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Abstract
Background—In older adults, changes in speed and stability during walking are associated with
impaired balance and increased fall risk. Narrow-base walking requires increased frontal plane
stability and can be used to assess postural control while walking. Performance of a concurrent
cognitive task (dual task) may further increase the complexity of walking, potentially allowing
identification of individuals with instability that is not detected under single-task conditions. The
purpose of this study was to examine age-associated effects of a cognitive task on speed and frontal
plane stability during narrow-base walking.

Methods—Thirty-four healthy adults participated, categorized by age: <65, 65–74, and ≥75 years.
Participants walked at a comfortable pace within a narrow path under both single- and dual-task
conditions. We examined spatiotemporal variables and frontal plane center of mass (CoM)
parameters using a 13-segment biomechanical model.

Results—Increasing age (p < .001) and the performance of a concurrent cognitive task (p < .001)
were both associated with decreased speed, with no interaction between these factors. Frontal plane
CoM displacement and velocity increased with increasing age (both p < .001), but dual-task
performance had no effect on these variables (both p > .450).

Conclusions—Age-associated changes in both speed and stability are observed during narrow-
base walking. Among this sample of healthy older adults, the addition of a concurrent cognitive task
resulted in reduced speed, with no effect on frontal plane stability. Further research is needed to
determine if dual-task, narrow-base walking is a sensitive and specific approach to identifying older
adults at risk for falls.
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Falls are common among community-dwelling older adults (1), and in this population, the
incidence of falls increases with age (2). The majority of falls occur during walking (3), and
unsteady gait is a leading cause of falls among elderly persons (4). Age-related declines in gait
speed and stability have been associated with increased fall risk in older adults. Gait speed
during functional walking tasks is slower in older adults with a history of falls compared to
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those without a history of falls (5,6). Similarly, decreased frontal plane stability when walking
over obstacles and increased stride-to-stride variability during level walking have been
associated with increased fall risk in older adults (7,8). Thus, the assessment of gait speed and
stability among older adults may be useful in understanding the cause of falls when walking
and in identifying individuals with an increased risk for falls.

For clinicians, the ability to identify gait instability and associated fall risk is critical. Although
the cause of falls is typically multifactorial, performance-based measures are often used to
assess the contribution of balance and gait impairments to fall risk. However, among
community-dwelling older adults, performance-based measures are not always accurate in
identifying individuals at risk for falls, even when used in combination (9). Mobility during
daily life often requires the performance of concurrent cognitive or motor tasks, such as talking
or carrying objects. Because of the increasingly recognized role of cognition in postural control
and gait, many researchers have used dual-task paradigms incorporating a concurrent cognitive
task to improve fall risk assessment (10). For example, the use of a concurrent cognitive task
has been shown to distinguish between older adults with and without a history of falls during
standing postural control tasks (11). In addition, complex walking tasks such as dual-task
walking may be more sensitive than simple walking tasks for identifying early declines in
postural control among nondisabled older adults without frank mobility limitations (12).

During walking, the primary direction of instability is in the frontal plane (13,14), and
impairments in frontal plane stability during stance and gait have been identified as a major
risk factor for falls in older adults (14). Tandem and narrow-base walking are commonly used
to assess postural control during walking (15), because the center of mass (CoM) must be
tightly controlled within a narrowed base of support. Adding a concurrent cognitive task (i.e.,
dual task) to narrow-base walking may further challenge stability, allowing identification of
early balance deficits not detected under single task conditions. The purpose of this study was
to examine age-associated effects of a concurrent cognitive task on gait speed and frontal plane
stability during narrow-base walking in a population of healthy older adults. We hypothesized
that both speed and frontal plane stability during narrow-base walking would decrease with
increasing age. We also hypothesized that the performance of a concurrent cognitive task would
result in further decreases in gait speed and stability, and that this effect would be greatest
among the oldest participants.

Methods
Participants

Thirty-four healthy, community-dwelling adults between 54 and 95 years of age were enrolled
in this study based on the following age categories: <65 years (n = 9), 65–74 years (n = 13),
and ≥75 years (n = 12). All participants were enrolled in the Baltimore Longitudinal Study of
Aging (BLSA), an ongoing, multidisciplinary, observational study initiated in 1958. Details
of the BLSA recruitment methodology have been outlined previously (16). As part of the BLSA
visit, all participants received a complete medical history and physical examination, including
history of falls over the previous 12 months. A simple count of comorbid medical diagnoses
was used to examine disease burden for each participant. The Blessed Dementia Scale (BDS)
was used to assess the impact of any cognitive impairment on activities of daily living (17).
Exclusion criteria for the gait evaluation included the need for assistance (from an assistive
device or another person) when walking, legal blindness, an inability to follow instructions
because of cognitive impairment, and the report of one or more falls in the previous 12 months.
An independent institutional review board approved the BLSA study protocol, and participants
provided written informed consent for all procedures.
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Experimental Protocol
Participants were asked to walk at a comfortable pace within a narrow path (6.7 m long) both
without (single task) and with (dual task) a concurrent cognitive task. Participants performed
3–4 trials in each condition. The width of the path was normalized to 50% of the distance
between the participant’s anterior superior iliac spines, to produce a similar challenge for
individuals with different body morphologies. The narrow path was outlined by tape on the
walking surface, and participants were instructed to walk within the taped path. Retroreflective
markers were used to define the narrow-base path in the motion capture and analysis software
and to detect step errors. For the cognitive task, participants were asked to say the days of the
week backwards. This task was selected to provide a moderate cognitive load, similar to that
required in functional situations (e.g., walking while conversing). Under the dual-task
condition, no specific attentional focus was instructed, and participants were asked to perform
both tasks as best they could.

All participants were tested while walking barefoot. A set of 37 retroreflective markers was
placed on bony landmarks of the feet, legs, pelvis, trunk, arms, and head. A six-camera VICON
motion analysis system (VICON Motion Systems, Inc., Lake Forest, CA) was used to collect
three-dimensional (3-D) marker position data at 60 Hz. Visual 3-D software (C-Motion,
Rockville, MD) was then used to create a 13-segment biomechanical model, and the location
of the whole-body CoM was calculated as the weighted sum of each body segment’s CoM.
This model included six segments for the lower extremities (bilateral feet, shanks, and thighs),
four segments for the upper extremities (bilateral upper and lower arms), one for the pelvis,
one for the trunk, and one for the head (Figure 1A). The trajectory of the CoM during each
trial was then computed using Visual 3-D software.

Custom software was used to calculate step and stride characteristics for spatiotemporal and
CoM variables. Only steps taken independently were analyzed; one step and the associated
stride were excluded from the analysis because the participant touched the laboratory wall for
support. Stride velocity was the primary measure of gait speed and was calculated as the
distance between one heel strike and the next heel strike on the same foot divided by the time
between these heel strike events. Stride time was defined as the time between one heel strike
and the next heel strike on the same foot. Step width and step length were calculated as the
distance (width and length) between the heel marker of one foot and the heel marker of the
opposite foot. A step error was defined as any step in which the ankle marker was detected
outside of the corridor at heel strike. Step error rates were calculated for both single- and dual-
task conditions as the number of step errors divided by the total number of steps in that
condition. Inaccurate steps were those in which a step error occurred, and accurate steps were
within the narrow base path. Frontal plane stability was assessed using mediolateral (M-L)
CoM displacement and peak velocity. The M-L CoM displacement was defined as the
maximum minus the minimum value of the CoM in the frontal plane during a single stride,
and the M-L CoM peak velocity was defined as the maximum M-L velocity of the CoM during
a single stride (Figure 1B).

Statistical Analysis
For each participant, the mean for each parameter was calculated using all valid steps or strides
within a given walking condition. For each age group, means, standard errors (SE), and 95%
confidence intervals (CI) were then calculated. Data were analyzed in SPSS (version 11.5;
SPSS Inc., Chicago, IL) using a general linear model with 1 within-subjects factor (task: single
or dual) and 1 between-subjects factor (age group: <65, 65–74, and ≥75 years). Post hoc
analyses of significant age effects (α level set at p = .05) were performed using the least
significant difference (LSD) test.
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Results
Participant Demographics

There were no significant differences in height (p = .267), weight (p = .098), or body mass
index (p = .221) between age groups (Table 1). Participants in the <65 group had fewer
comorbidities (0.7 comorbidities [SE: 0.2; 95% CI: 0.1–1.2]) than did participants in the two
older groups (65–74 group: 1.9 comorbidities [SE: 0.3; 95% CI: 1.3–2.6]; p = .008; ≥75 group:
2.0 comorbidities [SE: 0.3; 95% CI: 1.3–2.7]; p = .006). Scores on the BDS did not differ across
groups (p = .424), and the mean BDS score was 1.7 (SE: 0.3; 95% CI: 1.2–2.2).

Step Error Rates
Across all participants, the mean width of the narrow base path was 16.7 cm (SE: 0.6; 95% CI:
15.5–17.9), and the width of the path did not differ between age groups (p = .963). Collapsed
across groups, the mean number of steps analyzed was 10.6 steps (SE: 1.3; 95% CI: 7.9–13.2)
in the single task condition and 11.9 steps (SE: 1.1; 95% CI: 9.6–14.3) in the dual-task
condition. Overall, more steps were available for the ≥75 group (16.0 steps [SE: 1.8; 95% CI:
12.2–19.8]) compared to the two younger groups (<65 group: 9.3 steps [SE: 0.9; 95% CI: 7.4–
11.1], p = .013; 65–74 group: 8.2 steps [SE: 0.9; 95% CI: 6.4–10.0]; p = .002). The mean step
error rate for all participants was 16.6% (SE: 2.4; 95% CI: 11.9–21.2). There was a trend toward
increased step error rates with increasing age, although this difference was not significant (p
= .082). Mean (SE) step error rates were 6.6% (3.1) for the <65 group, 17.1% (3.7) for the 65–
74 group, and 23.4% (4.4) for the ≥75 group. Collapsed across age groups, step error rates were
not affected by performance of a cognitive task (p = .783). The mean step error rate was 17.2%
(SE: 3.3; 95% CI: 10.5–24.0) for the single-task condition and 15.9% (SE: 3.4; 95% CI: 9.0–
22.8) for the dual-task condition. In comparing accurate and inaccurate steps, only step width
differed (accurate: 5.1 cm [SE: 0.5; 95% CI: 4.1–6.1]; inaccurate: 6.1 cm [SE: 0.6; 95% CI:
4.9–7.2]; p = .008). There were no differences between accurate and inaccurate steps in terms
of the remaining spatiotemporal and CoM parameters (all p > .160). For all results presented
below, similar results were found when analyzing accurate steps alone or accurate and
inaccurate steps together. Therefore, both accurate and inaccurate steps were included in the
remaining analyses.

Spatiotemporal Variables
Stride velocity decreased with increasing age (p < .001) and with the performance of a cognitive
task (p < .001), with no interaction effect (p = .316; Figure 2A). Mean stride velocity, collapsed
across task, was 1.10 m/s for participants <65 years (SE: 0.04; 95% CI: 1.01–1.18), 0.97 m/s
for participants 65–74 years (SE: 0.04; 95% CI: 0.89–1.05), and 0.67 m/s for participants ≥75
years (SE: 0.06; 95% CI: 0.54–0.80). Participants in the ≥75 group walked significantly more
slowly than did those in the <65 group (p < .001) and those in the 65–74 group (p = .002).
Collapsed across groups, mean stride velocity was 0.96 m/s (SE: 0.05; 95% CI 0.86–1.06)
under single-task conditions and 0.83 m/s (SE: 0.05; 95% CI: 0.73–0.93) under dual-task
conditions. The effect of a cognitive task on stride velocity was similar across all age groups
(single-task – dual-task difference: <65 group = 0.16 m/s; 65–74 group = 0.15 m/s; ≥75 group
= 0.08 m/s).

There was a trend toward increased stride time with increasing age (mean [SE]: <65 group =
1.12 seconds [0.04]; 65–74 group = 1.20 seconds [0.04]; ≥75 group = 1.31 seconds [0.05]),
but this change did not reach significance (p = .068). Collapsing across groups, stride time
increased when walking with a concurrent cognitive task, from 1.14 seconds (SE: 0.03; 95%
CI: 1.07–1.21) under single-task conditions to 1.29 seconds (SE: 0.04; 95% CI: 1.21–1.37)
under dual-task conditions (p < .001). Stride time increases in response to a concurrent
cognitive task were similar between groups (single-task – dual-task difference: <65 group =
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−0.17 seconds; 65–74 group = −0.15 seconds; ≥75 group =−0.15 seconds), and there was no
interaction between age and the performance of a cognitive task on stride time (p = .913).

Step length decreased with increasing age (p < .001) and with performance of a cognitive task
(p = .013), with no interaction effect (p = .251). Collapsed across task condition, mean step
length was longer in the <65 group (0.59 m [SE: 0.01; 95% CI: 0.58–0.60]; p < .001) and the
65–74 group (0.56 m [SE: 0.01; 95% CI: 0.54–0.59]; p < .001) compared to the ≥75 group
(0.41 m [SE: 0.02; 95% CI: 0.36–0.54]). Mean step length decreased by 0.02 m in the dual-
task compared to the single-task condition (single-task – dual-task difference: <65 group =
0.00 m; 65–74 group = 0.03 m; ≥75 group = 0.02 m). In contrast, step width increased with
increasing age (p = .013), but there was no effect of a cognitive task on step width (p = .273)
and no interaction between age and task conditions (p = .759). Collapsing across single- and
dual-task conditions, mean step width was narrower in the <65 group (3.1 cm [SE: 0.5; 95%
CI: 2.1–4.0]; p = .005) and the 65–74 group (4.2 cm [SE: 0.4; 95% CI: 3.3–5.0]; p = .030)
compared to the ≥75 group (6.5 cm [SE: 0.7; 95% CI: 5.0–7.9]). Collapsing across age groups,
mean step width was 4.9 cm (SE: 0.5; 95% CI: 3.9–5.9) in the single-task condition and 4.5
cm (SE: 0.5; 95% CI: 3.4–5.6) in the dual-task condition (single-task – dual-task difference:
<65 group = 0.0 cm; 65–74 group = 0.5 cm; ≥75 group = 0.5 cm).

Frontal Plane Stability
Frontal plane stability was assessed using M-L CoM displacement and peak velocity (Figure
2B and C). Mediolateral CoM displacement increased with increasing age (p < .001), but the
performance of a concurrent cognitive task did not affect this variable (p = .946). There was
no interaction of task condition and age (p = .870). Collapsing across tasks, mean M-L CoM
displacement was smaller in the <65 group (2.3 cm [SE: 0.1; 95% CI: 2.0–2.5]; p < .001) and
the 65–74 group (2.8 cm [SE: 0.2; 95% CI: 2.5–3.1]; p =.002) compared to the ≥75 group (4.0
cm [SE: 0.3; 95% CI: 3.4–4.7]). Mean M-L CoM displacement was 3.1 cm in both the single-
task and dual-task conditions (SE: 0.2; 95% CI: single, 2.6–3.6; dual, 2.7–3.5), with no
significant group effect (single-task – dual-task difference: <65 group = −0.1 cm; 65–74 group
= −0.2 cm; ≥75 group = 0.1 cm).

Mediolateral CoM peak velocity also increased with increasing age (p < .001), with no effect
of a concurrent task (p = .458). Across task conditions, mean M-L CoM peak velocity was
smaller in the <65 group (5.5 cm/s [SE: 0.3; 95% CI: 4.8–6.1]; p < .001) and the 65–74 group
(6.7 cm/s [SE: 0.4; 95% CI: 5.9–7.5]; p = .002) compared to the ≥75 group (9.7 cm/s [SE: 0.7;
95% CI: 8.1–11.2]). Across age groups, mean M-L CoM peak velocity was 7.6 cm/s (SE: 0.6;
95% CI: 6.5–8.7) in the single-task condition and 7.2 cm/s (SE: 0.5; 95% CI: 6.2–8.2) in the
dual-task condition. The difference between single-task and dual-task M-L CoM peak velocity
was 1.1 cm/s in the ≥75 group, whereas the two younger groups did not differ (single-task –
dual-task difference for both groups = 0.0 cm/s).

Discussion
The purpose of this study was to examine age-associated effects of a concurrent cognitive task
on gait speed and frontal plane stability during narrow-base walking in a population of healthy
older adults. We anticipated a decline in the performance of narrow-base walking, as indicated
by decreased gait speed and frontal plane stability, with increasing age. We also hypothesized
that the performance of a concurrent cognitive task during narrow-base walking would result
in further decreases in gait speed and stability, with the greatest performance decrements found
in the oldest participants. The primary findings of this research are: i) age-associated changes
in both gait speed and frontal plane stability are evident during narrow-base walking; and ii)
performance of a concurrent cognitive task resulted in decreased gait speed for all age groups
but did not affect frontal plane stability in this sample of healthy older adults.
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Performance during a tandem or narrow-base walk has previously been shown to identify
recurrent fallers among a population of older adults with balance impairments (18). In addition,
prior research has identified age-associated declines in the ability to walk with a narrow base
of support (12,19), similar to the age-associated decrease in speed and stability reported in this
study. For example, Shumway-Cook and colleagues (12) reported an age-associated decline
in gait speed during narrow-base walking tasks among a population of community-dwelling
adults. These results also confirmed reports of decreasing frontal plane stability with increasing
age (13,14,20,21). Reduced frontal plane stability may largely explain impaired performance
on narrow-base walking tasks, which require precise control of the M-L CoM in response to a
restricted base of support.

In this study, the addition of a cognitive task to narrow-base walking resulted in decreased
stride velocity for all age groups. Contrary to our hypothesis, the addition of a concurrent
cognitive task did not affect M-L CoM displacement or velocity during narrow-base walking.
Thus, the performance of a cognitive task, although reducing gait speed, had no effect on frontal
plane stability in healthy older adults without a history of falls. Reduced gait speed is often
interpreted as a sign of impaired postural control during walking. However, based on the results
of our study, an alternative explanation is that reduced gait speed is a compensatory mechanism
used to maintain frontal plane stability in healthy older adults.

Previous research has examined whether the addition of a concurrent cognitive task to balance
or gait measures improves the ability to predict falls, and the results of these studies are mixed.
Shumway-Cook and colleagues (6) found that the addition of a concurrent task to the Timed
Up & Go test did not improve the sensitivity and specificity of this test for identifying fall-
prone community-dwelling elders. In contrast, other research has found that the addition of a
concurrent task (talking) to walking does predict future falls in a population that included
institutionalized older adults (22). Inconsistencies in the reported predictive ability of dual-
task walking tests may be related in part to differences in the difficulty of the mobility task
performed, differences in the challenge presented by the concurrent cognitive task, and
differences in the age and postural control capabilities of the populations being examined
(10).

In the current study, healthy older adults without a history of falls demonstrated reduced gait
speed but maintained frontal plane stability when walking and performing a concurrent
cognitive task. It is not clear whether performance on this combination of tasks can be used to
discriminate among older adults with versus without a history of falls or to predict individuals
with early postural control impairments (not apparent on simpler walking tasks) that could
increase the risk for falls. Based on previous research (7,18), we expect that this combination
of tasks could discriminate between older adults with versus without a history of falls caused
by impaired postural control. Furthermore, we anticipate that this combination of tasks could
be predictive of early declines in postural control, thus identifying older adults at risk for future
falls. Among older individuals who perform within normal limits on simple walking tasks,
complex walking tasks such as this may be useful in identifying early stages of mobility
limitations. Further research is needed to test these hypotheses.

One of the limitations of the current study is the relatively small sample size. The assessment
of age-associated effects of a concurrent cognitive task on gait speed and stability would be
improved both by increasing the number of participants and by increasing the age range of the
population examined. Similarly, equal gender distributions in each age group would eliminate
the possibility that gender-based differences in body morphology or postural control influenced
the outcomes observed. In addition, performance of the cognitive task was not characterized
in this case. It is not clear how differences in task prioritization and performance under dual-
task conditions might impact the observed effects of a cognitive task on narrow-base walking.
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Finally, this study would be strengthened by the addition of neuropsychological data
characterizing executive function and attentional capabilities in these individuals. These data
could provide a better understanding of the potential contributions of cognitive deficits to
reduced speed and stability during walking.

Summary
These data demonstrate age-associated decreases in gait speed and stability during narrow-
base walking. Among healthy older adults, performance of a concurrent cognitive task resulted
in decreased gait speed, but frontal plane stability was not affected by a concurrent task. Thus,
healthy older adults without a history of falls reduced gait speed but maintained frontal plane
stability during dual-task narrow-base walking. Further research is needed to determine if
narrow-base walking with a concurrent cognitive task can discriminate between older adults
with versus without a history of falls or predict older adults at risk for falls.
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Figure 1.
Schematic of (A) 13-segment model used for center of mass (CoM) calculations and (B)
narrow-base walking task, showing the method for calculating step width, step length, and step
errors.
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Figure 2.
Age-associated effects of a concurrent cognitive task on (A) stride velocity (m/s), (B)
mediolateral center of mass (M-L CoM) displacement (cm), and (C) M-L CoM peak velocity
(cm/s). For all graphs, bars represent means and whiskers represent standard errors. Values for
the single task condition are represented by gray bars and values for the dual-task condition
are represented by white bars. Age groups are shown on the x-axis of all graphs: <65 years,
65–74 years, and ≥75 years. Values of p are shown for significant between-group differences.
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