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A B S T R A C T   

Background: Maintaining dynamic balance is an essential task during walking, with foot-placement playing a 
critical role. Dual-task studies analyzing steady-state walking with cognitive loads have found healthy adults 
prioritize cognitive task performance at the expense of maintaining control of their balance. However, few 
studies have focused on the influence of cognitive loads on more difficult motor tasks, such as walking with 
unexpected foot-placement perturbations. Individuals often recover from a loss of balance using an ankle or hip 
strategy; however, how cognitive loads affect these balance recovery strategies remains unknown. 
Research question: How do individuals prioritize cognitive resources and does the balance recovery strategy used 
change following mediolateral foot-placement perturbations during steady-state walking when performing 
cognitive tasks of increasing difficulty? 
Methods: Fifteen young healthy adults walked during unperturbed and perturbed conditions with increasing 
cognitive loads (no cognitive load, attentive listening, spelling short words backwards and spelling long words 
backwards). No specific task-prioritization instructions were given. Medial and lateral foot-placement pertur
bations were applied prior to heel-strike during random steps. 
Results: Cognitive performance decreased between the unperturbed and perturbed conditions. While balance 
control decreased during perturbed relative to unperturbed walking, the additional cognitive load had little 
effect on balance control during the perturbations. Lastly, the balance recovery strategy used, as measured by 
peak joint moments at the ankle and hip, was unaffected by the additional cognitive loads. 
Significance: Individuals appear to prioritize their balance control over cognitive performance when experiencing 
foot-placement perturbations and do not change their balance recovery strategy with the addition of a cognitive 
load. These results highlight the flexibility of task-prioritization in young adults and provide a foundation for 
future studies analyzing neurologically impaired populations.   

1. Introduction 

Maintaining dynamic balance during walking is critical to prevent 
falling and becomes more challenging when performing an additional 
cognitive task [1]. Dual-task (DT) studies, which require participants to 
perform multiple tasks simultaneously, often combine steady-state 
walking with an additional cognitive task [e.g., 2,3]. Some studies 
extend this paradigm to more challenging motor tasks, such as split belt 
gait adaptation [e.g., 4], obstacle avoidance [e.g., 5], perturbed stand
ing [e.g.,6] and perturbed walking [e.g., 7,8]. Foot-placement plays a 
critical role in balance control [9]; however, few studies have examined 
foot-placement perturbations in the context of a DT. Some DT studies 

found that individuals prioritize the cognitive task performance at the 
expense of their balance control [3,10,11]. However, others have found 
that individuals prioritize their balance control at the expense of 
cognitive performance [12], or have enough cognitive resources to 
maintain both balance and cognitive performance [13]. The differences 
in these studies highlight how DT performance is highly dependent on 
the difficulty of the cognitive or motor task and available resources [3]. 
However, it remains unclear how cognitive performance and balance 
control are prioritized when confronted with a more challenging motor 
task such as walking with foot-placement perturbations. Understanding 
how young healthy adults prioritize cognitive resources when faced with 
challenging cognitive and motor tasks would provide a benchmark for 

* Correspondence to: Walker Department of Mechanical Engineering, The University of Texas at Austin, 204 E. Dean Keeton Street, Stop C2200, Austin, TX 78712- 
1591, USA. 

E-mail address: rneptune@mail.utexas.edu (R.R. Neptune).  

Contents lists available at ScienceDirect 

Gait & Posture 

journal homepage: www.elsevier.com/locate/gaitpost 

https://doi.org/10.1016/j.gaitpost.2022.04.010 
Received 20 April 2021; Received in revised form 30 March 2022; Accepted 13 April 2022   

mailto:rneptune@mail.utexas.edu
www.sciencedirect.com/science/journal/09666362
https://www.elsevier.com/locate/gaitpost
https://doi.org/10.1016/j.gaitpost.2022.04.010
https://doi.org/10.1016/j.gaitpost.2022.04.010
https://doi.org/10.1016/j.gaitpost.2022.04.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gaitpost.2022.04.010&domain=pdf


Gait & Posture 95 (2022) 115–120

116

future studies in populations with cognitive and locomotor impairments. 
Maintaining frontal plane balance requires more active control than 

in the transverse or sagittal planes [14], and DT effects are most often 
seen in the frontal plane [11,15–17]. Thus, frontal plane balance could 
be affected by an additional cognitive load while experiencing a 
mediolateral (ML) foot-placement perturbation. Healthy adults often 
compensate for a loss of balance due to unexpected ML perturbations 
with a variety of strategies [18,19]. For example, a lateral ankle strategy 
uses an inversion moment that quickly moves the center of pressure to 
the outer limit of the foot to compensate for medial perturbations, but is 
constrained by the surface area of the foot. A hip strategy uses a hip 
abduction moment to assist in maintaining balance by counteracting the 
gravitational moment [18,20]. Any larger adjustments would need to 
occur on subsequent steps [18]. Previous studies analyzing DTs with 
perturbations have largely focused on quiet standing [6,21–24], and the 
few that have studied walking include either walking over a soft surface 
[7,25] or walking with translating surfaces [13]. Further, no study has 
analyzed the influence of a cognitive load on the strategies used to 
control balance in response to ML foot-placement perturbations, which 
would provide additional insight into the task-prioritization involved in 
maintaining frontal plane balance. 

The purpose of this study was to assess how healthy individuals 
prioritize cognitive resources and identify the balance recovery strategy 
used in response to ML foot-placement perturbations while performing 
cognitive tasks of increasing difficulty. We hypothesize that as the 
cognitive load increases from attentive listening to spelling short and 
then long words backwards, the cognitive load will require more 
attentional resources, thus causing a delay in response time to the 
perturbation. Furthermore, we expect this delay will cause individuals 
to use the quicker ankle strategy rather than the hip strategy during 
recovery from the perturbation with more challenging cognitive loads in 
order to maintain their balance. 

2. Methods 

2.1. Data collection 

Fifteen young healthy adults (6 males; age: 25 ± 4 years; height: 175 
± 11 cm; mass: 67 ± 11 kg) who were fluent in English were recruited 
from the local community. All subjects provided informed written con
sent prior to participating in this institutionally approved protocol. All 
participants were free from any musculoskeletal or neuromuscular in
juries. Data collection trials consisted of 30–45 s of steady-state and 
perturbed treadmill walking performed at a fixed speed of 1.0 m/s and 
their self-selected walking speed, which resulted in two steady-state and 
two perturbed trials for each cognitive load. Trial duration was deter
mined by when the random perturbations were applied. To determine 
their self-selected walking speed, three trials of 10-meter overground 
walking at their “comfortable, typical walking speed” were performed 
and averaged. Three-dimensional full-body kinematic data were 
collected at 120 Hz using 65 reflective markers with a 10-camera motion 
capture system (Vicon, Oxford, UK). Three-dimensional ground reaction 
force (GRF) data were collected at 960 Hz using a split-belt instrumented 
treadmill (Motek, Amsterdam, Netherlands). 

Participants performed a cognitive single-task (ST) control trial 
(spelling-while-standing) consisting of three short words and three long 
words, and then steady-state unperturbed and perturbed treadmill 
walking trials at both speeds. Walking trials were completed with four 
different cognitive loads: a ST no load walking condition (no load), and 
three DT walking conditions (attentive listening (listen), spelling short 
5-letter words backwards (short words) and spelling long 10-letter 
words backwards (long words)). Spelling responses were recorded 
through a microphone. Walking and cognitive load conditions, speeds 
and the order of the words presented were randomized. 

2.2. Cognitive loads 

Participants wore noise-canceling headphones for all trials to pre
vent acoustic distractions. For the attentive listening trials, participants 
were instructed to listen carefully to the story they heard through the 
headphones because they would be quizzed on what they heard after the 
trials finished. However, this instruction was only given to ensure they 
listened carefully, and no other task-prioritization instructions were 
given. 

During the spelling conditions, participants were instructed to spell 
each word backwards as quickly and accurately as possible. Thirty 5-let
ter and 10-letter words commonly used in everyday vernacular were 
selected from the English dictionary, and each spelling trial consisted of 
only short or long words as the cognitive load. Participants heard each 
pre-recorded word through the headphones with the next word playing 
immediately after they spelled the previous word, completing as many 
words as possible. 

2.3. Perturbations 

During each perturbed walking trial, a custom pneumatic device 
applied two lateral and two medial perturbations to the left ankle just 
before heel-strike at random but non-consecutive steps throughout the 
trial [19]. Briefly, the perturbations were generated by a valve releasing 
compressed air at the ankle 140 ms before heel-strike, producing a force 
of approximately 15 N that altered foot-placement medially or laterally 
(see Appendix and ref [19] for more detail). 

2.4. Data analysis 

Marker and force plate data were low-pass filtered at 6 Hz and 15 Hz, 
respectively, using a fourth-order Butterworth filter. A 13-segment in
verse dynamics model was created for each subject using Visual 3D (C- 
Motion, Germantown, MD). The segments included in the model were 
the head, torso and pelvis, and left and right upper arm, forearm, thigh, 
shank and foot. Dynamic balance was quantified by analyzing frontal 
plane whole-body angular momentum (H), which was calculated by 
summing the angular momentum of each body segment about the 
whole-body center of mass. H was normalized by subject mass, height 
and walking speed. Balance control was quantified as the range of H 
(HR), defined as the difference in the highest and lowest peaks of H over 
the gait cycle, where lower HR indicates more tightly controlled balance 
[26]. Steps where the participant’s foot landed on the incorrect force 
plate were identified and removed from the kinetic analyses. Joint 
moments at the ankle and hip were normalized by subject mass and 
moment impulses were calculated as the time integral of the joint 
moment over the gait cycle and over each of the four regions of stance 
(first double support, first and second half of single leg stance, second 
double support). Recorded audio was examined to determine correct 
response rate (correct letters per second) as the measure of cognitive 
performance. 

2.5. Statistics 

A linear mixed effects model was used to assess differences in the 
outcome measures (HR, peak ankle inversion moment, peak hip abduc
tion moment, percent of the gait cycle when the peak moments occurred, 
ankle and hip moment impulses and cognitive response) between the 
unperturbed walking and perturbed DT walking conditions. Separate 
models were created for the medial and lateral perturbations over the 
entire gait cycle and within four regions of stance (first double support, 
first and second half of single leg stance, second double support). The 
mixed effects model found no differences in outcome measures between 
the self-selected (group average of 1.3 m/s) and standardized (1.0 m/s) 
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walking speed conditions, and therefore were pooled for further statis
tical analysis. The walking conditions (level of cognitive load and 
perturbation) were the fixed effects, and the study subjects were the 
random effects. If the linear mixed effects model revealed significant 
effects, Tukey HSD post-hoc tests were performed to identify pairwise 
differences between the DT conditions. The significance level was set at 
p < 0.05. All statistical analyses were performed using the statistical 
toolbox in MATLAB (Mathworks, Natick, MA). 

3. Results 

3.1. Cognitive load 

Spelling performance did not change between the ST and DT con
ditions (steady-state short and long words p = 0.994, perturbed short 
and long words p = 0.156) (Table 1). However, within the DT condi
tions, correct response rate decreased between the steady-state unper
turbed and perturbed DT for both the short and long word conditions (p 
= 0.003 for both). In all conditions, individuals performed worse in the 
long word than in the short word condition with a lower correct 
response rate (p < 0.001). 

3.2. Balance control 

Frontal plane HR was higher for the medial perturbations compared 
to the lateral perturbations and steady-state unperturbed walking 
(Fig. 1). The only significant effect on frontal plane HR when adding a 
cognitive load was a slight increase between the no load and long word 
condition (p = 0.045) and between the listening and long word condi
tion for the medial perturbation (p = 0.006) (Fig. 1). 

3.3. Lateral ankle strategy 

The addition of a cognitive load did not affect the ankle inversion 
moment peaks or timing over the gait cycle for either the lateral 

Table 1 
Cognitive performance (mean ± 1 standard deviation). Bold indicates a signif
icant difference from the steady-state dual-task of the corresponding length (p <
0.05).   

Single-Task Steady-State Dual- 
Task 

Perturbed Dual- 
Task  

Short Long Short Long Short Long 

Correct response 
rate (letters/s) 

1.91 
± 0.5 

1.02 
± 0.5 

1.87 
± 0.6 

1.04 
± 0.4 

1.67  
± 0.4 

0.90  
± 0.3  

Fig. 1. Peak-to-peak differences in frontal plane whole-body angular mo
mentum (HR, normalized by height, mass and speed of each individual) for the 
no load and three dual-task conditions. The horizontal dashed line represents 
HR for steady-state unperturbed walking. * indicates a significant difference 
from the long word DT with a medial foot-placement perturbation (p < 0.05). 
Error bars represent ± 1 standard deviation. 

Table 2 
Lateral perturbations (mean ± 1 standard deviation). a-f indicate pairwise Tukey post-hoc comparisons performed when the linear mixed effect model produced 
significant interactions (p < 0.05). a = between no load and listening DT, b = between no load and short words DT, c = between no load and long words DT, 
d = between listening DT and short words DT, e = between listening DT and long words DT, f = between short words DT and long words DT. Bold indicates 
significance.  

Variable Condition Mean ± SD Linear Mixed Effects Fixed p-value Comparisons p-value 

HR Steady-State 0.0270 ± 0.008 0.021 a 
b 
c 
d 
e 
f 

0.999 
0.839 
0.843 
0.698 
0.716 
1.000 

No Load 0.0254 ± 0.009 
Listen DT 0.0254 ± 0.010 
Short words DT 0.0262 ± 0.009 
Long words DT 0.0262 ± 0.010 

Ankle Inversion Moment Impulse (Nms/kg) Steady-State -0.63 ± 7.70 < 0.001 a 
b 
c 
d 
e 
f 

0.931 
0.996 
0.999 
0.767 
0.859 
0.999 

No Load -3.76 ± 7.76 
Listen DT -3.56 ± 7.97 
Short words DT -4.46 ± 7.49 
Long words DT -4.72 ± 7.76 

Peak Ankle Inversion Moment (Nm/kg) Steady-State -0.209 ± 0.126 0.005 a 
b 
c 
d 
e 
f 

0.999 
0.998 
0.975 
0.976 
0.907 
0.999 

No load -0.193 ± 0.108 
Listen DT -0.194 ± 0.102 
Short words DT -0.207 ± 0.104 
Long words DT -0.214 ± 0.118 

Hip Abduction Moment Impulse (Nms/kg) Steady-State -47.79 ± 16.77 0.002 a 
b 
c 
d 
e 
f 

0.985 
0.990 
0.998 
1.00 
0.999 
1.00 

No Load -46.47 ± 13.07 
Listen DT -45.07 ± 10.44 
Short words DT -45.16 ± 10.88 
Long words DT -46.83 ± 11.43 

Peak Hip Inversion Moment (Nm/kg) Steady-State 0.924 ± 0.226 0.395   
No Load 0.975 ± 0.229 
Listen DT 0.956 ± 0.212 
Short words DT 0.929 ± 0.205 
Long words DT 0.990 ± 0.229  
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(Table 2) or medial (Table 3) perturbations (Fig. 2, p > 0.05). There were 
also no differences in the ankle inversion moment impulse across the 
different cognitive loads in any of the four regions of stance. 

3.4. Hip strategy 

The addition of a cognitive load also did not affect the peak hip 

abduction moment or timing for either the lateral (Table 2) or the medial 
(Table 3) perturbations (Fig. 3, p > 0.05). There were also no differences 
in the hip abduction moment impulse across the different cognitive 
loads in any of the four regions of stance. 

Table 3 
Medial perturbations (mean ± 1 standard deviation). a-f indicate pairwise Tukey post-hoc comparisons performed when the linear mixed effect model produced 
significant interactions (p < 0.05). a = between no load and listening DT, b = between no load and short words DT, c = between no load and long words DT, 
d = between listening DT and short words DT, e = between listening DT and long words DT, f = between short words DT and long words DT. Bold indicates 
significance.  

Variable Condition Mean ± SD Linear Mixed Effects Fixed p-value Comparisons p-value 

HR Steady-State 0.0270 ± 0.008 0.021 a 
b 
c 
d 
e 
f 

0.969 
0.806 
0.045 
0.411 
0.006 
0.471 

No Load 0.0437 ± 0.010 
Listen DT 0.0430 ± 0.010 
Short words DT 0.0448 ± 0.010 
Long words DT 0.0464 ± 0.010 

Ankle Inversion Moment Impulse (Nms/kg) Steady-State -0.63 ± 7.70 0.834   
No Load 0.81 ± 9.79 
Listen DT 0.26 ± 7.24 
Short words DT 0.52 ± 8.79 
Long words DT -1.36 ± 11.11 

Peak Ankle Inversion Moment (Nm/kg) Steady-State -0.209 ± 0.126 0.003 a 
b 
c 
d 
e 
f 

0.956 
0.785 
0.313 
0.991 
0.736 
0.949 

No Load -0.210 ± 0.099 
Listen DT -0.219 ± 0.116 
Short words DT -0.229 ± 0.122 
Long words DT -0.238 ± 0.173 

Hip Abduction Moment Impulse (Nms/kg) Steady-State -47.79 ± 16.77 < 0.001 a 
b 
c 
d 
e 
f 

0.523 
0.987 
0.986 
0.845 
0.229 
0.850 

No Load -44.60 ± 15.60 
Listen DT -41.61 ± 12.39 
Short words DT -43.55 ± 13.54 
Long words DT -46.27 ± 16.94 

Peak Hip Abduction Moment (Nm/kg) Steady-State 0.924 ± 0.226 < 0.001 a 
b 
c 
d 
e 
f 

0.993 
0.815 
0.997 
0.557 
0.939 
0.947 

No Load 0.731 ± 0.252 
Listen DT 0.730 ± 0.249 
Short words DT 0.762 ± 0.273 
Long words DT 0.736 ± 0.288  

Fig. 2. Peak ankle inversion moment for the lateral and medial perturbed 
conditions during the four cognitive loads (no load, listening and spelling short 
and long words backwards) and where in the gait cycle the peaks occurred. The 
gait cycle is defined from the perturbed foot heel-strike to heel-strike. Positive is 
inversion and negative is eversion. Error bars represent ± 1 standard deviation. 

Fig. 3. Peak hip abduction moment for the lateral and medial perturbed con
ditions during the four cognitive loads (no load, listening and spelling short and 
long words backwards) and where in the gait cycle the peaks occurred. The gait 
cycle is defined from the perturbed foot heel-strike to heel-strike. Positive is 
adduction and negative is abduction. Error bars represent ± 1 stan
dard deviation. 
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4. Discussion 

This study assessed how young healthy adults prioritize cognitive 
resources to recover their balance when presented with a foot-placement 
perturbation during DT walking conditions and whether the DT in
fluences the balance recovery strategy used. Contrary to our hypothesis, 
there was no difference in the ankle or hip response time to the 
perturbation with increased cognitive loads, and therefore individuals 
did not need to use the faster ankle strategy. The cognitive loads did not 
cause a change in the ankle or hip peak moment or timing of the peak 
moment during stance (Fig. 2 & 3). Furthermore, cognitive performance 
decreased between steady-state and perturbed walking, suggesting that 
participants switched their attention to focus more on balance control 
when experiencing unexpected changes to foot-placement. 

4.1. Cognitive performance 

Spelling words backwards has been used in DT paradigms in young 
and older healthy adults [11,27,28] and individuals post-concussion 
[29], as it is a challenging cognitive task that can produce 
cognitive-motor interference during walking [1,11]. When compared to 
steady-state unperturbed walking, cognitive performance decreased for 
both the short and long words during the perturbed trials (Table 1). This 
decrease in cognitive performance is consistent with other work 
showing that individuals prioritize a motor task over a cognitive task 
during more challenging walking conditions such as adapting to 
split-belt treadmill walking [4] and stepping on an uneven surface [7]. 
However, one study did not observe changes in cognitive performance 
during varying levels of surface translation perturbation when counting 
backwards by 7 [13]. This discrepancy is likely due to differences in 
cognitive task difficulty. For simpler cognitive tasks such as counting 
backwards, young healthy adults likely have enough cognitive resources 
to control their balance and maintain their cognitive performance. 
Therefore, the present finding of decreased cognitive performance sug
gests that perturbed DTs can cause cognitive-motor interference if the 
cognitive task is challenging enough to strain the attentional resources 
of the participants. 

4.2. Joint moment responses 

Contrary to our hypothesis that the challenging cognitive task would 
require more attentional resources, and thus cause a delayed response to 
the perturbation, the cognitive loads did not cause a change in the ankle 
or hip joint moment patterns for either the medial or lateral perturba
tions (Fig. 2 & 3). This negligible change in joint moments indicates that 
the subjects did not change their recovery strategy across the different 
cognitive loads. However, the variabilities in the peak moments and 
timing are high due to natural variability in these quantities across 
strides and subjects, and the moment impulse compounds the variability 
of these two quantities leading to even greater variability, but these 
values are consistent with previous studies that have measured these 
quantities [19]. Furthermore, the differences between the steady-state 
and perturbed joint moments are consistent with previous studies 
using similar mediolateral perturbations [19]. These results are consis
tent with other research showing that cognitive loads do not affect the 
type of strategy used in recovery during perturbed quiet standing [e.g., 
6, 21]. The lack of change in peak joint moments and moment impulses 
could be due to an automatic reflexive response to the perturbation. 
However, because cognitive performance decreased, the balance re
covery response likely required cognitive resources, and thus subjects 
focused more on their motor performance than the cognitive load 
throughout the perturbation to maintain the same recovery strategy 
regardless of the cognitive load. While other DT perturbed quiet 
standing studies also did not see changes in recovery strategy, they did 
find differences within a specific recovery strategy, including changes in 
timing [24], peak center of pressure [23] and distance between the 

center of mass and base of support [6] when an additional cognitive load 
was added. However, these studies were done during quiet standing, and 
studies of perturbed walking did not see similar changes in motor per
formance during DT conditions [7,13], consistent with the present 
results. 

4.3. Dynamic balance 

Dynamic balance can decrease during DT steady-state walking if the 
cognitive task is challenging enough, suggesting that individuals focus 
more on the performance of the cognitive task [11,30]. In the presence 
of unexpected balance perturbations, the present study found that bal
ance decreases between steady-state and medially perturbed walking 
with only minor differences in the lateral perturbations. The addition of 
cognitive loads only decreased balance control slightly between medi
ally perturbed walking without a cognitive task and the long word 
spelling condition, which was the most challenging DT (Fig. 1). The 
listening and spelling of short words backwards were likely not chal
lenging enough DTs to produce a change in HR during the perturbations 
compared with the no cognitive load condition. We previously showed 
spelling long words backwards causes a decrease in dynamic balance 
during steady-state treadmill walking [11]. Therefore, a change in HR 
was present during the long word task before the perturbation and could 
have contributed to the decrease in balance control during the pertur
bation. However, this decrease in balance control was not seen in the 
lateral perturbations, which may indicate that the medial perturbation 
condition demanded more attentional resources due to the difficulty of 
the task. Regardless, these differences in balance control were small and 
on the low end of being functionally different [19], and the overall lack 
of change across the cognitive loads is consistent with other studies that 
observed no change in balance control during perturbed DT walking [7, 
13]. 

4.4. Limitations 

One potential limitation of this study was that the cognitive perfor
mance could be influenced by a learning effect across the trials. How
ever, a post-hoc linear regression model applied to the data showed that 
no participants demonstrated a learning effect resulting in increased 
accuracy in cognitive performance (average R-squared = 0.130, average 
p-value = 0.366). Another potential limitation was the constraint of the 
treadmill that prevented participants from altering their walking speed 
in response to the DT, and thus these results may not hold for over
ground walking. Finally, due to the study design, cognitive responses 
could not be separated by the direction of the perturbation. Future work 
should compare cognitive performance across different types of 
perturbations. 

5. Conclusion 

Adding a challenging cognitive load did not affect the timing or 
magnitude of the recovery strategy used in response to ML foot- 
placement perturbations in young healthy adults during steady-state 
walking. A previous study found that during steady-state walking with 
a challenging cognitive load, young healthy adults focused on their 
cognitive performance at the expense of their balance control [11], but 
the current study found that when presented with a foot-placement 
perturbation that threatens their balance, they switch their attention 
from the cognitive task to the motor task. This change in 
task-prioritization results in decreased cognitive performance during the 
perturbations and little change in balance control across the increasing 
cognitive loads. These results provide additional insight into 
task-prioritization and balance recovery strategies used by young 
healthy adults and provide a benchmark for future studies to determine 
differences in aging and neurologically impaired populations. 
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