to ensure participant safety. For the
neurotypical control group, participants will be excluded if they
score above the clinical threshold (≥15) on the General Health
Questionnaire-12 (GHQ-12) [66], or if they meet the ADHD
screening criteria on the Adult ADHD Self-Report Scale (ASRS)
Part A (4 or more responses fall within the darkly shaded boxes,
indicating symptoms highly consistent with adult ADHD) [67].

Exposure Conditions

Physical Nature Exposure Condition
Participants assigned to this condition will be escorted to a
designated seating area within a forest located near the clinic.
They will be instructed to sit quietly for 20 minutes, remain
awake, and keep their eyes open. The study will be conducted
between April and September, when local weather and daylight
conditions in the west of Ireland are relatively stable. Sessions
will be scheduled on dry, calm days and, where possible, at
comparable times of day to minimize variation in temperature
and light.

For each session, the research team will record ambient
temperature, weather conditions (eg, sun, cloud cover, wind, or
unexpected rain), and notable environmental events (eg, unusual
noise or human activity). These contextual variables will be
retained for sensitivity and exploratory analyses and will be
described as inherent features of the real nature condition.
Immediately following the exposure, participants will complete
a series of cognitive and emotional assessments outdoors in the
same natural setting.

Immersive VR Exposure Condition
Participants assigned to this condition will be equipped with
the Meta Quest 3 standalone headset and hand controllers. They
will engage in a 20-minute immersive simulation of a forest
environment, designed to closely approximate the real forest
setting used in the physical nature condition. The simulation is
delivered through an open-source forest scene compatible with
the Meta Quest platform. The VR application is a nonclinical
research stimulus and is used solely for experimental exposure
in this study. It includes synchronized visual and auditory stimuli
(eg, trees and ambient forest sounds such as bird calls) to
enhance ecological realism. Immediately following the VR
exposure, participants will complete the same assessments as
those in the physical nature condition.

Exposure Duration
Both exposure conditions use a fixed 20-minute session. This
duration was selected to balance efficacy and tolerability,
particularly for adults with ADHD. From a safety perspective,
a review of temporal aspects of simulator sickness indicates
that longer VR exposure is one of the strongest predictors of

cybersickness, with more severe symptoms often emerging after
approximately 20 to 30 minutes of continuous use [68]. In
parallel, work on VR applications for individuals with attentional
difficulties suggests that prolonged continuous tasks can lead
to vigilance decrement, frustration, and disengagement in people
with ADHD [69]. Keeping the exposure at 20 minutes therefore
provides a conservative upper bound that aims to minimize the
risk of sensory overload and cybersickness while maintaining
engagement, especially in the group with ADHD.

At the same time, 20 minutes is sufficient to capture meaningful
restorative effects. Although dose-response data for EEG in
natural environments are limited, field studies of nature exposure
in daily life have shown that approximately 20 minutes in urban
green spaces can already produce measurable changes in
stress-related biomarkers and autonomic regulation [70]. Given
that EEG indexes neural activity on a millisecond timescale, a
20-minute window is expected to provide ample data to observe
changes in cognitive processing and brain dynamics during
exposure without extending into durations where fatigue and
simulator sickness become more common. Taken together, a
20-minute session was judged to offer an adequate “dose” to
elicit and measure neural and cognitive responses to real and
VR-simulated nature while reducing the likelihood of adverse
effects and dropout, particularly among adults with ADHD.

Safety and Tolerability Monitoring
All VR sessions will be conducted individually in a quiet room
with a researcher present at all times. Before donning the
headset, participants will be informed that they may stop the
session at any point if they experience discomfort (eg, nausea,
dizziness, eye strain, or anxiety) without providing a reason and
without any negative consequences. The researcher will visually
monitor posture and behavior throughout the 20-minute exposure
and will terminate the session immediately if marked distress
or instability is observed.

Immediately after VR exposure, participants will complete the
Virtual Reality Sickness Questionnaire (VRSQ) [71] to
systematically assess cybersickness symptoms. Any adverse
events or early terminations will be documented using a standard
adverse event form, and participants will be offered rest and, if
needed, medical review according to site procedures.
Participants who request to stop the session will not be asked
to complete any further study procedures at that visit, and no
additional outcome data will be collected beyond what has
already been obtained.

Data Collection and Instruments

Overview
This study will integrate cognitive assessments, ecological
momentary assessments (EMA), standardized questionnaires,
and EEG recordings to evaluate cognitive performance,
emotional well-being, and neural activity across both exposure
conditions. Demographic data (gender, age, and occupation)
and medication taken at the day of assessment will be
self-reported. Cognitive and emotional data will be collected
using the nonprofit Neureka app [72], developed by the Trinity
College Dublin Gillan Laboratory. The app incorporates mobile
technology and citizen science approaches to monitor well-being

JMIR Res Protoc 2026 | vol. 15 | e82970 | p. 6https://www.researchprotocols.org/2026/1/e82970
(page number not for citation purposes)

Zhang et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


and cognition in real-world contexts. It will be used to
administer baseline and follow-up assessments over an 8-week
monitoring period. All data collected through Neureka will be
stored and processed following the European Union General
Data Protection Regulation (GDPR). Additional questionnaires,
including the GHQ-12, ASRS, and other standardized clinical
measures of ADHD, will be administered on paper during
in-person assessments.

Demographic and Contextual Measures
Demographic information (age, gender, education, and
medication status) will be collected via a brief self-report
questionnaire at baseline. The same form will also assess
participants’contact with natural environments over the previous
2 weeks, including the frequency and approximate duration of
visits to outdoor green and blue spaces and any use of VR-based
nature applications. These contextual variables will be used to
characterize the sample and explore whether recent nature
exposure moderates acute and follow-up outcomes.

Cognitive Assessments
Meta Mind: a gamified metacognitive task in which participants
make confidence judgments after completing a series of
perceptual decisions involving dot quantity discrimination [73].

Star Racer: a gamified adaptation of the Trail Making Test [74],
designed to measure cognitive flexibility and executive control
through alternating visuospatial tracking and task-switching
components.

Emotional and Psychological Measures
EMA surveys containing 17 items adapted from the Quick
Inventory of Depressive Symptomatology will track real-time
fluctuations in mood, anxiety, and subjective cognitive
well-being over the 8 weeks.

GHQ-12 will be administered to neurotypical controls as a
screening tool for psychological distress. Participants scoring
above the clinical threshold (a Likert score of 15 or higher) will
be excluded.

The 6-item NCI will be administered at baseline and at the final
follow-up to assess participants’ perceived connection with the
natural world. Scores will be used to examine whether a single
exposure to real or VR-simulated nature alters nature
connectedness and whether baseline NCI moderates cognitive
and emotional responses.

ADHD-Related Measures
To assess ADHD symptomatology and its functional impact,
the following standardized instruments will be used:

ASRS: a widely used self-report questionnaire assessing the
severity of ADHD symptoms across inattention and
hyperactivity/impulsivity dimensions. All participants will
complete the ASRS to enable dimensional modeling across the
full sample.

Adult ADHD Quality of Life Questionnaire (AAQoL): a 29-item
self-report scale measuring the impact of ADHD on quality of
life across multiple domains [75]. This measure will be
administered to participants in the group with ADHD.

ADHD Clinical Outcome Self-Report (ACOS-Self): a 15-item
routine clinical outcome measure assessing ADHD symptoms,
associated mental health challenges, and functional impairments
[76]. It will also be used only with participants formally
diagnosed with ADHD.

VR Tolerability Measures
The VRSQ will be completed immediately after the VR
exposure. The VRSQ provides a brief assessment of oculomotor
and disorientation symptoms related to cybersickness. In
addition, participants in the VR condition will rate (1) how
strongly they felt “as if really being in the forest” and (2) the
overall comfort and tolerability of the VR experience on 7-point
Likert scales. Together, these measures will be used to monitor
participant safety, document tolerability and perceived presence
of the VR condition, and, in exploratory analyses, examine
whether cybersickness or low tolerability are associated with
cognitive or EEG outcomes.

EEG Recording and Preprocessing
Neural activity will be recorded during the exposure session
using a mobile 32-channel system (EMOTIV FLEX 2 Gel),
which combines a research-grade amplifier with a wireless
gel-based cap optimized for naturalistic and VR settings. The
montage includes 32 active scalp sites (AF7, AF3, AF4, Fp1,
Fp2, F1, Fz, F2, F3, F4, FC1, FCz, FC2, C1, Cz, C2, CP1, CPz,
CP2, P1, Pz, P2, P7, P8, PO7, PO8, PO3, POz, PO4, O1, Oz,
and O2), plus a Common Mode Sense and Driven Right Leg
reference pair placed at the linked earlobes, providing
high-impedance noise reduction and compatibility with standard
ADHD biomarkers such as frontal-midline theta, P3, and
theta/beta ratio [77-82]. Signals will be sampled at 500 Hz with
a direct current to 45 Hz hardware passband. Participants’ scalps
will be cleaned with alcohol wipes, and conductive gel will be
applied until electrode impedance is ≤5 kΩ (absolute ceiling,
10 kΩ) with left-right symmetry within 1 kΩ for homologous
pairs, to ensure stable signal-to-noise for both spectral and
event-related potential (ERP) measures. Cables will be secured
along the cap with Velcro, and the amplifier will be fixed at the
occipital strap to minimize movement artifacts during seated
exposure and tasks. This mobile configuration has been widely
used in naturalistic and VR research to capture reliable spectral
power and ERP components while allowing participants to
remain in ecologically valid environments and enables
comparable acquisition in both the outdoor forest and
headset-based VR conditions.

Resting-state baselines will be collected preexposure and
postexposure (T0 and T1) with 2-minute eyes-open (fixation
cross) and 2-minute eyes-closed recordings while participants
sit quietly, instructed to stay relaxed, minimize blinking, and
avoid large movements. During the 20-minute nature or VR
exposure, EEG will be recorded continuously while participants
remain seated; they will be reminded that they may pause or
terminate the session if they experience discomfort, and any
early termination will be documented and treated as dropout
for EEG analysis. Evidence from previous VR-EEG studies
[83] and from our own pilot testing indicates that simultaneous
use of the FLEX cap and the VR headset is safe and allows
reliable signal acquisition. Nevertheless, because VR
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head-mounted display padding can occasionally impinge on
frontal or frontopolar sites, headset fitting will follow a
predefined substitution protocol: if AF3/AF4 are partially
obstructed, frontal alpha asymmetry will be computed from the
canonical F3/F4 pair; if Fp1/Fp2 cannot be used, priority will
be given to maintaining midline integrity at Fz. For any
substituted electrodes, 3D electrode positions will be digitized
to allow offline correction of spatial shifts, and the midline chain
Fz-Cz-Pz-Oz will be preserved in all participants for core
spectral and ERP analyses.

Raw data will be exported from the proprietary EMOTIV format
and converted to European Data Format/BioSemi Data Format
for analysis. Offline preprocessing will be performed in
EEGLAB and FieldTrip, using a 0.1 to 45 Hz
finite-impulse-response band-pass filter and a 50 Hz notch filter
to remove mains interference while preserving upper-beta
activity relevant for theta/beta ratio outcomes. Data will then
be re-referenced to the average of all scalp channels. Continuous
recordings will be visually inspected to mark gross artifacts (eg,
cable pops or sudden movement) and sections with poor contact.
Independent component analysis will be applied to identify and
remove stereotyped ocular and muscle components, following
established guidelines for mobile and VR EEG. Remaining data
will be segmented into 2-second nonoverlapping epochs for
resting-state spectral analyses and into −200 to 800 ms epochs
time locked to task stimuli or responses for ERP measures
(N2/error-related negativity, P3, and related indices). Epochs
showing extreme amplitudes or improbable distributions (as
indexed by EEGLAB joint-probability and kurtosis metrics)
will be rejected, ensuring that only artefact-free data contribute
to power and ERP estimates.

To address concerns about VR-specific noise, exposure sessions
will be conducted with participants seated, with head and body
motion restricted to comfortable postural adjustments. Headset
straps will be adjusted to avoid direct pressure on electrodes,
and any pressure-related noise will be monitored online via
impedance checks and offline via topographical inspection.
Because the same EEG hardware, montage, and preprocessing
pipeline are used in both exposure conditions, any residual
artifacts linked to the outdoor environment (eg, occasional
muscle adjustments due to temperature) or to the VR headset
will be treated symmetrically and accounted for at the analysis
stage (eg, sensitivity analyses excluding highly contaminated
channels or sessions). This rigorous acquisition and
preprocessing protocol is designed to ensure that observed
changes in theta/beta ratio, frontal midline theta, posterior alpha
power, and ERP components can be interpreted as meaningful
indices of cognitive engagement and restoration rather than
artifacts of the recording setup.

Data Management and Confidentiality
All study data will be pseudonymized using unique participant
IDs before analysis. Identifiable information (eg, consent forms
and contact details for follow-up reminders) will be stored
separately from research data on encrypted, password-protected
institutional servers with access restricted to the core research
team. Neureka app data will be stored on secure servers hosted
by Trinity College Dublin and exported only in deidentified

form. In line with GDPR and institutional policies, deidentified
research data will be retained for 10 years and then securely
destroyed. Study findings will be communicated in aggregate
form to participating clinical teams and, on request, to individual
participants via a plain-language summary. Results will also be
disseminated through peer-reviewed publications, conference
presentations, and an update to the trial registry record once
outcomes are available.

Given the minimal-risk, single-session behavioral nature of this
study, no independent data monitoring committee will be
established; study conduct and protocol adherence will instead
be overseen by the principal investigator and study team in line
with institutional and ethics-committee requirements. No formal
interim analyses or statistical stopping rules are planned, but
the principal investigator and the research ethics committee
retain the authority to pause or terminate the study early should
any unanticipated safety concerns arise.

Statistical Analysis

Outcomes
The primary outcomes of this study will be: (1) changes in
indices of neural restoration and engagement (parietal-occipital
alpha power, frontal midline theta, and frontal alpha asymmetry)
from preexposure to postexposure; (2) performance on two
cognitive tasks: Meta Mind (confidence score, accuracy, and
reaction time) to evaluate metacognition, and Star Racer
(completion time, error rate, and task-switching cost) to measure
cognitive flexibility and executive control; and (3) ADHD
symptom severity, assessed by ASRS, included in both
diagnostic group comparisons and dimensional modeling across
the full sample.

Secondary outcomes will include exploratory trajectories of
emotional well-being assessed through EMA, as well as
self-reported nature connectedness (NCI) and weekly real-life
contact with natural environments. These repeated measures
are intended to characterize short-term decay or change patterns
after a single exposure. Clinical change in the group with ADHD
will be measured with the ACOS-Self, and quality of life with
the AAQoL. Measures of VR tolerability and cybersickness
(VRSQ) will be analyzed descriptively and, where appropriate,
as covariates to aid interpretation of cognitive and EEG
outcomes.

Power
Sample size estimation focused on the primary mechanistic
outcomes of the study, namely preexposure to postexposure
changes in EEG alpha power and performance on the 2 cognitive
tasks as a function of diagnostic group (ADHD vs neurotypical)
and exposure condition (real nature vs VR nature). Power
calculations were conducted in G*Power (version 3.1; Heinrich
Heine University Düsseldorf), using a 2 × 2 × 2 mixed-model
ANOVA (group × condition × time: preexposure vs
postexposure). Pilot data from a comparable ADHD sample
[84] indicated a pre-to-post change in alpha amplitude of 6.93
μV (SD 2.04) at baseline and 7.88 μV (SD 1.83)
postintervention, corresponding to a Cohen d of 0.49 (moderate
effect size) for the within-subject contrast. Assuming a

JMIR Res Protoc 2026 | vol. 15 | e82970 | p. 8https://www.researchprotocols.org/2026/1/e82970
(page number not for citation purposes)

Zhang et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


correlation of 0.5 among repeated measures, this maps onto a
repeated-measures ANOVA effect size in the moderate range.

Using a 2-tailed α of .05 and desired power of 0.80, the required
total sample size was calculated to be 64 to 72 participants
(approximately 16 to 18 per cell in the 2 × 2 design) to detect
effects in this range on the primary EEG outcome. To
accommodate potential attrition and data loss (eg, unusable
EEG recordings), a 20% buffer was applied, resulting in a final
recruitment target of 80 participants (n=20 per subgroup). This
sample size is expected to provide adequate statistical power
to detect moderate pre-post effects and group × condition
interactions on alpha power and core cognitive outcomes.

Secondary and exploratory analyses (eg, EMA trajectories,
dimensional ASRS scores, and follow-up data) will be modeled
using linear mixed-effects approaches in the same sample. These
models are intended to characterize patterns of change over time
and symptom-related gradients in responsiveness; findings from
these analyses will therefore be interpreted with appropriate
attention to effect sizes and precision estimates rather than
relying solely on hypothesis-testing thresholds. The planned
sample provides ≥80% power to detect moderate pre-post
changes in alpha power for the primary group × condition ×
time effect in the planned linear mixed-effects analysis. Analyses
of higher-order interactions and secondary outcomes (eg, EMA
trajectories) will be considered exploratory and interpreted
cautiously.

Statistical Methods
All analyses will follow an intention-to-treat approach and will
be conducted using R (R Foundation for Statistical Computing).
Statistical tests will be 2-tailed with a significance level of
α=.05. Descriptive statistics will summarize sample
characteristics. Baseline group differences will be assessed using
Pearson chi-square tests for categorical variables and
independent-samples t tests (or nonparametric equivalents) for
continuous variables. Any variables showing systematic baseline
imbalance will be considered as covariates in sensitivity
analyses.

To evaluate the primary outcomes—changes from preexposure
(T0) to immediate postexposure (T1) in EEG alpha power,
cognitive performance (Meta Mind and Star Racer), and ASRS,
we will implement linear mixed-effects models (LMMs) using
the lme4 package. Fixed effects will include exposure condition
(real vs VR nature), diagnostic group (ADHD vs neurotypical),
time (T0 vs T1, with T9 added where relevant to examine
short-term maintenance), and their interactions. Participant will
be entered as a random intercept; random slopes for time will
be added where supported by convergence and model fit. The
primary contrasts of interest are: (1) group × condition × time
for alpha power in predefined frontal and parietal regions of
interest, and (2) condition × time and group × time interactions
for cognitive and ASRS outcomes.

For EEG data, log-transformed alpha power (8-13 Hz) will be
averaged within each region of interest and exposure phase.
Within-subject change scores (T1-T0, and T9-T0 where
applicable) will be analyzed in the LMM framework described
above. Exploratory time-resolved effects across the 20-minute

exposure will be examined using cluster-based permutation
tests on epoch-wise alpha power, with family-wise error
controlled at 0.05. Effect sizes will be reported as Cohen d for

pairwise contrasts and partial eta squared (η2
p) for omnibus

tests.

Secondary outcomes include trajectories of emotional well-being
assessed via weekly EMA, clinical functioning in the group
with ADHD (ACOS-Self), quality of life (AAQoL), and nature
connectedness (NCI). EMA scores over T0-T9 will be modeled
with LMMs including fixed effects for time (treated as a
continuous or categorical variable depending on fit), condition,
group, and their interactions, with random intercepts for
participants. ACOS-Self, AAQoL, and NCI change from T0 to
T9 will be analyzed using separate LMMs with fixed effects
for group, condition, and their interaction. Self-reported
real-world nature and VR exposure during follow-up will be
explored as time-varying covariates in additional models to
probe their contribution to decay or maintenance of effects.

To incorporate a dimensional perspective, z-scored ASRS total
and subscale scores will be included as continuous predictors
in a restricted set of prespecified models [85] (eg, ASRS ×
condition × time interactions for alpha power and cognitive
outcomes). These analyses will test whether attentional trait
variation predicts sensitivity to environmental exposure across
the full sample, without overparameterizing models.

Multiple-comparison control will be applied at the level of
outcome families: EEG (regions of interest and key contrasts),
cognitive tasks (Meta Mind and Star Racer indices), EMA
trajectories, and clinical measures. Within each family, P values
will be adjusted using false discovery rate procedures;
unadjusted and adjusted values will both be reported.

Model assumptions (normality of residuals, homoscedasticity,
and, where relevant, sphericity) will be checked using diagnostic
plots and formal tests. If assumptions are violated,
transformations or robust alternatives will be considered.
Missing data will primarily be handled within the mixed-model
framework under a missing-at-random assumption. In addition,
sensitivity analyses will be conducted using multiple imputation
and complete-case subsets (participants with data at least up to
T1 and T9) to examine the impact of attrition on key inferences.

Results

The project received funding in May 2025. Participant
recruitment is anticipated to begin in January 2026, followed
by data collection starting in April 2026 to ensure suitable
outdoor environmental conditions. Given the minimal-risk,
single-session nature of the intervention, no independent data
monitoring committee has been established; safety is overseen
by the principal investigator, and all adverse events are recorded
and reviewed after each session. Data analysis will proceed
thereafter, and the study results are expected to be published in
May 2028.
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Discussion

This study addresses a key gap in understanding how nature,
both physical and virtual, interacts with distinct neurocognitive
profiles to influence cognition, well-being, and brain activity.
By combining behavioral tasks, self-report and symptom
measures, and mobile EEG, it is designed to test whether
VR-simulated nature can reproduce the short-term cognitive
and neural changes associated with real-world natural exposure
and whether it does so via similar or different processes. Rather
than treating VR as a straightforward substitute, the protocol
explicitly compares patterns of attentional engagement,
alpha-based indices of restoration, and symptom-related
variability across the 2 exposure types.

Focusing on adults with ADHD is intended to add both scientific
and clinical value. Scientifically, it allows examination of how
environmental stimulation interacts with atypical attentional
and regulatory systems, using both diagnostic group
comparisons and dimensional modeling of ADHD symptom
scores. Clinically, it explores whether a single, low-intensity
nature-based session, real or virtual, may support attentional
regulation and quality of life in a population often underserved
by traditional therapeutic approaches. Including both ADHD
and neurotypical participants and analyzing symptom
dimensions across the full sample should help distinguish effects
that are broadly shared from those that are amplified or
attenuated in ADHD.

The protocol also extends current work on nature exposure by
combining immediate postexposure assessments with an 8-week
follow-up. Weekly online measures of mood, stress, cognitive
complaints, and nature connectedness (including self-reported
contact with real and VR nature) will allow us to explore how
any initial benefits change over time and whether decay patterns
differ by exposure condition or symptom profile. These
longitudinal data are exploratory rather than confirmatory but
may provide useful information for designing the frequency
and “dose” of future nature-based interventions.

In parallel, the integration of mobile EEG in both real and VR
settings is intended to provide converging neurophysiological
evidence on attentional engagement restoration. Alpha power
and related spectral measures will be examined alongside
behavioral and self-report outcomes, with the aim of identifying

neural signatures that correspond to subjective restoration or
cognitive effort. Although the EMOTIV FLEX system offers
only moderate spatial resolution compared with laboratory-based
EEG, its portability enables ecologically valid recording during
naturalistic exposure, which is central to the aims of this
protocol.

Several limitations should be acknowledged. The study
compares real nature with VR-simulated nature but does not
include a nonnature digital control condition, which limits
inferences about whether observed effects are specific to natural
content vs immersion or digital engagement more broadly.
Individual differences in sensory sensitivity and simulator
sickness may affect responses to the VR condition despite
screening, safety monitoring, and the use of a relatively short
(20-minute) exposure. EEG collected during
movement-constrained outdoor and VR sessions will still be
susceptible to muscle and motion artifacts, and results will
depend on rigorous preprocessing and conservative quality
control. Conducting the real-nature condition outdoors inevitably
introduces variability in weather, temperature, light, ambient
noise, and unexpected stimuli. To limit extreme discrepancies,
data collection will be scheduled within months of relatively
stable weather, sessions will be arranged flexibly to avoid
adverse conditions, and key environmental characteristics (eg,
temperature, wind, noise level, and light intensity) will be logged
to support transparent reporting and exploratory adjustment. In
addition, although dimensional modeling improves ecological
and theoretical validity, estimates of interaction effects may be
constrained by the planned sample size and by measurement
noise in self-report data.

Despite these constraints, the study is expected to make a
cautious but meaningful contribution to environmental
neuroscience, digital health, and neurodiversity research. By
directly comparing real and VR nature in adults with and without
ADHD, and by tracking both short-term changes and their
subsequent attenuation, the protocol aims to clarify when VR
can approximate the benefits of real nature and when modality
or cognitive profile matters. The findings may help to refine
hypotheses about the mechanisms of nature-related restoration
and to inform pragmatic decisions about when immersive VR
is a suitable, acceptable, and safe option for expanding access
to nature-based experiences.

Acknowledgments
All authors listed made substantial, direct, and intellectual contributions to the work and approved the manuscript for publication.
The authors thank the clinical and research teams at Sligo University Hospital and Atlantic Technological University for their
support in refining the study design and facilitating participant recruitment and logistics. The trial sponsors are Sligo University
Hospital and Atlantic Technological University. The sponsor contact is Dr Martin O’Neill, Atlantic Technological University,
Sligo, Ireland (martin.oneill@atu.ie).

The authors declare the use of generative artificial intelligence (GAI) in the research and writing process. According to the
GAIDeT taxonomy (2025), the following tasks were delegated to GAI tools under full human supervision: proofreading and
editing, and adapting and adjusting emotional tone. The GAI tool used was ChatGPT-5.0 (OpenAI). Responsibility for the final
manuscript lies entirely with the authors. GAI tools are not listed as authors and do not bear responsibility for the final outcomes.
This declaration was submitted by TZ on behalf of all coauthors.

JMIR Res Protoc 2026 | vol. 15 | e82970 | p. 10https://www.researchprotocols.org/2026/1/e82970
(page number not for citation purposes)

Zhang et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Funding
This work was supported by the Research & Education Foundation of Sligo University Hospital (SUH), the Health and Biomedical
Strategic Research Centre (HEAL), and a Chinese Government Scholarship from the China Scholarship Council (CSC). The
funders had no role in the study design, data collection, analysis, interpretation of the data, or writing of the manuscript.

Conflicts of Interest
None declared.

Multimedia Appendix 1
SPIRIT (v2025) checklist.
[DOCX File , 35 KB-Multimedia Appendix 1]

References

1. Bettmann JE, Speelman E, Blumenthal E, Couch S, Schmalz DL. Nature exposure, even as little as 10 minutes, is likely
to yield short-term benefits for adults with mental illness: a meta analysis. Ecopsychology. 2024;16(3):174-190. [doi:
10.1089/eco.2023.0063]

2. Berman MG, Kross E, Krpan KM, Askren MK, Burson A, Deldin PJ, et al. Interacting with nature improves cognition and
affect for individuals with depression. J Affect Disord. 2012;140(3):300-305. [FREE Full text] [doi:
10.1016/j.jad.2012.03.012] [Medline: 22464936]

3. Tillmann S, Tobin D, Avison W, Gilliland J. Mental health benefits of interactions with nature in children and teenagers:
a systematic review. J Epidemiol Community Health. 2018;72(10):958-966. [FREE Full text] [doi: 10.1136/jech-2018-210436]
[Medline: 29950520]

4. Vanaken GJ, Danckaerts M. Impact of green space exposure on children's and adolescents' mental health: a systematic
review. Int J Environ Res Public Health. 2018;15(12):2668. [FREE Full text] [doi: 10.3390/ijerph15122668] [Medline:
30486416]

5. Bratman GN, Daily GC, Levy BJ, Gross JJ. The benefits of nature experience: improved affect and cognition. Landsc Urban
Plan. 2015;138:41-50. [doi: 10.1016/j.landurbplan.2015.02.005]

6. Bowler DE, Buyung-Ali LM, Knight TM, Pullin AS. A systematic review of evidence for the added benefits to health of
exposure to natural environments. BMC Public Health. 2010;10:456. [FREE Full text] [doi: 10.1186/1471-2458-10-456]
[Medline: 20684754]

7. Koselka EPD, Weidner LC, Minasov A, Berman MG, Leonard WR, Santoso MV, et al. Walking green: developing an
evidence base for nature prescriptions. Int J Environ Res Public Health. 2019;16(22):4338. [FREE Full text] [doi:
10.3390/ijerph16224338] [Medline: 31703293]

8. Tsunetsugu Y, Lee J, Park BJ, Tyrväinen L, Kagawa T, Miyazaki Y. Physiological and psychological effects of viewing
urban forest landscapes assessed by multiple measurements. Landsc Urban Plan. 2013;113:90-93. [doi:
10.1016/j.landurbplan.2013.01.014]

9. Berman MG, Jonides J, Kaplan S. The cognitive benefits of interacting with nature. Psychol Sci. 2008;19(12):1207-1212.
[FREE Full text] [doi: 10.1111/j.1467-9280.2008.02225.x] [Medline: 19121124]

10. Bourrier SC, Berman MG, Enns JT. Cognitive strategies and natural environments interact in influencing executive function.
Front Psychol. 2018;9:1248. [FREE Full text] [doi: 10.3389/fpsyg.2018.01248] [Medline: 30083121]

11. Pasanen T, Johnson K, Lee K, Korpela K. Can nature walks with psychological tasks improve mood, self-reported restoration,
and sustained attention? results from two experimental field studies. Front Psychol. 2018;9:2057. [FREE Full text] [doi:
10.3389/fpsyg.2018.02057] [Medline: 30425671]

12. Stevenson MP, Dewhurst R, Schilhab T, Bentsen P. Cognitive restoration in children following exposure to nature: evidence
from the attention network task and mobile eye tracking. Front Psychol. 2019;10:42. [FREE Full text] [doi:
10.3389/fpsyg.2019.00042] [Medline: 30804825]

13. Stevenson MP, Schilhab T, Bentsen P. Attention restoration theory II: a systematic review to clarify attention processes
affected by exposure to natural environments. J Toxicol Environ Health B Crit Rev. 2018;21(4):227-268. [doi:
10.1080/10937404.2018.1505571] [Medline: 30130463]

14. Berto R. The role of nature in coping with psycho-physiological stress: a literature review on restorativeness. Behav Sci
(Basel). 2014;4(4):394-409. [FREE Full text] [doi: 10.3390/bs4040394] [Medline: 25431444]

15. Bettmann JE, Speelman E, Jolley A, Casucci T. A systematic review and meta-analysis on the effect of nature exposure
dose on adults with mental illness. Behav Sci (Basel). 2025;15(2):153. [FREE Full text] [doi: 10.3390/bs15020153] [Medline:
40001784]

16. Jimenez MP, DeVille NV, Elliott EG, Schiff JE, Wilt GE, Hart JE, et al. Associations between nature exposure and health:
a review of the evidence. Int J Environ Res Public Health. 2021;18(9):4790. [FREE Full text] [doi: 10.3390/ijerph18094790]
[Medline: 33946197]

JMIR Res Protoc 2026 | vol. 15 | e82970 | p. 11https://www.researchprotocols.org/2026/1/e82970
(page number not for citation purposes)

Zhang et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=resprot_v15i1e82970_app1.docx&filename=f338e04548ae186adc66505ebf8b37bf.docx
https://jmir.org/api/download?alt_name=resprot_v15i1e82970_app1.docx&filename=f338e04548ae186adc66505ebf8b37bf.docx
http://dx.doi.org/10.1089/eco.2023.0063
http://hdl.handle.net/2027.42/150698
http://dx.doi.org/10.1016/j.jad.2012.03.012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22464936&dopt=Abstract
http://jech.bmj.com/lookup/pmidlookup?view=long&pmid=29950520
http://dx.doi.org/10.1136/jech-2018-210436
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29950520&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph15122668
http://dx.doi.org/10.3390/ijerph15122668
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30486416&dopt=Abstract
http://dx.doi.org/10.1016/j.landurbplan.2015.02.005
https://bmcpublichealth.biomedcentral.com/articles/10.1186/1471-2458-10-456
http://dx.doi.org/10.1186/1471-2458-10-456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20684754&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph16224338
http://dx.doi.org/10.3390/ijerph16224338
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31703293&dopt=Abstract
http://dx.doi.org/10.1016/j.landurbplan.2013.01.014
http://hdl.handle.net/2027.42/150702
http://dx.doi.org/10.1111/j.1467-9280.2008.02225.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19121124&dopt=Abstract
https://europepmc.org/abstract/MED/30083121
http://dx.doi.org/10.3389/fpsyg.2018.01248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30083121&dopt=Abstract
https://europepmc.org/abstract/MED/30425671
http://dx.doi.org/10.3389/fpsyg.2018.02057
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30425671&dopt=Abstract
https://europepmc.org/abstract/MED/30804825
http://dx.doi.org/10.3389/fpsyg.2019.00042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30804825&dopt=Abstract
http://dx.doi.org/10.1080/10937404.2018.1505571
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30130463&dopt=Abstract
https://www.mdpi.com/resolver?pii=bs4040394
http://dx.doi.org/10.3390/bs4040394
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25431444&dopt=Abstract
https://www.mdpi.com/resolver?pii=bs15020153
http://dx.doi.org/10.3390/bs15020153
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=40001784&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph18094790
http://dx.doi.org/10.3390/ijerph18094790
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33946197&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


17. Ohly H, White MP, Wheeler BW, Bethel A, Ukoumunne OC, Nikolaou V, et al. Attention restoration theory: a systematic
review of the attention restoration potential of exposure to natural environments. J Toxicol Environ Health B Crit Rev.
2016;19(7):305-343. [FREE Full text] [doi: 10.1080/10937404.2016.1196155] [Medline: 27668460]

18. Ulrich RS, Simons RF, Losito BD, Fiorito E, Miles MA, Zelson M. Stress recovery during exposure to natural and urban
environments. J Environ Psychol. 1991;11(3):201-230. [doi: 10.1016/s0272-4944(05)80184-7]

19. Ulrich RS. Biophilic theory and research for healthcare design. In: Biophilic Design: the Theory, Science, and Practice of
Bringing Buildings to Life. Hoboken. John Wiley & Sons, Inc; 2008:87-106.

20. Bratman GN, Hamilton JP, Hahn KS, Daily GC, Gross JJ. Nature experience reduces rumination and subgenual prefrontal
cortex activation. Proc Natl Acad Sci U S A. 2015;112(28):8567-8572. [FREE Full text] [doi: 10.1073/pnas.1510459112]
[Medline: 26124129]

21. Grassini S, Revonsuo A, Castellotti S, Petrizzo I, Benedetti V, Koivisto M. Processing of natural scenery is associated with
lower attentional and cognitive load compared with urban ones. J Environ Psychol. 2019;62:1-11. [doi:
10.1016/j.jenvp.2019.01.007]

22. Grassini S, Segurini GV, Koivisto M. Watching nature videos promotes physiological restoration: evidence from the
modulation of alpha waves in electroencephalography. Front Psychol. 2022;13:871143. [FREE Full text] [doi:
10.3389/fpsyg.2022.871143] [Medline: 35747675]

23. Aspinall P, Mavros P, Coyne R, Roe J. The urban brain: analysing outdoor physical activity with mobile EEG. Br J Sports
Med. 2015;49(4):272-276. [doi: 10.1136/bjsports-2012-091877] [Medline: 23467965]

24. Wankhede NL, Koppula S, Ballal S, Doshi H, Kumawat R, Raju S, et al. Virtual reality modulating dynamics of
neuroplasticity: innovations in neuro-motor rehabilitation. Neuroscience. 2025;566:97-111. [doi:
10.1016/j.neuroscience.2024.12.040] [Medline: 39722287]

25. Li H, Zhang X, Wang H, Yang Z, Liu H, Cao Y, et al. Access to nature via virtual reality: a mini-review. Front Psychol.
2021;12:725288. [FREE Full text] [doi: 10.3389/fpsyg.2021.725288] [Medline: 34675840]

26. Browning MHEM, Mimnaugh KJ, van Riper CJ, Laurent HK, LaValle SM. Can simulated nature support mental health?
comparing short, single-doses of 360-degree nature videos in virtual reality with the outdoors. Front Psychol. 2019;10:2667.
[FREE Full text] [doi: 10.3389/fpsyg.2019.02667] [Medline: 32010003]

27. Riches S, Azevedo L, Bird L, Pisani S, Valmaggia L. Virtual reality relaxation for the general population: a systematic
review. Soc Psychiatry Psychiatr Epidemiol. 2021;56(10):1707-1727. [FREE Full text] [doi: 10.1007/s00127-021-02110-z]
[Medline: 34120220]

28. Tanja-Dijkstra K, Pahl S, White MP, Auvray M, Stone RJ, Andrade J, et al. The soothing sea: a virtual coastal walk can
reduce experienced and recollected pain. Environ Behav. 2018;50(6):599-625. [FREE Full text] [doi:
10.1177/0013916517710077] [Medline: 29899576]

29. Anderson AP, Mayer MD, Fellows AM, Cowan DR, Hegel MT, Buckey JC. Relaxation with immersive natural scenes
presented using virtual reality. Aerosp Med Hum Perform. 2017;88(6):520-526. [doi: 10.3357/AMHP.4747.2017] [Medline:
28539139]

30. Mattila O, Korhonen A, Pöyry E, Hauru K, Holopainen J, Parvinen P. Restoration in a virtual reality forest environment.
Comput Human Behav. 2020;107:106295. [doi: 10.1016/j.chb.2020.106295]

31. Calogiuri G, Litleskare S, Fagerheim KA, Rydgren TL, Brambilla E, Thurston M. Experiencing nature through immersive
virtual environments: environmental perceptions, physical engagement, and affective responses during a simulated nature
walk. Front Psychol. 2017;8:2321. [FREE Full text] [doi: 10.3389/fpsyg.2017.02321] [Medline: 29410635]

32. Léger MT, Mekari S. Simulating the benefits of nature exposure on cognitive performance in virtual reality: a window into
possibilities for education and cognitive health. Brain Sci. 2022;12(6):725. [FREE Full text] [doi: 10.3390/brainsci12060725]
[Medline: 35741610]

33. Mostajeran F, Steinicke F, Reinhart S, Stuerzlinger W, Riecke BE, Kühn S. Adding virtual plants leads to higher cognitive
performance and psychological well-being in virtual reality. Sci Rep. 2023;13(1):8053. [FREE Full text] [doi:
10.1038/s41598-023-34718-3] [Medline: 37198210]

34. Bohil CJ, Alicea B, Biocca FA. Virtual reality in neuroscience research and therapy. Nat Rev Neurosci. 2011;12(12):752-762.
[doi: 10.1038/nrn3122] [Medline: 22048061]

35. Choi JW, Kwon H, Choi J, Kaongoen N, Hwang C, Kim M, et al. Neural applications using immersive virtual reality: a
review on EEG studies. IEEE Trans Neural Syst Rehabil Eng. 2023;31:1645-1658. [doi: 10.1109/TNSRE.2023.3254551]
[Medline: 37028309]

36. Tarrant J, Viczko J, Cope H. Virtual reality for anxiety reduction demonstrated by quantitative EEG: a pilot study. Front
Psychol. 2018;9:1280. [FREE Full text] [doi: 10.3389/fpsyg.2018.01280] [Medline: 30087642]

37. Yu CP, Lee HY, Luo XY. The effect of virtual reality forest and urban environments on physiological and psychological
responses. Urban For Urban Green. 2018;35:106-114. [doi: 10.1016/j.ufug.2018.08.013]

38. Jo SH, Park JS, Yeon PS. The effect of forest video using virtual reality on the stress reduction of university students focused
on C University in Korea. Int J Environ Res Public Health. 2021;18(23):12805. [FREE Full text] [doi:
10.3390/ijerph182312805] [Medline: 34886531]

JMIR Res Protoc 2026 | vol. 15 | e82970 | p. 12https://www.researchprotocols.org/2026/1/e82970
(page number not for citation purposes)

Zhang et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

https://www.tandfonline.com/doi/10.1080/10937404.2016.1196155?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1080/10937404.2016.1196155
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27668460&dopt=Abstract
http://dx.doi.org/10.1016/s0272-4944(05)80184-7
https://europepmc.org/abstract/MED/26124129
http://dx.doi.org/10.1073/pnas.1510459112
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26124129&dopt=Abstract
http://dx.doi.org/10.1016/j.jenvp.2019.01.007
https://europepmc.org/abstract/MED/35747675
http://dx.doi.org/10.3389/fpsyg.2022.871143
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35747675&dopt=Abstract
http://dx.doi.org/10.1136/bjsports-2012-091877
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23467965&dopt=Abstract
http://dx.doi.org/10.1016/j.neuroscience.2024.12.040
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=39722287&dopt=Abstract
https://europepmc.org/abstract/MED/34675840
http://dx.doi.org/10.3389/fpsyg.2021.725288
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34675840&dopt=Abstract
https://europepmc.org/abstract/MED/32010003
http://dx.doi.org/10.3389/fpsyg.2019.02667
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32010003&dopt=Abstract
https://europepmc.org/abstract/MED/34120220
http://dx.doi.org/10.1007/s00127-021-02110-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34120220&dopt=Abstract
https://journals.sagepub.com/doi/10.1177/0013916517710077?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1177/0013916517710077
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29899576&dopt=Abstract
http://dx.doi.org/10.3357/AMHP.4747.2017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28539139&dopt=Abstract
http://dx.doi.org/10.1016/j.chb.2020.106295
https://europepmc.org/abstract/MED/29410635
http://dx.doi.org/10.3389/fpsyg.2017.02321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29410635&dopt=Abstract
https://www.mdpi.com/resolver?pii=brainsci12060725
http://dx.doi.org/10.3390/brainsci12060725
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35741610&dopt=Abstract
https://doi.org/10.1038/s41598-023-34718-3
http://dx.doi.org/10.1038/s41598-023-34718-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37198210&dopt=Abstract
http://dx.doi.org/10.1038/nrn3122
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22048061&dopt=Abstract
http://dx.doi.org/10.1109/TNSRE.2023.3254551
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37028309&dopt=Abstract
https://europepmc.org/abstract/MED/30087642
http://dx.doi.org/10.3389/fpsyg.2018.01280
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30087642&dopt=Abstract
http://dx.doi.org/10.1016/j.ufug.2018.08.013
https://www.mdpi.com/resolver?pii=ijerph182312805
http://dx.doi.org/10.3390/ijerph182312805
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34886531&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


39. Koivisto M, Jalava E, Kuusisto L, Railo H, Grassini S. Top-down processing and nature connectedness predict psychological
and physiological effects of nature. Environ Behav. 2022;54(5):917-945. [doi: 10.1177/00139165221107535]

40. Igarashi M, Song C, Ikei H, Miyazaki Y. Effect of stimulation by foliage plant display images on prefrontal cortex activity:
a comparison with stimulation using actual foliage plants. J Neuroimaging. 2015;25(1):127-130. [FREE Full text] [doi:
10.1111/jon.12078] [Medline: 24575816]

41. Souza RHCE, Naves ELM. Attention detection in virtual environments using EEG Signals: a scoping review. Front Physiol.
2021;12:727840. [FREE Full text] [doi: 10.3389/fphys.2021.727840] [Medline: 34887770]

42. Aghajan ZM, Acharya L, Moore JJ, Cushman JD, Vuong C, Mehta MR. Impaired spatial selectivity and intact phase
precession in two-dimensional virtual reality. Nat Neurosci. 2015;18(1):121-128. [FREE Full text] [doi: 10.1038/nn.3884]
[Medline: 25420065]

43. Frederiksen JG, Sørensen SMD, Konge L, Svendsen MBS, Nobel-Jørgensen M, Bjerrum F, et al. Cognitive load and
performance in immersive virtual reality versus conventional virtual reality simulation training of laparoscopic surgery: a
randomized trial. Surg Endosc. 2020;34(3):1244-1252. [doi: 10.1007/s00464-019-06887-8] [Medline: 31172325]

44. Schrader C, Bastiaens TJ. The influence of virtual presence: effects on experienced cognitive load and learning outcomes
in educational computer games. Comput Human Behav. 2012;28(2):648-658. [doi: 10.1016/j.chb.2011.11.011]

45. Jian Y, Abu Bakar JAA. Comparing cognitive load in learning spatial ability: immersive learning environment vs. digital
learning media. Discov Sustain. 2024;5(1). [doi: 10.1007/s43621-024-00310-6]

46. Wenk N, Penalver-Andres J, Buetler KA, Nef T, Müri RM, Marchal-Crespo L. Effect of immersive visualization technologies
on cognitive load, motivation, usability, and embodiment. Virtual Real. 2023;27(1):307-331. [FREE Full text] [doi:
10.1007/s10055-021-00565-8] [Medline: 36915633]

47. Hepperle D, Wölfel M. Similarities and differences between immersive virtual reality, real world, and computer screens:
a systematic scoping review in human behavior studies. Multimodal Technol Interact. 2023;7(6):56. [doi:
10.3390/mti7060056]

48. Rizzo AA, Buckwalter JG, Bowerly T, Van Der Zaag C, Humphrey L, Neumann U, et al. The virtual classroom: a virtual
reality environment for the assessment and rehabilitation of attention deficits. Cyberpsychol Behav. 2000;3(3):483-499.
[doi: 10.1089/10949310050078940]

49. Climent G, Rodríguez C, García T, Areces D, Mejías M, Aierbe A, et al. New virtual reality tool (Nesplora Aquarium) for
assessing attention and working memory in adults: a normative study. Appl Neuropsychol Adult. 2021;28(4):403-415. [doi:
10.1080/23279095.2019.1646745] [Medline: 31382773]

50. Vaidya CJ. Neurodevelopmental abnormalities in ADHD. Curr Top Behav Neurosci. 2012;9:49-66. [FREE Full text] [doi:
10.1007/7854_2011_138] [Medline: 21541845]

51. Castellanos FX, Sonuga-Barke EJS, Milham MP, Tannock R. Characterizing cognition in ADHD: beyond executive
dysfunction. Trends Cogn Sci. 2006;10(3):117-123. [doi: 10.1016/j.tics.2006.01.011] [Medline: 16460990]

52. Fuermaier ABM, Tucha L, Koerts J, Aschenbrenner S, Kaunzinger I, Hauser J, et al. Cognitive impairment in adult
ADHD--perspective matters! Neuropsychology. 2015;29(1):45-58. [doi: 10.1037/neu0000108] [Medline: 24933488]

53. Kofler MJ, Raiker JS, Sarver DE, Wells EL, Soto EF. Is hyperactivity ubiquitous in ADHD or dependent on environmental
demands? evidence from meta-analysis. Clin Psychol Rev. 2016;46:12-24. [FREE Full text] [doi: 10.1016/j.cpr.2016.04.004]
[Medline: 27131918]

54. Shema-Shiratzky S, Brozgol M, Cornejo-Thumm P, Geva-Dayan K, Rotstein M, Leitner Y, et al. Virtual reality training
to enhance behavior and cognitive function among children with attention-deficit/hyperactivity disorder: brief report. Dev
Neurorehabil. 2019;22(6):431-436. [doi: 10.1080/17518423.2018.1476602] [Medline: 29771624]

55. Zheng P, Yuan K, Liu S, Xue Z, Ma P, Teo EW, et al. Effects of virtual reality technology on attention deficit in children
with ADHD: a systematic review and Meta-analysis. J Affect Disord. 2025;384:127-134. [doi: 10.1016/j.jad.2025.05.037]
[Medline: 40345442]

56. Martella D, Aldunate N, Fuentes LJ, Sánchez-Pérez N. Arousal and executive alterations in attention deficit hyperactivity
disorder (ADHD). Front Psychol. 2020;11:1991. [FREE Full text] [doi: 10.3389/fpsyg.2020.01991] [Medline: 32903419]

57. Sikström S, Söderlund G. Stimulus-dependent dopamine release in attention-deficit/hyperactivity disorder. Psychol Rev.
2007;114(4):1047-1075. [doi: 10.1037/0033-295X.114.4.1047] [Medline: 17907872]

58. Malinowska U, Wojciechowski J, Waligóra M, Rogala J. Performance of game sessions in VR vs standard 2D monitor
environment. An EEG study. Front Physiol. 2024;15:1457371. [FREE Full text] [doi: 10.3389/fphys.2024.1457371]
[Medline: 39502410]

59. Gu Q, Liu J, Zhang X, Huang A, Yu X, Wu K, et al. Association between heavy metals exposure and risk of attention
deficit hyperactivity disorder (ADHD) in children: a systematic review and meta-analysis. Eur Child Adolesc Psychiatry.
2025;34(3):921-941. [doi: 10.1007/s00787-024-02546-z] [Medline: 39126497]

60. Kuo FE, Taylor AF. A potential natural treatment for attention-deficit/hyperactivity disorder: evidence from a national
study. Am J Public Health. 2004;94(9):1580-1586. [doi: 10.2105/ajph.94.9.1580] [Medline: 15333318]

61. Insel T, Cuthbert B, Garvey M, Heinssen R, Pine DS, Quinn K, et al. Research domain criteria (RDoC): toward a new
classification framework for research on mental disorders. Am J Psychiatry. 2010;167(7):748-751. [doi:
10.1176/appi.ajp.2010.09091379] [Medline: 20595427]

JMIR Res Protoc 2026 | vol. 15 | e82970 | p. 13https://www.researchprotocols.org/2026/1/e82970
(page number not for citation purposes)

Zhang et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

http://dx.doi.org/10.1177/00139165221107535
https://europepmc.org/abstract/MED/24575816
http://dx.doi.org/10.1111/jon.12078
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24575816&dopt=Abstract
https://europepmc.org/abstract/MED/34887770
http://dx.doi.org/10.3389/fphys.2021.727840
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34887770&dopt=Abstract
https://escholarship.org/uc/item/0dn3g05j
http://dx.doi.org/10.1038/nn.3884
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25420065&dopt=Abstract
http://dx.doi.org/10.1007/s00464-019-06887-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31172325&dopt=Abstract
http://dx.doi.org/10.1016/j.chb.2011.11.011
http://dx.doi.org/10.1007/s43621-024-00310-6
https://europepmc.org/abstract/MED/36915633
http://dx.doi.org/10.1007/s10055-021-00565-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36915633&dopt=Abstract
http://dx.doi.org/10.3390/mti7060056
http://dx.doi.org/10.1089/10949310050078940
http://dx.doi.org/10.1080/23279095.2019.1646745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31382773&dopt=Abstract
https://europepmc.org/abstract/MED/21541845
http://dx.doi.org/10.1007/7854_2011_138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21541845&dopt=Abstract
http://dx.doi.org/10.1016/j.tics.2006.01.011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16460990&dopt=Abstract
http://dx.doi.org/10.1037/neu0000108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24933488&dopt=Abstract
https://europepmc.org/abstract/MED/27131918
http://dx.doi.org/10.1016/j.cpr.2016.04.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27131918&dopt=Abstract
http://dx.doi.org/10.1080/17518423.2018.1476602
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29771624&dopt=Abstract
http://dx.doi.org/10.1016/j.jad.2025.05.037
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=40345442&dopt=Abstract
https://europepmc.org/abstract/MED/32903419
http://dx.doi.org/10.3389/fpsyg.2020.01991
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32903419&dopt=Abstract
http://dx.doi.org/10.1037/0033-295X.114.4.1047
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17907872&dopt=Abstract
https://doi.org/10.3389/fphys.2024.1457371
http://dx.doi.org/10.3389/fphys.2024.1457371
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=39502410&dopt=Abstract
http://dx.doi.org/10.1007/s00787-024-02546-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=39126497&dopt=Abstract
http://dx.doi.org/10.2105/ajph.94.9.1580
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15333318&dopt=Abstract
http://dx.doi.org/10.1176/appi.ajp.2010.09091379
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20595427&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


62. Sonuga-Barke E. Psychological heterogeneity in AD/HD--a dual pathway model of behaviour and cognition. Behav Brain
Res. 2002;130(1-2):29-36. [doi: 10.1016/s0166-4328(01)00432-6] [Medline: 11864715]

63. A comparative study of natural environments and immersive virtual reality on cognition, well-being, and brain activity in
adults with attention deficit/hyperactivity disorder (ADHD). Open Science Framework. URL: https://doi.org/10.17605/
OSF.IO/AY6C2 [accessed 2026-05-10]

64. Yeung Y, Yu C. Cognitive-emotional benefits of weekly exposure to nature: a Taiwanese study on young adults. Sustainability
(Basel). 2022;14(13):7828. [FREE Full text] [doi: 10.3390/su14137828]

65. Richardson M, Hunt A, Hinds J, Bragg R, Fido D, Petronzi D, et al. A measure of nature connectedness for children and
adults: validation, performance, and insights. Sustainability (Basel). 2019;11(12):3250. [FREE Full text] [doi:
10.3390/su11123250]

66. Romppel M, Braehler E, Roth M, Glaesmer H. What is the general health questionnaire-12 assessing? dimensionality and
psychometric properties of the general health questionnaire-12 in a large scale German population sample. Compr Psychiatry.
2013;54(4):406-413. [doi: 10.1016/j.comppsych.2012.10.010] [Medline: 23206494]

67. Kessler RC, Adler L, Ames M, Demler O, Faraone S, Hiripi E, et al. The World Health Organization adult ADHD self-report
scale (ASRS): a short screening scale for use in the general population. Psychol Med. 2005;35(2):245-256. [doi:
10.1017/s0033291704002892] [Medline: 15841682]

68. Dużmańska N, Strojny P, Strojny A. Can simulator sickness be avoided? a review on temporal aspects of simulator sickness.
Front Psychol. 2018;9:2132. [FREE Full text] [doi: 10.3389/fpsyg.2018.02132] [Medline: 30459688]

69. Parsons TD, Rizzo AA, Rogers S, York P. Virtual reality in paediatric rehabilitation: a review. Dev Neurorehabil.
2009;12(4):224-238. [doi: 10.1080/17518420902991719] [Medline: 19842822]

70. Hunter MR, Gillespie BW, Chen SYP. Urban nature experiences reduce stress in the context of daily life based on salivary
biomarkers. Front Psychol. 2019;10:722. [FREE Full text] [doi: 10.3389/fpsyg.2019.00722] [Medline: 31019479]

71. Kim H, Park J, Choi Y, Choe M. Virtual reality sickness questionnaire (VRSQ): motion sickness measurement index in a
virtual reality environment. Appl Ergon. 2018;69:66-73. [doi: 10.1016/j.apergo.2017.12.016] [Medline: 29477332]

72. Neureka. URL: http://www.neureka.ie [accessed 2026-05-10]
73. Fox CA, McDonogh A, Donegan KR, Teckentrup V, Crossen RJ, Hanlon AK, et al. Reliable, rapid, and remote measurement

of metacognitive bias. Sci Rep. 2024;14(1):14941. [FREE Full text] [doi: 10.1038/s41598-024-64900-0] [Medline: 38942811]
74. Sánchez-Cubillo I, Periáñez JA, Adrover-Roig D, Rodríguez-Sánchez J, Ríos-Lago M, Tirapu J, et al. Construct validity

of the trail making test: role of task-switching, working memory, inhibition/interference control, and visuomotor abilities.
J Int Neuropsychol Soc. 2009;15(3):438-450. [doi: 10.1017/s1355617709090626]

75. Brod M, Johnston J, Able S, Swindle R. Validation of the adult attention-deficit/hyperactivity disorder quality-of-life scale
(AAQoL): a disease-specific quality-of-life measure. Qual Life Res. 2006;15(1):117-129. [doi: 10.1007/s11136-005-8325-z]
[Medline: 16411036]

76. Adamis D, Singh J, Coada I, Wrigley M, Gavin B, McNicholas F. Measuring clinical outcomes in adult ADHD clinics:
psychometrics of a new scale, the adult ADHD clinical outcome scale. BJPsych Open. 2024;10(6):e180. [FREE Full text]
[doi: 10.1192/bjo.2024.739] [Medline: 39397668]

77. Collins SA, McDonnell AS, Scott EE, McNay GD, Shannon MF, Augustin L, et al. Nature imagery's influence on ERN
amplitude: an examination of attention restoration theory using EEG. Front Hum Neurosci. 2025;19:1567689. [FREE Full
text] [doi: 10.3389/fnhum.2025.1567689] [Medline: 40599162]

78. Harper J, Malone SM, Bernat EM. Theta and delta band activity explain N2 and P3 ERP component activity in a go/no-go
task. Clin Neurophysiol. 2014;125(1):124-132. [FREE Full text] [doi: 10.1016/j.clinph.2013.06.025] [Medline: 23891195]

79. Herrera-Morales WV, Reyes-López JV, Tuz-Castellanos KN, Ortegón-Abud D, Ramírez-Lugo L, Santiago-Rodríguez E,
et al. Variations in theta/beta ratio and cognitive performance in subpopulations of subjects with ADHD symptoms: towards
neuropsychological profiling for patient subgrouping. J Pers Med. 2023;13(9):1361. [FREE Full text] [doi:
10.3390/jpm13091361] [Medline: 37763129]

80. van Dijk H, deBeus R, Kerson C, Roley-Roberts ME, Monastra VJ, Arnold LE, et al. Different spectral analysis methods
for the theta/beta ratio calculate different ratios but do not distinguish ADHD from controls. Appl Psychophysiol Biofeedback.
2020;45(3):165-173. [FREE Full text] [doi: 10.1007/s10484-020-09471-2] [Medline: 32436141]

81. Brydges C, Fox AM, Reid CL, Anderson M. Predictive validity of the N2 and P3 ERP components to executive functioning
in children: a latent-variable analysis. Front Hum Neurosci. 2014;8:80. [FREE Full text] [doi: 10.3389/fnhum.2014.00080]
[Medline: 24600376]

82. McDonnell AS, Strayer DL. Immersion in nature enhances neural indices of executive attention. Sci Rep. 2024;14(1):1845.
[FREE Full text] [doi: 10.1038/s41598-024-52205-1] [Medline: 38253734]

83. Aksoy M, Ufodiama CE, Bateson AD, Martin S, Asghar AUR. A comparative experimental study of visual brain event-related
potentials to a working memory task: virtual reality head-mounted display versus a desktop computer screen. Exp Brain
Res. 2021;239(10):3007-3022. [FREE Full text] [doi: 10.1007/s00221-021-06158-w] [Medline: 34347129]

84. Oh SH, Park JW, Cho S. Effectiveness of the VR cognitive training for symptom relief in patients with ADHD. Journal of
Web Engineering. 2022. [doi: 10.13052/jwe1540-9589.21310]

JMIR Res Protoc 2026 | vol. 15 | e82970 | p. 14https://www.researchprotocols.org/2026/1/e82970
(page number not for citation purposes)

Zhang et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

http://dx.doi.org/10.1016/s0166-4328(01)00432-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11864715&dopt=Abstract
https://doi.org/10.17605/OSF.IO/AY6C2
https://doi.org/10.17605/OSF.IO/AY6C2
https://doi.org/10.3390/su14137828
http://dx.doi.org/10.3390/su14137828
https://doi.org/10.3390/su11123250
http://dx.doi.org/10.3390/su11123250
http://dx.doi.org/10.1016/j.comppsych.2012.10.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23206494&dopt=Abstract
http://dx.doi.org/10.1017/s0033291704002892
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15841682&dopt=Abstract
https://europepmc.org/abstract/MED/30459688
http://dx.doi.org/10.3389/fpsyg.2018.02132
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30459688&dopt=Abstract
http://dx.doi.org/10.1080/17518420902991719
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19842822&dopt=Abstract
https://europepmc.org/abstract/MED/31019479
http://dx.doi.org/10.3389/fpsyg.2019.00722
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31019479&dopt=Abstract
http://dx.doi.org/10.1016/j.apergo.2017.12.016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29477332&dopt=Abstract
http://www.neureka.ie
https://doi.org/10.1038/s41598-024-64900-0
http://dx.doi.org/10.1038/s41598-024-64900-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38942811&dopt=Abstract
http://dx.doi.org/10.1017/s1355617709090626
http://dx.doi.org/10.1007/s11136-005-8325-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16411036&dopt=Abstract
https://www.cambridge.org/core/product/identifier/S2056472424007397/type/journal_article
http://dx.doi.org/10.1192/bjo.2024.739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=39397668&dopt=Abstract
https://doi.org/10.3389/fnhum.2025.1567689
https://doi.org/10.3389/fnhum.2025.1567689
http://dx.doi.org/10.3389/fnhum.2025.1567689
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=40599162&dopt=Abstract
https://europepmc.org/abstract/MED/23891195
http://dx.doi.org/10.1016/j.clinph.2013.06.025
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23891195&dopt=Abstract
https://www.mdpi.com/resolver?pii=jpm13091361
http://dx.doi.org/10.3390/jpm13091361
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37763129&dopt=Abstract
https://europepmc.org/abstract/MED/32436141
http://dx.doi.org/10.1007/s10484-020-09471-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32436141&dopt=Abstract
https://europepmc.org/abstract/MED/24600376
http://dx.doi.org/10.3389/fnhum.2014.00080
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24600376&dopt=Abstract
https://doi.org/10.1038/s41598-024-52205-1
http://dx.doi.org/10.1038/s41598-024-52205-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38253734&dopt=Abstract
https://europepmc.org/abstract/MED/34347129
http://dx.doi.org/10.1007/s00221-021-06158-w
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34347129&dopt=Abstract
http://dx.doi.org/10.13052/jwe1540-9589.21310
http://www.w3.org/Style/XSL
http://www.renderx.com/


85. Gillan CM, Kosinski M, Whelan R, Phelps EA, Daw ND. Characterizing a psychiatric symptom dimension related to
deficits in goal-directed control. eLife. 2016;5:e11305. [FREE Full text] [doi: 10.7554/eLife.11305] [Medline: 26928075]

Abbreviations
AAQoL: Adult ADHD Quality of Life Questionnaire
ACOS-Self: ADHD Clinical Outcome Self-Report
ADHD: attention-deficit/hyperactivity disorder
ANZCTR: Australian New Zealand Clinical Trials Registry
ART: Attention Restoration Theory
ASRS: Adult ADHD Self-Report Scale
DSM-5: Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition
EEG: electroencephalography
EMA: ecological momentary assessments
ERP: event-related potential
fMRI: functional magnetic resonance imaging
GDPR: General Data Protection Regulation
GHQ-12: General Health Questionnaire-12
LMM: linear mixed-effects model
NCI: Nature Connection Index
SRT: Stress Reduction Theory
VR: virtual reality
VRSQ: Virtual Reality Sickness Questionnaire

Edited by J Sarvestan; submitted 25.Aug.2025; peer-reviewed by J Ferrer Costa, N Nazari; comments to author 15.Nov.2025; revised
version received 06.Jan.2026; accepted 07.Jan.2026; published 22.May.2026

Please cite as:
Zhang T, Adamis D, Langan N, O’Neill M
Comparing Real and Virtual Nature Exposure on Cognition, Well-Being, and Brain Activity in Adults With and Without
Attention-Deficit/Hyperactivity Disorder: Protocol for a Randomized Experimental Study
JMIR Res Protoc 2026;15:e82970
URL: https://www.researchprotocols.org/2026/1/e82970
doi: 10.2196/82970
PMID:

©Tianran Zhang, Dimitrios Adamis, Natasha Langan, Martin O’Neill. Originally published in JMIR Research Protocols
(https://www.researchprotocols.org), 22.May.2026. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work, first published in JMIR Research Protocols, is properly cited. The
complete bibliographic information, a link to the original publication on https://www.researchprotocols.org, as well as this
copyright and license information must be included.

JMIR Res Protoc 2026 | vol. 15 | e82970 | p. 15https://www.researchprotocols.org/2026/1/e82970
(page number not for citation purposes)

Zhang et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

https://europepmc.org/abstract/MED/26928075
http://dx.doi.org/10.7554/eLife.11305
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26928075&dopt=Abstract
https://www.researchprotocols.org/2026/1/e82970
http://dx.doi.org/10.2196/82970
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

