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Highlights: 

- Cognitive performance was preserved during DTW regardless of optic flow condition. 

- ML POF under DTW increased subjective mental workload. 

- Young adults counteracted ML POF by adopting an effortful gait control strategy. 

- DTW led them to prioritize gait control in the ML direction over AP direction. 

- Concurrent WM load attenuated ML POF effect on step velocity variability. 

Abstract:  

The precise role of cognitive control on optic flow processing during locomotion has rarely been 
investigated. Therefore, this study aimed to determine whether coping with unreliable visual inputs 
during walking requires attentional resources. Twenty-four healthy young adults walked on an 
instrumented treadmill in a virtual environment under two optic flow conditions: normal (NOF) and 
perturbed (POF, continuous mediolateral pseudo-random oscillations). Each condition was 
performed under single-task and dual-task conditions of increasing difficulty (1-, 2-, 3-back). In all 
conditions, subjective mental workload was estimated (raw NASA-TLX). For kinematic variables, 
mean, standard deviation, statistical persistence and step-to-step error correction were computed 
from gait time series in mediolateral and anteroposterior directions. For EMG variables of soleus and 
gluteus medius, the full width at half maximum and the variance ratio were calculated. Performance 
on N-back tasks was assessed using mean reaction time and d-prime. Cognitive performance was not 
affected by simultaneous walking in any optic flow condition. Gait variability was altered under POF 
compared to NOF, so that young adults sought to counteract those perturbations by adopting an 
effortful gait control strategy, independently of concurrent working memory (WM) load. Increasing 
WM load led changes first at the neuromuscular level, then at the behavioral level, with a 
prioritization of gait control in the mediolateral direction. Interestingly, dual-tasking lowered the 
effects of POF but in the anteroposterior direction only. These findings and their theoretical 
implications provide valuable insight into the complex interaction effects of cognitive and visual 
constraints on gait control during treadmill walking. 
 
Keywords: Gait; lateral balance; muscle activity; variability; nonlinear dynamics; executive function. 
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Abbreviations:  

1-back task (1b) 

2-back task (2b) 

3-back task (3b) 

Analysis of variance (ANOVA) 

Central nervous system (CNS) 

d-prime (d') 

Detrended fluctuations analysis (DFA) 

DFA alpha scaling exponent (α) 

Dual-task cognitive performance (DTC) 

Dual-task walking (DTW) 

False alarm (FA) 

Full width at half maximum (FWHM) 

Gluteus medius (Gmed) 

Interdisciplinary center for virtual reality (CIREVE) 

Lateral body position (zB)  

Linear correlation (R²) 

Mediolateral (ML) 

Raw NASA task load index (Raw NASA-TLX) 

Normal optic flow (NOF) 

Perturbed optic flow (POF) 

Preferred Walking Speed (PWS) 

Reaction time (RT) 

Single-task cognitive performance (STC) 

Single-task walking (STW) 

Slope of least-squares regression line (M) 

Soleus (Sol) 

Standard deviation (SD, σ)  

Step velocity (V) 

Step width (W) 

Surface electromyography (EMG) 

Variance ratio (VR) 

Working memory (WM) 
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1. Introduction 

Walking is usually considered to be a simple and automatic behavior relying on the central 

pattern generators, present in the spinal cord (Brown, 1911; Takakusaki, 2017). However, 

walking in the complex environments of everyday life requires the brain to continuously adapt to 

external sensory inputs such as obstacles or irregular surfaces (Kuhman et al., 2021) and to 

internal cognitively demanding tasks (Malcolm et al., 2018). To this end, human locomotion 

relies on a widespread cerebral network consisting of cortical sensorimotor areas controlling gait 

initiation (Takakusaki, 2013, 2017) and subcortical structures such as basal ganglia ensuring gait 

regulation (Grillner et al., 2008; Hamacher et al., 2015). These mechanisms allow the control of 

the multiple joints and muscle groups in order to cope with the associated large degrees of 

freedom (Bernstein, 1967). 

As a way to better understand how the brain controls gait under unstable conditions, 

mediolateral (ML) perturbations (mechanical or visual) are of particular interest. Human walking 

is indeed more variable and unstable in the ML direction (Bauby and Kuo, 2000), in particular 

step width and ML foot placement (O’Connor and Kuo, 2009; Bruijn and van Dieën, 2018; 

Dingwell and Cusumano, 2019). Recently, Dingwell and Cusumano (2019) proposed a ML multi-

objective control model of normal human gait and demonstrated that step width and, in a lesser 

extent, ML displacement of the center of mass were primarily controlled to regulate walking. 

These results were latter experimentally confirmed under mechanically or visually perturbed 

walking (Kazanski et al., 2020, 2022; Render et al., 2021). In this context, step width and ML 

displacement of the center of mass were more variable but also more tightly regulated when 

walking under continuous lateral oscillations of the visual field, and even more when walking 

under continuous lateral oscillations of the support surface, in comparison with no perturbation 

(Kazanski et al., 2020). Interestingly, no differences were found between healthy young and 

older adults, demonstrating that healthy ageing did not alter step-to-step ML regulation during 

perturbed walking. Since age-related cognitive decline reduces the adaptability under dual-task 

walking in older people (Beauchet et al., 2003; Al-Yahya et al., 2011; Mirelman et al., 2012), the 

likely effect of cognitive load on step-by-step ML regulation during perturbed walking remains an 

open question. 

Francis et al. (2015) reported small effects of concurrent cognitive task on mean and variability 

of step width and step length compared to the effects of optic flow perturbations. Under dual-

task conditions, the attentional cost associated with regulation of gait relies on many factors, 

including the type and complexity of the two tasks (Al-Yahya et al., 2011). For example, cognitive 

tasks involving both working memory and information processing or attention have been shown 
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to have greater impact on gait (e.g. changes in variability of step width and stride time) than 

those involving inhibition or visuospatial cognition, especially during perturbed walking (Kao and 

Pierro, 2022). For instance, tasks that involved interfering factors at the external level (e.g. 

Go/No-go task, choice reaction time task) have less impact on gait than those that involved 

interfering factors at the internal level (e.g. mental arithmetic task; n-back task, PASAT). This 

result is due to the competition between the cognitive functions involved in both locomotor and 

cognitive tasks which interfered with the self-organizing dynamics of the motor system 

(Lindenberger et al., 2000; Lövdén et al., 2008; Verrel et al., 2009). Using an incremental 

cognitive load protocol with young adults, a decrease in the antipersistence of the fluctuations of 

step velocity have been demonstrated (Decker et al., 2013) while Verrel et al. (2009) observed an 

increase in the regularity of walking. In contrast, in older adults, Verrel et al. (2009) found an 

increase in the regularity of walking at a low difficulty level because an easy cognitive task would 

allow the system to easily perform the motor task in an automated fashion (Wulf and Prinz, 

2001; Beilock et al., 2004). However, they observed a decrease at higher difficulty levels that 

would result from a cross-domain resource competition. Hence, this inversed U-shaped 

relationship would occur when participants reached their attentional capacity limit (Huxhold et 

al., 2006; Van Snellenberg et al., 2014). Malcolm et al. (2018) also showed that young 

participants exhibited a decrease in the variability of step width and standard deviation of the 

head position in both anteroposterior (AP) and ML directions under dual-task conditions. The 

authors interpreted this finding as reduced effect of the perturbed optic flow with the addition 

of a concurrent cognitive task. Similarly, Pechtl et al. (2020) found an increase of errors in a 

visual reaction time task when participants were exposed to optic flow perturbations during 

treadmill walking as compared to similar task performed in the auditory modality. This allowed 

to confirm that the sensory modality of the concurrent task matters. Indeed, a cognitive task 

presented in the auditory modality may reduce the ability to process visual information 

(Wickens, 2002; Redfern et al., 2017; Brockhoff et al., 2022), due to the allocation of attentional 

resources towards another sensory (auditory) modality. In turn, this phenomenon could 

decrease the influence of ML optic flow perturbations on gait stability (e.g. standard deviation of 

the head position, Malcolm et al., 2018). 

Every movement, including gait, are initiated and controlled by the activation of one or more 

muscle groups. At this level, Acuña et al. (2019) showed that antagonist leg muscle coactivation 

is more sensitive to the effects of optic flow perturbations than those of concurrent cognitive 

load. In general, dual-task walking reduces muscle activity (Fraser et al., 2007) and the cortical 

contribution to this activation (Clark et al., 2013). In some cases, it also prevents the 

development of adaptation strategies during perturbed walking under single-task condition 
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(Wellinghoff et al., 2014). In addition, the activation and power generated by the hip abductor 

(gluteus medius) and ankle plantar flexors (soleus and gastrocnemius) strongly contribute to the 

control of frontal plane balance and of the foot placement in both AP and ML directions during 

walking (Neptune and McGowan, 2016; Roelker et al., 2019). An increased gluteus medius 

activity is predictive of a more lateral foot placement (Rankin et al., 2014) and has been 

associated with an increased step width (Kubinski et al., 2015). These results have been 

confirmed by Stokes et al. (2017) during walking under optic flow perturbations. By using 

perturbations of the support surface during walking (i.e. slippery floor or beam and uneven 

surface or platform displacements, respectively), Martino et al. (2015) and Santuz et al. (2020) 

observed an increased muscle activation duration of the lower limbs, which have been 

interpreted as a compensatory mechanism implemented by the central nervous system (CNS) 

under increased postural threat. To our knowledge, no study has assessed the extent to which 

the availability of attentional resources modulates this compensatory mechanism. 

Based on the theoretical and computational framework of a ML multi-objective control model of 

human gait (Dingwell and Cusumano, 2019), the present study aimed to determine the 

attentional cost associated with gait control under ML optic flow perturbations at both the 

kinematic and muscular levels in young adults. We hypothesized that cognitive-locomotor dual-

tasking would lower the effects of ML optic flow perturbations on neuromuscular and kinematic 

gait parameters due to the redirection of attentional resources towards the sensory (auditory) 

modality in which the concurrent task to walking is presented, and that this phenomenon would 

be more pronounced when the cognitive (working memory) load increases. 

 

2. Materials and methods 

2.1. Participants 

Twenty-four healthy young adults (21.67 ± 2.28 years; 12 men and 12 women) took part in this 

study. Prior to the experiment, participants were interviewed regarding their health history. 

Exclusion criteria were: (1) any lower limb injury within the last six months, (2) pain, functional 

limitations or any discomfort that may affect walking, (3) history of vestibular, neurological or 

musculoskeletal disorders, (4) body mass index of 30 or higher, (5) sedentary lifestyle, (6) any 

medication altering the cognitive or physical abilities. The physical activity level was assessed by 

an adapted version of the question 1 of the Modifiable Activity Questionnaire (Vuillemin et al., 

2000). The lower limb laterality was determined by the leg used to kick a ball (van Melick et al., 

2017). All participants gave their written informed consent prior to the experiment. The study 
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was approved by an Ethics Committee (IRB00012476-2020-30-11-76) and conducted with 

respect to the principles of the Declaration of Helsinki regarding human experimentation. 

2.2. Experimental procedures 

The experiment was conducted in the immersive room (dimensions: 4.80 × 9.60 × 3 m) of the 

Interdisciplinary Centre for Virtual Reality (CIREVE) at the University of Caen Normandie. The 

training session started with a familiarization of the participants to the 2 × 0.5 m walking 

treadmill (M-Gait, Motekforce Link, The Netherlands) followed by the determination of their 

preferred walking speed (PWS) according to the method of Jordan et al. (2007). Briefly, each 

participant started at a relatively low speed (e.g. 0.6 m.s-1) which was progressively increased by 

0.05 m.s-1 increments until the participant reported being at his/her PWS. Then, walking speed 

was further increased by approximately 0.42 m.s-1 and decreased in 0.05 m.s-1 decrements until 

the participant reported once again being at his/her PWS. The procedure was repeated until the 

ascending and descending speeds reported by the participant were close (difference below 0.1 

m.s-1). Afterwards, the participants were familiarized with the auditory N-back task with three 

levels of working memory (WM) load (i.e. 1-back, 2-back, and 3-back). Each familiarization trial 

lasted at least 1 minute.  

The testing session was composed of three blocks performed in a randomized order: (1) three N-

back conditions in a seated position (i.e. single-task cognitive performance, STC), (2) walking 

under normal optic flow (NOF) conditions, and (3) walking under perturbed (oscillating) optic 

flow conditions (POF) in the ML direction. In the latter two blocks, the walking tasks were 

performed under both single-task (STW) and dual-task (DTW) conditions (i.e. responding to the 

N-back tasks). Participants were asked to walk naturally while looking straight ahead. The 

treadmill speed was adjusted to their PWS. The blocks (2) and (3) began and ended with a STW 

condition while the three DTW conditions were performed in a randomized order between the 

two STW conditions (Schaefer et al., 2015). Under dual-task conditions, no task priority 

instructions were given (Schaefer et al., 2015). Each condition lasted 3 minutes. Hence, a total of 

thirteen experimental conditions were performed (Figure 1). 

At the end of each condition, participants were asked to complete the NASA task load index 

(NASA-TLX), a subjective multidimensional assessment questionnaire of perceived workload, on 

a digital tablet (Hart and Staveland, 1988; French version: Cegarra and Morgado, 2009). In this 

questionnaire, three subscales relate to the demands imposed on the participant (i.e. physical, 

mental and temporal demands), and three others to the interaction of the participant with the 

task (i.e. effort, frustration, performance).  
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2.2.1. Manipulation of the optic flow 

Participants were asked to walk in a virtual environment composed of a street in ancient Rome 

in which white statues of 2.4 m height were spaced every 3 meters to increase motion parallax 

(Bardy et al., 1996; Salinas et al., 2017; Figure 2). In all conditions, the velocity of the OF in the 

AP direction was congruent with the treadmill belt velocity. During the perturbed OF conditions, 

the visual field oscillated in the ML direction. The perturbation consisted of a pseudo-random 

sum of four sinusoids with an amplitude of 0.25 m that has previously been used in the literature 

(McAndrew et al., 2011; Kazanski et al., 2020): 

���� � 0.25. 
1.0 sin �0.16.2��� � 0.8 sin �0.21.2��� � 1.4 sin �0.24.2��� � 0.5 sin �0.49.2���� 

where D(t) is the lateral translation distance (m). 

2.2.2. Manipulation of the working memory load 

The WM load was parametrically manipulated through three levels of an auditory N-back task. 

This task consists of a continuous sequence of auditory stimuli, presented one-by-one, in which 

the participant must determine if the currently presented stimulus is the same as the stimulus 

presented N trials before. Thus, the factor 'N' (number of items stored in WM) allows increasing 

the task difficulty and thus the WM load (Grissmann et al., 2017). Using noise-cancelling 

headphones, participants easily and distinctly heard the letters "E - A - I - O - R - T" pronounced 

in French and were asked to answer "Yes" when the letter heard was the same as the one 

presented N trials earlier (i.e. 1-back, 2-back, 3-back). Responses were recorded using a 

microphone. The letters were presented with an inter-stimulus interval of 1800 to 2200 ms 

(2000 ± 10%) to prevent the influence of rhythm on walking (Schaefer et al., 2015), and a 

stimulus presentation duration of 500 ms. Each sequence consisted of one third of targets (i.e. 

90 stimuli for which the participant had to answer "Yes"; Owen et al., 2005) as well as 9 (10%), 

13 (14.4%) and 16 (17.8%) lures for the 1-back, 2-back and 3-back, respectively (Szmalec et al., 

2011). Each condition lasted 3 minutes. 

2.2.3. Kinematic recording 

The participants were equipped with 4-mm diameter retroreflective markers, fixed to specific 

anatomical landmarks on the body, on top of fitted clothing (Vaughan et al., 1999). The model 

used for marker placement was an adaption of the Plug-in Gait full-body model (Davis et al., 
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1991): only the head, trunk and lower limb markers were used for a total of 27 markers. The 

three-dimensional (3D) marker positions were collected at 200 Hz using 12 infrared cameras 

(Vero 2.2, Vicon Motion Systems Ltd., Oxford, United Kingdom). The origin of the reference 

frame was at the treadmill’s center. Any gap in the raw motion capture data were filled using 

Vicon Nexus software, (version 2.8.1, Oxford Metrics, Oxford, United Kingdom). The 3D marker 

trajectories were then imported into MATLAB® R2020a (The MathWorks Inc., Natick, 

Massachusetts, USA) for further analyses. 

2.2.4. Electromyographic recording 

Once the skin prepared (i.e. shaving, light abrasion, cleaning with alcohol solution), surface 

electromyographic electrodes (EMG Trigno Snap Lead Sensors, Delsys, Inc., Natick, 

Massachusetts, USA) were placed on the soleus (Sol) and gluteus medius (Gmed) muscles of the 

dominant lower limb (conversion A/D, 1000 Hz, 10 V). Electrodes were placed longitudinally with 

respect to the arrangement of muscle fibers (De Luca, 1997) and located according to the 

recommendations from Surface EMG for Non-Invasive Assessment of Muscles (SENIAM; Hermens 

et al., 2000).  

2.3. Data analysis 

All data collected can be downloaded at Dryad (https://doi.org/10.5061/dryad.bnzs7h4ds). 

2.3.1. Subjective mental workload 

In all conditions, subjective mental workload was estimated based on the Raw NASA task load 

index (Raw NASA-TLX, with a maximum possible score of 100 points), that is the sum of the 

scores of the six subscales (Hart, 2006).  

2.3.2. Cognitive task performance 

Mean reaction time for target trials (RT, in second) and d-prime (d’, a.u.) were used to assess 

performance on N-back tasks (Pelegrina et al., 2015; Kumar et al., 2021; Michail et al., 2021). The 

d’ is the difference between the Z-score obtained from hit rate, ZHit, and that obtained from false 

alarms (FA) rate, ZFA (d’ = ZHit - ZFA; Haatveit et al., 2010). The higher the hit rate and the lower 

the FA, the better the participant's ability to discriminate target and non-target letters. In the 

present experiment, a d’ of 4.5 indicates 100% correct responses and no false alarms. 

2.3.3. Gait kinematics 

The kinematic data was low-pass filtered using a fourth-order zero-phase Butterworth filter with 

a cut-off frequency of 6 Hz. Heel strikes were computed from the heel marker trajectory using 
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the algorithm of Zeni et al. (2008). Then, step velocity (V), step width (W) and lateral body 

position (zB, which corresponds to the distance between the center of the treadmill and the 

midpoint between the two feet) were extracted, as previously done (Dingwell and Cusumano, 

2019; Kazanski et al., 2020). The mean (steadiness), standard deviation (variability) and 

statistical persistence/anti-persistence of the time series (complexity) of these parameters were 

then computed. To quantify how stepping fluctuations were regulated from one step to another, 

the Detrended Fluctuations Analysis (DFA) scaling exponent (α), which assesses the presence and 

strength of statistical persistence or anti-persistence in the investigated time series, was used 

(Peng et al., 1993; Hausdorff et al., 1997; Damouras et al., 2010; Dingwell et al., 2010). An α < 0.5 

suggests that the time series contains anti-persistent correlations, i.e. subsequent deviations are 

more likely to be in the opposite direction, consistent with a tightly controlled process. An α = 

0.5 indicates uncorrelated deviations that are attributed to noise. An α ≈ 0.5 is typically exhibited 

by variables that are more tightly regulated. An α >> 0.5 (i.e. strong persistence) is typically 

exhibited by variables that are less tightly regulated (Dingwell and Cusumano, 2010, 2019; 

Kazanski et al., 2020). Given the length of our time series (290 steps), the scaling exponent (α) 

was computed following the recommendations of Phinyomark et al. (2020). Also, we performed 

a direct control analysis of step-to-step corrections to complete the DFA (Dingwell and 

Cusumano, 2015). For � � ��, �, ���, participants trying to maintain a constant average value, ��, 

on the treadmill exhibit deviations away from �� on any given step, ��
� � ��  ��. Each such 

deviation is corrected on the subsequent step with a corresponding change in the opposite 

direction, ∆���� � ����  ��. From plots of ∆����vs. ��
� , we computed (using least-squares 

regression) linear slopes and strength of correlation (R²). Parameters tightly controlled would be 

corrected quickly, yielding slopes (M) close to -1 and higher R² (Dingwell and Cusumano, 2019; 

Kazanski et al., 2020). 

2.3.4. EMG analysis of gait 

The raw EMG signals were band-pass filtered using a fourth-order zero-phase IIR Butterworth 

filter with cut-off frequencies of 50 and 450 Hz, then rectified and smoothed using a fourth-

order low-pass zero-phase IIR Butterworth filter with a cut-off frequency of 10 Hz (Martino et al., 

2015). After subtracting the minimum, the muscle activation profiles were normalized in 

amplitude to the average peak activation of the selected gait cycles (i.e. n= 80). Lastly, each gait 

cycle was time-normalized to 200 points by a spline interpolation. In order to assess 

neuromuscular intra-individual variability (i.e. inter-cycle variability within each condition), the 

variance ratio (VR) was computed for the soleus and gluteus medius (Hershler and Milner, 1978; 

Kadaba et al., 1985). The full width at half maximum (FWHM) was used to characterize 
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differences in the duration of muscle activation (Cappellini et al., 2006; Martino et al., 2015). 

Specifically, cycle-by-cycle, this parameter determines the number of points (percentage of 

cycle) exceeding half of the maximum activation of each cycle. Then, the values obtained for 

each of the cycles were averaged to have one value of FWHM per condition (Santuz et al., 2020). 

We excluded data of 4 participants from EMG analyses because of the poor quality of the signal 

(i.e. movement-related artefacts). Therefore, EMG data from 20 right-handed participants were 

retained (21.80 ± 2.42 years old; BMI: 21.60 ± 2.65 kg.m2; 10 men and 10 women). 

2.4. Statistical analysis 

A linear mixed-model analysis (including a random intercept for each participant) was performed 

to compare the effect of Task (1-back, 2-back, 3-back) and Cognitive condition (STC, DTC-NOF, 

DTC-POF) on cognitive performance (i.e. d’ and RT) and subjective mental workload (i.e. raw 

NASA-TLX score) dependent variables. When main effects were significant, relevant pairwise 

comparisons were conducted using estimated marginal means with the Tukey adjustment.  

The performance achieved during the second STW conditions (i.e. performed at the end of the 

walking blocks) were not considered in the analysis after having observed and statistically 

confirmed a disengagement or relaxation of the participants during these conditions (Fig. S1, 

Supplementary materials). Thus, linear mixed models (including a random intercept for each 

participant) were constructed accordingly to compare the effect of Optic flow (NOF, POF) and 

Walking condition (STW, DTW-1b, DTW-2b, DTW-3-b) on kinematic (i.e. mean, standard 

deviation, α, M and R² for V, W, zB) and EMG (i.e. VR and FWHM for soleus and gluteus medius) 

dependent variables. When main effects were significant, relevant pairwise comparisons were 

conducted using estimated marginal means with the Tukey adjustment.  

Linear mixed-models were fitted using the lme4 package (Bates et al., 2015) and tested based on 

the likelihood ratio tests (LRT) using the lmerTest package (Kuznetsova et al., 2017). For 

kinematic variables, given that the residuals are often not normally distributed (Kazanski et al., 

2020), which was verified in our samples, parameters were estimated using the pbkrtest package 

by computing 5000 parametric bootstraps (Halekoh and Højsgaard, 2014). Post-hoc comparison 

tests were performed using the emmeans package (v1.7.5). The significance threshold was set to 

0.05. Effect sizes were also examined and reported for post-hoc comparison tests using Cohen's 

d (d < 0.2, 0.5 < d < 0.8 and d > 0.8, indicating weak, moderate and large effects, respectively). 

All the statistical analyses were conducted using R 4.0.5 (R Core Team, 2022). 

3. Results 
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A summary of the statistical output is reported in Supplementary materials (Tables S1-S6). 
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3.1. Cognitive performance and subjective mental workload 

A significant main effect of Task was found for d’ (LRT > 100, p < 0.001) and RT (LRT > 100, p < 

0.001). Post-hoc tests revealed a decrease of d’ (Figure 3A) and an increase of RT (Figure 3B) 

with increasing WM load. Precisely, for both dependent variables, 3-back performance was 

lower than 1-back (p < 0.001, d = 4.910) and 2-back (p < 0.001, d = 2.890) performances, and 2-

back performance was also lower than 1-back performance (p < 0.001, d = 2.020). Significant 

main effects of Task (LRT > 100, p < 0.001) and Cognitive condition (LRT = 25.58, p < 0.001) were 

found for the raw NASA-TLX score. Post-hoc tests revealed an increase in subjective mental 

workload i) with increasing WM load (p < 0.001, d > -1.730 for all levels), and ii) in DTC-POF 

condition compared to STC (p < 0.001, d = 0.811) and DTC-NOF conditions (p < 0.001, d = -0.628) 

(Figure 3C, Table S1). 

3.2. Gait kinematics 

3.2.1. Gait steadiness 

A significant main effect of Walking condition was found for mean V (LRT = 12.21, p < 0.001). 

Post-hoc tests revealed a decrease of mean V in DTW-1b compared to STW conditions (p < 0.01, 

d = 0.772). A significant main effect of Optic flow was found for mean W (LRT = 54.61, p < 0.001) 

and mean ZB (LRT = 4.573, p = 0.036). Post-hoc tests revealed an increase in mean W (p < 0.001, 

d = -1.290) and a decrease in mean ZB (p = 0.040, d = 0.334) in POF compared to NOF conditions 

(Figure 4A; Table S4). 

3.2.2. Gait variability (SD: standard deviation) 

A significant main effect of Optic flow was found for standard deviation (SD) of W (LRT > 100, p < 

0.001) and SD of zB (LRT > 100, p < 0.001). Post-hoc tests revealed increased SD values in POF 

compared to NOF conditions (p < 0.001, d > -2). The effect of POF on SD of V was reduced in 

DTW compared to STW conditions (LRT = 10.99, p = 0.016). Post-hoc tests revealed decreased SD 

values between POF-DTW-1b and POF-STW (p = 0.022 d = -1.281), between POF-DTW-2b and 

POF-STW (p = 0.006, d = -1.196), and between POF-DTW-3b and POF-STW (p < 0.001, d = -1.537; 

Figure 4B; Table S4).  

3.2.3. Gait complexity (α: alpha exponent, M: least-squares regression linear slopes, R
2
: strength 

of correlation) 

Significant main effects of Optic flow (LRT = 5.998, p = 0.017) and Walking condition (LRT = 9.109, 

p = 0.033) were found for α of V. Post-hoc tests revealed an increase in anti-persistence of V in 
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POF compared to NOF conditions (p < 0.001, d = 0.384) and a decrease in anti-persistence of V in 

DTW-3b compared to DTW-1b conditions (p = 0.016, d = -0.672). A significant main effect of 

Walking condition was found for α of W (LRT = 10.18, p = 0.015). Post-hoc tests revealed a 

decrease in persistence of W in DTW-2b compared to STW conditions (p = 0.015, d = -0.681). A 

significant main effect of Optic flow was found for α of zB (LRT > 100, p < 0.001). Post-hoc tests 

revealed a decrease in persistence of zB in POF compared to NOF conditions (p < 0.001, d = 

2.110; Figure 4C; Table S4). Additionally, W and ZB exhibited more negative slopes (LRT = 49.82, p 

< 0.001 and LRT = 57.65, p < 0.001, respectively) and increased R2 values (LRT = 49.46, p < 0.001 

and LRT = 57.69, p < 0.001, respectively) in POF compared to NOF conditions (all p < 0.001 and d 

> -1.170; Figure 5; Table S5). 

3.3. Gait EMG 

The VR of the soleus and gluteus medius muscles were influenced by Optic flow (LRT = 49.97, p < 

0.001; LRT = 69.07, p < 0.001, respectively) and Walking condition (LRT = 22.23, p < 0.001; LRT = 

26.07, p < 0.001, respectively). Post-hoc tests revealed increased VR values in POF compared to 

NOF conditions for the soleus muscle (p < 0001, d = -1.170) and the gluteus medius muscle (p < 

0.001, d = -1.460), and decreased VR values in DTW compared to STW conditions for the soleus 

muscle (p < 0.005 and d < -0.773 for all comparisons) and the gluteus medius muscle (p < 0.001 

and d < -0.887 for all comparisons). A significant main effect of Walking condition on FWHM was 

found for the soleus muscle (LRT = 10.02, p = 0.023). Post-hoc tests revealed higher FWHM 

values in DTW-1b (p = 0.044, d = 0.592) and DTW-2b (p = 0.030, d = 0.624) conditions compared 

to STW condition (Figure 6; Table S6).  

4. Discussion 

The aim of the present study was to determine the attentional cost associated with gait control 

under ML optic flow perturbations in healthy young adults. As prerequisite, our results 

confirmed that gait control was altered under ML POF compared to NOF, both at the behavioral 

(kinematic) and neuromuscular (EMG) levels, and that young adults sought to counteract those 

perturbations by adopting an effortful gait control strategy. Furthermore, those effects were 

independent of concurrent WM load. But interestingly, increasing WM load led changes first at 

the neuromuscular level, then at the behavioral level, with a prioritization of gait control in the 

ML direction over the AP direction. Our hypothesis, according to which dual-tasking would lower 

the effects of ML optic flow perturbations on gait control, was partly supported since this effect 

was only found at the behavioral level in the anteroposterior direction.  
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With regard to cognitive performance, as expected, cognitive performance decreased (greater 

TR and lower d’; Pelegrina et al., 2015; Lamichhane et al., 2020) and subjective mental workload 

increased (greater raw NASA-TLX score; Sadeghian et al., 2021) with increasing WM load thus 

validating our incremental dual-task paradigm (3-back > 2-back > 1-back) under both single-task 

and dual-task conditions. In addition, participants reported a higher subjective mental workload 

under POF compared to both NOF and sitting (STC) conditions. However, similarly to Pechtl et al. 

(2020), cognitive performance did not differ between sitting and walking conditions, indicating 

that participants sustained their cognitive engagement regardless of the context. Conversely, 

this is in contrast to what was observed by Kao and Pierro (2022) who found dual-task effects on 

cognitive performance under perturbed walking (i.e. continuous treadmill platform sways). The 

lack of interference of concurrent WM load on cognitive performance could be due to the 

perturbation modality, visual vs. mechanical, which involves different mechanisms, and thus 

probably does not require the same demand in terms of attentional resources (Kazanski et al., 

2020; Rafiee and Kiemel, 2020). Hence, it is likely that the complexification of the locomotor 

task, through the use of visual perturbations, does not represent a sufficiently large threat to 

healthy young adults, in contrast to mechanical perturbations, so that they are able to maintain 

their engagement in concurrent cognitive task performance. 

The effects of ML POF on gait control were observed at both the behavioral and neuromuscular 

levels. In line with previous studies, variability in mediolateral (zB, W) and anteroposterior (V) 

kinematic parameters increased under ML POF (Kazanski et al., 2020; Osaba et al., 2020; 

Selgrade et al., 2020; Dingwell et al., 2021; Song et al., 2022). This increased variability was also 

visible at the neuromuscular level as evidenced by the increased variance ratio for both the 

gluteus medius and soleus muscles. To our knowledge, this is the first demonstration in the 

literature. This finding is complementary to that of Stokes et al. (2017), who observed that an 

increase in lateral foot placement magnitude positively correlated with that of gluteus medius 

muscle activation in response to ML POF. On the other hand, contrary to what was expected, no 

change was observed in the FWHM of both muscles under ML POF. This discrepancy may stem 

from the types of perturbation: mechanical perturbations, as investigated in other studies 

(Martino et al., 2015; Santuz et al., 2020), might generate larger neuromuscular modulation 

compared to visual perturbations. To compensate for the increased gait variability under ML 

POF, young adults made changes on other aspects of gait control, notably in terms of steadiness 

and complexity. As for gait steadiness, young adults walked with wider steps under ML POF 

(Beurskens et al., 2014; Kao and Pierro, 2022). This control strategy is likely a beneficial 

adaptation counteracting the increased step-to-step variability induced by ML POF in order to 
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maintain gait balance (Kazanski et al., 2020). As for gait complexity, as previously reported in the 

literature, young adults tightened their ML stepping regulation under ML POF, by increasing 

step-to-step corrections of both lateral body position and step width (control slopes closer to -

1.0) and by decreasing persistence of fluctuations in lateral body position while maintaining that 

of step width (Kazanski et al., 2020; Render et al., 2021). Furthermore, as in previous studies, 

raw values showed stronger corrections for step width than for lateral body position across all 

conditions (Dingwell and Cusumano, 2019; Kazanski et al., 2020). Overall, these findings agree 

with multi-objective control simulations (Dingwell and Cusumano., 2019), according to which the 

young adult increases the control to enact greater corrections for deviations in both step width 

and lateral body position in order to maintain a central position on the treadmill. Lastly, 

fluctuations in step velocity exhibited an increase in antipersistence under ML POF (α < 0.5). This 

increase in antipersistence, associated with a tighter control in the mediolateral direction (zB, 

W), suggests over-correction typical of less optimal regulation (Dingwell et al., 2010; Decker et 

al., 2012, 2013). Collectively, these findings provide further evidence that young adults 

counteracted ML POF by adopting an effortful gait control strategy.  

The effects of concurrent WM tasks on gait control were observed first at the neuromuscular 

level and then at the behavioral level. Precisely, at the neuromuscular level, the widened 

activation time (FWHM) of the soleus muscle suggests that young adults stiffened the control of 

their gait when faced with a simultaneous WM task, likely in order to make treadmill walking 

more stable and safer, as previously suggested (Martino et al., 2015). This occurred from the first 

level of difficulty of the concurrent WM load (i.e. DTW-1b) which mainly involves an external 

focus of attention but relatively few executive resources. Given the decreased variability under 

dual-task walking, the observed neuromuscular adaptation supports the fact that concurrent 

WM load led to a more rigid gait control in order to improve walking stability and balance (Verrel 

et al., 2009; Kao and Pierro, 2022) and thus release attentional resources towards the concurrent 

cognitive task. This more rigid gait pattern under dual-task conditions is proving to be effective 

as evidenced by the absence of changes on gait stationarity (i.e. mean values of kinematic 

parameters). Hence, the gait pattern is more sensitive to visual than cognitive perturbations 

(Francis et al., 2015; Acuña et al., 2019). With increasing difficulty of the simultaneous WM task 

(i.e. DTW-2b and DTW-3b), fluctuations in step width became more tightly regulated from STW 

to DTW-2b condition. This tighter regulation was certainly enabled through the involvement of 

executive functioning (Decker et al., 2012, 2013). Taken together, the decreased persistence of 

fluctuations in step width and the widened activation time of the soleus muscle are consistent 

with the adoption of a more rigid walking pattern. Accordingly, the search for greater stability 
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comes at the expense of flexibility and adaptability of gait. Conversely, fluctuations in step 

velocity became less tightly regulated from DTW-1b to DTW-3b; in other words, young adults 

had no longer sufficient executive resources to rapidly correct speed deviations on subsequent 

steps in AP direction. This was also found in our previous study, in which cognitive load was 

manipulated using a dichotic listening paradigm (Decker et al., 2013). Collectively, these findings 

provide further evidence that executive functions are involved in regulation of gait task-relevant 

parameters and that, under increasing concurrent WM load, young adults prioritize gait control 

in the ML direction (i.e. tighter control) over the AP direction (i.e. looser control). Actually, it is 

likely that, under high concurrent WM load (i.e. DTW-3b), young adults no longer have sufficient 

executive resources, so that control of walking in the AP direction is neglected. Such a strategy 

enables most effective use of executive resources, assuming that walking has passive dynamic 

stability in the AP direction but instability in the ML direction (Bauby and Kuo, 2000; O’Connor 

and Kuo, 2009).  

Our assumption according to which concurrent WM load would lessen the negative effects of ML 

POF on gait control was partially confirmed since it was observed for step velocity variability 

only. This raises the question of why an interaction effect was found for this variable specifically. 

A likely explanation is that the ML visual constraint (i.e. POF) increased step velocity variability 

by interfering with the AP mechanical constraint (i.e. treadmill moving at a constant speed). 

Young adults, by directing their attentional resources to the concurrent auditory task, may have 

paid less attention to visual information from the virtual environment, thus mitigating the 

impact of ML POF on gait control. The absence of an interaction effect for all ML variables may 

seem counterintuitive but could be explained by the fact that changes in gait control in the ML 

direction are so robust that they remain unaffected by concurrent WM load. Besides, from a 

methodological point of view, the use of a conservative statistical method (i.e. linear mixed-

effects model with bootstrapping) may have limited interaction effects in our analyses compared 

with other studies (Kazanski et al., 2020; Malcolm et al., 2018). 

A few methodological issues must be considered when interpreting the results of this study. 

First, STW conditions were systematically performed before the DTW ones; indeed, STW 

conditions performed after the DTW ones were not included in the main analyses for the reasons 

mentioned in the Supplementary material S1. However, substantial initial familiarization to 

treadmill walking had taken place beforehand to limit any possible learning effect. Second, 

treadmill walking was carried out at a fixed speed (although self-selected by the participant). The 

differences between fixed-speed treadmill walking and overground walking (i.e. everyday 

walking) have been extensively studied and highlighted in many studies (e.g. Dingwell et al., 
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2001; Wrightson et al., 2020). For example, some studies have observed a decrease in variability 

of several kinematic parameters during treadmill walking compared to overground walking 

(Hollman et al., 2016; Wrightson and Smeeton, 2017). This phenomenon has not prevented to 

observe the impact of visual and cognitive constraints on gait variability. Furthermore, the use of 

fixed-speed treadmill walking was intended to explore the impact of experimental constraints on 

variables known to be regulated by the locomotor system, i.e. variables that allow the (implicit) 

goal of the locomotor task ("do not step off the AP and ML limits of the treadmill") to be 

satisfied. 

To conclude, this study has provided insights into gait control strategies when faced to visual and 

cognitive constraints, applied separately or jointly. Concurrent WM task led to a more rigid gait 

control, especially in the ML direction, in order to enable stable locomotion. Precisely, the 

increase in concurrent WM load resulted in tighter control in the ML direction and looser control 

in the AP direction. This control strategy proves to be effective as it allows the young adult to 

maintain their cognitive performance. ML POF increased gait variability both at the behavioral 

and neuromuscular levels. Adding a concurrent WM task lessened the negative effects of ML POF 

in the AP direction (i.e. step velocity variability), but not in the ML direction, probably because 

gait control is prioritized in the latter direction. Lastly, cognitive performance was preserved 

under DTW, regardless of optic flow condition, suggesting that the complexification of the 

locomotor task, through the use of ML POF, does not represent a sufficiently large threat to 

healthy young adults, in contrast to other perturbations (e.g. mechanical). Together, these 

findings pave the way for new strategies to identify balance deficits that may lead to an 

increased likelihood of falling in older adults or patients with central or peripheral deficits. 
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Figure Captions 

 

Figure 1. Experimental procedures. A training session was first performed, consisting of: 1) a 10-

minute familiarization period with treadmill walking (10 minutes), 2) the determination of the 

participant’s preferred walking speed (PWS) on treadmill according to the method of Jordan et 

al. (2007), and 3) a 1-minute familiarization trial with each of the three auditory N-back tasks 

(i.e. 1-back, 2-back, and 3-back). Afterwards, three experimental blocks were performed in a 

randomized order. In the latter two blocks, participants began and ended with a single-task 

walking (STW) condition (i.e. free walking) while the three dual-task walking (DTW) conditions 

were performed in a randomized order between the two STW conditions. The experimental 

conditions lasted 3 minutes. Empty circles correspond to the familiarization trials while solid 

circles correspond to the experimental conditions. 

Figure 2. Experimental setup. Photograph of the M-Gait system used in the study (Motekforce 

Link, Amsterdam, Netherlands). The participant, equipped with 27 retroreflective markers (4-mm 

diameter) placed on specific anatomical landmarks according to an adaptation of the Plug-in-Gait 

full-body model (Vicon Motion Systems Ltd.) and surface electromyographic electrodes (EMG 

Trigno Snap Lead Sensors, Delsys Inc.) placed on the soleus and gluteus medius muscles of the 

dominant lower limb, is walking on a dual-belt instrumented treadmill in the virtual 

environment. 

Figure 3. Cognitive performance: A) d-prime (d’, a.u.), B) mean reaction time for target trials (RT, 

in second), and C) raw NASA task load index (Raw NASA-TLX, the maximum score is 100), for the 

three N-back tasks, i.e. 1-back, 2-back, 3-back, performed under three cognitive conditions, i.e. 

single-task cognitive performance in a seated position (STC, very light grey circles), dual-task 

cognitive performance while walking with normal optic flow (DTC-NOF, light grey circles) and 

perturbed optic flow (DTC-POF, dark grey circles). Black dots represent the mean and the error 

bars correspond to the standard deviations. *: Significant differences between the three task 

loads (* if p < .05 ; ** if p < .01 and *** if p < .001). #: significant differences between DTC-POF 

and the other conditions (STC and DTC-NOF). 

Figure 4. A) Mean, B) Standard deviation (σ), and C) DFA scaling exponent (α) of step velocity (V, 

left), step width (W, middle) and lateral body position (zB, right), for the four walking conditions: 

single-task walking (STW) and dual-task walking (DTW), i.e. walking while concurrently 

responding to auditory 1-back (DTW-1b), 2-back (DTW-2b), and 3-back (DTW-3b), performed 

under two optic flow conditions, i.e. normal optic flow (NOF, light grey circles) and perturbed 

optic flow (POF, dark grey circles). Black dots represent the mean and the error bars correspond 
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to the standard deviations. *: Significant differences between the four conditions (* if p < .05 ; 

** if p < .01 and *** if p < .001). #: significant differences between normal optic flow and 

perturbed optic flow. 

Figure 5. A) Slopes of least-squares fits (M) for (V)’n vs Δ(V)n+1, (W)’n vs Δ(W)n+1 , (zB)’n vs Δ(zB)n+1 

for all conditions (see legend of Figure 4 for details). B) Strength of correlation (R²) of these 

least-squares fits (V)’n vs Δ(V)n+1, (W)’n vs Δ(W)n+1 , (zB)’n vs Δ(zB)n+1 for all conditions. 

Figure 6. A) Variance ratio (VR, a.u.) of soleus and gluteus medius and B) Full width at half 

maximum (FWHM, % cycle) of soleus and gluteus medius for all conditions (see legend of Figure 

4 for details). 
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