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Abstract
Changes gait parameters induced by the concomitant performance of one of two cognitive tasks
activating working memory and spatial attention, was examined in healthy young adults (YA) and
older adults (OA). There was a main effect of task condition on gait-speed (p= 0.02), stride-length
(p<0.001) and double-support time (p=0.04) independent of the group. There were no significant
differences between working memory and spatial attention associated gait changes. Working-
memory and spatial-attention dual-tasking led to a decrease in gait-speed (p=0.09 and 0.01) and
stride-length (p=0.04 and 0.01) and increase in double-support time (p=0.01 and 0.03) in YA and
decrease in stride-length (p=0.04 and 0.01) alone in OA. Cognitive task associated changes in gait
may be a function of limited attentional resources irrespective of the type of cognitive task.

Introduction
Dual-tasking studies on balance control and gait have enhanced our understanding of the
influences of cognition on these functions (reviewed by Woollacott and Shumway-
Cook(Woollacott and Shumway-Cook, 2002)). Dual-tasking methodology involves the
performance of secondary tasks while walking to determine the costs involved in performing
the concurrent task (Beauchet et al., 2002; Beauchet et al., 2003; Bowen et al., 2001;
Camicioli et al., 1997; de Hoon et al., 2003; Ebersbach et al., 1995; Grabiner et al., 2001;
Lundin-Olsson et al., 1997; O'Shea et al., 2002; Rushworth et al., 2001)(see methodology
review by Huang and Mercer (Huang and Mercer, 2001)). Costs of dual-tasking on gait
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parameters are observed by studying changes in speed, cadence, step-length and double
support time while performing secondary tasks; the decrements in gait parameters are
presumed to be due to a limited attentional capacity depending on the complexity of the
secondary task(Huang and Mercer, 2001; Woollacott and Shumway-Cook, 2002).

Various secondary tasks have been used to demonstrate the interactions between cognition
and gait. Most studies have used speech as the distraction task (Beauchet et al., 2005;
Beauchet et al., 2002; Beauchet et al., 2003; Bootsma-van der Wiel et al., 2003; Bowen et
al., 2001; Camicioli et al., 1997; Camicioli et al., 1998b; Cocchini et al., 2004; Condron and
Hill, 2002; de Hoon et al., 2003; Ebersbach et al., 1995; Haggard et al., 2000; Hauer et al.,
2003; Huxhold et al., 2006; Kemper et al., 2003; Lundin-Olsson et al., 1997; Sheridan et al.,
2003; van Iersel et al., 2007; Williams et al., 2006) where as others have used manual motor
tasks(Bond and Morris, 2000; Lundin-Olsson et al., 1998; O'Shea et al., 2002; Toulotte et
al., 2006) or even electrical stimulation as the secondary tasks(Regnaux et al., 2005).
Interference effects of the secondary tasks depend on the study sample and complexity of
the secondary task. For example, effects on gait parameters were observed on a counting-
backwards task in older adults but not in young adults (Beauchet et al.) and on a digit span
task in patients with Alzheimer's Disease (Sheridan et al., 2003) but not in young adults
(Ebersbach et al., 1995). Some studies suggest that the respiratory alterations associated with
speech production and/or central interference between regions involved in motor control as
well as articulation or the rhythmic components of speech may play a role in dual-task
interference rather than the competing demands on attention. Ebersach et al. studied the
effect on gait with concurrent secondary tasks including a digit span task, opening and
closing buttons task and finger tapping and found that stride time decreased with concurrent
finger tapping and double support time increased only when digit span was performed along
with opening and closing buttons while walking; digit span or the button task independently
had no effect on gait parameters(Ebersbach et al., 1995). Similarly, reaction time tasks in
response to an auditory stimuli did not affect gait parameters but reciprocal effects of
walking were seen on reaction time(Lajoie et al., 1993; Sparrow et al., 2002). These studies
suggest that the interference effect of a secondary-task on gait may depend on the type of
secondary task, which may relate to whether or not the two concurrent processes share
common neuronal resources (Huang and Mercer, 2001). For example, some secondary-tasks
such as listening have no effect on gait parameters when performed concurrently(Lajoie et
al., 1993; Lajoie et al., 1996)

Executive function refers to the ability to conceptualize, abstract, organize, initiate and
regulate complex behaviour (Stuss and Benson, 1986) and comprises higher-level functions
such as attentional capacity and working memory (the ability to mentally manipulate
information). Dual-task studies indicate that executive function tasks influence gait
performance in community-dwelling older adults(Coppin et al., 2006; Holtzer et al., 2006;
Kuo et al., 2007; Springer et al., 2006). For example, arithmetic tasks but not semantic
fluency (generating a list of animals) are more likely to lead to alterations in gait under dual-
task conditions in older adults (Beauchet et al., 2005). Similarly, executive function tasks
have also shown to alter gait parameters in patients with Alzheimer's Disease (Sheridan et
al.) and Parkinson's Disease (Camicioli et al.). Working memory is an executive function
requiring transient maintenance and concurrent manipulation of information for a goal-
directed activity, which is utilized in routine daily activites(Baddeley, 1992). Spatial
attention refers to the ability to shift the focus of awareness from one spatial location to the
another (Posner, 1980). Spatial attention and working memory share common cognitive
features (dynamic shifting of attentional resources) as well as few common brain activations
on functional neuroimaging (supplementary motor areas and intra-parietal sulcus)(LaBar et
al., 1999); however, these tasks differ in that the former is primarily a task of visuo-spatial
attention associated with predominantly posterior brain regions whereas the latter is an
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executive-function task associated with predominantly anterior brain regions (Mesulam,
1998). It is unclear whether these two different cognitive tasks independently interfere with
walking if performed simultaneously while walking.

The goal of this study was to determine whether these two cognitive tasks under dual-task
conditions would lead to comparable changes in gait parameters in healthy young adults.
The degree to which mental tasks interfere with walking increase with age suggesting that
aging is associated with a greater demand on attentional resources required for efficiently
carrying out both tasks(Chen et al., 1996; Lajoie et al., 1996; Lindenberger et al., 2000;
Maki et al., 2001). Therefore, we also studied a smaller sample of healthy older adults to
compare to that of the healthy young adults. We hypothesized that performance of cognitive
tasks would lead to a decrease in gait speed, stride-length and double-support to provide a
more stable gait pattern during dual-tasking and these dual-task related changes in gait
would be larger in the older adult group compared to younger adult group. We also
hypothesized that the changes in gait parameters during dual-tasking would depend on the
attentional load of the secondary task such that under dual-task conditions, our working
memory task, which was designed to be cognitively more demanding than the spatial
attention task, would lead to larger effects on gait parameters than the spatial attention task.

Methods
Participants

Ten young adults (mean age: 27 years) and 10 older adults (mean age: 75 years). The older
adults were recruited from a community-dwelling pool of healthy elders participating in the
Sunnybrook Dementia Study, a longitudinal study with annual neuropsychological testing,
neuroimaging and functional assessments. Cognitive impairment, gait impairment or any
condition that interfered with gait were exclusionary. The older adult participants were
within normal limits on detailed neuropsychological testing. The study was conducted in a
gait laboratory of a university hospital with approval from the Institutional Research Ethics
Board.

Apparatus
Gait parameters were measured using GaitRite® (CIR systems, Inc., Havertown, PA), a
computerized walkway that records the temporal and spatial parameters of each participant's
gait for subsequent analysis. It contains a grid of pressure-activated sensors that are
encapsulated in a carpeted walkway measuring 12 × 2 feet. The accompanying software
(GAITRite Gold, Version 3.2b) reconstructs each traverse across the walkway and
automatically computes the spatial and temporal parameters for every traverse.

The stimuli for the cognitive paradigms were presented using Labview® software (National
Instruments Corporation, Austin, TX). The stimuli were projected on a screen placed at
either end of the walkway in the direct view of the participant's central gaze as they walked
on the walkway (Figure 1a). Accuracy of cognitive tasks was captured by means of a small
hand-held button device connected to the computer via an analogue-to-digital converter. The
data were acquired and analyzed through Labview software. The sampling frequency was
set at 500Hz.

Gait
Gait-speed, stride-length and double-support were measured at the participants' preferred-
pace and captured during a steady-state gait. To ensure this, we instructed participants to
start walking approximately 3 feet prior to stepping on the walkway and continue walking
up to 3 feet beyond the end of the computerized walkway. Gait parameters were measured
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across three conditions: walking only, without concomitant cognitive tasking, or walking
while performing the working memory task and walking while performing the spatial
attention task. Each condition comprised five traverses across the walkway. For collecting
gait data on dual-tasking, cognitive paradigms were introduced while they were standing and
participants were prompted to begin walking after they were engaged in the cognitive task
for at least 10 seconds.

Cognitive tasks
Letter 2-back working memory task (Figure 1b)—The working memory task was a
verbal 2-back task(Gevins and Cutillo, 1993). In every trial, participants were shown a
continuous stream of letters that were flashed on a screen. Participants were to respond by
pressing the button if a presented letter was the same as the one that came up two stimuli
back in the sequence. This task had a high working memory load as it required the
continuous maintenance of each stimulus in memory until two consecutive stimuli appeared
and required continuous on-line monitoring of the presented stimulus in order to execute the
response as soon as the stimulus matched the one that came up two stimuli prior to it. This
task did not require shifts of spatial-attention as the letters appear continuously in the centre
of the screen.

Spatial attention task (Figure 1c)—The spatial attention task(Posner and Dehaene,
1994) examined covert shifts of spatial attention. Participants maintained fixation on a
central point on the screen where an arrow appeared pointing to the left or right.
Immediately, a stimulus appeared in one of the two peripheral boxes located on either side
of the centrally placed arrows. The stimuli were of two types either a “X ”or a “2”. The
participants were instructed to respond to the target, an “X” only [not a “2”] by pressing the
button on the hand-held device as rapidly as possible. The central cue remained visible until
the stimulus appeared on the periphery triggering a covert shift of attention to the peripheral
stimuli.

Study design
Participants were tested individually during a single session. At the start of the session all
participants received detailed instructions on how to perform the cognitive conditions. Every
participant practiced the cognitive conditions prior to testing sitting in front of a computer
screen in order to achieve an accuracy of 100% while performing the tasks. For analysis,
session included a single-task walking condition, two single-task cognitive conditions
(verbal 2-back working memory or a covert spatial attention task) and two dual-task
conditions (walking plus either one of the two cognitive tasks). The single-task cognitive
conditions consisted of five trials of 60 second duration each (detailed below). The single-
task walking condition consisted of five traverses across the walkway with a button device
held in the dominant hand and with gaze fixated at a mark centered on the screen across the
walkway. The dual-task conditions also comprised five trials of walking across the walkway
while performing the two cognitive tasks described below, one at a time in succession.
Participants registered their responses on the cognitive tasks by pressing a hand-held button
held in their dominant hand. The display duration for every stimulus on the cognitive
paradigms was set to 500ms with an inter-stimulus interval of 1500 seconds thereby
allowing for approximately 7-10 stimuli for every trial. Participants were encouraged to
perform the task to the best of their ability. i.e continue to aim at 100% accuracy but also
register their responses as quickly as possible. In order to assess gait changes during optimal
cognitive performance, any dual-task trial with a drop in accuracy of 10% or more was
excluded from data collection. The order of condition was randomized but participants were
informed about the task condition prior to every traverse across the walkway.
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Statistical Analysis
The data were analyzed using a 2×3 repeated measures analysis of variance (ANOVA) with
age group (YA vs OA) as a between-subjects factor and task condition as within-subjects
factor (no cognitive task vs working-memory vs spatial-attention). Changes in gait
parameters (speed, stride-length and double-support) while dual-tasking were compared in
the two groups. Partial eta squared values (ηP

2) were obtained as measures of effect size. To
identify significant differences between changes in gait parameters between the two
cognitive dual-task conditions within each group, pairwise t-tests were used.. Performance
on cognitive tasks was not analyzed for this report.

Results
Baseline characteristics

Demographic and baseline walking conditions in the two groups are highlighted in table 1.
Besides age and weight, there were no significant differences between the two groups on
demographic variables such as height, gender and leg length. There were no differences in
baseline walking condition (walking without cognitive tasking) between the two groups on
gait speed, stride-length, cadence, and double-support.

Dual-task effect on gait parameters
Speed (Figure2, Table 2)—There was a main effect of dual-task condition on speed
(F(2,18)=13.05, p=0.002, ηP

2 = 0.42). There was a significant task × age-group interaction
within the groups (F(2,18)=5.6, p=0.03, ηP

2 = 0.24) and the differences between-groups
were significant (F(2,18)=0.8, p=0.3, ηP

2 = 0.04). Gait-speed decreased significantly while
performing spatial-attention tasks (0.17 ± 0.13 m/sec, p=0.003) and working memory tasks
(0.17±0.13 m/sec, p=0.002) in the YA group. In the OA group gait speed decreased with
concomitant spatial-attention tasking (0.03 ± 0.08 m/sec, p=0.2) and working-memory
(0.043 ± 0.13 m/sec, p=0.3) but there were no statistical significant differences between the
two tasks.

Stride-length (Figure 3, Table 2)—There was a main effect of dual-task condition on
stride-length (F(1,36)= 10.032, p<0.01, ηP

2 = 0.2). There was no significant task × age-
group interaction within groups (F(2,18)=2, p=0.17, ηP

2 = 0.1) and there were no significant
between-group differences as well (F(2,18)=0.4, p=0.5, ηP

2 = 0.02). The decrease in stride-
length with concurrent spatial-attention (0.107 ± 0.09 m, p=0.006) and working-memory
task (0.106 ± 0.08 m, p=0.003) were significant in YA group. The decrease in stride-length
in the OA group was also significant during concurrent spatial-attention (0.05 ± 0.05 m,
p=0.01) and working-memory (0.06 ± 0.08 m, p=0.04) tasks. There were no statistically
significant differences in stride-length between working-memory and spatial attention
conditions in the two groups.

Cadence (Figure 4, Table 1)—There was a main effect of dual-task condition on
cadence (F(2,18)=4.6, p=0.04, ηP

2 = 0.26). There was a significant task × age-group
interaction within-groups (F(2,18)=8.2, p=0.01, ηP

2 = 0.3) but not between groups
(F(2,18)=0.8, p=0.3, ηP

2 = 0.4). In the YA group, the changes in cadence with spatial
attention task (7.1±6.5, p=0.007) and working memory task (7.8±6.4, p=0.004) were
statistically significant but again there was no significant change in cadence between the two
conditions (p=0.6). In the OA group, there was no significant change in cadence during
spatial-attention task (1.04 ±4.9, p=0.4) and working-memory task (0.78±6.7, p=0.7).
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Gait stability ratio (GSR=steps per meter)—(Figure 5)The ratio of cadence to speed
has been suggested to better estimate gait stability than gait speed{Cromwell, 2004 #1497}.
When the GSR was compared between the two groups there was a main effect of GSR
((F(2,18)=17, p=0.001, ηP

2 = 0.48) but no interaction between the condition and group.
There were no significant within or between group differences on this derived variable.

Discussion
Results of this study support the hypothesis that changes in gait parameters occur with
concomitant performance of cognitive tasks in older and younger adults. However, the
strategies were different in both groups. When young adults are engaged in performing
spatial-attention and working memory tasks while walking their gait speed is significantly
slower and their stride length also significantly reduces. The older adults, on the other hand,
decrease their stride-length but maintain their gait speed at the cost of increasing their
cadence. The differences in dual-task gait parameters between the two cognitive tasks were
not significant. These results support the hypothesis that both groups adapted their gait
patterns while cognitive tasking, but do not support the hypothesis that changes on tasks
expected to more cognitively demanding, showed a trend towards greater magnitude of
changes in gait. The changes in dual-tasking in older adults were not significantly different
from the changes in dual-tasking in the young adult group.

The changes in gait speed observed in this sample of young adults are consistent with other
studies showing that gait speed decreases on performing a secondary task {Beauchet, 2002
#935}{Springer, 2006 #1360}(Ebersbach et al., 1995). A few studies have also shown that
cadence increases on dual-tasking similar to the findings in our sample of older
adults{Beauchet, 2005 #1361}. The results of this study suggest that young and old adults
maintain their gait stability while dual-tasking with no significant differences between the
two groups on the gait stability ratio (GSR). Therefore, young and older adults may achieve
the same result of maintaining gait stability either by decreasing the speed as we saw in the
young adults or by increasing the cadence as observed in the older adults. Both maneuvers
provide a decrease in stride-length as a adaptive mechanism while dual-tasking. The current
study also extends previous knowledge by demonstrating that concurrent cognitive activity
alone can influence gait parameters that is, without interference effects from concurrent
manual or speech activity which is noteworthy as previous studies have also shown that
postural stability may be directly influenced by speech production while performing word
generation tasks, and talking while walking or repetition of digits(Yardley et al., 1999).

We found that the changes in gait parameters were similar for both working memory and
spatial-attention tasks. The changes were more marked during the working memory task but
there were no statistical significant differences on costs of gait parameters between the two
tasks. The lack of difference in between the two cognitive tasks could relate to commonality
between the two tasks that is both tasks are attention demanding task and that the change in
gait parameters may relate more to the sharing of attentional resources rather than the
cognitive mode of gait interference. It is postulated that under dual-task situations, resource
sharing of common neuronal areas that sub-serve individual tasks involved may lead to
“capacity-sharing” and/or “bottle-necking” of common resources, leading to decrements in
both tasks (Pashler, 1994). The interference effects for different concurrent motor or
cognitive tasks may then depend on whether or not these concurrent processes compete for
the same neuronal resources(Huang and Mercer, 2001). Functional MRI studies of working
memory and spatial attention tasks have revealed that these tasks evoke a network of
activations in multiple frontoparietal regions such as the supplementary motor area, banks of
the intraparietal sulcus, striatum and cerebellar vermis (LaBar et al., 1999). Functional
neuroimaging studies have also suggested that these regions may play an important role in
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human locomotion(Fukuyama et al., 1997; Malouin et al., 2003; Miyai et al., 2001). The
premotor and prefrontal regions appear to be involved in the maintenance of an individual's
walking pace(Suzuki et al., 2004), while areas within the parietal lobe such as the banks of
the intraparietal sulcus may play a role in informing about relative positions of body parts
and modulating limb movements (Rushworth et al., 2003). Therefore, working memory and
spatial attention may also share in part the neuronal resources that control gait speed and
other temporal parameters, which may explain why no significant differences were seen
between the two dual-tasks in this study.

This methodology in this study differs from other dual-task studies on gait in that the
secondary tasks used in this study targeted unitary cognitive functions, namely working
memory and spatial attention. The paradigms were designed to minimize interference by
other concurrent cognitive processes and limit motor interference to only a button-press in
the dominant hand. We used sensitive gait assessment devices in capturing specific gait
parameters in two groups of healthy young and older adults. This study has its limitations as
well. Firstly, the advantage of using an automated walkway to enable accurate and easy
capture of gait parameters was compromised by the relatively short length of the walkway
(12 feet), as we were unable to capture continuous gait parameters beyond the duration
required to complete a single traverse. To mitigate this drawback we averaged gait
parameters over 5 traverses for each condition. Secondly, there was a significant main effect
of dual-task condition on gait parameters in the two groups but the effect sizes (denoted by
partial eta squared values (ηP

2)) for the main effects were small (in range of 0.1 to 0.2). The
small effect size in this study may reflect the fact that the older adult sample was relatively
smaller and sensitive automated gait assessment systems used in this study. Smaller effect
sizes could also be due to small sample sizes of our groups. Effect sizes are not usually
reported in dual-task gait studies in healthy individuals and comparisons with those targeting
gait-impaired populations cannot be made. Lastly, though the paradigms were programmed
to capture reaction times during performance of cognitive tasks, inspection of reaction time
data collected showed that these were incorrectly registered upon capture and hence reaction
time data could not be reliably analyzable for this report. However, the hypotheses that gait
changes occur while cognitive dual-tasking at optimal accuracy was justifiable despite the
loss of the reaction time data.

In summary, a concurrent working-memory and spatial-attention task performed while
walking in healthy young and older adults led to a changes in gait in both groups with each
group adopting different strategies with a resulting common goal of maintaining stability.
There was a trend for increased costs of working-memory task performance on gait
parameters in comparison to spatial-attention task performance in both groups. Whether the
change in temporal gait parameters is an innate compensatory response to increase stability
of gait while dual-tasking, or results from competition of the concurrent processes for
common neuronal resources, needs to be further investigated. The dual task used in this
study can be used to elucidate possible interactions between working memory and gait
control in pathological conditions associated with compromised neuronal resources such as
in neurodegenerative and cerebrovascular disease.
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Figure 1. Figure 1a: Experimental set-up
Figure 1b: Working memory task ( 2-back task):
Figure 1c: Spatial attention task:
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Figure 2.
Changes in speed in young adults and older adults with dual-tasking.
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Figure 3. Changes in stride-length in young adults and older adults with dual-tasking
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Figure 4.
Changes in cadence in young adults and older adults with dual-tasking.
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Figure 5.
Gait stability ratio (GSR= ratio of cadence to speed or steps per meter) in the two groups.
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Table 1
Baseline differences in young and older adult groups

YA (n=10) OA (n=10) P value

Age 27.3±4 74.3±7 <0.001

Weight 59±6 71±15 0.05

Height 1.63±0.05 1.62±0.09 0.9

Leg length 0.84±0.04 0.79±0.2 0.4

Gender (N of female) 5 7 0.65

Gait speed (m/sec) 1.22±0.1 1.20±0.2 0.7

Stride-length (m) 1.31±0.07 1.32±0.2 0.9

Cadence (steps/min) 113±6 109±7 0.3

Double-support (sec) 0.26±0.04 0.29±0.1 0.9
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