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Abstract
We examined age-related differences in frontal plane stability during performance of narrow base
(NB) walking relative to usual gait. A cross-sectional analysis of participants from the Baltimore
Longitudinal Study of Aging (BLSA) was performed on data from the BLSA Motion Analysis
Laboratory. Participants were thirty-four adults aged 54 to 92 without history of falls. We measured
step error rates during NB gait and spatial-temporal parameters, frontal plane stability, and gait
variability during usual and NB gait. There was a non-significant age-associated linear increase in
step error rate (P = 0.12) during NB gait. With increasing age, step width increased (P=0.002) and
step length and stride velocity decreased (P<0.001), especially during NB gait. Age-associated
increases in medio-lateral (M-L) center of mass (COM) peak velocity (P<0.001) and displacement
(P=0.005) were also greater during NB compared to usual gait. With increasing age there was greater
variability in stride velocity (P=0.001) and step length (P<0.001) under both conditions. Age-
associated differences related to M-L COM stability suggest that the quantification of COM control
during NB gait may improve identification of older persons at increased falls risk.
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INTRODUCTION
Mobility, defined as the ability to move from place to place in one’s environment, is crucial to
maintaining independence and quality of life in older persons. Diminished mobility leads to
increased risk for morbidity, disability, and mortality [1]. Poor balance is a major factor in age-
related declines in mobility and increased risk for falls in older adults [2]. Furthermore, falls
in older adults occur most commonly during walking [3]. Therefore, an improved
understanding of factors that contribute to functional walking limitations is critical in order to
postpone or prevent functional declines in mobility and reduce fall risk in older adults.
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Instability during walking is primarily in the medio-lateral (M-L) direction [4,5], and loss of
M-L stability has a particularly profound effect on walking function. Declines in M-L stability
during stance and gait have been shown to be a major risk factor for falls in older adults [5].
In addition, balance-impaired older adults demonstrate greater and faster lateral motion of the
center of mass (COM) during obstacle crossing than young adults [6]. Thus, changes in M-L
COM motion during unobstructed level walking compared to an adaptive gait task such as
obstacle crossing may be useful as indicators of fall risk. Similarly, narrow base and tandem
walking are adaptive walking tasks that are often used to evaluate stability [7] because of the
increased demands on frontal plane stability. Performance on the tandem walk test has been
shown to predict falls [8] among community-dwelling older women. However, age-related
changes in M-L COM motion during narrow versus usual base walking are not well understood.

The purpose of this study was to examine age-related changes in frontal plane stability during
performance of a narrow base (NB) walking task compared to unobstructed level walking (i.e.
usual gait). We also examined factors that potentially predict changes in M-L COM motion
during performance of NB walking, such as step width, gait velocity, step length, and variability
in each of these parameters. We hypothesized that M-L COM motion would increase with age,
indicating an inefficient control of frontal plane stability when walking within a narrowed base
of support.

METHODS
Participants

Participants were community-dwelling volunteers between 54 and 92 years of age who were
enrolled in the Baltimore Longitudinal Study of Aging (BLSA) (Table 1), an ongoing
observational study of normal aging initiated in 1958 [9]. As part of the BLSA visit, all
participants in the present study received a complete medical history and physical examination
visit, including history of falls, and ADL/IADL disability. Exclusion criteria for the gait
evaluation included an inability to walk without assistance (from an assistive device or another
person), legal blindness, an inability to follow instructions due to cognitive impairment, and
the report of one or more fall in the previous 12 months. In the previous 12 months, three
participants reported ADL disability and nine reported IADL disability. The number of
comorbidities was determined based on a simple count of affirmative responses to questions
addressing several clinical conditions, such as hypertension, cancer, acute myocardial
infarction, stroke, diabetes mellitus, arthritis, or other neurological disease. Compared with
previous work [10], participants in the current study had relatively few comorbidities (1.6 ±
1.3 and 1.4 ± 1.1 for men and women, respectively). An independent institutional review board
approved the BLSA study protocol (IRB number: Medstar 2003-076), and participants
provided informed consent for all gait testing procedures.

Experimental Protocol
Participants were asked to perform 3–4 trials of both usual and narrow base of support (NB)
walking along a 6-m walkway. Usual gait trials were performed first, followed by NB gait
trials. In all gait trials, participants were asked to walk at a comfortable pace. For the NB trials,
participants were asked to walk within a narrow path outlined by tape on the walking surface.
The width of the narrow path was standardized to 50% of the distance between the subject’s
anterior superior iliac spines. For familiarization with the NB task, participants were given 2
practice trials. Retro-reflective markers were used to visualize the narrow path in the motion
capture and analysis software and to detect step errors.

A set of 37 retro-reflective markers was placed on bony landmarks of the arms, legs, trunk,
and head, and a six-camera VICON motion analysis system (VICON Motion Systems, Inc.,
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Lake Forest, CA) was used to collect 3-dimensional marker trajectory data at 60 Hz. Visual 3-
D software (C-Motion, Rockville, MD) was 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 links for the lower extremities, four links for the
upper extremities, one for the pelvis, one for the trunk, and one for the head. The trajectory of
the COM during each trial was then computed using Visual 3-D software.

Custom software (RP, University of Washington) was then used to calculate step and stride
characteristics, including spatial-temporal and center of mass variables. Stride velocity was
calculated as the velocity from the heel strike of one foot to the next heel strike of that same
foot. Step width and step length were calculated as the distance (width and length) between
heel strike of one foot to heel strike of the opposite foot. For the NB gait trials, a step error was
defined as any step in which the ankle marker was detected outside the narrow path at foot
strike, and error rates were calculated for each subject in the NB condition. The M-L COM
displacement was defined as the maximum minus the minimum value of the COM in the medio-
lateral direction during a single stride. Peak M-L COM velocity was defined as the maximum
M-L velocity of the COM during a single stride.

Statistical Analysis
For each subject, the mean and standard deviation (SD) for each variable were calculated using
all valid steps or strides within a given walking condition. Variability for all parameters was
calculated as the coefficient of variation (CV). The mean (SD) number of strides for each
subject was 8.2 (0.6) in the usual gait condition and 10.6 (1.2) in the NB gait condition. Linear
regression models for repeated measures [11] were used to analyze the potential associations
between age and spatial-temporal parameters; age and COM parameters; and age and stride
velocity-adjusted COM parameters. We also evaluated expected main effects of trial condition
(usual vs. NB gait) on these parameters. To do so, a dichotomous term for trial condition (usual
vs. NB gait) was included in the linear regression models, which allowed for the simultaneous
analysis of both trial conditions. Potential 2-way interactions were evaluated. Whether a
significant ‘age × condition’ interaction term existed was of particular interest because such
an interaction could indicate that age-associated changes in performance may be more or less
apparent with NB compared to usual gait. The analysis of stride velocity-adjusted data was
based on recent findings suggesting that gait velocity affects not only anterior-posterior [12,
13] but also lateral gait parameters [14]. Results shown include both accurate and inaccurate
steps, but similar results were found when only accurate steps were analyzed.

The compound symmetry correlation structure applied in this study fit the data best according
to the Akaike's information criterion [11], and the repeated measures design of the analyses
allowed for inclusion of all of the individual step and stride data collected. For the purposes of
graphical presentation, however, mean subject data were used (Figure 1–Figure 3). All analyses
were performed using the SAS statistical software version 8.2 (SAS Institute, Cary, NC).

RESULTS
Performance of Narrow Base Gait Task

There was a non-significant age-associated linear increase in step error rate (P = 0.12) during
NB gait. During the NB compared to the usual gait condition, participants walked with a
narrower step width, shorter step length, slower velocity, and reduced M-L COM peak velocity
and displacement (all P < 0.001).
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Spatial-Temporal Characteristics During Usual and NB Gait
Figure 1 shows the significant age-associated declines in stride velocity (P < 0.001) and step
length (P < 0.001) under both usual and NB gait conditions. The significant ‘age × condition’
interactions for the 3 spatial-temporal parameters (Table 2) indicated that age-associated
changes in all 3 spatial-temporal variables were more marked in the NB condition than in usual
gait.

COM Parameters During Usual and NB Gait
Significant age-associated increases in M-L COM peak velocity (P = 0.02) and displacement
(P < 0.001) were seen under both usual and NB gait conditions (Figure 2). Significant ‘age ×
condition’ effects were found with M-L COM peak velocity and displacement (Table 2). These
interactions indicate that, relative to usual gait, the NB condition elicited disproportionately
higher values in M-L COM peak velocity and displacement with increasing age, consistent
with diminished M-L COM control.

Stride Velocity-Adjusted COM Parameters During Usual and NB Gait
As shown in Table 2 and Figure 3, after adjusting for potential effects of stride velocity on M-
L COM motion, significant effects of age on M-L COM peak velocity (P < 0.001) and M-L
COM displacement remained significant (P < 0.001). After adjusting for potential effects of
stride velocity on M-L COM motion, the significant ‘age × condition’ interaction effects found
in the unadjusted data persisted, indicating greater age-associated increases in M-L COM peak
velocity (P = 0.005) and displacement (P < 0.001) in NB gait relative to usual gait that were
independent of age-related differences in stride velocity.

Variability in Spatial-temporal and COM Parameters During Usual and NB Gait
Table 3 shows the variability in spatial-temporal and COM parameters during NB gait for all
participants. There was no significant age-associated increase in variability of step idth or COM
parameters. However, with increasing age there was a greater degree of variability in stride
velocity (P = 0.001) and step length (P < 0.001) under both conditions, as indicated by
significant age main effects.

DISCUSSION
This study evaluated the effects of age on frontal plane stability in individuals walking with a
usual and a narrow base of support. These data indicated that an age-related decline in the
ability to successfully perform a narrow base task was associated with hanges in spatial-
temporal and M-L COM parameters that were more marked in NB versus usual gait.
Specifically, age-associated increases in step width and decreases in step length and stride
velocity were greater when walking with a narrow base of support compared to a usual base
of support. Even when adjusted for stride velocity, the significant age-associated increases in
M-L COM velocity and displacement remained greater under NB compared to usual base of
support conditions.

These data suggest that in performing the narrow base task, older persons utilized a more
conservative strategy marked by greater step width, shorter step length, and lower stride
velocity. Despite employing this more conservative strategy, the oldest participants committed
more step errors and demonstrated greater M-L COM movement. Adjustment for the known
effects of walking speed on M-L COM motion [14] did not eliminate the age effects on either
M-L COM parameter, suggesting that other factors such as decreased vestibular function
[15] or hip abductor strength [16–18] may have contributed to increased COM motion in the
frontal plane.
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Stride-to-stride variability, as measured by CV, is considered a dependable marker of gait
control [19] and has been used as a clinical index of gait steadiness [20,21]. The data presented
in this study demonstrated an age-associated increase in stride velocity and step length
variability, consistent with previous research showing increased variability during usual
walking and dual task walking in healthy, community-dwelling older adults [19,22]. Because
increased gait variability is an independent predictor of falling, it may be a useful measure for
identifying high-risk individuals in advance of clinical signs and for evaluating fall-prevention
interventions [19].

The adaptive gait test evaluated in the current study is similar to a widely used clinical test, the
tandem walk test. Because walking with a narrowed base of support requires tight control of
the COM in the frontal plane, age-related impairments in M-L COM control may help to explain
why the tandem walk test has been shown to be a highly sensitive measure of fall risk in older
adults [8,21,23].

One limitation of the present study was the sample size. A larger sample may have produced
a greater effect of age on step error rate. In addition, the step errors were not separated according
to degree, and larger errors may have been committed at a higher rate among the oldest
individuals. Nevertheless, our data indicated the presence of age-related changes in the ability
to successfully complete an adaptive gait task that required strict control of the COM in the
frontal plane.

In conclusion, the quantification of frontal plane stability in addition to spatial-temporal
parameters during narrow base walking reveals age-related changes in both the speed and the
stability of walking under adaptive gait conditions. Future studies comparing fallers and non-
fallers during narrow base walking will enhance our understanding of mechanisms of falls risk
in older persons and may improve early identification of older persons at increased risk of
falling.
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Figure 1.
Relationships between age and spatial-temporal parameters under usual and narrow base (NB)
gait conditions.
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Figure 2.
Relationships between age and COM parameters under usual and narrow base (NB) gait
conditions.
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Figure 3.
Relationships between age and stride velocity-adjusted COM parameters under usual and
narrow base (NB) gait conditions.
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Table 1
Subject Characteristics

Men (n = 18) Women (n = 16)

Age, yr 74.7 ± 12.9 68.3 ± 10.5
Height, cm 172.2 ± 0.06 162.3 ± 0.06
Weight, kg 79.8 ± 10.8 85.9 ± 16.6
BMI, kg/m2 26.9 ± 3.3 26.7 ± 4.0
Number of medications 2.8 ± 2.3 4.9 ± 3.2
Number of comorbidities 1.6 ± 1.3 1.4 ± 1.1

Values are means ± SD for all measures.
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Table 2
Linear regression model on the relationship between spatiotemporal, COM, and
stride velocity-adjusted COM parameters and age and test condition

Age Condition Age × Condition

Spatial-Temporal Variable
  Step Width
    β ± SE 0.78 ± 0.43 −90.3 ± 16.8 0.71 ± 0.22
    P 0.081 <0.001 0.002
  Step Length
    β ± SE −0.006 ± 0.001 0.11 ± 0.03 −0.002 ± 0.0004
    P <0.001 <0.001 <0.001
  Stride Velocity
    β ± SE −0.88 ± 0.15 20.7 ± 3.8 −0.40 ± 0.05
    P <0.001 <0.001 <0.001
COM Variable
  M-L Peak Velocity
    β ± SE 0.05 ± 0.02 −8.05 ± 0.93 0.060 ± 0.01
    P 0.020 <0.001 <0.001
  M-L Displacement
    β ± SE 0.55 ± 0.14 −30.8 ± 7.7 0.25 ± 0.10
    P <0.001 <0.001 0.016
Stride velocity−adjusted COM Variable
  M-L Peak Velocity
    β ± SE 0.57 ± 0.14 −37.7 ± 7.7 0.29 ± 0.10
    P <0.001 <0.001 0.005
  M-L Displacement
    β ± SE 0.91 ± 0.16 −60.6 ± 8.2 0.48 ± 0.11
    P <0.001 <0.001 <0.001
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Table 3
Linear regression model on the relationship between variability of spatiotemporal
and COM parameters and age and test condition

Age Condition Age × Condition

Spatial−Temporal Variable
  Step Width
    β ± SE −0.33 ± 0.39 −17.6 ± 40.1 −0.02 ± 0.55
    P 0.22 <0.66 0.98
  Stride Velocity
    β ± SE 0.29 ± 0.09 4.5 ± 9.4 −0.12 ± 0.13
    P 0.001 0.63 0.33
  Step Length
    β ± SE 0.42 ± 0.07 8.5 ± 7.2 −0.18 ± 0.10
    P <0.001 0.24 0.067
COM Variable
  M-L Peak Velocity
    β ± SE −0.03 ± 0.21 −11.7 ± 21.7 −0.01 ± 0.30
    P 0.82 0.59 0.97
  M-L Displacement
    β ± SE −0.22 ± 0.17 −18.0 ± 17.2 0.09 ± 0.23
    P 0.14 0.30 0.71

Gait Posture. Author manuscript; available in PMC 2009 October 1.


