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Abstract
Our goal was to examine the gait patterns of older adults with Down syndrome (DS) for precocious
stabilizing adaptations during comfortable over-ground walking and in more challenging conditions.
Twelve participants with DS and 12 with typical development (TD) were matched for height, weight
and age (range 35 to 62 years). We used a 6-camera motion capture system to assess foot trajectories
over obstacles. Participants first walked at their preferred speed over a 5.3 m instrumented gait mat
(unperturbed condition). Subsequent walking trials included perturbations mid-walkway: a) minimal
obstacle to step over (12 cm high), b) moderate obstacle to step onto with both feet and then off
(standard step), c) maximum obstacle to step onto with only one foot and over with the other (standard
step).

Adults with DS walked slower with shorter, wider strides while spending more time in both stance
and double support. These adaptations increased during the moderate and maximal perturbations.
They stepped with the minimal perturbation obstacle further forward in their crossing step and
produced a lower, flatter trajectory of the lead foot, with less dorsiflexion at crossing. This strategy
decreased trailing toe clearance but did not alter leading heel clearance.

The combined effects of ligamentous laxity, low tone, obesity, inactivity and physiological
decrements associated with aging lead to these stability-enhancing adaptations at a younger
chronological age in adults with DS. We believe intervention to increase overall stability will be
beneficial in helping adults with DS maintain optimal functional mobility and health.

Introduction
Persons with Down syndrome (DS) are now living well into adulthood. The median age at
death has increased to nearly 60 years, with some people with DS living into their 70s [1,2].
Premature aging has been noted in this population; the rate of primary aging is nearly twice
that of adults with typical development (TD)[3].

Adults with DS show premature age-related changes in several respects. They demonstrate
decreased ability to perform activities of daily living by 40 years of age [4] while adults with
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only intellectual disability do not demonstrate a decline until 50 years of age [5]. They often
also experience problems with osteoarthritis [6], increased body weight [7] and Alzheimer’s
type dementia [8–10].

Our goal in this study was to determine if the gait patterns of adults with DS show precocious
age-related changes. In older adults with TD, age-related changes in gait include reduced stride
length, reduced velocity and increased step width and are observed starting around 64 years of
age [11,12]. Older adults also spend more time in double support [13]. Together, these
adjustments reflect strategies to increase walking stability [13–15].

Locomotor stability is an issue for people with DS across their lifespan. Due to low tone and
ligamentous laxity, achieving stable upright locomotion is a more difficult problem than for
their peers with TD; average onset of independent walking in those with DS is 2 years of age
[16,17]. Their solution to this stability problem has unique attributes; toddlers with DS after
one month of walking experience show shorter stride length, slower velocity and a trend
towards wider step width than peers with DS [16]. Following years of walking practice,
however, some of these group differences disappear, only step width remains larger in
preadolescents with DS [18,19].

In pre-adolescents, merely increasing stride width is an adequate adaptation to provide the
necessary stability for self-paced, unperturbed over-ground walking [18,19]. There are many
reasons to believe walking, which is important for maintaining many activities of daily living,
may require stability-enhancing adaptations as adults with DS age.

In addition to the stability challenges inherent to DS, factors known to affect gait in adults with
TD that may also be relevant include a sedentary lifestyle [20], obesity [7] and
neurophysiological changes associated with aging. Overall, the gait characteristics of sedentary
older adults suggest that they adopt a more cautious walking style than active ones, exhibiting
shorter step lengths and slower step velocities [21]. Obese persons walk slower [22] with wider
step width [22,23]. Neurophysiological changes associated with aging, such as decreased
tactile sensation, proprioception, vision and strength, as well as increased reaction time all may
contribute to changes in body control [24–28] and the adoption of a walking pattern selected
to enhance stability [29,30].

As people with DS age, the constraints affecting their ability to maintain walking stability
increase. Accordingly, they may adopt strategies to increase walking stability at an earlier age
than their peers with TD. Our aim is to perturb their gait patterns to probe for adaptations during
over-ground walking in conditions of gradually increasing challenge. We propose that older
adults with DS will make distinct changes in their foot trajectories at a younger age than their
peers with TD. We designed this study because we believe it is important to know when and
how declines in gait occur with age in order for clinicians to screen for and, perhaps, develop
interventions to help persons with Down syndrome maintain healthy, safe mobility.

Method
Procedures

Twelve adults with DS and 12 with TD between ages 35 and 62 years participated in the study.
Individuals were matched a priori for height, weight and age. Inclusion/exclusion criteria were
only that participants had to be able to understand the tasks and perform them independently,
as well as have no uncorrected visual or hearing deficits and no neurological deficits or
operative procedures of the lower extremities. Participants with DS were recruited through
local family support groups and word of mouth, while adults with TD were recruited through
a campus research volunteer website.
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Participants with DS came to our laboratory for 1.5 to 2 hours of testing on two occasions. As
they required less time to acclimate to the laboratory setting and learned tasks much faster,
adults with TD performed all testing in one visit. The University of Michigan Institutional
Review Board approved all procedures. Prior to participation, we explained the purposes of
our study and all procedures to participants and any caregivers or legal guardians. Participants
signed an assent or consent form as appropriate, with consent for assenting adults provided by
a legal guardian.

As detailed below, the data collection consisted of walking comfortably over ground, stepping
over obstacles, walking on a treadmill and collection of background information. We collected
reflective marker data for 3-D motion analysis of all body segments and bilateral EMG data
for the leg muscles. Results for treadmill walking, EMG and resultant center of mass data will
not be discussed further here.

When participants arrived in the lab they changed into a bathing suit or close-fitting shorts and
a tank top. We attached, bilaterally, reflective markers at the temperomandibular joint, shoulder
at acromion process, elbow at lateral humeral epicondyle, wrist at styloid process, greater
trochanter, femoral condyle, ankle at 10 cm above lateral malleolus, heel at bony prominence
and third metatarsophalangeal joint.

Participants walked barefoot and performed 4–6 repetitions of each condition. First, they
walked at their preferred speed over a 5.3-meter GAITRite mat (CIR Systems, Inc., Havertown,
PA) (unperturbed condition). We then placed a foam-covered rod (14 cm circumference) 12
cm above and perpendicular to the walkway at its midpoint (minimal perturbation condition).
Participants stepped over the obstacle in any manner they chose. Next, we placed a standard
step (20-cm high, 91-cm wide, 28-cm deep, made of wood) across the walkway at its midpoint.
Participants a) stepped up onto the step with two feet and then down from it (moderate
perturbation condition) followed by b) stepping onto the step with only one foot and swinging
the other leg over to step on the floor (maximum perturbation condition). We explained and
demonstrated each task. We allowed participants to practice, giving them visual
(demonstration), auditory (verbal encouragement and feedback) and tactile cues (touching a
leg) in response to their needs until each was able to perform the task. Adults with DS tended
to require instruction, practice, and encouragement to complete the more challenging
conditions.

We used a 6-camera Peak Motus real-time system (Peak Performance Technologies,
Centennial, CO) to collect reflective marker position data at a sampling rate of 60 Hz. Three
cameras were distributed evenly on each side, and a video camera provided backup visual
records of performance.

Participants also completed the Berg Balance Scale, a standardized balance assessment
instrument [31,32] with demonstrated reliability for adults with DS [33]. With necessary
assistance from caregivers, they completed a paper survey addressing general health and
medication questions and the Stanford Health Questionnaire Disability Index and Pain Scale
[34–36]. During an in-person interview we asked about living arrangements, employment
status, and exercise or recreational activities. We took anthropometric measurements using a
Healthometer (Precision Weighing Balances, Bradford, MA) beam scale to obtain body weight
and a GPM anthropometer (Siber Hegner and Co., Zurich, Switzerland) to record height and
body segment lengths.

Data Reduction and Analysis
As part of the assessment of foot clearance, raw marker position data were converted to 3D
data via the Peak system software and filtered with a second order Butterworth filter at a cutoff
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frequency of 6 Hz. We used GAITRite software to edit steps and to calculate the following
over-ground gait parameters: walking speed, stride length, step width, proportion of stride spent
in stance and in double support. The GAITRite system measures step width as the perpendicular
distance from the center of one foot to the line of progression of the center of the other foot.
We normalized walking speed, stride length and step width by converting them to
dimensionless values, using published formulas (see Appendix).

To determine baseline gait parameters, we included all strides during unperturbed walking. As
our focus was participants’ anticipatory reactions, we analyzed only strides approaching and
crossing the minimal perturbation obstacle and strides approaching the step obstacle (moderate
and maximal perturbations).

We used SPSS Version 14.0 (Chicago, IL.) for statistical tests with an alpha level of
significance at 0.05.

Results
Participants

We confirmed the a priori participant matching had been effective. To examine the potential
for other body structure differences, we compared seven body segment lengths using one-way
(group) multivariate analyses of variance (MANOVA). A second MANOVA included three
body segment ratios. Significant main effects resulted for the body segment ratios analysis.
Follow-up univariate analyses revealed a significant group difference for upper extremity to
trunk ratio, with persons with DS having shorter upper limbs relative to their trunks than their
peers with TD. Group mean values and statistically significant results are shown in Table 1.

Five adults with DS lived at home with their parents, 7 lived in supervised apartments (2–3
residents) or group home (7–20 residents) settings. Adults with TD lived independently. Of
the 12 participants with DS, 9 had corrected vision problems, 5 had flat feet (2 wore orthotics),
7 reported obesity and 2 reported dementia. According to our Stanford Scale results,
approximately 25% needed some assistance with shampooing, cutting meat, opening milk
cartons, bathing and dressing, shopping and other errands. Six reported no pain, while 6
described pain in the legs and hips, with an intensity ranging from 10 to 50 on a scale of 1 to
100.

Ten participants with DS had jobs consisting of light physical activity (e.g. housekeeping,
packing boxes). Amount of work per week ranged from 3 hours for 1 day to 7 hours for 5 days.
In terms of recreational physical activity, 7 reported regular physical activity, mostly walking,
2–7 days per week from 5 minutes to 1 hour in duration.

Over-ground Walking Characteristics
We used a one-way MANOVA with Bonferroni adjustments to compare groups’ unperturbed
walking characteristics (dependent variables were the mean value of each adult’s speed, stride
frequency, stride length, step width, percent stance phase, percent double support phase,
dimensionless speed, dimensionless stride frequency, dimensionless stride length and
dimensionless step width). We obtained a significant group effect (Wilks’ Lambda = 0.26, F
[10,13] = 3.65, p = 0.02, partial eta squared = 0.74). Follow-up ANOVAs revealed significant
group differences for all variables except absolute and dimensionless stride frequency.
Inspection of the means (See Table 2) revealed adults with DS walked slower with shorter,
wider strides while spending more time in both stance and double support (speed F[1,22] =
20.96, p < 0.01, stride length F[1,22] = 39.57, p < 0.01, step width F[1,22] = 20.08, p < 0.01,
percent stance phase F[1,22] = 10.28, p < 0.01, percent double support phase F[1,22] = 9.29,
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p < 0.01, dimensionless speed F[1,22] = 18.79, p < 0.01, dimensionless stride length F[1,22]
= 32.61, p < 0.01 and dimensionless step width F[1,22] = 25.43, p < 0.01).

Perturbation Condition Gait Characteristics
We used a 2 (Group) × 3 (Condition) MANOVA with Bonferroni adjustments to compare
adults’ walking characteristics during the perturbation conditions (dependent variables were
the same as those used for unperturbed walking). The main effects group (Wilks’ Lambda =
0.42, F[10,43] = 5.84, p < 0.01, partial eta squared =0.58) and condition (Wilks’ Lambda =
0.14, F[20,86] = 7.28, p < 0.01, partial eta squared =0.63) were significant, the interaction was
not. Post hoc ANOVA results are organized by dependent variable in Table 3 for ease of
interpretation.

As with unperturbed walking, the groups were significantly different for all variables except
absolute and dimensionless stride frequency. Adults with DS walked slower with shorter, wider
strides while spending more time in both stance and double support. For the condition effect,
post-hoc Tukey tests revealed 1) during both the moderate (p = 0.01) and maximal perturbations
(p < 0.01) participants spent more of stance in double support 2) in the moderate perturbation
condition absolute velocity (p = 0.04) and percent stance values (p < 0.01) were less than in
the minimal perturbation condition and 3) during the maximal perturbation condition absolute
(p = 0.02) and dimensionless stride length (p = 0.01) values were less and absolute (p < 0.01)
and dimensionless frequency (p < 0.01) values were higher than the moderate perturbation
condition.

Differential Scaling for Perturbations
The minimal perturbation condition elicited an observable adaptation in stride length from
adults with DS, but not from adults with TD (Figure 1a). In contrast, all participants showed
gait adjustments for the moderate (Figure 1b) and maximal (Figure 1c) perturbation conditions.
The maximal perturbation condition was even more challenging and two adults with DS were
unable to perform it. Only two variables, stride length and stance phase, clearly differentiated
group performance in the perturbation conditions.

We used a 2 (Group) × 2 (Stride) ANOVA with repeated measures on stride to test for
differences in stride length adjustments as participants approached the minimal perturbation
obstacle. We included the last two strides as participants approached the obstacle. We obtained
a significant group main effect (F[1,18]= 17.70, p < 0.01, partial eta squared =0.50), a
significant stride main effect (F[1,18]= 5.47, p = 0.03, partial eta squared =0.23), and a
significant group by stride interaction (F[1,18]= 4.62, p = 0.04, partial eta squared =0.20).
Figure 1a illustrates the group by stride interaction and shows that while participants with DS
decreased their dimensionless stride length from the prep stride to the pre-obstacle stride,
participants with TD demonstrated longer dimensionless stride lengths that did not change.

Both groups needed to adjust stance phase in preparation for perturbation conditions (see Figure
2). However, they used different strategies to prepare for the moderate and maximal
perturbation conditions. Adults with TD approached the obstacle and then adjusted their stance
phase when they got close while most adults with DS showed a slow decrease in percent stance
phase throughout their approach.

Minimal perturbation clearance
We used a one-way MANOVA with Bonferroni adjustments to examine group differences in
foot clearance over the minimal perturbation obstacle. Six dependent variables were (in cm);
maximum vertical height of the leading toe and heel markers and vertical distance between the
top of the obstacle and the leading and trailing toe and heel markers as they crossed. The

Smith and Ulrich Page 5

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

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MANOVA was significant (Wilks’ Lambda = 0.37, F[6,65] = 18.03, p <0.01, partial eta
squared = 0.63). Follow-up ANOVAs revealed significant differences for maximum vertical
height of the leading heel (F[1,70] = 36.49, p < 0.01), vertical distance between the obstacle
and the leading toe (F[1,70] = 5.37, p = 0.02), trailing toe (F[1,70] = 5.15, p = 0.03) and trailing
heel (F[1,70] = 26.50, p < 0.01). Inspection of the means revealed adults with DS had smaller
values for all.

Balance and Weight
As expected, persons with DS scored lower on the balance assessment (one-way [Group]
ANOVA (F[1,23]= 41.66, p < 0.01). Out of a maximum possible score of 56 on the Berg
Balance Scale, scores of participants with DS ranged from 38–54, with a mean of 47.
Participants with TD scored 55 (2 participants) or 56 (10 participants).

For those with DS, we found a significant negative rank-order correlation between age and
balance score (Pearson correlation −0.67, one-tailed significance = 0.01), indicating poorer
performance with age. Specifically, Items 6 (stand eyes closed), 7 (stand feet together), 12
(stepping on stool) and 13 (stand one foot in front) were significantly correlated (respective
Pearson correlations −0.70, −0.89, −0.68, −0.57, and one-tailed significance = 0.01, < 0.01,
0.01, 0.03).

Surprisingly, neither total Berg balance scores nor scores on Items 6, 7, 12 or 13 were correlated
with percent stance phase, percent double support phase, or dimensionless stride width,
frequency, stride length or velocity values for over-ground walking in those with DS, nor was
weight. In adults with TD, however, weight had an effect on gait patterns. During over-ground
walking, percent stance phase, percent double support phase and dimensionless stride width
were positively correlated with weight (Respective Pearson correlations 0.61, 0.63, 0.59 and
one-tailed significance = 0.02, 0.01, 0.02). Dimensionless stride frequency, stride length and
velocity values were not.

Discussion
Overall our results show that older adults with DS demonstrate precocious stability-enhancing
adaptations in gait. To achieve this increased stability, they adapt in ways seen across the
lifespan in those with DS (e.g. wider step width) and in ways used by elderly adults with TD
(e.g. shorter stride lengths, slower speed, more time in stance and double support). These
changes take place, however, at a much younger chronological age in adults with DS compared
to their peers with TD.

Adults with DS demonstrate the ability to anticipate and scale adaptations when perturbations
increase, as in our minimal perturbation obstacle condition. Interestingly, they show obstacle
clearance patterns similar to elderly adults with TD. Visual observation of trajectories of the
leg show our adults with DS stepped with the obstacle further forward in their crossing step
and produced a lower, flatter trajectory of the lead foot, with less dorsiflexion at crossing than
adults with TD. This trajectory produced decreased trailing toe clearance and no difference in
leading heel clearance. Chen and colleagues [37] showed healthy older adults (M age 71 years)
exhibited a significantly more conservative strategy than young adults (M age 22 years) when
crossing obstacles, with slower crossing speed, shorter step length, and shorter obstacle-heel
strike distance.

In a follow-up study, Chen and colleagues [38] found that older adults modulated their step
length and time, on average, one step ahead of the crossing step and one step earlier than
younger adults. Our participants with DS adjusted their strides nearly as soon as they started
walking toward the obstacle (3 to 4 strides, the equivalent of 6 to 8 steps), while the adults with
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TD did not adjust their strides at all. This suggests stepping over the minimal perturbation
challenged only the adults with DS, and, although we cannot make a direct comparison, they
may have adjusted their gait even earlier than elderly adults with TD, indicating they needed
even more time to prepare for this challenge.

As none of the participants made contact with the obstacle, we can conclude that their stability-
enhancing adaptations were successful. However, there is a limit to the ultimate adaptability
of compensatory strategies. As the effects of age accumulate and/or inactivity increases failure
begins to appear. In the Chen study mentioned above [38], 4 out of the 24 older adults caught
their heel on the obstacle. In a study involving 25 young (20–37 years) and 99 older adults
(65–88 years) where participants walked on a treadmill and an obstacle was dropped in front
of the left foot at various phases in the step cycle, successful obstacle clearance rates decreased
with increasing age. Only the 65–69 year olds were not different from young adults with respect
to success rate, despite marked changes in the other parameters measured. The youngest of the
older adults showed gait changes and no decrease in success rates while their older peers
showed gait changes and decreased success rates [39].

Where do these stability-enhancing adaptations come from, and why does their success seem
to diminish over time? For adults with TD, scholars suggest these stability seeking behaviors
are related to a global definition of stability that involves fear of falling and confidence in one’s
ability to avoid falling in addition to more physical changes [40]. This idea is supported by
Rosengren’s work [21] showing that inactive older adults adopt a more cautious walking style
than active ones. It appears that inactivity, confidence and physical performance are
intertwined; the less active you are, the more your confidence and physical ability to respond
decrease. Conversely, decreased confidence can make you less active.

Although stabilizing adaptations are sufficient initially, with further decline in the system they
become inadequate. These changes are subtle at first, and difficult to detect with gross clinical
measures. Rosengren [21] found, for example, that Berg balance scores clustered in a narrow
range (group means 52.2 and 55.2) and did not differentiate performance. Cromwell and
Newton [13], however, found a significant correlation between alternate stepping on a stool
(Item 12) and both walking velocity and number of steps per meter. Our adults with DS walked
slower and scored lower on the Berg than Cromwell’s older adult participants; however we
found no correlation between the alternate stepping on a stool item and walking velocity. This
indicates that the issues contributing to walking performance in adults with DS are
multifactorial and involve more than the ability to perform alternate stepping movements.

For our adults with DS, weight was not significantly correlated with gait variables for over-
ground walking as it was in adults with TD. This again indicates that the issues contributing
to their walking performance are numerous and difficult to trace to one or two cause and effect
relationships. Before we consider how they might adapt their gait for obesity, we have to
remember they are already showing greater percent stance phase, percent double support phase
and dimensionless stride width values than their peers with TD. These existing strategies may
be sufficient when faced with increased body weight, or they may have reached maximum
adaptability and are unable to adjust further.

Conclusion
The combined effects of ligamentous laxity, low tone, obesity, inactivity and body structure
and function decrements associated with aging leave adults with DS with many barriers to
maintaining a healthy, active, pain-free lifestyle. Although they demonstrate stability-
enhancing adaptations during the activities of perturbed and unperturbed walking, information
allowing us to link this to increased fall risk does not exist for this population. Adults with DS
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may experience an increased risk of falling at an earlier age than their peers with TD as they
face multiple constraints to walking stability earlier in life. Our findings so far are in agreement
with Hale and colleagues [41], who concluded that the increased risk of falling in adults with
various intellectual disabilities is multi-factorial. In future research, we plan to explore the link
between decreased stability and risk of falling in adults with DS, as well as the effectiveness
of intervention to increase overall stability. We believe intervention incorporating variations
in task and environment (for further discussion see Huxham, Goldie, & Patla [42]) will be
beneficial in helping adults with DS maintain optimal functional mobility and health.
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Appendix
Formulas for Normalization

where v̂ (velocity), fSTRIDE (stride length), f̂STRIDE (stride frequency), and ŵSTEP (step width)
are converted gait variables, lo is leg length (sum of thigh length and shank length) and g is
acceleration due to gravity. For further information on the derivation of these formulas please
see Ulrich et al. [18].
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Figure 1. Mean values of dimensionless stride length for each participant as they approach the
obstacle
Participants with DS show a decrease in dimensionless stride length as they approach the
minimal perturbation (1a); those with TD do not. Participants with DS and TD generally show
a decrease in dimensionless stride length as they approach the step for both the moderate (1b)
and maximal (1c) perturbations. Group and condition effects are significant.
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Figure 2. Mean values of proportion stance phase for each participant approaching the obstacles
Participants show similar strategies for the minimal perturbation (2a) and different strategies
(mostly specific to group) for the moderate (2b) and maximal (2c) perturbation conditions.
Condition and group effects are both significant (see Table 2).
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Table 1
Mean anthropometric data of adults with DS and TD

DS
Mean(SD)

TD
Mean(SD)

Lengths (cm)

  Head and neck 26.34(2.98) 26.41(1.04)

  Trunk 56.37(3.64) 57.64(2.38)

  Thigh 35.58(2.70) 38.47(3.10)

  Shank 33.24(3.45) 35.03(2.38)

  Foot 21.74(1.87) 22.44(1.10)

  Upper Arm 25.37(2.41) 28.52(1.87)

  Forearm 21.5(1.97) 22.69(0.91)

UE/trunk ratio* 0.83(0.07) 0.89(0.04)

LE/trunk ratio 1.23(0.09) 1.27(0.04)

Foot/height ratio 0.14(0.01) 0.14(0.01)

Weight (kg) 76.54(21.22) 68.64(16.94)

Height (m) 1.53(0.09) 1.60(0.05)

BMI (kg/m2) 32.37(7.67) 26.96(6.86)

Age (yrs) 43.33(8.35) 44.83(7.04)

Gender 6 M, 6 F 1 M, 11 F
*
p< 0.05

Significant main effects resulted for the body segment ratios analysis (Wilks’ Lambda = 0.64, F[3,20] = 3.66, p = 0.03, partial eta squared = 0.36). Follow-
up univariate analyses revealed a significant group difference for upper extremity to trunk ratio (F[1,22] = 6.33, p = 0.02).
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Table 3
Post hoc ANOVA results for gait characteristics during obstacle conditions.

Condition Group

Stride Length NS F[1,52] = 38.96, p < 0.01

Dimensionless Stride Length F[2,52] = 3.57 p = 0.04 F[1,52] = 19.73, p < 0.01

Step Width NS F[1,52] = 29.73, p < 0.01

Dimensionless Step Width NS F[1,52] = 40.18, p < 0.01

Velocity NS F[1,52] = 27.50, p < 0.01

Dimensionless Velocity NS F[1,52] = 12.92, p < 0.01

Frequency F[2,52] = 5.60, p = 0.01 NS

Dimensionless Frequency F[2,52] = 5.86, p = 0.01 NS

Percent Stance Phase F[2,52] = 27.52, p < 0.01 F[1,52] = 19.64, p < 0.01

Percent Double Support Phase F[2,52] = 6.43, p < 0.01 F[1,52] = 15.75, p < 0.01
*
p< 0.05, NS = not significant.
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