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Abstract 1 

Walking is a complex task. To prevent falls and injuries, gait needs to constantly adjust to 2 

the environment. This requires information from various sensory systems; in turn, moving 3 

through the environment continuously changes available sensory information. Visual 4 

information is available from a distance, and therefore most critical when negotiating 5 

difficult terrain. To effectively sample visual information, humans adjust their gaze to the 6 

terrain or – in laboratory settings – when facing motor perturbations. During activities of 7 

daily living, however, only a fraction of sensory and cognitive resources can be devoted to 8 

ensuring safe gait. How do humans deal with challenging walking conditions, when they 9 

face high cognitive load? Young, healthy participants (N=24) walked on a treadmill 10 

through a virtual, but naturalistic environment. Occasionally, their gait was 11 

experimentally perturbed, inducing slipping. We varied cognitive load by asking 12 

participants in some blocks to count backwards in steps of seven; orthogonally, we varied 13 

whether visual cues indicated upcoming perturbations. We replicated earlier findings on 14 

how humans adjust their gaze and their gait rapidly and flexibly on various time scales: 15 

eye- and head movements responded in a partially compensatory pattern and visual cues 16 

mostly affected eye movements. Interestingly, the cognitive task affected mainly head 17 

orientation. During the cognitive task, we found no clear signs of a less stable gait nor of a 18 

cautious gait mode, but evidence that participants adapted their gait less to the 19 

perturbations than without secondary task. In sum, cognitive load affects head 20 

orientation and impairs the ability to adjust to gait perturbations. 21 

Keywords: walking, eye movements, cognitive load, perturbation, dual task  22 
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Introduction 23 

Locomotion, moving the body from one place to another, is one of the most 24 

fundamental forms of behavior (Fajen, 2021). For humans, the most universal form of 25 

locomotion is walking. While universal, it is a complex task and depends on the constant 26 

perceptual exchange between information of the dynamic environment and the movement 27 

of the body (Gibson, 1958). Thus, we continuously adjust our gait to the demands of our 28 

environment to move safely and efficiently through the world. 29 

This way, most humans can traverse flat, uniform terrain, but also deal with slippery 30 

surfaces (Marigold & Patla, 2002) or obstacles (Weerdesteyn et al., 2004). To achieve this, 31 

they make use of many different sources of  information, most prominently visual cues 32 

(Laurent & Thomson, 1988; Patla, 1997). Especially in difficult terrain, this sensory 33 

information is helpful because it is usually available at a distance, providing important 34 

information about potential threats to stability early on (Fajen & Warren, 2003; Gibson, 35 

1958) and so enabling preemptive gait adjustments (Warren et al., 1986) to prevent 36 

potential damage. Such obstacles or sudden hazards humans have to respond to are in 37 

experimental environments often simulated by induced motor perturbations (Kopiske et al., 38 

2021). For example, participants can be made to slip or stumble to increase the difficulty and 39 

complexity of the experimental situations. This enables us to investigate walking and 40 

sampling of information – such as through gaze adjustments – in difficult conditions, while 41 

maintaining high experimental control and participants’ safety. 42 

Processing all these sensory inputs simultaneously (e.g., visual as well as haptic cues 43 

in difficult terrain) on the one hand facilitates walking, but it also requires cognitive 44 

resources (Hausdorff et al., 2005). In advanced age, even ordinary walking and the required 45 

real-time adaptation can be a complex task that requires higher-level cognitive input 46 

(Hausdorff et al., 2005). But what happens if we have to manage other daily actions while 47 

walking? Numerous actions from simple talking (Hyndman, 2004) to looking at a mobile 48 

phone (Ioannidou et al., 2017) distract from walking because cognitive resources are used 49 

elsewhere. In fact, a large proportion of everyday tasks consist of precisely this simultaneous 50 

execution of cognitive and motor tasks such as walking (Hunter et al., 2018). So as walking 51 

becomes more difficult when combined with cognitive tasks, an important question arises: 52 

What happens if not enough cognitive resources are available? 53 
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A lot of research on motor control, walking itself, and falling (Hausdorff et al., 2005) 54 

has focused on how cognition and walking interact. One approach combining these two is 55 

through dual-task paradigms, which consist of the simultaneous execution of a cognitive 56 

secondary task while walking to study their interaction (Montero-Odasso, Verghese, et al., 57 

2012). If the cognitive load exceeds the participant’s cognitive capacity, either the 58 

performance of the primary task (motor task), the secondary task (cognitive task) or both is 59 

reduced (Yogev-Seligmann et al., 2008). For example, clinical walking tests using dual-task 60 

paradigms have found a strong impact on gait changes (Hyndman, 2004), decreasing gait 61 

stability and thus increasing the risk of falling especially in older adults (Kressig et al., 2008).  62 

Gait instability indeed is one of the most common factors of fall risk for hospital falls (Oliver, 63 

2004). 64 

Consequences of cognitive distraction while walking are an everyday challenge and 65 

investigating these could prevent falls and potential injuries. There are many approaches for 66 

dual-task paradigms on walking and the extent to which performance is reduced depends on 67 

the type and difficulty of the cognitive task. Besides influences of auditory tasks (Beurskens 68 

et al., 2016) and verbal fluency tasks (Bahureksa et al., 2017; Montero-Odasso, Muir, et al., 69 

2012), a variety of different arithmetic tasks (Hunter et al., 2018; Montero-Odasso, Muir, et 70 

al., 2012; Springer et al., 2006) have often been used. In addition to the task itself, it is 71 

important to choose the right level of difficulty where arithmetic tasks are not too easy, but 72 

still doable. Bahureska et al. (2017) detected more pronounced effects on gait velocity for 73 

serial subtraction in steps of seven compared with steps of one while investigating the 74 

difference between mildly cognitively impaired and cognitively unimpaired participants. Gait 75 

parameters typically affected by cognitive tasks include reduced gait speed (Hunter et al., 76 

2018; Montero-Odasso, Muir, et al., 2012; Springer et al., 2006), increased step time 77 

(Beauchet et al., 2005; Montero-Odasso, Muir, et al., 2012), reduced step length (Soangra & 78 

Lockhart, 2017) and increased gait variability (Montero-Odasso, Muir, et al., 2012). Cognitive 79 

tasks do not across-the-board increase fall risk but often lead to a shift to a more cautions 80 

gait mode, evidenced by a decrease in step length, a reduced gait velocity and a longer 81 

double-support time (time during which both feet are on the ground) (Soangra & Lockhart, 82 

2017). In sum, previous findings suggest that under certain conditions, cognitive dual tasks 83 

increase the effect of gait perturbations due to the cognitive distraction, therefore 84 

increasing the risk of falling. Under other conditions, they may lead participants to walk 85 
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more cautiously thereby making them less susceptible to perturbations. This raises the 86 

question when the increased caution outweighs the increased risk. 87 

In the present study, we investigate whether, in a simple and naturalistic slipping 88 

paradigm, increasing cognitive load leads to stronger reactions to motor perturbation or 89 

rather adapting to a cautions gait mode. To this end, we examine the impact of a cognitive 90 

task (serial subtraction in steps of seven) on gait stability and gaze orientation while walking. 91 

To do this, we asked participants to walk on a dual-belt treadmill (while secured by a safety 92 

harness) in a naturalistic virtual setting and repeatedly perturbed their gait to induce slipping 93 

(using a procedure established previously by Kopiske et al., 2021). As critical experimental 94 

manipulation, in the present study we combined in some conditions this perturbed walking 95 

with a cognitive task and quantified the effects on the relevant gaze and gait parameters. 96 

These were assessed at three different time scales: (a) immediately in a 3-s time window 97 

after each perturbation, (b) in each 5-min block for adaptive changes to the perturbation, 98 

and (c) between blocks. On each time scale, we analyzed eye, head, and body movements to 99 

look at persistent changes. Previously, we had shown that participants respond to such 100 

perturbations by adapting their gaze both directly and long-term, and differently depending 101 

on whether there were visual cues to give advance notice of the perturbation or not 102 

(Kopiske et al., 2021). If the adverse effects of increased cognitive load are not offset by a 103 

more cautious gait mode, one would predict a stronger reaction of gaze and gait parameters 104 

to the perturbation while performing a cognitive task than without secondary task. 105 

Alternatively, participants might switch to such a cautious gait mode and display less 106 

pronounced slip responses. As we investigated young and healthy participants, we expected 107 

the cognitive task to be performed virtually error-free, while inducing an appropriate level of 108 

cognitive distraction. We also expected an increased variability of the perturbation 109 

responses during the dual-task conditions, as the cognitive task might bind fluctuating 110 

amounts of resources. 111 

Methods 112 

Participants 113 

Participants were recruited via a TU-Chemnitz online mailing list and could 114 

participate if they had self-reported normal or corrected-to-normal vision (≤ ±7 dpt when 115 

uncorrected, contact lenses were permitted), no neurological or walking impairments, and a 116 
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body mass of 130 kg or less. Visual and body mass-based exclusion criteria were based on 117 

the device limits of the eye tracker and the treadmill, respectively. All participants reported 118 

being sufficiently rested and focused in a questionnaire prior to the experiment, were naïve 119 

to the hypotheses and debriefed after the experiment. We aimed for a power of 80 % 120 

(Cohen, 1988) which, given 𝛼 = .05  and Cohen’s 𝑓 = 0.25 (a realistic estimate based on 121 

previous work, Kopiske et al., 2021), required a sample size of 𝑁 = 24. A total of 27 122 

participated, as after inspecting data quality, but prior to any hypothesis-related analysis, 123 

data of three participants had to be excluded due to a high proportion of missing eye-124 

tracking data (>20 % missing values, same cut-off as used in Kopiske et al., 2021). 125 

The analyzed sample of N=24 included 14 women and 10 men with an average age of 126 

24.3 years (between 19 and 34), average height 173 cm ± 9 cm, average body mass 68 kg ± 127 

15 kg and average leg length 94 cm ± 6 cm. These biometric measurements were required 128 

for modelling motion-tracking. For participation, participants received either course credit or 129 

a monetary reimbursement of 8€/h. All experimental procedures were approved by the 130 

Chemnitz University of Technology, Faculty of Behavioral and Social Sciences ethics 131 

committee (case no.: V-314-PHKP-WETGRAIL01-17012019). Participant data were protected 132 

following the guidelines for data management and data sharing of the German DGPs 133 

(Gollwitzer et al., 2020). 134 

Environmental setup and materials 135 

The experiment was conducted in a GRAIL (Gait Realtime Analysis Interactive Lab; 136 

Motek Medical, Amsterdam, Netherlands) gait laboratory at TU Chemnitz for high-precision 137 

real-time motion measurement. The GRAIL combines a dual-belt treadmill with a virtual 240° 138 

projection screen to simulate an environment for walking (Figure 1a). Each belt could be 139 

accelerated independently at 15 m/s2 (Sessoms et al., 2014) up to 2 m/s to induce the motor 140 

perturbations. Ground-reaction forces were measured at 250 Hz using force plates below 141 

the belts. These forces were used to trigger perturbations, using a threshold of 100 N. The 142 

visual environment was a simple endless road with lateral walls, which was projected on a 143 

curved screen at a distance of 2.5 m from the center of the treadmill at 60 Hz, as well as 144 

being visible on the treadmill via floor projections. The virtual horizon was at a height of 1.25 145 

m. 146 
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a  b  147 

c  d  148 

Figure 1: Virtual environment, marker positions, and data obtained 149 
a: Participant walking on the treadmill along the endless road, secured with a harness to prevent 150 
potential falls. A transparent blue square (seen here on the transition between the treadmill and the 151 
screen) simulated an ice plate which cued split-belt perturbations for the leg-side participants first 152 
stepped in it with. Infrared cameras around the treadmill recorded the three-dimensional positions 153 
of the markers. b: Front-view of a participant, showing the mobile eye tracker and the positions of 154 
the passive markers, attached to the eye tracker and relevant body segments for motion capture. c: 155 
The countdown indicates the time to starting the treadmill. Conditions in which participants were 156 
instructed to perform the cognitive task ("c1"), were indicated by the presence of a starting number 157 
above the countdown, and to start counting backwards at the displayed number. Example shows a c1 158 
condition, the starting number displayed on top ("Startzahl”, German for “starting number”). d: 159 
Motion-capture data was used to calculate head orientation (HiW_y) in degrees, defined as the mean 160 
slope of the two vectors between back-head and front-head markers attached on the mobile eye-161 
tracker. The gaze vector (and its vertical component EiH_y), relative to the field of view of the eye-162 
tracker was assumed to originate from a cyclopean eye calculated as the mean position of the two 163 
front markers. Combining HiW and EiH provides the gaze orientation in the real world EiW (and its 164 
vertical component EiW_y). 165 

For motion capture, 39 retro-reflective markers were placed on participant`s body segments 166 

according to the Vicon Plug-In Gait full-body model (Vicon Motion Systems, Yarnton, UK) 167 

(Figure 1b). We placed the markers directly on participant`s skin or tight-fitting sportswear, 168 

always applied by the same person to increase reliability (McGinley et al., 2009). Ten 169 

infrared cameras placed on different positions around the treadmill recorded the exact 170 

three-dimensional positions of the markers at a rate of 250 Hz. Head orientation was 171 

captured using four markers attached to a Tobii Pro Glasses 2 mobile eye tracker (Tobii Pro 172 
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AB, Stockholm, Sweden), which recorded eye position. The Tobii Pro Glasses 2 allow 173 

accurate eye tracking at 100 Hz with a large field of view (82° horizontal, 52° vertical) and an 174 

accuracy of 0.73° at 3 m distance according to the manufacturer. Calibration was done using 175 

a standard calibration card and validated before and after each block using a grid of 20 176 

fixation points on the screen. This validation procedure was used to apply a drift-correction 177 

to the recorded eye positions (supplementary movie S1), described in more detail in the 178 

paragraph "Data processing and variables”. 179 

Procedure 180 

For each participant, first we took biometric measurements including height and leg 181 

length and applied markers. Following a standard calibration procedure (consisting of a T-182 

pose and ca. 5 s of walking) the motion-capture model was calibrated. At the start of the 183 

experiment and after each break, the eye-tracker was (re-)calibrated and prior as well as 184 

after each block the validation procedure was conducted. 185 

Participants first performed a baseline block of 150 s (2 min 30 s) unperturbed 186 

walking followed by eight experimental blocks of 5 min of perturbed walking. In the end, 187 

again a baseline block had to be completed. Walking started with an acceleration of the 188 

treadmill to base speed of 1 m/s in 5 steps of 0.2 m/s, following a countdown. Participants 189 

wore a safety harness connected to a ceiling hook throughout walking blocks. 190 

In a 2 x 2 design, we manipulated independently whether participants would be given 191 

visual cues to perturbations or not (factor visual cue, denoted as “v1” and “v0”, respectively) 192 

and whether they had to complete a cognitive task, counting backwards loudly in steps of 193 

seven from a random starting number between 2000 and 3000 (factor cognitive task, 194 

denoted as “c1” and “c0”, respectively). Numbers were chosen so that participants would 195 

not be able to reach three-digit numbers within the 5 min provided. Participants were free 196 

to emphasize speed or accuracy in counting as they preferred. In blocks with a cognitive 197 

task, a starting number was displayed above the countdown prior to the start of walking 198 

(Figure 1c). The visual conditions correspond to those of Kopiske et al. (2021), and are here 199 

crossed with the cognitive task manipulation, which had not been used earlier. Each of the 200 

four resulting conditions was presented twice for eight experimental blocks, with the first 201 

four experimental blocks always containing each condition once and the order being 202 

counterbalanced across participants (each of 4! = 24 possible permutations presented to one 203 

participant). The last four experimental blocks also contained each condition once, always in 204 
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reverse order of the first four blocks. Based on this design, we analyzed the effect of visual 205 

cue and cognitive task on each of our main parameters with a 2 x 2 repeated-measures 206 

analysis of variance (rmANOVA). These were conducted separately for 8-s windows around 207 

slips (5 s prior and 3 s after each perturbation) and for unperturbed walking in the remaining 208 

time windows between slips. 209 

In each experimental block, motor perturbation occurred between 12 m and 20 m 210 

walking distance apart, 16 m on average. These consisted of accelerating one belt from the 211 

baseline speed of 1 m/s to 2 m/s at 15 m/s². In half the blocks, perturbations were visually 212 

cued by transparent blue 1-m x 1-m squares on the road (supplementary movie S2). The 213 

motor perturbation was triggered when participants stepped into a square – visible as blue 214 

"ice" plate in "v1" conditions (Figure 1b), invisible in "v0" conditions – for the corresponding 215 

leg-side they first stepped in with. 216 

Data processing and variables 217 

In two of the 24 participants, one block each had to be excluded from analysis, as the 218 

participant’s hair had slipped over the markers attached to the mobile eye tracker. In the 219 

remaining data, the median proportion of missing eye data (which included blinks) was 10.8 220 

% during unperturbed walking and 13.0 % in the reported 8-s windows around slips. We 221 

applied a cubic-spline interpolation and a Savitzky-Golay Filter (Savitzky & Golay, 1964) with 222 

a window of 110 ms to smooth the signal. The same procedure was applied to the kinematic 223 

data, where all relevant markers at the head, foot, and pelvis had < .1 % missing data 224 

(maximum for any block: 9.3 %). 225 

Data from the validation procedure (extracted from the headcam video) showed a 226 

median absolute deviation of the gaze position from the positions of the calibration spheres 227 

of 1.05°, with no signs of drift (-0.07° per block) and no substantial bias for either the median 228 

vertical error (+0.21°, with the maximum absolute value of any block being 3.6°) or the 229 

median horizontal error (+0.31°, maximum absolute value of 7.6°). We applied the 230 

corresponding correction to the eye-position data on a block-wise basis. We also used the 231 

headcam video to detect for each participant the angle between the back and front markers 232 

on the eye tracker when the head was not inclined (which differed slightly depending on the 233 

fit of the glasses to the head and the exact position of the markers, as the Tobii glasses’ 234 

sidepieces are not horizontal nor perfectly straight) and aligned the data accordingly. 235 
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We used the vertical component of (i) head orientation (“head-in-world”, HiW_y), (ii) 236 

eye position (“eye-in-head”, EiH_y), and (iii) gaze in allocentric coordinates (“eye-in-world”, 237 

EiW_y) in degrees as our main variables. These variables were computed the same way as in 238 

Kopiske et al. (2021), as depicted in Figure 1d. 239 

For gait stability, based on the model of a double inverted pendulum (Mochon & 240 

McMahon, 1980), we computed the (iv) anterior-posterior margin of support (MOSap). This 241 

variable depends on the distance between the anterior or posterior foot marker when first 242 

touching the ground (base of support) and the adjusted center of mass (mean position of the 243 

hip markers, corrected for movement) (Hof et al., 2005; Whittle, 1997). 244 

 The experimenter noted errors in counting, for which he was aided by a display of the 245 

correct numbers on the control display (unavailable to the participant). To further analyze 246 

counting rate, we bandpass-filtered the sound signal of our recordings at 150 Hz to 1500 Hz 247 

to preserve speech but remove treadmill noises, and then used the function speechDetect 248 

from the MATLAB (Mathworks Inc., Natick, MA, USA) audio toolbox (Giannakopoulos et al., 249 

2009) to detect the onsets and offsets of the participant speaking. All data and analysis are 250 

available at the Open Science Framework: https://osf.io/khn8a/. 251 

Results 252 

Participants walked through an endless road scene with moderate speed (1 m/s) in a 253 

virtual environment, dealing with quasi-randomly occurring motor perturbations which were 254 

either visually cued or not (factor visual cue). In addition, participants were instructed to 255 

count backwards in steps of seven (counting units) in half of the blocks as a cognitive 256 

secondary task (factor cognitive task). We consider the effect of perturbations on gaze and 257 

gait on three different time scales: immediate (event-based) adjustment to the perturbation, 258 

within-block adaptation to the perturbation and long-term (across-block) adaptation. 259 

Event-related gaze patterns around slips 260 

Gait 261 

For immediate effects of the perturbation, we analyzed the peak-trough differences of our 262 

main variables in fixed 8-s time windows (between 5 s prior and 3 s after, as in Kopiske et al., 263 

2021) to provide measures of how strongly a parameter varied during that time. As 264 

expected, we found that the induced motor perturbations reliably triggered slipping, 265 

confirmed by the time course of the MOSap (Figure 2, bottom row) with the typical 266 
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oscillatory pattern of steps before perturbations, reduced stability of gait associated with 267 

more variability around slips, but then rapid gait stabilization again. 268 

 269 

Figure 2. Average gaze and gait parameters relative to slips 270 
Trajectories of the relevant parameters HiW (top row), EiH (second row), EiW (third row) and MOSap 271 
(bottom row) in an 8-s time window around the perturbations for vertical orientation, ordered by 272 
condition, given at the top of each column. The shaded areas indicate the standard error of the mean 273 
(SEM) across all participants, the x - axis the time relative to the perturbation (dashed vertical lines), 274 
and the y - axis shows the parameter over time relative to the window mean. Slip responses to 275 
perturbations for HiW and EiH were strong but partially compensatory, also reflected in EiW. Gait 276 
stability decreased after perturbations showed in MOSap, confirmed that these induced slipping. 277 

MOSap was neither affected by visual cues (F(1, 23) = 0.22, p = .641) nor by the cognitive task 278 

(F(1, 23) = 2.46, p = .131) nor was there an interaction between the factors (F(1, 23) = 2.55, p 279 

= .124). This implies that there is no evidence for a difference in motor patterns of slipping 280 

irrespective of participants being cued or cognitively distracted. The time course shows that 281 

the slip consistently occurred within 200 ms after the perturbation (the time of perturbation 282 

corresponding to t = 0 in the event-based analysis). 283 

Head-in-World 284 

We tested whether having to complete a cognitive task would influence patterns of head 285 

responses to motor perturbations. Indeed, these were less pronounced while counting, as 286 

shown by the main effect of cognitive task (F(1, 23) = 4.48, p = .045) on the peak-trough 287 
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differences. Conversely, we see no significant effect of the visual cue (F(1, 23) = 1.13, p = 288 

.299), that is, no evidence of tracking of visual cues through head movements. We see no 289 

visual cue x cognitive task interaction (F(1, 23) = 1.29, p = .269), although figure 2 shows 290 

some possible tracking in the v1c0-condition, where the trajectory starts above the mean 291 

and decreasing up to the perturbation. 292 

Eye-in-Head 293 

Looking at the eye movements by using mobile eye tracking, the visual cue affects eye 294 

movements (F(1, 23) = 12.58, p = .002), another indication of visual tracking, but the 295 

cognitive task did not (F(1, 23) = 0.44, p = .513) with no significant interaction between the 296 

factors (F(1, 23) = 1.73, p = .202). Vertical eye position shows a clear dip after the 297 

perturbation in all conditions (Figure 2, second row), except when the presence of a visual 298 

cue was combined with the absence of the cognitive task (condition v1c0). Here unlike all 299 

other conditions, the dip occurred markedly prior the perturbation, see Figure 3. However, 300 

repeating the peak-trough analyses using only the 3 s after each perturbation showed no 301 

evidence of a clearly stronger or weaker dip depending on the condition, with no main effect 302 

for visual cue, F(1, 23) = 1.66, p = .211, nor cognitive task, F(1, 23) < 0.01, p = .965, nor an 303 

interaction, F(1, 23) = 0.12, p = .738. 304 

 305 

Figure 3: Distribution densities of peak and trough timing 306 
We determined the respective time points of the peak and the trough of each slip and calculated the 307 
densities, with bandwidths chosen using Sheather & Jones’ (1991) method. Dark lines show densities 308 
for the trough, lighter lines for the peak. We see a much more concentrated distribution for motor 309 
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measures HiW_y (black) and MoS_ap (green), with peak and trough in quick succession after the 310 
perturbation. For EiH_y (blue) and EiW_y (red) the distributions are much more spread out, although 311 
here too, peaks and troughs tend to occur after the perturbation, with the notable exception of 312 
EiH_y, condition v1c0, where the trough occurs predominantly before the perturbation. 313 

Eye-in-World 314 

The gaze as a combination of the previously described head and eye movements displayed a 315 

smaller reaction to the perturbation with visual cues (F(1, 23) = 6.02, p = .022) than without 316 

them. This was independent of the presence or absence of a cognitive task (F(1, 23) = 0.07, p 317 

= .798; interaction: F(1, 23) = 0.59, p = .452). 318 

 The event-related pattern around slips suggested a strong reaction of eye and head 319 

movements to perturbations but in a partially compensatory pattern. Specifically, we see 320 

head orientation (HiW) drop following slips as EiH is raised, resulting in a less pronounced 321 

dip in EiW than HiW (Figure 2). Further, eye movements were mainly affected by the visual 322 

cue whereas head orientation responded to the cognitive task. Slips that occurred with 323 

visual cues showed a slightly lower gaze prior to perturbations - due to tracking - found in 324 

eye as well as head movements. Gait stability briefly decreased after perturbations (as 325 

expected) but showed no effects of either visual cues or the cognitive task. 326 

Gaze and Gait 327 

As in Kopiske et al. (2021), we tested whether a less stable gait and a more variable gaze are 328 

more likely to occur together. Mean correlations over conditions of the peak-trough 329 

differences for gaze and gait between participants were low, as they had been in Kopiske et 330 

al. (2021). For rMOS,HIW = .18 (-.08, .42) as well as rMOS,EIW = .10 (-.19, .37) even lower 331 

correlations were found, which replicates the finding that perturbations that destabilize gait 332 

more effectively do not necessarily have a stronger effect on gaze parameters than less 333 

effective perturbations. 334 

Cognitive Dual-Task 335 

Descriptive analyses of the dual task provided mean counting errors per block of 1.7 (SD 1.3) 336 

with average 70.4 (SD 21.4) units counted per 5-min block, consistent with typical findings of 337 

about 14 counts per minute while counting backward (Holding, 1989). Variability in counting 338 

units and counting errors was much higher between participants (SD = 1.1) than between 339 

conditions (SD = 0.8; see also Figure 4). Moreover, the high accuracy indicates that 340 

participants were sufficiently focused on the cognitive task. Approaching perturbations 341 

showed no clear effect on counting, as gap times between syllables only marginally 342 
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decreased when participants saw a visual cue approaching with a median gap time of 480 ms 343 

in the 5 s before a slip when a visual cue was given, compared to 495 ms in blocks with visual 344 

cue (v1) and 547 ms during blocks without (v0). The difference between the two conditions 345 

was not statistically significant, t(23) = 0.05, p = .959. 346 

  347 

Figure 4. Mean counting units and errors by visual condition 348 
Counting units (a) and counting errors (b) of the cognitive task, during 5-min perturbed walking. Each 349 
small dot represents one participant. Blocks with visual cue (v0c1) are on the x-axis, blocks without 350 
visual cue (v1c1) on the y-axis give the x-coordinates. Thus, points on the diagonal indicate perfectly 351 
equal performance in v0 and v1 blocks, while points above the diagonal indicate faster (a) or more 352 
error-prone (b) counting when visual cues were given. Large, filled dots show overall means. These 353 
are almost perfectly on the diagonal, suggesting that participants on average did the counting task 354 
equally well and equally fast in v0 and v1 blocks, respectively. 355 

Mean gaze and gait parameter per block 356 

Gaze and gait parameters showed immediate event-based effects to perturbations, 357 

depending either on visual cues or the cognitive task, in fixed time windows around the slips. 358 

Next, we tested whether there are also longer-term effects of the mean parameters, while 359 

excluding the slip time windows (Figure 5). 360 

a 
 

b 
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 361 

Figure 5. Mean gaze parameters for each block (relative to baseline, i.e., block 1 & 10) 362 
For each parameter HiW (black), EiH (blue), EiW (red) baseline-corrected means of the horizontal and 363 
vertical orientation for each block type in degree. Each small dot represents one participant, the 364 
larger dots represent the mean values across all participants.  365 

Head-in-World 366 

Mean vertical head orientation (HiW) over entire blocks was significantly higher during 367 

blocks with a cognitive task (F(1, 23) = 11.36, p = .003) than without. As expected the visual 368 

cue showed no significant longer-term effect (F(1, 23) = 1.26, p = .274) on head orientation 369 

and there was also no interaction (F(1, 23) = 0.01, p = .917). The corresponding absolute 370 

means in degrees per parameter and conditions, without baseline correction, are shown in 371 

Table 1, where we recognize the same patterns as in Figure 5. 372 
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Table 1 373 
Absolute means per condition for each block with the excluded 8-s 374 
time window for HiW, EiH, EiW. 375 

Mean per Block 376 

 HiW block EiH block EiW block 

v0c0 -6.7° 6.1° -0.5° 

v0c1 -4.1° 7.9° 3.8° 

v1c0 -6.7° 5.8° -0.9° 

v1c1 -4.3° 7.4° 3.1° 

 377 

Eye-in-Head 378 

For EiH there was neither a significant effect for the cognitive task (F(1, 23) = 3.74, p = .066) 379 

nor for the visual cue (F(1, 23) = 2.20, p = .151). This indicates that, contrary to our 380 

expectations, gaze was not significantly elevated in conditions with visual cue (with no 381 

interaction: F(1, 23) = 0.01, p = .924), see also Figure 5, middle row. 382 

Eye-in-World 383 

For EiW we see, similar to HiW, a strong effect of the cognitive task (F(1, 23) = 22.61, p < 384 

.001; Figure 5, bottom). Further, we replicated the effect of the visual cue (F(1, 23) = 4.71, p 385 

= .041) on gaze orientation from earlier findings (Kopiske et al., 2021) which in sum 386 

reinforced the pattern of the previous parameters (without significant interaction: F(1, 23) = 387 

0.03, p = .870). To investigate how the gaze (EiW) distribution behaves across conditions, we 388 

also created gaze maps that visualize the distribution of the gaze data (Figure 6). Overall, we 389 

found gaze pointing straight ahead, mainly aligned around the vertical axis. The focus was 390 

slightly above the horizon and the gaze in v1 conditions was slightly lower than for v0 391 

conditions. The gaze then lowers a bit more the closer the visual cue gets (Figure 6b). This is 392 

perhaps related to tracking of the visual cues in the v1-conditions when the visual cue is 393 

close to the participant (supplementary movie S3). 394 
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 395 

Figure 6. Distribution of gaze orientation by condition 396 
Distribution of gaze (EiW) depending on condition and distance of visual cue. Plotted are absolute 397 
coordinates (in meters). Colors show visual density over the entire block from blue (low) to red 398 
(high). The upper dashed line represents the horizon, the lower the transition between the treadmill 399 
and the screen. a: Overall gaze distribution, b: This distinguishes whether the visual cue was visible 400 
on the floor projection (“close”) or still on the screen (“far”). The highest view density is slightly 401 
above the horizon, for visual cues the view tends to be lower and decreased somewhat more if they 402 
get closer. 403 

Noticeable is the small gaze shift to the left slightly above the horizon, especially in the c1-404 

conditions. Possibly this is due to irregularities in the virtual sky (clouds were arranged 405 

asymmetrically around the vertical midline, see Figure 1a). 406 

 407 

Adaptation of gaze and gait to motor perturbations 408 

After investigating the patterns of gaze and gait parameters both event-related (slip-409 

locked) and block-wise, we examined short-term and long-term differences in these 410 

patterns. How do we adapt our behavior when the same perturbations occur repeatedly? 411 

Thus, we assessed how parameters changed across slips of the same conditions by 412 

averaging the responses across all participants for each slip of the same serial position within 413 

the block; that is, we averaged the first slip in a block across participants, the second slip and 414 

so on up to the twelfth slip in the block (Figure 7). In general, for most of the slips, we found 415 

a b 
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the pattern that was already seen for the averaged event-related trajectories (Figure 2).  The 416 

head orientation HiW showed the characteristic short rise after perturbation, followed by a 417 

pronounced downward movement and slower recovery (left columns). It is noticeable that 418 

the pattern is less clear for EiW (middle column) than for HiW when combining HiW and EiH, 419 

where the influence of the head is predominant, but the compensatory eye movement 420 

clearly weakens the pattern and noise is higher. Looking at gait stability (third column), there 421 

was again the slight transient behavior before the slip and the abrupt loss of stability, which 422 

recovered very quickly across all conditions. 423 

 424 

Figure 7. Gaze and gait parameters relative to slips, by slip number 425 
Mean parameters of the first 12 slips for each block, row by row per condition, averaged over all 426 
participants. The x - axis shows the time relative to the perturbation (dashed vertical lines), the y - 427 
axis the slip number in each block. The colors represent the baseline-corrected expression of the 428 
vertical gaze parameters in degrees as well as the MOSap in meters which were adjusted to the range 429 
of each parameter. The bottom row within each condition shows the first of two blocks of all 430 
participants in that condition for each parameter. We found a brief elevated gaze after perturbations 431 
(red), with a subsequent lowered gaze (blue), as well as the first slip showing a different pattern to 432 
subsequent slips across all conditions. Also seen is a synchronization of steps in the MOSap as a 433 
striped pattern before perturbations. 434 

Across all patterns it is noticeable that the first slip was qualitatively different from the 435 

following ones (Figure 7). The reaction of all participants to the first slip in a block was 436 

mostly strong, but much more irregular, compared to the subsequent slips. To examine this 437 
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observation in more detail, we made a comparison between each slip and all other slips in 438 

the block to see how typical each slip is (Figure 8). To this end, we calculated the median 439 

cross-correlation between each slip and all other slips of the same participant in the same 440 

condition, ensuring that the trajectories were not separated by a whole step (maximum lag 441 

of 0.2 s). Across variables and conditions, these medians ranged from 𝑟 = .11 for EiW to 𝑟 = 442 

.49 for MOSap. Within a condition, the cross-correlation of the first slip with all subsequent 443 

slips was much lower compared with the cross-correlations for all other slips, seeing a 444 

marked jump from the first slip to the second but hardly any increase thereafter (Figure 8). 445 

Comparing c0 and c1-conditions, we see substantially lower median cross-correlation for 446 

HiW while participants were performing a cognitive task (median: .23 for v1c1 and .26 for 447 

v0c1, but .35 for v1c0 and .37 for v0c0). Thus, slip-related head movements did not reach a 448 

‘typical’ pattern to the same degree when cognitive load was higher as for low cognitive 449 

load. Cross-correlations between slips of different participants were generally lower (ranging 450 

from 𝑟 = .08 for EiW to 𝑟 = .26 for MOSap) and showed a similar pattern, with little difference 451 

between conditions except in HiW, where cross-correlations were lower for c1-conditions 452 

(.16 and .18, respectively, compared to .2 and .25 for the corresponding c0-conditions). 453 

 454 

Figure 8: Mean within-participant cross correlations by slip, condition, and variable 455 
Mean cross-correlations (maximum offset: 0.2 s) of a slip with all other slips of the same participant 456 
in the same condition to determine how typical that slip is, separated for MOSap in green, HiW in 457 
black, and EiW in red. 458 

Summary: Cognitive tasks and effector-specific gaze and gait changes  459 

Taken together, we found that both gaze and gait respond to perturbations. Eye 460 

movements first showed a clear dip due to the perturbations (on the order of 200 – 300 ms) 461 

but afterwards a compensatory pattern to the lowered head orientation. This is also 462 

reflected in the EiW orientation, although not as strongly. Additionally, head movements 463 
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were affected by the cognitive task, both directly following slips and across entire blocks, 464 

unlike eye movements, which in turn responded to visual cues, but only directly following a 465 

perturbation. Furthermore, an adaptation of the response parameters to the perturbations 466 

is observed, which happens quickly, flexibly and with little carry-over between the blocks. 467 

Notably, patterns were less similar when participants performed a cognitive task, indicating 468 

that variability of the responses to slipping increases when cognitive load is high compared 469 

to low-load conditions 470 

Discussion 471 

We investigated the effects of a cognitive task on gaze-gait interactions during 472 

perturbed naturalistic walking in a virtual environment. A rapid and flexible adaptation of 473 

gait due to motor perturbations was replicated, but we see no clear signs of a less stable gait 474 

nor a cautious gait mode under dual-task conditions. An effect of the cognitive task on gaze 475 

orientation was found, as participants looked up more while counting. Further, participants 476 

showed no problems completing the cognitive task and this was not affected by the 477 

perturbations, whereas perturbation responses were affected by the cognitive task, as it led 478 

to less typical slip-patterns developing over slips. Both eye and head movements responded 479 

to motor perturbations directly, but in a partially compensatory pattern. 480 

Our findings suggest that cognitive tasks, presumably inducing higher cognitive load, 481 

lead to a reduction of slip-adjustments to perturbations – one may say impaired learning – 482 

as well as a raised gaze to avoid cognitive overload and visualize the task. This may also 483 

explain the reduced tracking of visual cues while counting (compare the trajectories of v1c1 484 

and v1c0, Figure 2). As our young and healthy participants were sufficiently able to complete 485 

the cognitive task, this happened without impacts on gait stability so a cognitive task may 486 

not lead to a more cautious gait mode or causes stronger reactions to perturbations in these 487 

participants. 488 

 Using a virtual but naturalistic environment allows high experimental control over 489 

perturbations, enabling us to investigate gaze and gait adjustments at different time scales. 490 

Again, typical patterns related to perturbations and adjustments to recurring slips familiar to 491 

real-world walking can be found, as well as patterns found in previous work in similar 492 

environments. We tend to look more where task-relevant information appears (Marigold & 493 

Patla, 2007) and gait-stability is briefly reduced by the perturbations (Kopiske et al., 2021). 494 
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We confirmed adaptation of slip responses within blocks rather than between blocks, 495 

showing rapid but flexible gait adjustments. Notably, time-correlated HiW patterns showed a 496 

slight upward shift after the slip followed by a pronounced downward movement with a 497 

somewhat slower recovery. The former typically occurred within 200 ms after perturbation 498 

and may be reflex based (Nashner, 1976). As expected (Kopiske et al., 2021), visual cues to 499 

perturbations were tracked by gaze (especially in the v1c0-condition; i.e., in the absence of a 500 

cognitive task) because they provided reliable information about the perturbations. While 501 

head orientation dropped steadily until just before the slip, tracking for eye movements 502 

ended slightly earlier. This is not surprising, as difficult terrain is more likely to be fixated at 503 

some distance in front of one's feet (Matthis et al., 2018). Gaze (EiW) was also significantly 504 

raised over entire blocks while completing a cognitive task. This is evident in the gaze maps 505 

in Figure 6, which also underline the pattern for tracking visual cues, as gaze was clearly 506 

lowered especially when visual cues were near. The gaze maps also show a shift of gaze to 507 

the left, likely due to irregularities in the virtual sky (Figure 1a). Thus, we see some 508 

differences, but overall good agreement with the results obtained for slipping without 509 

secondary tasks but with otherwise the same methods by Kopiske et al. (2021). One key 510 

difference was that here, we found a partially compensatory pattern for eye and head 511 

orientation while slipping (see the relatively smaller dip in EiW compared to HiW). Gaze 512 

orientation increased rapidly after the brief dip following perturbations but noticeably this is 513 

not found in v1c0-conditions, possibly because with visual cues and low cognitive load, 514 

participants were less surprised to slip. This dip was not seen in our previous study (Kopiske 515 

et al., 2021). There are several potential reasons for this, one being that in the present study, 516 

we used a newer, lighter, and better-fitting mobile eye tracker, which could have been 517 

better suited to measuring such effects. We also found that participants did not tend to look 518 

up more (EiH) when visual cues were present. 519 

We also investigated how participants adapted to the repeated perturbations. 520 

Adaptation occurs quite flexibly and quickly for each condition and also for the repeated 521 

occurrence of the same condition. This also confirms the special role of the first slip, which 522 

has already been pointed out in previous studies (Kopiske et al., 2021; Marigold & Patla, 523 

2002). Thus, participants rapidly found an adaptive response to the perturbation for the 524 

specific condition but transferred it only minimally, even in v1 blocks where they knew 525 

ahead of the first perturbation which exact condition they were in. Interestingly, adjusting 526 
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gait to perturbations while counting is less pronounced as slips are more dissimilar to each 527 

other – especially for HiW. This bear out in lower cross-correlations of slips both within and 528 

across participants while performing a cognitive task. 529 

Our cognitive task of counting backward in steps of seven resulted in a raised gaze, 530 

mainly through head movements. This is consistent with previous work showing raised gaze 531 

as a response to increased cognitive load as a way to “…enhance the efficiency of cognitive 532 

processing…” (Glenberg & Schroeder, 1998, p.1) and for visualization of the task. So even if 533 

perturbations were visually cued while counting, one could speculate that this could be 534 

distracting as well as useful when participants were looking to avoid additional visual input. 535 

Despite this, our participants were able to complete the counting task without problems, 536 

showing few errors and a relatively steady counting speed (see section Cognitive Dual-Task). 537 

Likewise, they showed no signs of a more cautious gait while completing the counting task. 538 

Note however that our participants were all healthy and relatively young – the same task in 539 

older or impaired participants might yield a different pattern due to differences in cognitive 540 

and motor abilities, as well as a higher cost of falling (Soangra & Lockhart, 2017). A 541 

comparison between different age groups regarding a displacement of cognitive resources 542 

as well as gait difficulty may be a possible target of further investigations, for which our safe 543 

and controlled, yet naturalistic, setup is ideally suited. Similarly, it may be worth 544 

investigating if the pattern holds in more ecologically valid real-life tasks such as typing a 545 

message on a mobile phone (Crowley et al., 2019). 546 

Conclusion 547 

Induced motor perturbations, visual cue stimuli and to a lesser extent cognitive tasks 548 

showed an influence on gait and gaze parameters in a virtual but naturalistic environment. In 549 

particular, counting during perturbed walking led to a raised gaze and a stronger reaction to 550 

motor perturbations in head and eye movements, but showed no impacts on gait stability in 551 

our young and healthy participants. A partially compensatory movement of the two 552 

effectors, eye and head, was shown in response to the perturbations. This response was 553 

adjusted quickly and flexibly, with notable differences depending on whether participants 554 

were also completing a secondary task, and with only little transfer between identical 555 

conditions. 556 

 557 
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