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Abstract 

Introduction

There is an established interplay between gait and attention allocation. Attention 

during walking is important to reduce instability, process environmental stimuli, and 

perform simultaneous tasks. It is of critical importance to consider how attention mod-

ulation during dual-tasking influences prefrontal cortex (PFC) activity and gait charac-

teristics. However, paradigms probing this relationship are often limited in realism and 

must balance mobility challenges with practicality. This protocol introduces a novel 

methodology combining functional near-infrared spectroscopy (fNIRS) and aug-

mented reality (AR) in a complex gait dual-task to validate the use of virtual obstacles 

to probe for a cortical indicator of altered attention during distracted walking.

Materials and methods

This methodological development study investigated 11 healthy adults (mean age 

50.9 ± 5.8 years, 5 female) in an obstacle navigation cognitive-motor dual-task com-

bining fNIRS and AR during navigation of realistic AR-projected 3D virtual obstacles 

and physical obstacles. The distraction task involved a 5-word recall from a mimicked 

phone call. Participants performed six experimental tasks: walking; walking + distrac-

tion; walking + obstacles (both physical and virtual); and walking + obstacles (both 

physical and virtual) + distraction.

Results

Intraclass correlations ranged from 0.563 to 0.886 for oxyhemoglobin (O
2
Hb) 

ratios and gait velocity between virtual and physical obstacles, demonstrating 
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moderate-to-good consistency between methods. Proportional bias in the 

 Bland-Altman plots was observed for O
2
Hb. Participants also demonstrated 

task-dependent modulation of gait and PFC activity in response to dual task condi-

tions in both tasks.

Conclusions

This combination of technologies elicited task-dependent modulation in PFC activity 

and gait behaviours in healthy adults, confirming the efficacy of AR-projected obsta-

cles in a cognitive-motor dual-task paradigm. Based on these outcomes, it is likely 

that this experimental approach will be useful in probing cortical activity changes 

associated with dual-tasking to inform the relationship between mobility and cognition 

and characterize behavioural and neural markers of functional mobility.

Introduction

The allocation of attention to environmental stimuli is an essential component of 

safe and effective ambulation. Walking in the real world requires attention to be paid 

to both the motor task and the environment to monitor for any relevant changes to 

current task contexts or impending balance challenges, and are often done at the 

same time as a secondary cognitive distractor [1]. In modern society, we face not 

only the attentional challenges of moving from one location to another, but are often 

also required to contend with additional tasks including avoiding obstacles, carrying 

a conversation, or interacting with a mobile device. During these dual tasks, active 

attention becomes further divided, and may come with a dual-task cost wherein 

performance on one or both tasks is compromised [2–4]. This established inter-

play between cognition and locomotion highlights that gait requires attention, and 

it is known that alterations in cognition can influence the allocation of attentional 

resources that can compromise stability [1,2]. Understanding the interrelation of gait 

and cognition from a mobility perspective is essential to mitigate increased fall risk 

that can occur during distraction. However, paradigms probing this relationship are 

often limited in real world applicability, ecological validity, and must balance mobility 

challenges with practicality.

The division of attention required to complete these simultaneous dual tasks relies 

on the prefrontal cortex (PFC), which has a central role in higher order cognition, 

including the allocation of attentional resources, and may alter activity depending on 

task demands and participant population [5]. When attention networks are altered, 

PFC activity often increases in compensation to try to maintain task performance 

[6]. Indeed, healthy older adults tend to increase PFC activity during walking dual-

tasks and show reduced cognitive performance and gait speed [2]. It is thus of critical 

importance to consider how attention modulation during dual-tasking influences both 

PFC activity and the characteristics of movement to inform the relationship between 

mobility and cognition, identify markers of movement limitations, and characterize 

neural markers of increased fall risk.
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Alterations in PFC activity during dual-task gait in young and older adults have been probed using functional near- 

infrared spectroscopy (fNIRS), a form of functional neuroimaging measuring the concentration of cortical oxygenated 

(O
2
Hb) and deoxygenated (HHb) hemoglobin [7–15]. A challenge during these dual-task gait experiments is balancing the 

difficulty of the dual-task challenges while maintaining safety and feasibility in a laboratory setting, where one can collect 

comprehensive performance metrics. Further, relatability of laboratory tasks to daily life is necessary to elicit outcomes as 

similar as possible to the real-world. Indeed, high task realism contributes to enhanced cognitive and motor performance 

in older adults during virtual environment tasks [16]. The cognitive task should be difficult enough to challenge healthy 

attentional systems but not risk harm or stress to the participant. The addition of physical obstacles to the walking path 

may alter the allocation of attention if obstacles are viewed as physical hazards for trips or falls, and in general, may pose 

a safety concern in the laboratory environment.

The proposed methodology introduces realistic virtual obstacles, which participants must avoid, in the real 

environment using augmented reality (AR). O
2
Hb and gait characteristics are examined during distracted obsta-

cle avoidance with virtual obstacles and compared and validated against navigation around comparable physical 

obstacles. To our knowledge, this is the first time that fNIRS and AR have been combined in an obstacle avoidance 

 cognitive-motor dual-task paradigm. If task-dependent differences are elicited and quantified in this small pilot 

cohort and virtual obstacles reliability elicit similar levels of PFC activity and gait behaviours as physical obstacles, 

this safe, non-invasive approach is likely to remain robust in empirical studies examining populations with age- or 

 injury-related attentional impairments.

Materials and methods

Equipment

A portable, non-invasive 8-channel fNIRS unit (Octamon, Artinis Medical Systems, Elst, The Netherlands) was used to 

measure relative change in cortical blood O
2
Hb and HHb in the dlPFC using light wavelengths of 760nm and 850nm at 

a 50 Hz sampling rate. Emitting optodes and receivers were 30 mm apart with a tissue penetration depth of 1.5 cm. The 

modified Beer-Lambert Law was applied to convert optical density into concentrations in real-time using a differential path-

length factor of 6 [17,18]. Concentration changes in micromolar (uM) were collected using OxySoft v.3.2.72. Gait char-

acteristics were measured using a 14 x 3 ft gait mat (ZENOTM Walkway Gait Analysis System, ProtoKinetics, Havertown, 

PA, USA). Gait data were collected at 120 Hz and analyzed using ProtoKinetics Movement Analysis Software version 

5.08C1i6. Virtual objects were projected onto the AR lenses and appeared to participants to be on the gait mat (Fig 1). 

The lightweight (260 grams) AR headset (MagicLeap 2, MagicLeap, Plantation, FL, USA) and fNIRS unit were able to 

be worn comfortably on a participant’s head (Fig 1). Custom code was written to integrate three-dimensional objects into 

the AR space (Unity Technologies, San Francisco, CA, USA). The AR headset also recorded head position and rotation 

information (1 KHz) in three directions using custom C# code run through Unity in JSON format. Head position data were 

collected but is not included in the present analyses.

Methodology

Participants. Healthy adults were recruited from the York University community in Toronto, Canada. To be included 

in this methodological proof of concept study, participants had to be > 35 years of age with no stroke history, neurological 

diagnoses, concussion diagnoses and/or symptoms in the past year, and no musculoskeletal injuries or surgeries in the 

past year that could impact balance or gait. Written informed consent was obtained from all participants prior to beginning 

the study and this study was approved by the Research Ethics Board at York University (certificate #e2023-198).

Experimental design. Data collection for fNIRS was separated into active task conditions and rest conditions. All 

active conditions involved walking at a self-selected, comfortable pace along the gait mat and varied based on obstacle 

avoidance and distraction. Participants either viewed the room as-is through the AR headset with no obstacles, with the 
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addition of virtual three-dimensional, daily life obstacles on the gait mat, or with physical versions of the AR obstacles 

in the same location as the virtual obstacles on the gait mat (Fig 1). For active tasks with virtual or physical obstacles, 

participants were instructed to avoid the obstacles. The distractor task consisted of a “phone call” in which participants 

played an audio recording of the experimenter providing a five-word list from their smartphone device while holding it 

up to their ear like a phone call (Fig 1). Words were randomly selected from the Toronto Word Pool for near immediate 

recall – starting at ten seconds after the end of the recorded word list [19,20]. This created distractor and non-distractor 

conditions. To ensure consistency of neural activity, the participant held the phone to their ear as though they were on a 

call for the duration of the active task, even after the recording had ended and they had repeated the word list. A different 

word list was used for each distractor condition. Taken together, this methodology consisted of six active conditions that 

throughout the experiment: walking (W); walking + virtual obstacles (WO); walking + distractor (WD); walking + virtual 

obstacles + distractor (WOD); walking + physical obstacles (WOp); and walking + physical obstacles + distractor (WODp). 

Virtual and physical obstacle tasks were paired together with order randomized across participants (Fig 2).

Participants first received a full instruction of the data collection process and introduction to the equipment and pro-

cedures. Once all equipment was fitted and comfortable, participants sat in a chair for one minute while counting by one 

from one, this comprised the pre-baseline condition. Simple counting reduced mind wandering to produce a more con-

sistent baseline between participants without the task becoming so difficult that PFC activity would not decrease [8]. This 

one-minute rest task was repeated between active conditions for a total of four seated baselines. These rest conditions 

allowed for a physical break and for the PFC hemodynamic response to return to baseline between active conditions. 

The length of active conditions varied between participants based on walking speed, and the number of times partici-

pants needed to walk along the gait mat to obtain enough footfalls (15 footfalls) to calculate gait metrics. In general, each 

active condition took about one minute with approximately 20 footfalls captured per trial. During active conditions, partic-

ipants started their walking at a distance 2m behind the mat and continued to a point 2m beyond the mat before turning 

to continue their walking trial. The added distance allowed for steady state gait to be quantified while acceleration and 

Fig 1. Equipment and paradigm set up. Participant wearing all equipment for the study while walking – the fNIRS is worn on the forehead and the AR 

is worn attached to a shoulder strap to minimize interference (A). Virtual obstacles (blue arrows) as they appear in the lab environment on the gait mat 

(red arrow) as projected by AR (B). The position of the physical obstacles matches the position of the virtual obstacles (C).

https://doi.org/10.1371/journal.pone.0333622.g001

https://doi.org/10.1371/journal.pone.0333622.g001


PLOS One | https://doi.org/10.1371/journal.pone.0333622 October 10, 2025 5 / 12

deceleration took place off the mat. This process was repeated until sufficient footfalls were obtained. Overall, the data 

collection duration per participant was approximately 15 minutes.

Data analysis

Gait analysis. Gait data were visually inspected for incomplete footsteps, and any found were removed (usually 3–5 

steps) manually so that only complete footsteps in which the entire footfall was on the gait mat were used to compute 

gait metrics. Gait analysis was performed using the ProtoKinetic Movement Analysis Software to output common 

spatiotemporal gait metrics. For the purposes of this study, gait velocity was selected as the primary metric of interest. 

Across dual-task gait studies, the effect of a cognitive task is predominantly shown through gait speed changes [21]. 

Further, gait velocity is an established measure for sensitively assessing and monitoring functional state and overall 

health across populations and ages and is even considered to be a “sixth vital sign” [22,23]. Velocity can be considered 

a functional balance indicator and it tends to decrease with task challenge and attentional requirements [24]. During 

dual-tasking, gait velocity has shown to be predictive of future falls, suggesting a unique capacity of dual-task walking to 

highlight and predict decline in gait and mobility behaviours [25–27].

fNIRS analysis. fNIRS analysis was performed in alignment with the guidelines proposed by Pinti et al (2018). First, 

raw data were visualized in OxySoft to assess signal quality, denoted by the presence of the heart beat at about 1 Hz 

that confirms a good optode-scalp coupling [28]. Large motion artefacts were minimal, but if present were removed at this 

stage. Next, raw data were converted to MATLAB using open access code from Artinis Medical Systems (oxysoft2matlab) 

to convert.oxy4 files to MATLAB script. fNIRS processing software Homer3 was used to filter the signals.

The present study applied a filtering pipeline modified from Holtzer et al (2011) [11]. First, optical density data were low-pass 

filtered at 0.1 Hz to remove most high-frequency physiological noise. Then, a PCA was applied to address non-hemodynamic 

response signals that overlap in the response band. A PCA was selected as a short source-detector separation was not possi-

ble with the hardware. PCA is a data-driven approach to separating neurovascular coupling from systemic physiological noise 

[29]. Once filtered, data were converted to concentration (uM) using the modified Beer-Lambert Law [30].

Filtered data were averaged across all 8 channels and separated based on whether it was an active or rest condition, 

and, if active, which task it was. Using Spike2 v10 (Cambridge Electronic Design, Cambridge, UK), the walking condition 

was compared to the three active, dual-task conditions using the modulus. The modulus assesses waveform data by 

assessing the area under the curve as a positive value for all data. Final data are expressed as a ratio of area-under-the-

curve for active:walk concentration of O
2
Hb per condition. Only O

2
Hb ratios were investigated and reported as the O

2
Hb 

signal is known to: have the strongest coupling with the fMRI-BOLD signal and thus have a high contrast-to-noise ratio 

than HHb [31]; be a more robust indicator of changes in regional cerebral blood flow than HHb [32–34]; change its levels 

in accordance with locomotion activities in a way that is not seen with HHb levels [35].

Statistical analysis

All statistical analyses were conducted using SPSSv29 (IBM, New York, USA) and OriginPro2025 (OriginLab, Northamp-

ton, USA). Descriptive statistics were used to characterize participant demographics. To assess task-based modulation 

Fig 2. Schematic showing the temporal organization of the pseudorandom study design. Participants either completed the study as per panel A or B.

https://doi.org/10.1371/journal.pone.0333622.g002

https://doi.org/10.1371/journal.pone.0333622.g002
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of gait behaviour, velocity was examined via a repeated measures ANOVA with condition as the within-subjects factor. 

Statistical significance was set to p < 0.05.

To test the hypothesis that virtual obstacles elicited the similar levels of PFC activity and gait velocity changes as physical 

obstacles, reliability analyses were conducted. Agreement between physical and virtual obstacles for PFC activity and gait 

velocity was assessed using Bland-Altman analysis in OriginLab 2025 [36]. For each outcome, the difference between the 

two obstacle types per condition (WO/WOp and WOD/WODp) was plotted against the mean of the two conditions and the 

mean bias and 95% limits of agreement (LoA) were calculated (mean bias ± 1.96 x SD of the differences). Plots were visually 

inspected for systemic bias and heteroscedasticity. To probe consistency of outcomes between physical and virtual obstacle 

outcomes, the intraclass correlation coefficients (ICCs) were found for each obstacle condition. Based on Koo & Li, ICC esti-

mates and their 95% confidence intervals were calculated in SPSSv29 based on a mean-rating (k = 2), consistency, two-way 

mixed-effects model [37]. Magnitude was interpreted as: < 0.5 poor, 0.50–0.75 moderate, 0.75–0.90 good, > 0.90 excellent.

Results

Participant demographics

Data from 11 healthy adults were collected to assess feasibility of this proof-of-concept methodology, compatibility of 

technologies to probe the measures of interest, and confirm the validity and reliability of virtual obstacles in dual-task par-

adigms. Table 1 shows the demographic information for participants included in this study, as well as their performance on 

cognitive tasks (WD, WOD, WODp).

Table 1. Participant characteristics and dual-task performance.

Group Size 11 (5 female)

Age (years) 50.9 ± 5.8

Height (cm) 167.2 ± 8.5

Weight (kg) 76.2 ± 16.1

Number of Total Responses

 WD 4 (3,5)

 WOD 4 (3,5)

 WODp 4 (3,5)

Number of Correct Responses

 WD 4 (3,5)

 WOD 4 (2,5)

 WODp 4 (1,5)

Error Rate

 WD 0% (0%,25%)

 WOD 0% (0%,33%)

 WODp 0% (0%, 66%)

Highest level of education

 Post-Graduate 6

 Undergraduate/College 5

 High School 0

Fall History 0%

Activities-specific Balance Confidence (ABC) 98 (86,100)

Participant demographics all shown as mean ± standard deviation with the exception of fall history (propor-

tion of participants with recent fall), dual-task responses and ABC score expressed as median (range), and 

dual-task error rate (% incorrect of total responses).

https://doi.org/10.1371/journal.pone.0333622.t001

https://doi.org/10.1371/journal.pone.0333622.t001
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PFC activity

In general, PFC activity based on blood oxygen concentration (active:walk) shows task dependent modulation as con-

dition requirements changed (Fig 3A). This modulation varied by participant, and in some instances, blood oxygenation 

levels for an active condition were lower than at baseline. In general, the addition of physical or virtual obstacles (Fig 3; 

WO, WOD, WOp, WODp) resulted in active:walk ratios greater than the pre-baseline value of 1.

Gait behaviour

Gait behaviour modulation across conditions was observed (Fig 3B). In general, gait velocity decreased with the addi-

tion of a secondary task (F
3,30

 = 7.237, p < 0.001, η2 = 0.420). Post-hoc comparisons showed that the reduction in velocity 

between W and WOD was statistically significant (p = 0.011) and the reduction between W and WO approached signifi-

cance (p = 0.057). The additional reduction in velocity from W to WO and then from WO to WOD shows the ability of both 

virtual and physical obstacles to induce behavioural changes during walking (W vs WO/WOp and WOD/WODp), and that 

the effect of the dual-task is exacerbated by additional obstacle avoidance (WD vs WOD/WODp).

Validation of virtual obstacles

Virtual, AR-projected obstacles elicited similar neurophysiological and gait velocity changes as physical obstacles during 

avoidance (Fig 4; Table 2). Bland-Altman and ICC results show that in general, virtual and physical obstacles elicit sim-

ilar gait and cortical outcomes with good internal consistency between obstacle types. The Bland-Altman plot for O
2
Hb 

demonstrated rightward funneling/proportional bias (Fig 4A and 4B). This pattern likely contributed to the relatively high BA 

ratios (Table 2). This was not observed in the Bland-Altman plots for Velocity, which had relatively low ratios.

Discussion

This report presents a novel methodology combining AR and fNIRS during complex dual-task gait to assess the efficacy 

and reliability of virtual AR projected obstacles in a proof-of-concept cohort of healthy adults. The combination of technolo-

gies and experimental paradigm show reliable outcomes and elicit task-based modulation in gait velocity and PFC activity 

as expected in a gait dual-task. Based on these preliminary outcomes, this approach is likely to remain highly sensitive in 

populations experiencing age-related changes to attention networks, PFC activity, gait behaviour, and cognitive function.

Fig 3. A) PFC activity expressed as a ratio of O
2
Hb concentration across conditions (active task:walk). The black horizontal line at 1 represents the walk 

value (baseline). B) Height normalized velocity across conditions. * denotes significant difference between W and WOD (p < 0.05).

https://doi.org/10.1371/journal.pone.0333622.g003

https://doi.org/10.1371/journal.pone.0333622.g003
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PFC activity and cognitive load

The present work represents the first time that AR and fNIRS have been combined to measure PFC activity as a mea-

sure of attention during complex gait dual-task. The signals obtained in this paradigm are likely from the dorsolateral PFC 

Fig 4. Bland-Altman plots for O
2
Hb Ratio (A, B) and Velocity (C, D).

https://doi.org/10.1371/journal.pone.0333622.g004

Table 2. Reliability statistics outcomes for virtual and real obstacles.

Bland-Altman Ratio ICC  [95% CI]

WO-WOp

 O
2
Hb Ratio 1.660 0.563 [−0.625, 0.822]

 Velocity 0.166 0.766 [0.186, 0.941] *

WOD-WODp

 O
2
Hb Ratio 1.055 0.727 [−0.013, 0.972] *

 Velocity 0.150 0.886 [0.578, 0.969] *

Bland-Altman analysis outcomes shown as the Bland-Altman ratio for virtual and real obstacles during 

obstacle navigation with and without cognitive distraction. ICC output for virtual and real obstacles shown 

as the ICC(3,k) value. * = statistically significant (ICC p < 0.05).

https://doi.org/10.1371/journal.pone.0333622.t002

https://doi.org/10.1371/journal.pone.0333622.g004
https://doi.org/10.1371/journal.pone.0333622.t002
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(dlPFC), known to be heavily involved with attention allocation during postural tasks. Increased dlPFC oxygenation is 

indicative of heightened attentional demands [3,7,8,38,39]. Previous work has characterized dlPFC activity using fNIRS 

during gait dual-task [7,8,11,14,15], gait behaviour during single- and dual-task in young and old adults [40,41], investi-

gated walking metrics as fall predictors in older adults [1,42,43], and assessed the capacity of virtual realities for older 

adult usage [16]. In general, these studies have identified inconsistent findings as to whether PFC activity increases or 

decreases during dual tasks [11,13,44–46]. It is notable that in the present study, some participants demonstrated O
2
Hb 

ratios lower than walking during active task conditions. Despite this, the pattern of task-dependent modulation is con-

sistent such that PFC activity is above baseline during at least one obstacle-avoidance condition. On the one hand, this 

observation is in line with the literature reporting variability in PFC activity with distraction [11,13,45,46]. On the other, this 

observation also identifies capacity of the methodology to evoke modulation in PFC activity, even in a group of individuals 

with variable levels of cortical activity.

Further, dual-task performance in terms of the mean number of responses means did not change with an additional 

task; however, the number of correct responses decreased with the addition of obstacle avoidance. This decrease was 

similar for both virtual and physical obstacles, further supporting the ability of virtual obstacles to elicit dual task effects. 

The task-dependent differences on the word recall correctness also verifies that the presentation of virtual obstacles 

impacted performance on both the primary and secondary tasks and that these behavioural differences occurred in paral-

lel with differences in brain activity.

Realism and reliability of virtual obstacles

To the authors’ knowledge, this is the first time that AR has been used to introduce virtual obstacles during gait dual-tasks. 

One study did employ non-physical laser projected obstacles to resemble potholes to investigate slowing of gait and PFC 

activity level in young and older adults [47]. However, in this study, obstacles were two-dimensional and limited in realism. 

The design of both AR and VR environments can incorporate the motor and functional ability of the user to address spe-

cific aspects of a perception-action system [48]. AR offers the same customizability and user interactions as virtual reality 

without creating entirely immersive virtual environments, but rather augmenting physical reality to address needs of both 

user and experimenter. AR offers the ability to customize physical spaces to facilitate cognitive, sensory, and motor tasks 

not otherwise possible, such as bringing everyday objects into the laboratory space in a safe, risk-free way.

Crucially, the virtual obstacles elicited similar levels of PFC activity and gait velocity changes as the interaction with 

physical obstacles. In cases where PFC activity differed between physical and virtual obstacles, virtual obstacles elicited 

a higher level of PFC activity than physical obstacles. This may indicate the increased salience of the virtual obstacles, 

or an element of novelty in interacting with augmented reality. In either case, the augmentation of PFC activity during 

avoidance of virtual obstacles was at least similar, if not higher than activity during avoidance of physical obstacles. One 

important consideration is that the Bland-Altman plots for O
2
Hb ratio in both conditions demonstrated positive funnelling, 

indicating heteroscedastic disagreement that increases with higher levels mean activations between conditions. The 

fact that the ICC for WO-WOp was not statistically significant (p < 0.102) also indicates low cross-obstacle type reliability. 

Thus, there is some inability to interchange PFC activity levels between obstacle types, especially at much higher levels 

of PFC activity. This somewhat tempers the interpretation that the virtual and physical obstacles elicit similar levels of PFC 

activity. However, it is notable that it was interaction with the virtual obstacles that elicited higher activity in those instances 

in which the difference in O
2
Hb ratio between obstacle types was high. This may indicate that some participants found the 

AR interaction to be particularly novel with higher salience, rather than ignoring the virtual obstacles altogether.

In terms of gait velocity, there was a downward trend in speed with the addition of any task, and the change in speed 

for the addition of virtual vs physical obstacles was similar. This reliability in modulating behaviour using virtual obstacles 

reinforces the feasibility of the paradigm in a mobility context. The reliability of velocity changes in essential for the method 

to be of use in potentially indicating cognitive or functional state [21,22]. Importantly, there was no interference of the AR 
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system on the fNIRS recording, preprocessing, or analysis steps. The hardware did not cause any participant discomfort, 

and the combination did not interfere with the requirements of either device during the study. Thus, this novel combina-

tion of technologies is likely to remain comfortable, accessible, and simple to apply when the paradigm is applied to other 

populations and in alternate settings.

Taken together, the virtual obstacles seem to engage behavioural and neurophysiological process in a comparable 

manner to physical obstacle avoidance. The caveat is that there is some dissociation between measures when the differ-

ence in O
2
Hb is high. In these instances, participants tended to demonstrate greater O

2
Hb levels when navigating virtual 

obstacles. This reinforces the possibility of using AR environments in gait dual-task paradigms to maintain participant 

safety, increase task realism, and elicit outcomes of interest in the laboratory setting in populations who may experience 

impairments in balance, mobility or attention.

Limitations

It should be noted that the dlPFC was the only accessible region for the fNIRS unit used in this study due to limited 

channel number. It is possible that the signals obtained were not solely from the dlPFC, however this was unlikely based 

on optode placement and penetration depth. Conversely, the dlPFC may not be the ideal region of interest on its own to 

measure PFC activity during complex gait dual-task, and inclusion of signals from broader frontal regions may increase 

reliability of conclusions. However, the dlPFC is known to be heavily involved with attention allocation during postural 

tasks, and increased dlPFC oxygenation suggests increased attentional demands and reduced cognitive performance in 

older adults [3,7,8,38,39]. Further, the narrow width of the gait mat and obstacle placement resulted in some important 

steps in the middle of the walking path to be missed. However, these individual steps would not have had a substantive 

effect on mean gait velocity calculated across all the steps for a given trial.

Conclusion

This study introduces the use of virtual AR obstacles alongside fNIRS to reliably investigate mobility, cortical activity, and 

dual-tasking in a safe and feasible way. Crucially, the paradigm successfully challenges attention, cognition, and gait in 

healthy adults wherein virtual obstacles elicit the same level of behavioural and neurophysiological changes as physical 

obstacles. The proposed methodology allows for realism of obstacles unobtainable without AR while maintaining partic-

ipant safety and practical laboratory feasibility. This pilot study may enable more in-depth investigations to probe for a 

cortical marker of altered attention during aging. Future work should focus on confirming the sensitivity of the paradigm 

to detecting age-effects in healthy older adult populations before investigating populations with impairment or injury that 

could further increase fall risk.

Author contributions

Conceptualization: L. Maureen Krelove.

Data curation: L. Maureen Krelove.

Formal analysis: L. Maureen Krelove, George Mochizuki.

Funding acquisition: George Mochizuki.

Investigation: L. Maureen Krelove.

Methodology: L. Maureen Krelove.

Project administration: L. Maureen Krelove, George Mochizuki.

Resources: Lauren E. Sergio, George Mochizuki.

Software: Anthony Machula.



PLOS One | https://doi.org/10.1371/journal.pone.0333622 October 10, 2025 11 / 12

Supervision: Lauren E. Sergio, George Mochizuki.

Validation: L. Maureen Krelove.

Visualization: L. Maureen Krelove.

Writing – original draft: L. Maureen Krelove.

Writing – review & editing: L. Maureen Krelove, Anthony Machula, Lauren E. Sergio, George Mochizuki.

References

 1. Montero-Odasso M, Verghese J, Beauchet O, Hausdorff JM. Gait and cognition: a complementary approach to understanding brain function and 

the risk of falling. J Am Geriatr Soc. 2012;60(11):2127–36. https://doi.org/10.1111/j.1532-5415.2012.04209.x PMID: 23110433

 2. Yogev G, Hausdorff JM, Giladi N. The role of executive function and attention in gait. Mov Disord Off J Mov Disord Soc. 2008;23(3):329–472.

 3. Yogev-Seligmann G, Giladi N, Gruendlinger L, Hausdorff JM. The contribution of postural control and bilateral coordination to the impact of dual 

tasking on gait. Exp Brain Res. 2013;226(1):81–93.

 4. Woollacott M, Shumway-Cook A. Attention and the control of posture and gait: a review of an emerging area of research. Gait Posture. 

2002;16(1):1–14. https://doi.org/10.1016/s0966-6362(01)00156-4 PMID: 12127181

 5. Seidler RD, Bernard JA, Burutolu TB, Fling BW, Gordon MT, Gwin JT. Motor control and aging: links to age-related brain structural, functional, and 

biochemical effects. Neurosci Biobehav Rev. 2010;34(5):721–33.

 6. Pelicioni PHS, Tijsma M, Lord SR, Menant J. Prefrontal cortical activation measured by fNIRS during walking: effects of age, disease and second-

ary task. PeerJ. 2019;7:e6833. https://doi.org/10.7717/peerj.6833 PMID: 31110922

 7. Marusic U, Taube W, Morrison SA, Biasutti L, Grassi B, De Pauw K, et al. Aging effects on prefrontal cortex oxygenation in a posture-cognition 

dual-task: an fNIRS pilot study. Eur Rev Aging Phys Act. 2019;16:2. https://doi.org/10.1186/s11556-018-0209-7 PMID: 30655911

 8. Chen Y, Cao Z, Mao M, Sun W, Song Q, Mao D. Increased cortical activation and enhanced functional connectivity in the prefrontal cortex ensure 

dynamic postural balance during dual-task obstacle negotiation in the older adults: A fNIRS study. Brain Cogn. 2022;163:105904.

 9. Lehmann N, Kuhn Y-A, Keller M, Aye N, Herold F, Draganski B, et al. Brain Activation During Active Balancing and Its Behavioral Relevance in 

Younger and Older Adults: A Functional Near-Infrared Spectroscopy (fNIRS) Study. Front Aging Neurosci. 2022;14:828474. https://doi.org/10.3389/

fnagi.2022.828474 PMID: 35418854

 10. Rosso AL, Cenciarini M, Sparto PJ, Loughlin PJ, Furman JM, Huppert TJ. Neuroimaging of an attention demanding dual-task during dynamic pos-

tural control. Gait Posture. 2017;57:193–8. https://doi.org/10.1016/j.gaitpost.2017.06.013 PMID: 28662465

 11. Holtzer R, Mahoney JR, Izzetoglu M, Izzetoglu K, Onaral B, Verghese J. fNIRS study of walking and walking while talking in young and old individ-

uals. J Gerontol A Biol Sci Med Sci. 2011;66(8):879–87. https://doi.org/10.1093/gerona/glr068 PMID: 21593013

 12. Teo W-P, Goodwill AM, Hendy AM, Muthalib M, Macpherson H. Sensory manipulation results in increased dorsolateral prefrontal cortex activation 

during static postural balance in sedentary older adults: An fNIRS study. Brain Behav. 2018;8(10):e01109. https://doi.org/10.1002/brb3.1109 PMID: 

30230687

 13. Mirelman A, Maidan I, Bernad-Elazari H, Nieuwhof F, Reelick M, Giladi N, et al. Increased frontal brain activation during walking while dual tasking: 

an fNIRS study in healthy young adults. J Neuroeng Rehabil. 2014;11:85. https://doi.org/10.1186/1743-0003-11-85 PMID: 24886198

 14. Pelicioni PHS, Lord SR, Sturnieks DL, Halmy B, Menant JC. Cognitive and Motor Cortical Activity During Cognitively Demanding Stepping Tasks in 

Older People at Low and High Risk of Falling. Front Med (Lausanne). 2021;8:554231. https://doi.org/10.3389/fmed.2021.554231 PMID: 34322496

 15. Verghese J, Wang C, Ayers E, Izzetoglu M, Holtzer R. Brain activation in high-functioning older adults and falls: prospective cohort study. Neurol-

ogy. 2017;88(2):191–7.

 16. Bevilacqua R, Maranesi E, Riccardi GR, Donna VD, Pelliccioni P, Luzi R, et al. Non-Immersive Virtual Reality for Rehabilitation of the Older People: 

A Systematic Review into Efficacy and Effectiveness. J Clin Med. 2019;8(11):1882. https://doi.org/10.3390/jcm8111882 PMID: 31694337

 17. Chatterjee S, Phillips JP, Kyriacou PA. Differential pathlength factor estimation for brain-like tissue from a single-layer Monte Carlo model. Annu Int 

Conf IEEE Eng Med Biol Soc. 2015;2015:3279–82. https://doi.org/10.1109/EMBC.2015.7319092 PMID: 26736992

 18. Obrig H, Villringer A. Beyond the visible—imaging the human brain with light. J Cereb Blood Flow Metab. 2003;23(1):1–18.

 19. Friendly M, Franklin PE, Hoffman D, Rubin DC. The Toronto Word Pool: Norms for imagery, concreteness, orthographic variables, and grammatical 

usage for 1,080 words. Behavior Research Methods & Instrumentation. 1982;14(4):375–99. https://doi.org/10.3758/bf03203275

 20. Watkins MJ, Neath I, Sechler ES. Recency effect in recall of a word list when an immediate memory task is performed after each word presenta-

tion. Am J Psychol. 1989;102(2):265–70. https://doi.org/10.2307/1422957 PMID: 2729453

 21. Al-Yahya E, Dawes H, Smith L, Dennis A, Howells K, Cockburn J. Cognitive motor interference while walking: a systematic review and 

 meta-analysis. Neurosci Biobehav Rev. 2011;35(3):715–28. https://doi.org/10.1016/j.neubiorev.2010.08.008 PMID: 20833198

 22. Middleton A, Fritz SL, Lusardi M. Walking speed: the functional vital sign. J Aging Phys Act. 2015;23(2):314–22. https://doi.org/10.1123/japa.2013-

0236 PMID: 24812254

https://doi.org/10.1111/j.1532-5415.2012.04209.x
http://www.ncbi.nlm.nih.gov/pubmed/23110433
https://doi.org/10.1016/s0966-6362(01)00156-4
http://www.ncbi.nlm.nih.gov/pubmed/12127181
https://doi.org/10.7717/peerj.6833
http://www.ncbi.nlm.nih.gov/pubmed/31110922
https://doi.org/10.1186/s11556-018-0209-7
http://www.ncbi.nlm.nih.gov/pubmed/30655911
https://doi.org/10.3389/fnagi.2022.828474
https://doi.org/10.3389/fnagi.2022.828474
http://www.ncbi.nlm.nih.gov/pubmed/35418854
https://doi.org/10.1016/j.gaitpost.2017.06.013
http://www.ncbi.nlm.nih.gov/pubmed/28662465
https://doi.org/10.1093/gerona/glr068
http://www.ncbi.nlm.nih.gov/pubmed/21593013
https://doi.org/10.1002/brb3.1109
http://www.ncbi.nlm.nih.gov/pubmed/30230687
https://doi.org/10.1186/1743-0003-11-85
http://www.ncbi.nlm.nih.gov/pubmed/24886198
https://doi.org/10.3389/fmed.2021.554231
http://www.ncbi.nlm.nih.gov/pubmed/34322496
https://doi.org/10.3390/jcm8111882
http://www.ncbi.nlm.nih.gov/pubmed/31694337
https://doi.org/10.1109/EMBC.2015.7319092
http://www.ncbi.nlm.nih.gov/pubmed/26736992
https://doi.org/10.3758/bf03203275
https://doi.org/10.2307/1422957
http://www.ncbi.nlm.nih.gov/pubmed/2729453
https://doi.org/10.1016/j.neubiorev.2010.08.008
http://www.ncbi.nlm.nih.gov/pubmed/20833198
https://doi.org/10.1123/japa.2013-0236
https://doi.org/10.1123/japa.2013-0236
http://www.ncbi.nlm.nih.gov/pubmed/24812254


PLOS One | https://doi.org/10.1371/journal.pone.0333622 October 10, 2025 12 / 12

 23. Montero-Odasso M, Schapira M, Soriano ER, Varela M, Kaplan R, Camera LA. Gait velocity as a single predictor of adverse events in healthy 

seniors aged 75 years and older. J Gerontol Ser A. 2005;60(10):1304–9.

 24. Varela-Vásquez LA, Minobes-Molina E, Jerez-Roig J. Dual-task exercises in older adults: A structured review of current literature. J Frailty Sarco-

penia Falls. 2020;5(2):31–7.

 25. Autenrieth CS, Karrasch S, Heier M, Gorzelniak L, Ladwig K-H, Peters A, et al. Decline in gait performance detected by an electronic walkway 

system in 907 older adults of the population-based KORA-Age study. Gerontology. 2013;59(2):165–73. https://doi.org/10.1159/000342206 PMID: 

23127986

 26. Harmon KJ, Hakenewerth AM, Waller AE, Ising A, Tintinalli JE. Begin risk assessment for falls in women at 45, not 65. Inj Prev. 2019;25(3):184–6.

 27. Minta K, Colombo G, Taylor WR, Schinazi VR. Differences in fall-related characteristics across cognitive disorders. Front Aging Neurosci. 

2023;15:1171306.

 28. Yücel MA, Lühmann AV, Scholkmann F, Gervain J, Dan I, Ayaz H, et al. Best practices for fNIRS publications. Neurophotonics. 2021;8(1):012101. 

https://doi.org/10.1117/1.NPh.8.1.012101 PMID: 33442557

 29. Hocke L, Oni I, Duszynski C, Corrigan A, Frederick B, Dunn J. Automated Processing of fNIRS Data—A Visual Guide to the Pitfalls and Conse-

quences. Algorithms. 2018;11:67.

 30. Pinti P, Tachtsidis I, Hamilton A, Hirsch J, Aichelburg C, Gilbert S, et al. The present and future use of functional near-infrared spectroscopy (fNIRS) 

for cognitive neuroscience. Ann N Y Acad Sci. 2020;1464(1):5–29. https://doi.org/10.1111/nyas.13948 PMID: 30085354

 31. Strangman G, Culver JP, Thompson JH, Boas DA. A quantitative comparison of simultaneous BOLD fMRI and NIRS recordings during functional 

brain activation. Neuroimage. 2002;17(2):719–31. https://doi.org/10.1006/nimg.2002.1227 PMID: 12377147

 32. Bonilauri A, Sangiuliano Intra F, Baselli G, Baglio F. Assessment of fNIRS signal processing pipelines: towards clinical applications. Appl Sci. 

2022;12(1):316.

 33. Herold F, Wiegel P, Scholkmann F, Thiers A, Hamacher D, Schega L. Functional near-infrared spectroscopy in movement science: a systematic 

review on cortical activity in postural and walking tasks. Neurophotonics. 2017;4(4):041403. https://doi.org/10.1117/1.NPh.4.4.041403 PMID: 

28924563

 34. Hoshi Y, Kobayashi N, Tamura M. Interpretation of near-infrared spectroscopy signals: a study with a newly developed perfused rat brain model. J 

Appl Physiol (1985). 2001;90(5):1657–62. https://doi.org/10.1152/jappl.2001.90.5.1657 PMID: 11299252

 35. Suzuki M, Miyai I, Ono T, Oda I, Konishi I, Kochiyama T, et al. Prefrontal and premotor cortices are involved in adapting walking and running speed 

on the treadmill: an optical imaging study. NeuroImage. 2004;23(3).

 36. Bland JM, Altman DG. Statistical methods for assessing agreement between two methods of clinical measurement. Lancet. 1986;1(8476):307–10.

 37. Koo TK, Li MY. A Guideline of Selecting and Reporting Intraclass Correlation Coefficients for Reliability Research. J Chiropr Med. 2016;15(2):155–

63. https://doi.org/10.1016/j.jcm.2016.02.012 PMID: 27330520

 38. Bayot M, Dujardin K, Tard C, Defebvre L, Bonnet CT, Allart E, et al. The interaction between cognition and motor control: A theoretical framework 

for dual-task interference effects on posture, gait initiation, gait and turning. Neurophysiol Clin. 2018;48(6):361–75. https://doi.org/10.1016/j.neu-

cli.2018.10.003 PMID: 30487064

 39. Yu S-H, Huang C-Y. Improving posture-motor dual-task with a supraposture-focus strategy in young and elderly adults. PLoS One. 

2017;12(2):e0170687. https://doi.org/10.1371/journal.pone.0170687 PMID: 28151943

 40. Lino TB, Scarmagnan GS, Sobrinho-Junior SA, Tessari GMF, Gonçalves GH, Pereira HM, et al. Impact of Using Smartphone While Walking or 

Standing: A Study Focused on Age and Cognition. Brain Sci. 2023;13(7):987. https://doi.org/10.3390/brainsci13070987 PMID: 37508919

 41. Takeuchi N, Mori T, Suzukamo Y, Tanaka N, Izumi S-I. Parallel processing of cognitive and physical demands in left and right prefrontal cortices 

during smartphone use while walking. BMC Neurosci. 2016;17:9. https://doi.org/10.1186/s12868-016-0244-0 PMID: 26831898

 42. Lord S, Galna B, Yarnall AJ, Coleman S, Burn D, Rochester L. Predicting first fall in newly diagnosed Parkinson’s disease: Insights from a fall-naïve 

cohort. Mov Disord. 2016;31(12):1829–36. https://doi.org/10.1002/mds.26742 PMID: 27621153

 43. Nóbrega-Sousa P, Gobbi LTB, Orcioli-Silva D, Conceição NR da, Beretta VS, Vitório R. Prefrontal Cortex Activity During Walking: Effects of Aging 

and Associations With Gait and Executive Function. Neurorehabil Neural Repair. 2020;34(10):915–24.

 44. Hamacher D, Herold F, Wiegel P, Hamacher D, Schega L. Brain activity during walking: A systematic review. Neurosci Biobehav Rev. 2015;57:310–

27. https://doi.org/10.1016/j.neubiorev.2015.08.002 PMID: 26306029

 45. Tagliabue CF, Mazza V. What can neural activity tell us about cognitive resources in aging? Front Psychol. 2021;12:753423. https://doi.

org/10.3389/fpsyg.2021.753423

 46. Beurskens R, Helmich I, Rein R, Bock O. Age-related changes in prefrontal activity during walking in dual-task situations: A fNIRS study. Int J Psy-

chophysiol. 2014;92(3).

 47. Chen M, Pillemer S, England S, Izzetoglu M, Mahoney JR, Holtzer R. Neural correlates of obstacle negotiation in older adults: An fNIRS study. Gait 

Posture. 2017;58:130–5. https://doi.org/10.1016/j.gaitpost.2017.07.043 PMID: 28778021

 48. Keshner EA, Lamontagne A. The Untapped Potential of Virtual Reality in Rehabilitation of Balance and Gait in Neurological Disorders. Front Virtual 

Real. 2021;2:641650. https://doi.org/10.3389/frvir.2021.641650 PMID: 33860281

https://doi.org/10.1159/000342206
http://www.ncbi.nlm.nih.gov/pubmed/23127986
https://doi.org/10.1117/1.NPh.8.1.012101
http://www.ncbi.nlm.nih.gov/pubmed/33442557
https://doi.org/10.1111/nyas.13948
http://www.ncbi.nlm.nih.gov/pubmed/30085354
https://doi.org/10.1006/nimg.2002.1227
http://www.ncbi.nlm.nih.gov/pubmed/12377147
https://doi.org/10.1117/1.NPh.4.4.041403
http://www.ncbi.nlm.nih.gov/pubmed/28924563
https://doi.org/10.1152/jappl.2001.90.5.1657
http://www.ncbi.nlm.nih.gov/pubmed/11299252
https://doi.org/10.1016/j.jcm.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/27330520
https://doi.org/10.1016/j.neucli.2018.10.003
https://doi.org/10.1016/j.neucli.2018.10.003
http://www.ncbi.nlm.nih.gov/pubmed/30487064
https://doi.org/10.1371/journal.pone.0170687
http://www.ncbi.nlm.nih.gov/pubmed/28151943
https://doi.org/10.3390/brainsci13070987
http://www.ncbi.nlm.nih.gov/pubmed/37508919
https://doi.org/10.1186/s12868-016-0244-0
http://www.ncbi.nlm.nih.gov/pubmed/26831898
https://doi.org/10.1002/mds.26742
http://www.ncbi.nlm.nih.gov/pubmed/27621153
https://doi.org/10.1016/j.neubiorev.2015.08.002
http://www.ncbi.nlm.nih.gov/pubmed/26306029
https://doi.org/10.3389/fpsyg.2021.753423
https://doi.org/10.3389/fpsyg.2021.753423
https://doi.org/10.1016/j.gaitpost.2017.07.043
http://www.ncbi.nlm.nih.gov/pubmed/28778021
https://doi.org/10.3389/frvir.2021.641650
http://www.ncbi.nlm.nih.gov/pubmed/33860281

