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Abstract

Performance decrements in balance tasks are often observed when a secondary

cognitive task is performed simultaneously. This study aimed to determine whether

increased cognitive load resulted in altered reactive stepping in individuals with

sub-acute stroke, compared to a reactive stepping trial with no secondary task. The

secondary purpose was to determine whether differences existed between the first

usual-response trial, subsequent usual-response trials, and the dual-task condition.

Individuals with sub-acute stroke were exposed to external perturbations to elicit

reactive steps. Perturbations were performed under a usual-response (single-task)

and dual-task condition. Measures of step timing and number of steps were based
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on force plate and video data, respectively; these measures were compared between

the usual-response and dual-task trials, and between the first usual-response trial,

later usual-response trials (trials 2–5) and a dual-task trial. A longer time of

unloading onset and greater number of steps were identified for the first usual-

response trial compared to later usual-response trials. No significant differences

were identified between usual-response and dual-task trials. Although improve-

ments were observed from the first to subsequent usual-response lean-and-release

trials, performance then tended to decrease with the introduction of the dual-task

condition. These findings suggest that when introduced after usual-response trials,

the dual-task trial may represent the first trial of a new condition, which may be

beneficial in reducing the potential for adaptation that may occur after multiple

repetitions of a reactive stepping task. Therefore, these findings may lend support

to the introduction of a new condition (i.e. a dual-task trial) in addition to usual-

response trials when assessing reactive balance in individuals with stroke.

Keywords: Health sciences, Medicine

1. Introduction

Increased falls risk has been identified in individuals with stroke [1], which may be

due at least in part to the disturbances in balance, postural responses, and

perception caused by the stroke [2]. Balance ability may be further impaired by the

simultaneous performance of a secondary cognitive task in addition to a balance

task [3, 4], specifically one that incorporates processes related to attention,

perception, memory, decision making, or voluntary movement [5]. This effect is

thought to be due to a limited capacity for information processing resources, such

that when attention-demanding tasks (e.g., both balance and cognitive tasks) are

performed simultaneously, there will be competition between the two, which may

result in interference with one or both tasks [4, 6]. Central processing

characteristics and attentional capacity have been identified as factors limiting

balance performance during these types of dual-task situations [7]. Therefore, in

addition to balance impairments, reduced cognitive function and/or compromised

attentional resources associated with the stroke may further contribute to falls risk

[8].

The addition of a cognitive task to a voluntary postural control task has generally been

observed to lead to decrements in performance of the postural task in individuals with

stroke. For example, during quiet standing, two previous studies have found that the

implementation of a cognitive task (memorization and recall) resulted in reduced

sway [9, 10], while another study identified greater velocity of the centre of pressure

and greater weight bearing asymmetry when a verbal arithmetic task was performed

[11]. The discrepancies in these findings may have been due to the type of cognitive

task and whether the task was articulated or non-articulated [12]. Dual-task
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conditions also contribute to reduced velocity duringwalking [9], as well as increased

step reaction time and time to foot contact during voluntary forward and backward

stepping in individuals with stroke [7]. While these types of voluntary balance

activities are important for balance and mobility function post-stroke, good reactive

balance control is essential to regaining stability following a loss of balance [6] and

reducing falls risk for individuals with stroke [13]. Due to the rapid onset and high

movement speeds required during these types of movements [14, 15], reactive

balance control is often difficult for this population, and the addition of a cognitive

task may impose further challenges. Furthermore, reactive stepping may impose a

greater demand for cognitive resources compared to balance reactions that do not

require changing the size of the base of support [5]. Consequently, further study of

these types of scenarios (reactive stepping task plus cognitive task) is warranted.

The effects of dual-task scenarios on reactive balance tasks have been examined in

healthy young, healthy older, and balance-impaired older adults [16, 17, 18].

Overall, the addition of a cognitive task generally results in decrements in

performance of reactive balance tasks. Specifically, under dual-task conditions,

increases in centre of pressure excursion have been identified during feet-in-place

reactions in healthy young adults [16], as have decreased postural stability,

decreased compensatory step length, and slowed reaction time in healthy young

adults during reactive stepping [17]. Furthermore, in healthy older adults,

execution of anticipatory postural adjustments following an external perturbation

(prior to the stepping response) has been found to be impaired with the addition of

a dual task, with reductions in both duration and amplitude of the adjustment [18].

Alterations in the timing of the stepping response have also been identified under

dual-task conditions in this population, including decreased foot-off and foot-

contact times, and delayed step onset times [18]. While it is generally accepted that

impaired reactive balance performance results from the simultaneous performance

of a cognitive task, to the authors’ knowledge, an investigation of how reactive

stepping is altered in individuals with sub-acute stroke when a cognitive task is

performed concurrently has not yet been conducted.

Therefore, this study aimed to determine whether increased cognitive load,

imposed through a dual-task paradigm, resulted in altered reactive stepping in

individuals with sub-acute stroke, compared to a reactive stepping trial with no

secondary task. The secondary purpose was to determine whether differences

existed between the first usual-response trial, subsequent usual-response trials, and

the dual-task condition. It was hypothesized that decrements in performance would

be observed during the dual-task condition compared to the usual-response trials,

with delayed unloading onset and time to unloading (foot-off time − unloading

onset); decreased swing time; and an increase in the number of reactive steps

during the dual-task condition compared to the usual-response trials.
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2. Materials and methods

2.1. Participants

This study consisted of a retrospective, cross-sectional design, with secondary

analysis of data from individuals admitted to an in-patient stroke rehabilitation

program at a rehabilitation hospital. As part of the in-patient stroke rehabilitation

program, clinical assessments of reactive balance control were included as routine

care during individuals’ stay, conducted by one of four on-site physiotherapists

[19]. However, components of the assessment may not have been conducted for

every individual (at the physiotherapists’ discretion). The purpose of the

assessment was to aid physiotherapists in developing treatment programs for each

individual. All procedures were approved by the institution’s Research Ethics

Board with a waiver of patient consent approved for the purpose of the review.

For data to be included in the present analysis, individuals must have completed at

least two trials of unconstrained, or ‘usual-response’, reactive stepping, as well as

one trial of reactive stepping under a dual-task condition (see Section 2.2). These

trials must also have met specific criteria related to perturbation magnitude (see

Section 2.3). Of 512 individuals admitted to the in-patient stroke rehabilitation unit

during the review period (spanning 3 years), 70 were included in the analysis

(13.7%) (Fig. 1). The reactive balance component is among the most difficult of the

clinical assessment. Potential reasons for the low participation rate for this

component include: individuals’ anxiety or refusal of the reactive stepping

component; low physical activity tolerance; pain or a musculoskeletal disorder that

may have been exacerbated by the reactive stepping component; and/or other

health or medical factors [19]. Individuals may also have been unable or reluctant

to lean forward to complete the test. In addition, some individuals may have

attempted the reactive stepping component but were unable to perform the

specified number of trials or meet the criteria related to perturbation magnitude.

2.2. Assessments

Hospital charts were used to gather information relating to participants’ sex, age,
stroke date, and affected side of the body. Furthermore, scores for the National

Institutes of Health Stroke Scale [20], Chedoke-McMaster Stroke Assessment [21],

Berg Balance Scale [22], and Montreal Cognitive Assessment (MoCA) [23] were

extracted, where available, in order to quantify stroke severity, motor impairment,

balance capacity, and cognitive impairment, respectively. Demographic and stroke-

related characteristics for the study sample are presented in Table 1.

Reactive stepping was assessed using a lean-and-release method [13, 19, 24, 25,

26], within a single session. Participants wore their usual flat closed-toe footwear

and ankle-foot orthoses, if prescribed [27], and were outfitted with a safety harness
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attached to an overhead track, which acted to prevent a fall to the floor in the event

of a failure to recover balance following the perturbation. A release cable was

clipped to the back of the safety harness, as well as to an attachment point on the

wall behind the participant. A load cell located in series with the cable measured

the proportion of participants’ body weight (BW) supported by the cable.

Participants stood with one foot positioned on each of two adjacent force plates

(Advanced Mechanical Technology, Inc., Watertown, USA) in a standardized

position [28]. A third force plate was positioned directly in front of the initial two

force plates, in order to capture force information from the first reactive step. Force

plate data were sampled at 256 Hz [25, 29]. Participants were asked to lean

forward, such that the cable supported approximately 8–10% BW. Once this target

level was achieved, an investigator released the cable at an unexpected time. Upon

the removal of support from the release cable, participants started to fall forwards,

and were required to take at least one step to regain their balance. A cable load of

approximately 8%BW has been observed to elicit at least one step during most

[(Fig._1)TD$FIG]

Fig. 1. Procedure used to identify participants for inclusion in the data analysis, based on the cable load

from usual response trial 1, at least one of usual response trials 2–5, and the dual-task trial.
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Table 1. Demographic- and stroke-related information for the study sample, taken at the date of the assessment. Values are presented as either mean

(standard deviation (SD)) or as number of participants (% of participants).

Characteristic Number of participants Mean (SD) or number (%)

Sex (number (%)) 70

Male 54 (77.1)

Female 16 (22.9)

Age (years) 70 65.4 (13.4)

Time since stroke (days) 70 23.6 (16.7)

More-affected side of the body (number (%)) 70

Right 38 (54.3)

Left 27 (38.6)

Both 4 (5.7)

Neither 1 (1.4)

National Institutes of Health Stroke Scale (score out of 42) 56 2.9 (2.3)

Chedoke-McMaster Stroke Assessment (leg score out of 7, more-affected side) 63 4.8 (1.1)

Chedoke-McMaster Stroke Assessment (foot score out of 7, more-affected side) 63 4.4 (1.2)

Berg Balance Scale (score out of 56) 70 38.7 (14.4)

Montreal Cognitive Assessment (score out of 30) 19 20.6 (6.4)
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lean-and-release trials (98.5% of all trials) in individuals admitted to in-patient

stroke rehabilitation [19]. All trials were videotaped for further off-line analysis.

Up to five trials were performed without any constraints on stepping responses

(usual-response trials; single-task condition). One trial was then performed under a

dual-task condition, to increase the cognitive load. The order of the trials was

consistent across all participants. While obtaining the target load on the release

cable and while waiting for the cable release, participants were asked to perform a

cognitive task simultaneously. Depending on the level of stroke-related cognitive-

communicative impairment and the presence of language barriers, the dual task

consisted of counting backwards by intervals of seven or three, or a naming task

(i.e., listing names beginning with a specific letter). The wide range of abilities and

impairments of individuals entering into the rehabilitation program necessitated the

use of multiple dual tasks to tailor the difficulty and nature of the task to each

individual; a very simple task would not have provided a sufficient challenge to

those with high cognitive functioning, while a more difficult task would have

prevented those with low cognitive functioning and/or language barriers from

participating. Accuracy on the dual task was not recorded. Individuals were not

instructed to continue counting throughout the perturbation and reactive response

in order to prioritize the balance task over the cognitive task (as the balance task

was the main focus of the assessment), and to address the ability to switch attention

from one task to the other. However, it was ensured that individuals did continue

the dual task until the cable was released; if the dual task was stopped prior to the

cable release, the test was terminated and repeated.

2.3. Data processing and analysis

For each of the usual-response trials, the average cable load (%BW) over the 1 s

prior to release was determined. The procedures outlined in Fig. 1 were then used

to identify participants for inclusion in the analysis. For inclusion, the cable load

for participants’ first usual response trial had to be >5%BW; and at least one of the

remaining usual-response trials (trials 2–5) as well as the dual-task trial had to have
a cable load >5%BW, and within ±2% of the first usual-response trial. This

ensured that cable loads were similar within the usual-response trials, and between

the usual-response and dual-task trials.

Outcome measures for each included trial were then determined from the force

plate data. Signals were low-pass filtered at 10 Hz with a dual-pass, fourth-order

Butterworth filter [25, 29]. The following outcome measures were then determined

from the filtered force data [24] (Fig. 2): time of unloading onset of the stepping

limb (time of the peak vertical force under the stepping limb, prior to foot-off;

expressed relative to perturbation onset); time to foot-off of the first step (time

when one of the force plates measured a vertical force <1%BW; expressed relative
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to perturbation onset); time to unload the stepping limb (time to foot-off of the first

step − unloading onset); time to foot contact of the first step (time when the front

force plate measured a vertical force of >1%BW; expressed relative to perturbation

onset); and swing time of the first step (time of foot contact of the first step − time

of foot-off of the first step). In addition, the number of steps taken in response to

each perturbation was determined from the video recordings. Dependent variables

in the analysis were: unloading onset, time to unload, swing time, and number of

steps, while the independent variable was the type of trial. Repeated-measures

analyses of variance (ANOVA) with two levels for the type of trial (usual-

response compared to dual-task) were used for the initial purpose; repeated-

measures ANOVAs for the secondary purpose consisted of three levels for the

type of trial (usual-response trial 1, usual-response trials 2–5, and the dual-task

trial). For the usual-response trials, the mean of each outcome measure was

determined for all trials that met the criteria for inclusion stated above. Post-hoc

comparisons were performed using pairwise comparisons with a Bonferroni

correction. In addition, a preliminary analysis of relationships between cognitive

impairment and the cost of the dual-task condition was conducted. For the 19

individuals for whom MoCA scores were available, dual-task cost was calculated

relative to usual-response trial 1 and to usual-response trials 2–5, using Eq. 1

[30]. Spearman correlations were used to investigate relationships between

MoCA scores and the dual-task costs. Alpha was initially set at 0.05 and adjusted

using the Holm-Bonferroni method [31].

[(Fig._2)TD$FIG]

Fig. 2. Time series of typical vertical ground reaction forces during a lean-and-release trial, with

perturbation onset occurring at 0.0 s. Participants began the trial by standing on the adjacent left and

right force plates, and generally stepped forward onto the third force plate positioned in front of the

other two plates. A: perturbation onset; B: time of unloading onset of the stepping limb; C: time of foot-

off of the first step; D: time of foot contact of the first step; E: time to unload the stepping limb; F:

swing time.
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usual response measure� dual task measureð Þ
usual response measure

� 100 (1)

3. Results

There were no significant differences in cable load between the usual-response and

dual-task trials (p = 0.37), nor were there differences in any of the outcome

measures (p > 0.15; Table 2). Therefore, the remainder of the paper will refer to

the secondary analyses (usual-response trial 1, usual-response trials 2–5, and the

dual-task trial). Perturbation magnitudes did not differ significantly between the

three trial types (mean (standard deviation) of 8.7%BW (2.2), 8.8%BW (2.2), and

8.6%BW (2.3) for usual-response trial 1, usual-response trials 2–5, and the dual-

task trial, respectively; F2,138 = 0.44, p = 0.65). Significant differences between

conditions were identified for the time of unloading onset (F2,134 = 7.68, p =

0.001) and the number of steps taken after the perturbation (F2,132 = 5.99, p =

0.003), but not for the time to unload the stepping limb (F2,134 = 0.81, p = 0.45) or

swing time (F2,110 = 2.98, p = 0.055; Fig. 3, Table 3). For both the time of

unloading onset and the number of steps, post-hoc testing revealed significant

differences between usual-response trial 1 and usual-response trials 2–5, such that

longer times of unloading onset and greater numbers of steps were observed for

usual-response trial 1. No significant differences were identified between either

type of usual-response condition and the dual-task condition. There was a negative

correlation between dual-task cost (relative to usual-response trial 1) for time to

unload and MoCA scores; however, this correlation was not statistically significant

(p = 0.030; Fig. 4, Fig. 5).

4. Discussion

It was hypothesized that participants would exhibit delayed time of unloading onset

and time to unloading; decreased swing time; and an increase in the number of

Table 2. Number of participants and mean (standard deviation) for each outcome

measure for all usual-response trials compared to the dual-task trials. None of the

comparisons were significant (corrected alpha = 0.013).

Outcome measure N All usual-response trials Dual-task trials

Unloading onset (ms) 68 219.78 (91.55) 231.60 (117.97)

Time to unload (ms) 68 191.91 (34.14) 202.06 (93.04)

Swing time (ms) 62 120.34 (43.38) 113.84 (47.40)

Number of steps 68 2.6 (0.9) 2.7 (1.4)

Article No~e00186

9 http://dx.doi.org/10.1016/j.heliyon.2016.e00186

2405-8440/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://dx.doi.org/10.1016/j.heliyon.2016.e00186


reactive steps in the dual-task condition compared to the first and subsequent

usual-response trials. Significant delays in the time of unloading onset, and

increases in the number of steps, were observed in the first usual-response trial

compared to the subsequent usual-response trials. However, no significant changes

in response were identified between the dual-task trial and either the first or

subsequent usual-response trials.

The improvements in timing responses with the later usual-response trials (2–5)
compared to the first usual-response trial arose primarily from the period between

the time of the perturbation to the beginning of the response (onset of unloading).

The delayed response during the first usual-response trial implies that the centre of

mass moved further towards or outside the base of support before the response was

initiated following cable release, compared to the later usual-response trials. This

delay may also have potentially contributed to the increased number of steps.

During a reactive stepping response, there is a range of foot placements that enable

the base of support to encompass the centre of mass following the step [32]. If the

[(Fig._3)TD$FIG]

Fig. 3. Mean (SD) outcome measures, compared between usual response trial 1, usual response trials

2–5 (average of eligible trials), and the dual-task trial. The time of unloading onset, time to unloading,

and swing time are read off the left-hand axis, and the number of steps is read off the right-hand axis.

*Significant after Holm-Bonferroni correction; corrected alpha = 0.013.

Table 3. Number of participants and mean (standard deviation) for each outcome

measure for usual-response trial 1, usual-response trials 2–5, and the dual-task

trials. *Significant after Holm-Bonferroni correction; corrected alpha = 0.013.

Outcome measure N Usual-response trial 1 Usual-response trials 2-5 Dual-task trials

Unloading onset (ms)* 68 258.41 (99.15) 201.63 (105.60) 231.60 (117.97)

Time to unload (ms) 68 199.21 (62.55) 189.40 (31.73) 202.06 (93.04)

Swing time (ms) 56 113.91 (54.61) 128.60 (46.85) 117.11 (46.92)

Number of steps (ms)* 57 3.0 (1.4) 2.4 (0.9) 2.7 (1.4)
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individual’s response is delayed, as in the first usual-response trial, it would be

more difficult for them to move their foot during the step in order to reach a

sufficient foot placement to regain stability; thereby requiring additional steps in

the first usual-response trial relative to the later usual-response trials. These

findings are consistent with patterns identified by past work when comparing

responses to support-surface perturbations in healthy young adults, in that the

response to the first perturbation tended to elicit larger displacement of the centre

of mass [33, 34], higher occurrence of stepping [35], and a greater number or

length of steps before stability was regained [35]. Therefore, it may be beneficial to

include the first trial of reactive stepping in analyses of reactive balance control, as

responses to these trials may provide insight into pathophysiological mechanisms

associated with accidental falls during everyday life [36].

While no significant differences were identified between the dual-task trial and

either the first or subsequent usual-response trials, there were non-significant

decrements in performance from usual-response trials 2–5 to the dual task trial.

[(Fig._4)TD$FIG]

Fig. 4. Spearman coefficients and p-values for Montreal Cognitive Assessment (MoCA) scores and

dual-task costs for each of the outcome measures, relative to usual-response trial 1. The Holm-

Bonferroni corrected alpha was 0.0063.
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Although non-significant, these trends were consistent with those identified in

healthy young, healthy older, and balance-impaired older adults [16, 17, 18]. When

examining the responses from the three types of trials, the general trends were for

performance to improve from the first usual-response trial to the later usual-

response trials, and then to worsen from the later usual-response trials to the dual-

task trial (i.e. return to baseline levels, or the first usual-response trial, after the

introduction of the dual-task condition). As the first usual-response trial was the

first trial of one experimental condition, the findings suggest that when introduced

after usual-response trials, the dual-task trial may represent the first trial of a new

condition. This may be beneficial in reducing the potential for motor adaptation

that may occur after repeated exposure to usual-response lean-and-release trials,

which may confound results of clinical assessments performed over time [32].

Therefore, these findings may lend support for the introduction of a new condition

(i.e. a dual-task trial) after usual-response trials (i.e., single-task) when assessing

reactive balance control over repeated trials in individuals with stroke. This may

[(Fig._5)TD$FIG]

Fig. 5. Spearman coefficients and p-values for Montreal Cognitive Assessment (MoCA) scores and

dual-task costs for each of the outcome measures, relative to usual-response trials 2–5. The Holm-

Bonferroni corrected alpha was 0.0063.
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also have utility in developing treatment programs for individuals post-stroke;

introducing a dual task to reactive stepping tasks may provide an additional

challenge, such that individuals may continue to improve their performance as

opposed to experiencing a plateau in performance. As dual task conditions are

often experienced during daily life, training with this paradigm may also help to

prepare individuals for a return to the community post-rehabilitation.

The lack of differences between the usual-response and dual-task conditions may

have been due in part to heterogeneity within the participant sample with respect to

their ability to successfully perform the dual-task condition, although this was

addressed to an extent by tailoring the difficulty of the task to individuals’ abilities
and impairments during the assessment. Variation in cognitive capacity or

functioning may have influenced individuals’ ability to perform the dual-task

condition. However, MoCA scores were not quantified for all individuals,

potentially contributing to the lack of significant relationships identified between

MOCA scores and any of the dual-task cost measures. For the 19 individuals for

whom MoCA scores were collected, the average score was 20.6/30, which is below

the cut-off for ‘normal’ cognitive functioning (≥26/30) [23] and suggests some

cognitive impairment in this sample. Therefore, the potential for categorizing

individuals with stroke with respect to their performance during dual tasks, as well

as their level of cognitive functioning or impairment, may represent a future

direction for investigation that would have utility for informing care for this

population. Furthermore, previous work has indicated that MoCA scores improve

over time post-stroke [37], suggesting that cognitive impairment may resolve as

individuals progress to the chronic stage of stroke; future work may also seek to

identify changes in performance as MoCA scores improve post-stroke.

From a clinical perspective, a dual-task trial may also be beneficial as the addition

of a cognitive task may increase the sensitivity of the test to identify either

cognitive or balance impairments, and may potentially reveal altered postural

control strategies that are not necessarily evident under a single-task condition

[38]. As there are no existing clinical assessments of reactive balance control under

dual-task conditions, these findings highlight the potential utility of adding the

cognitive task to the reactive balance task. Furthermore, the dual-task paradigm

provides an easy-to-implement test requiring no additional equipment or space,

making it feasible for a clinical setting. Should the lean-and-release paradigm not

be feasible due to equipment, budget, or space constraints, a potential alternative

may be to incorporate a dual task into a simple reactive balance assessment such as

the Mini-BESTest [39], which requires no specialized equipment (although the

step timing measures of the current study would not necessarily be available, and

analysis would be limited to behavioural responses). A dual-task test is

ecologically relevant, as many activities in everyday life are characterized by

multi-tasking between postural and cognitive tasks [38, 40]. The dual-task
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condition may also have clinical implications with respect to falls risk. Delayed

stepping responses following lean-and-release perturbations have been related to

increased fall rates during in-patient stroke rehabilitation [24] and after discharge

into the community [13]. As such, it is possible that the delays observed during the

dual-task condition may also contribute to falls risk for individuals with stroke,

both in rehabilitation and upon return to community living. Therefore, the ability to

assess cognitive interference during postural tasks, and to subsequently design

treatments that address these deficits, may have considerable value for post-stroke

rehabilitation programs.

Cognitive tasks involved in dual-task paradigms may either be articulated or non-

verbal. Although both types of cognitive tasks may be encountered in everyday

life, the cognitive tasks performed by the participants in the present analysis were

always articulated to ensure that participants were cognitively engaged in the task.

In previous studies with samples of young healthy participants, dual-task effects on

postural control (quiet standing) differed when the cognitive task was articulated or

non-articulated [12, 41]. However, these studies focused on quiet standing, such as

measures related to centre of pressure, as opposed to the gross stepping responses

required during lean-and-release tasks. Additionally, the use of a secondary motor

task (as opposed to cognitive), such as sequential finger tapping, may also

demonstrate a greater dual-task effect. As such, it may be warranted to determine

in future work whether the type of secondary task affects responses and outcome

measures during reactive stepping tasks.

Participants were not instructed with regards to accuracy of the dual task; they

were not instructed to continue performing the task once the perturbation was

initiated; and the priority placed on the cognitive task by participants was not

quantified. The lack of control of the cognitive task constitutes a limitation of the

study, as greater emphasis on these characteristics may have highlighted

differences between the usual-response and dual-task conditions. However, within

the context of the clinical assessment, these measures would have been

exceedingly difficult to obtain. Therefore, it may be important in future work to

address whether greater changes in reactive stepping than in the present study are

also observed with additional emphasis placed on accuracy, and/or while

continuing to perform the cognitive task throughout the reactive response.

Several additional methodological limitations were present in the study. Two types

of usual-response trials (trial 1, trials 2–5) were included to provide an indication

of improvements in performance with multiple trials, and how the changes in

performance during the dual-task trial related to usual-response trials at the first

exposure and after several repetitions. However, outcome measures from the

subsequent usual-response trials (trials 2–5) were determined as an average of

those trials, as opposed to the first usual-response trial or the dual-task trial,
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potentially resulting in more stable measures for usual response trials 2–5.
Perturbation magnitudes were controlled as closely as possible during collection.

However, some participants were unable to achieve or maintain the desired cable

load, resulting in a large number of individuals being excluded due to insufficient

or dissimilar cable loads across trials. Furthermore, individuals were tested in their

own footwear, and shoe stiffness was not controlled, potentially affecting reactive

stepping behaviours. Because the lean-and-release trials were collected as part of a

routine assessment for a clinical stroke rehabilitation program, the order of the

trials was kept consistent across all individuals, as opposed to counter-balancing

the order of the conditions. However, this enabled an investigation of how

performance changed across multiple trials of a novel task and subsequently with

an increase in cognitive load, which may also be useful for the design of

assessment and rehabilitation post-stroke.

5. Conclusion

No significant effects of the dual-task condition on reactive stepping responses

were identified, although a longer time of unloading onset and greater number of

steps were identified for the first usual-response trial compared to later trials.

However, reactive stepping during the dual-task trial exhibited a trend to return to

baseline performance (the first usual-response trial). As the first usual-response

trial was the first trial of an experimental condition, the findings suggest that

exposure to the dual-task trial represented the first trial of a new experimental

condition, and would thus likely reduce the potential for motor adaptation resulting

from multiple exposures to usual-response trials that may occur in an assessment

setting. Therefore, these findings may lend support to the use of dual-task trials

following multiple repetitions of usual-response or single-task trials when

assessing reactive balance in individuals with stroke.
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