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ARTICLE INFO ABSTRACT

Keywords: Background: Falls are a serious problem among stroke survivors due to subsequent injuries, recovery setbacks,
Gait dependence, and mortality. A growing body of dual-task (DT) studies suggests a role of executive functions in
Stroke gait control and falls, particularly in subacute stroke. However, few studies have compared distinct executive
Dual-task

and non-executive tasks, nor their effects on chronic stroke gait. Research question: The purpose of this cross-
sectional study was to compare the effects of distinct working memory (2-back) and inhibition (Stroop) tasks on
walking gait performance in chronic stroke survivors.

Methods: A pilot sample of chronic stroke survivors (n = 11, 8 males, mean age = 70.91, 6-12months post-
stroke event) and age-matched healthy controls (n = 13, 4 male; mean age = 68.46) were tested. Gait perfor-
mance (speed, stride time, stride time variability, stride length and stride length variability) was measured using
2 wireless inertial measurement sensors under 4 walking conditions: 1) preferred walking (single-task: ST), 2)
walking with a 2-back DT, 3) walking with a Stroop DT, and 4) walking with a non-executive motor response DT.
The secondary tasks were also carried out in both ST (seated) and DT conditions, to examine bidirectional
effects.

Results: While the stroke survivor sample had a slower gait speed across conditions and tasks, there were no
significant differences between the groups [F(1, 22) = 1.13, p =.299, °p = .049] on the spatial or temporal
gait characteristics recorded: gait performance was maintained during executive and non-executive DTs. In
addition, we did not find a significant effect of group on cognitive task performance (allp > .052). However, we
observed a cost in accuracy on the 2-back DT for both groups, suggesting resource overlap and greater cognitive
load (all t > 19.72, allp < .001).

Significance: Our gait data contradict previous studies evidencing impaired gait post-stroke, suggesting func-
tional recovery in this chronic stroke sample.

Executive function
Older adults

Falls are a common problem for stroke survivors in both acute and completing a secondary cognitive task) does not appear to improve over

chronic stages of recovery that can result in multiple negative sequelae:
severe setbacks in cognitive and motor recovery, additional injuries,
increased hospital stays, loss of independence, and even mortality
[1,2]. Falls are largely attributed to balance and gait impairments post-
stroke [1], with gait patterns most often characterised by a slower gait
speed, and sometimes with alterations in stride length and cadence that
can return to baseline with longer recovery [3,4]. Despite this, fall rates
remain higher in long-term stroke survivors than in community-
dwelling older adults [5], and cognitive dual-task gait (walking while

time post-stroke [6]. Indeed, the dual-task literature increasingly sug-
gests a role of cognitive capacity in gait control and falls post-stroke
[7].

The dual-task (DT) paradigm allows for the examination of the role
of cognitive capacities in gait control (i.e. cognitive-motor inter-
ference), by examining the “cost” or change in gait performance from
single-task to DT conditions. DT gait post-stroke is most often char-
acterised by slower gait speed, with some studies reporting altered
stride length and interference on performance of the secondary
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cognitive task also (particularly during more challenging walking tasks)
[7-10]. The resource capacity theories of attention would suggest that
these DT costs are a result of shared cognitive resources being re-
directed from gait control to the secondary task [11]. In support of this,
numerous studies have shown that DT costs in gait performance appear
to be greater with higher-level cognitive tasks (compared to motor
tasks), amplified in older adults compared to younger adults, and even
more pronounced with mild cognitive impairment, dementia and post-
stroke [12-15]. While subtle cognitive impairment has been docu-
mented in subacute stroke [see 16], few studies have examined this
over a longer recovery period [17], nor how it may relate to gait im-
pairments and falls in chronic stroke.

A number of studies have examined the impact of cognitive tasks on
DT gait post-stroke, but the role of specific cognitive capacities remains
unclear, in part, due to conflicting findings [7]. Inconsistent findings
can be attributed to a number of problems in the DT literature including
a lack of comparative control groups (e.g [8,9,15]), inconsistent ana-
lysis of bidirectional effects (on gait and cognitive DT performance),
and the heterogeneity of stroke [6]. In addition, there has also been a
lack of comparative control dual-tasks in studies that attempted to
compare cognitive domains. However, the few studies that have ex-
plicitly compared different dual-tasks indeed suggest that the type of
task matters. For example, one study found that a spontaneous speech
task affected gait performance more than a working memory/updating
task or visuospatial decision-making task in a sample of 13 community
stroke survivors (but this finding is limited by a lack of a control group)
[8]. Another study comparing 10 stroke survivors to healthy young
adults (rather than age-matched) found that a visuomotor task inter-
fered most with cognitive performance in both groups, but that the
serial subtraction task (working memory/updating) had a greater effect
on gait performance in stroke survivors than a Stroop (inhibition/in-
terference) or a visuomotor task [16].

Overall, executive tasks appear to be key in the control of gait post
stroke [17]. However, executive function is a complex domain com-
prised of a number of processes, with various cortical inputs [12,13]
that are targeted by distinct and varied tasks. The current study at-
tempts to address some of the knowledge gaps and methodological
limitations in the DT literature by comparing the bidirectional inter-
ference effects of distinct executive and non-executive dual-tasks, in a
pilot sample of stroke survivors and age-matched healthy older adults.
Specifically, the executive tasks targeted working memory and cogni-
tive inhibition: two capacities that are impaired post-stroke [18]. We
hypothesize that the stroke survivor group will have slower gait speed
at baseline and increased DT costs on speed for the executive tasks. We
also predict that the executive tasks will elicit greater interference than
a control task (non-executive motor response task).

1. Methods
1.1. Participants

A relatively homogeneous sample of 12 community-dwelling
ischaemic stroke survivors (SS) was recruited from Tallaght University
Hospital Stroke Unit records. One participant was later excluded due to
inability to walk 15m, leaving 11 SS participants (8 male; mean
age = 70.91; mean time post-stroke: 305.29 days). All SS participants
had a Modified Rankin Score of less than 2. An age-matched control
group of healthy older adults (OA) was also recruited from the com-
munity (n = 13, 4 male; mean age = 68.46). The inclusion criteria for
both groups included the ability to walk upright for at least 15m, age
55 years and above, normal or corrected vision and hearing. In addi-
tion, we only recruited SS participants that were at least 6 months post-
stroke, allowing for maximal motor recovery [19]. Participants were
excluded if they reported taking medications stating side effects of
dizziness or balance impairments. Individuals who were taking nu-
merous medications were often excluded due to other health issues that
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met the criteria for exclusion: e.g. dementia, aphasia, relevant vestib-
ular or musculoskeletal conditions. Only 2 participants in each group
reported a fall in the previous 12 months (thus, we could not compare
fallers and non-fallers). This study was conducted in accordance with
the ethical standards of the American Psychological Association (APA),
and with approval from the Ethical Committees of Maynooth University
and Tallaght University Hospital.

1.2. Measures

The two groups were compared on measures of height (cm), weight
(kg), lower limb strength (5 times sit-to-stand task), fear of falling (FES-
I [20]), premorbid intelligence (National Adult Reading Test, NART
[21]), and global cognition (Mini Mental State Examination and the
Montreal Cognitive Assessment [22,23]). Three stimulus-response sec-
ondary tasks were utilized (motor, n-back and Stroop task): all gener-
ated in E-Prime and run on a Dell Latitude 2.1 GHz Intel Pentium
Processor laptop. Auditory stimuli (mono 16-bit sound files with a
44.1 kHz sampling rate) were presented via wireless fm headphones,
and participants responded as instructed on a hand-held wireless
mouse. Accuracy (ACC: %) and response time (RT: ms) were the key
outcome measures. Both the gait and secondary tasks were examined in
single-task (ST) and DT conditions (tasks and conditions were coun-
terbalanced across participants). No instruction was given regarding
which task to prioritise in the DT condition. Dual-task change (DTC)
was derived from the change in performance from single- to dual-task
conditions. Testing took place at Tallaght Hospital and Maynooth
University, using a 15m corridor for the walking trials, and a private
testing room for cognitive and other assessments.

1.2.1. Secondary tasks

Motor Task. The motor task was a basic stimulus-response control
task that requires attention but does not tax higher-level executive
function or decision-making processes. A single auditory tone was
presented (1000 ms long with a 1200 ms response window from sti-
mulus onset) at randomly varied delay intervals (500 ms, 750 ms or
1000 ms), to which participants were instructed to quickly respond by
clicking the left button of the mouse.

2-Back Task. An auditory 2-back task was employed to assess ex-
ecutive working memory [24]. The participants heard a sequence of
nouns (Toronto Noun Pool), presented one at a time, and were asked to
respond by clicking the left mouse button when the current word was a
repeat of the word presented two trials previously. The response
window was 2000 ms in length from the time of stimulus onset. A short
practice block was given before the test block began. Target “match”
appeared on 30% of trials.

Stroop Task. An auditory response conflict Stroop task was utilised
to target inhibition [25]. Again, a short practice block was presented
before the test block. There were 4 auditory voice stimuli consisting of
the words “High” and “Low” played in either a high (Hi: 300 Hz) or low
(Lo: 160 Hz) pitch, presented with a 2000 ms response window and a
300 ms inter-trial-interval. Each of the four stimuli occurred on 25% of
the trials in a pseudorandom order to ensure no more than 2 con-
secutive repetitions, with incongruent stimuli appearing on 50% of
trials. There were two response options: a left mouse button click for
congruent stimuli ("High"y; and "Low";,) and a right mouse button click
for incongruent stimuli ("High", and "Low"y;). Congruent and incon-
gruent ACC and RT (respectively) were measured.

1.2.2. Gait assessment

Participants completed 2 single-task (ST) walking trials (to get an
average of ST gait), and 3 dual-task (DT) walking trials. Tasks and trial
order were counterbalanced. Each trial consisted of walking at a pre-
ferred speed along a straight, wide, well-lit, and obstacle-free 15m
walkway with an about-turn at each end (mapped out with floor
markings). Two wireless inertial measurement sensors (SHIMMER2R:



E.A. Walshe, et al.

Shimmer Research LTD, Dublin, Ireland) were secured to the shank of
the left and right leg, and recorded tri-axial accelerometer and gyro-
scope data at a sampling rate of 102.4 Hz. A previously validated al-
gorithm developed in MATLAB® was used to identify gait events in the
sagittal plane gyroscope signal and calculate temporal and spatial gait
metrics from these events [26]. Five gait variables were analysed: gait
speed (m/s); stride time (s); stride time variability (Coefficient of
Variability %: CV stride time); stride length (m); and stride length
variability (CV stride length %).

1.3. Statistical analysis

All statistical analyses were carried out using SPSS 21 statistical
package (SPSS Software, Seattle, WA, USA). Group comparisons on
control measures were conducted using independent t-tests. Mixed
factorial ANOVAs were used to analyze between- and within-group
condition effects on cognitive and gait outcomes, and DTC values.
Bonferroni corrected follow-up t-tests were used to examine simple
main effects.

2. Results
2.1. Group comparisons

There were no significant differences between the OA and SS groups
on the general control measures (all p > .462): see Table 1. FES-I
scores indicated moderate concern about balance and falling in both
groups [27].

2.2. Gait analysis

The SS group had slower gait speeds on all ST and DT trials com-
pared to the OA group (see Table 2), but there were no statistically
significant effects of Group [[F(1, 22) = 1.13, p =.299, 7°p = .049] or
task [F(3, 66) = 0.50, p =.684, n°p = .022]. Analysis of the other gait
variables revealed no significant main effects of Group or Task Type
(ST, Motor DT, n-back DT or Stroop DT): all F < 3.62, allp > .072.

2.2.1. Gait dual-task change

Dual-Task Change (DTC; %) values for each of the gait variables
were examined: see Table 3. There were no main effects of Task Type or
Group on speed DTC, CV stride time DTC, mean stride length DTC, or
CV stride length DTC: AllF < 3.04, all p > .059. For mean stride time
DTC, there was a significant main effect of Task [F(2, 40) = 6.30, p
=.004, #°p = .239] but no main effect of Group [F(1, 20) = 2.15, p
=.158, °p = .0971. However, follow-up analysis using the Bonferroni
correction found no significant differences between the groups (all
t<1.77,allp > .09), or across the 3 dual-tasks (all t < 2.38, allp >
0.036: corrected a = .013).

Table 1

Mean (and standard error of the mean) values for control variables in the older
adult (OA) and stroke survivors (SS) participant groups, with p values for
comparisons between groups.

Measure OA SS P

Age (years) 68.46 (2.35) 70.91 (2.22) 0.462
Height (cm) 166.73 (1.79) 166.05 (3.20) 0.849
Weight (kg) 70.51 (3.97) 74.09 (3.06) 0.496
5 Times Sit-to-Stand (s) 10.25 (0.62) 11.03 (1.05) 0.511
NART Full Scale IQ 109.8 (2.63) 109.27 (2.27) 0.858
FES-I 23.46 (1.67) 23.45 (1.67) 0.998
MMSE® 27.92 (0.60) 28.45 (0.65) 0.556
MoCA 24.46 (1.17) 23.55 (1.12) 0.582
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2.3. Cognitive analysis

No significant between-group differences were found on any of the
secondary tasks (all t < 2.05, all p > .052). Within-group comparisons
showed that both the OA and SS group were less accurate on the DT 2-
back in comparison to the ST (non-walking) condition (see Fig. 1a): all
t>19.72, all p < .001. The OA group also had faster RTs when re-
sponding correctly on the DT 2-back in comparison to the ST (Fig. 1b): t
(11) = 3.34, p = .007. The same RT trend was observed in the SS
group, but the effect was not significant (p = .08).

2.3.1. Cognitive dual task change

Separate comparisons of RT DTC and ACC DTC values were made
between and within groups across tasks. There were no differences
between the two groups on accuracy DTC values (all t < .316, all
p > .108) or RT DTC values (all t < 1.96, all p > .064). Comparing
across tasks within the OA group, there was a greater ACC DTC on the
2-back (M = 41.05, SEM = 1.88), than on incongruent Stroop trials (M
-12.55, SEM = 10.02) [t(10) = 5.10, p < .001]. This finding is
likely due to the decline in accuracy on the 2-back in the DT condition,
and parallel increase in accuracy on incongruent trials in the Stroop DT.
There was also a significant difference in RT DTC between the 2-back
M -20.43, SEM = 5.61) and congruent Stroop trials (M = 11.71,
SEM = 6.67) in the OA group: t(10) = -3.69, p = .004. This is due to
their faster RTs on the 2-back DT (DT improvement) compared to
slower RTs on the congruent Stroop trials (DT cost).

Within the SS group, there was a significant difference between the
increased RTs (DT cost) on the Motor DT and the decreased RTs on the
2-back DT [t(9) = 4.13, p =.003] and congruent Stroop DT [t
(10) = 3.61, p =.005]. See Fig. 2 for DTC in ACC and RT perfor-
mances.

3. Discussion

This study examined the relative role of distinct executive function
processes in the control of gait post-stroke, by comparing the inter-
ference effects of a working memory and an inhibitory control DT on
performance in stroke survivors and age-matched healthy older adults.
Surprisingly, we found no significant differences between the groups on
any of the spatial or temporal gait variables recorded at baseline, nor in
the dual-task condition. However, we did see a trend that our stroke
survivor sample had a slower gait overall. Although not statistically
significant, this trend is in line with prior studies which commonly
report reduced speed as characteristic of post-stroke gait [3]. In con-
trast, prior work has shown that other impaired gait characteristics such
as decreased stride length and cadence post-stroke tend to recover over
a longer period of time post-rehabilitation [3,4]. This may explain why
we did not find group differences on these metrics in our stroke sur-
vivors sample who were more than 10 months post-stroke event. More
challenging walking tasks may reveal group differences [10]. However,
one study also found that neither stroke nor healthy adults were im-
paired in obstacle avoidance while concurrently completing a Stroop
task [28].

There was no significant decline in gait in the DT condition, for any
of the secondary tasks (nor any patterns of differences in relative DTC
between the tasks). For the cognitive measures, we did not see baseline
impairments in executive function capacities in this stroke survivor
sample. However, we did see costs in cognitive performance on the
working memory DT for both groups, which indicates overlapping re-
sources between working memory and motor processing, and highlights
the importance of examining bidirectional effects in DT studies. We also
saw increased accuracy on incongruent trials in controls, and longer
RTs in the stroke survivors. However, accuracy scores were close to
50% on both the ST and DT conditions in the stroke survivor group (and
to a lesser extent in the control group). This may indicate that stroke
survivors responded at chance when unsure of the correct response,
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Table 2
Mean (and standard error of the mean) values for spatial and temporal gait variables for each walking task in the older adult (OA) and stroke survivor (SS) groups.
OA SS

Gait Measure ST Motor DT 2-back DT Stroop DT ST Motor DT 2-back DT Stroop DT
Speed (m/s) 1.20 (0.03) 1.17 (0.04) 1.20 (0.03) 1.16 (0.03) 1.14 (0.03) 1.15 (0.04) 1.14 (0.04) 1.13 (0.04)
Stride Time (s) 0.93 (0.02) 0.94 (0.02) 0.96 (0.02) 0.97 (0.02) 0.97 (0.02) 0.97 (0.03) 0.98 (0.03) 0.96 (0.02)
CV Stride Time (%) 7.28 (0.59) 7.63 (0.71) 6.36 (0.52) 8.10 (1.10) 6.28 (0.26) 6.13 (0.21) 5.85 (0.23) 6.26 (0.19)
Stride Length (m) 1.11 (0.01) 1.09 (0.03) 1.15 (0.01) 1.12 (0.02) 1.10 (0.02) 1.11 (0.02) 1.11 (0.02) 1.11 (0.02)
CV Stride Length (%) 48.06 (0.91) 46.26 (2.05) 45.38 (1.14) 47.47 (1.63) 48.34 (1.01) 48.82 (1.72) 47.29 (1.26) 48.06 (1.10)

Table 3

Gait dual-task change values (DTC%) for each dual-task (DT) condition in the older adult (OA) and stroke survivor (SS) groups. Positive DTC values indicate worse

performance on the DT than ST (i.e. DT costs).

OA SS
Gait DTC Motor DT 2-back DT Stroop DT Motor DT 2-back DT Stroop DT
Speed DTC% 2.06 (3.47) —0.73 (2.98) 2.34 (3.24) —1.44 (2.25) —0.58 (2.07) 0.81 (2.31)
Stride Time DTC% 1.09 (1.93) 3.57 (1.59) 2.64 (1.42) —0.94 (1.19) —0.04 (1.18) —0.11 (1.04)
CV Stride Time DTC% 17.32 (12.02) —4.87 (4.15) 11.43 (9.41) —7.64 (4.55) —8.77 (3.01) 0.26 (3.85)
Stride Length DTC% 1.43 (2.87) —3.91 (2.20) —1.08 (2.46) —-0.37 (1.74) —0.44 (1.64) —1.15 (2.08)
CV Stride Length DTC% 3.25 (5.33) —5.11 (3.19) —0.65 (4.30) 1.11 (3.32) —1.72 (3.45) —0.05 (3.40)
a) b)
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Fig. 1. Differences between single-task (ST) and dual-task (DT) for; a) 2-back percentage accuracy (ACC: = SEM) and; b) 2-back task reaction time (RT) in ms
( £ SEM), in both the older adult (OA) and stroke survivor (SS) groups (* indicates significance at the Bonferroni adjusted alpha).

which could also allow for prioritising maintenance of walking task
performance. Overall, these findings are in contrast to previous work
that has shown cognitive-motor interference on speed, stride time, and
cognitive performance post-stroke [6-9]. However, our working
memory n-back task differed from previous studies using the serial se-
rial-subtraction [14]. Furthermore, few studies have examined cogni-
tive impairment and DT gait specifically in chronic stroke. Thus, these
findings may suggest that there is substantial functional recovery in the
chronic stage of stroke (230-438 days post-stroke).

Interestingly, our stroke survivor sample had a faster baseline mean
gait speed than previously reported speeds for even high-functioning
survivors [29], and our older adult group also had a slower mean speed
than national reference data (see [30]). Furthermore, this OA group had
relatively low scores on the MMSE and MoCA (scoring in the 25th
percentile or lower relative to national reference data: [30]). This
suggests that we recruited a slightly poorer-performing healthy control
group and a particularly well-recovered stroke survivor group, which
may account for the equivalence between our groups on the control
measures (IQ, strength, etc.). These results support the hypothesis that
time in stroke recovery (stroke chronicity) is a critical factor moder-
ating the relationship between cognitive and motor control in dual-task
gait [9]. Stroke survivors who have had more time in recovery post-
stroke may demonstrate less cognitive-motor interference due to

extended motor recovery and reacquisition of gait automaticity. Further
research should attempt to replicate these findings, with larger sample
sizes, and also consider comparing fallers and non-fallers post-stroke, as
they may evidence different cognitive-motor impairments.

3.1. Limitations

The small sample size of this study, with a conservative Bonferroni
correction for multiple post-hoc comparisons, may have limited the
ability to detect group and task differences. However, previous studies
with similar designs were able to detect main effects in similar sized
samples [9,14]. Second, self-selection bias for study participation may
have resulted in a well-recovered stroke survivor sample that does not
represent the general chronic stroke population. Third, task selection
and difficulty may not have been appropriate for revealing cognitive
impairments and overlapping resources in DT gait. Additionally, a
variable inter-stimulus interval should have been used to avoid any
positive effects of stimulus timing on gait rhythmicity.

3.2. Conclusion

Overall, the data did not support our predictions for group and task
differences. Our findings suggest that despite the damage incurred by a
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Fig. 2. Mean dual-task change (DTC%) in; a) accuracy ( = SEM); and b) reac-
tion time ( = SEM), for each dual-task in both the older adult (OA) and stroke
survivor (SS) groups (* indicates significance at the Bonferroni adjusted alpha).

stroke, time in recovery is critical: survivors ("300 days post-stroke) can
return to performance levels equivalent to age-matched (but potentially
poor-performing) controls, and thus, normative functioning life. It is
important to remember that impairment and recovery post-stroke de-
pends on a multitude of factors, as do falls. Thus, stroke survivors
should not be treated as a homogeneous group when considering im-
pairments or intervention. However, this study was not without lim-
itations. Future research should continue to compare the effects of
different cognitive DTs on gait control at different stages of stroke re-
covery, particularly among fallers and non-fallers.
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