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Abstract

Background: Gait deficits in Parkinson disease (PD), including freezing of gait (FOG), can be 

among the most debilitating symptoms. Rhythmic auditory cueing has been used to alleviate some 

gait symptoms. However, different cue types, such as externally-generated and self-generated cues, 

affect gait variability differently. The differential effects of these cue types on people with PD with 

FOG (PD+FOG), who often have higher gait variability, and those with PD without FOG (PD-

FOG) is unknown. Given the relationship of gait variability to fall risk, this is an important area to 

address.

Research Question: This study aims to 1) confirm the association between falls and gait 

variability measures in PD-FOG, PD+FOG and age-matched Controls; 2) investigate the effects of 

different cue types on gait variability in PD-FOG and PD+FOG; and 3) determine whether 

baseline gait characteristics are associated with response to cues.

Methods: This cross-sectional study investigated PD-FOG (n=24), PD+FOG (n=20), and 

Controls (n=24). Gait trials were collected during use of externally-generated and self-generated 

cues for all participants. Gait variability measures were the primary outcomes to assess the effects 

of rhythmic auditory cues.
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Results: Logistic regression models showed increased gait variability was associated with falls 

across groups. Repeated measures ANOVAs showed externally-generated cues increased gait 

variability, whereas self-generated cues did not, for all groups. Pearson’s correlations showed 

participants with higher baseline gait variability had greater reduction in gait variability with 

rhythmic auditory cueing.

Significance: Higher gait variability is associated with falls. This study demonstrates that PD

+FOG are capable of using self-generated cues without increasing gait variability measures, 

thereby stabilizing gait. People with higher baseline gait variability are likely to experience the 

largest reductions in variability with the addition of external cues.
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Background

Parkinson disease (PD) is a neurodegenerative movement disorder with an increasing 

prevalence, and is expected to affect more than nine million people by the year 2030 [1]. 

Gait deficits are among the most debilitating for people with PD and lead to decreased 

mobility and increased risk of falls [2]. Freezing of gait (FOG), an inability to initiate or 

continue intended locomotion, is a disabling gait deficit that will affect more than a third of 

people with PD [3,4]. While the neural mechanisms are not fully understood, FOG has been 

associated with dysfunction in areas of the brain responsible for executive functioning and 

attention [5]. Common pharmacological interventions do not adequately target gait deficits, 

particularly gait variability [6]. It is therefore important to investigate novel forms of gait 

rehabilitation that target gait variability.

Typical parkinsonian gait includes decreased velocity and stride length, as well as increased 

variability in stride length and in step time [7]. People with PD with FOG (PD+FOG) have 

higher gait variability than people with PD without FOG (PD-FOG) [8]. Targeting gait 

variability with gait rehabilitation is likely important because higher gait variability 

measures are associated with an increased risk of falls among older adults and people with 

PD [9,10]. This association may provide insights into who may respond best to rhythmic 

auditory cues.

Rhythmic auditory cueing has been widely studied as a method of gait rehabilitation for 

people with PD [11]. This form of rehabilitation uses an auditory stimulus to which an 

individual matches their footfalls. Various cue types have previously been investigated, 

including externally-generated cues (e.g., music) and self-generated cues (e.g., singing and 

mental singing). Singing is associated with increased sensorimotor synchronization when 

linked to movement [12] and research has shown singing and mental singing affect gait 

velocity and stride length similarly [13]. However, externally-generated cues also increased 

gait variability measures, whereas self-generated cues did not [14]. These previous findings 

did not consider FOG status which may be an important factor to consider.
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Previous research showed people with PD with and without FOG may respond differently to 

various cue types [15]. While PD+FOG may benefit from external rhythmic auditory cues to 

enhance velocity and stride length [16], the effects of self-generated cues on FOG have not 

been studied. A finger tapping study using a synchronization-continuation task demonstrated 

that PD+FOG had higher dysrhythmia of tapping during the continuation phase than PD-

FOG, suggesting FOG may be associated with worse internal beat timing [17]. This would 

suggest PD+FOG may not be able to use self-generated cues effectively.

The present study had several aims. The first aim was to confirm that higher gait variability 

is associated with falls across all groups in our sample, in keeping with prior literature. The 

second aim was to determine the effect of externally-generated and self-generated cues on 

PD-FOG, PD+FOG, and Controls. We hypothesized externally-generated cues would 

increase gait variability for all groups, and that self-generated cues would not increase gait 

variability for PD-FOG and Controls only. The final aim was to determine which 

participants responded most to cues based on their baseline, uncued gait characteristics. We 

hypothesized participants with higher baseline gait variability would have the greatest 

response to rhythmic auditory cues.

Methods

Participants

Participants were recruited from the Movement Disorders Clinic at the medical campus of 

the university and the local chapter of the American Parkinson Disease Association. All 

participants were diagnosed with idiopathic PD. All participants met the following inclusion 

criteria: able to stand independently for at least 30 minutes; normal peripheral neurological 

function; no history of vestibular disease, no evidence of dementia (determined by a Mini 

Mental State Examination (MMSE) score of ≥ 24), and at least 50 years of age. Exclusion 

criteria included: any serious medical problem aside from PD; use of neuroleptic or other 

dopamine-blocking drug; evidence of abnormality on brain imaging from any previous 

clinical evaluation; history or evidence of other neurological deficit (e.g., previous stroke or 

muscle disease); history or evidence of orthopedic, muscular, psychological problem or 

hearing impairment; or having deep brain stimulation or any other neural implants. All 

participants were asked to maintain their normal medication dosage, and those taking 

medication were tested in their self-reported ON state for all assessments. Participants with 

PD were divided into two groups, people with PD without FOG (PD-FOG) and people with 

PD with FOG (PD+FOG). FOG status was confirmed with a score ≥ 1, during the 

participant’s testing visit, indicating that they answered “yes” to the first question, “Did you 

experience freezing episodes in the past month?”, on the New Freezing of Gait 

Questionnaire (N-FOGQ). Participants were asked to retrospectively report how often they 

have fallen in the last six months to determine fall status. Fall status was defined as non-

fallers (no falls in the past six months) and fallers (one or more falls in the past six months). 

This study was approved by the Institutional Review Board at the university and written 

informed consent was obtained from all participants prior to starting the study.
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Participant characteristics

Participant characteristics are summarized in Table 1. For participants with PD, motor 

function was assessed using the Movement Disorders Society Unified Parkinson Disease 

Rating Scale Part 3 (MDS-UPDRS-III) and disease stage was assessed using the Hoehn & 

Yahr score [18] by a trained research staff member. Freezing status and severity was 

determined by the New Freezing of Gait Questionnaire (NFOG-Q) [19]. Medication dosage 

was determined by the levodopa-equivalent daily dose (LEDD).

Gait Measures

Spatial and temporal parameters of gait were measured using a five-meter instrumented, 

computerized walkway (GAITRite, CIR Systems, NJ), which has been well-validated for 

reliably measuring gait characteristics [20]. Primary outcome measures were gait variability 

measures, including step time coefficient of variation (CV), stride length CV, and single 

support time (SST) CV. Secondary gait outcomes measures included velocity, stride length, 

and cadence. Velocity was normalized to average leg length, measured as the distance from 

the participant’s greater trochanter to their lateral malleolus (cm). For each trial, the 

participant walked across the walkway one time; starting and ending one meter off the 

walkway. This was repeated three times for each condition. There was an average of 

19.9±4.0 (mean±sd) total steps per condition, which can reliably measure gait variability 

[21]. CV was calculated as (standard deviation/mean) x 100 for all gait variability measures. 

Participants wore their own comfortable pair of shoes.

A baseline measurement of each participant’s uncued walking (UNCUED) was collected 

first. Participants were asked to walk across the walkway at their normal, comfortable pace. 

Three trials were collected and averaged, and the cadence was measured by the GAITRite 

system. After their typical cadence was determined, the tempo of the auditory cue was set to 

100% of this cadence using an open source audio editing software (The Audacity Team, 

audacity.sourceforge.net/) to optimize the cue rate for effects on gait variability measures 

[22]. The auditory cue used for all conditions was a piano arrangement of a familiar 

children’s song (‘Row, Row, Row, Your Boat’). This song was selected for its salient beat. 

Two cued conditions were then collected, in a randomized order, using this tempo. The 

externally-generated cue was the music condition (MUSIC). For this condition, the music 

was played continuously and after listening one time through, participants were asked to 

walk across the walkway, matching their footfalls to the beat of the music, as it continued to 

play. The self-generated cue was the mental singing condition (MENTAL). In this condition, 

the song was played through one time and after the music stopped participants were asked to 

sing the song in their head while matching their footfalls to the beat of their mental singing. 

Variability change scores, calculated as the difference in variability between each cued 

condition and uncued gait, were used as an indicator of response to cues.

Statistical analysis

All statistical analyses were conducted in the R statistical computing environment [23]. 

Between group comparisons were performed on participant characteristics using unpaired t-

tests or analysis of variance models when appropriate to determine any differences between 

groups. Univariable and multivariable (adjusted for N-FOGQ, age, gender, LEDD, and 
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MMSE) logistic regression models were performed to assess the association between falls 

(dependent variable) and gait variability measures (independent variable) for all participants. 

Two-way repeated measures (RM) ANOVAs were used to determine main effects of group, 

condition, and interaction effects of group and condition for each gait outcome measure 

using the afex package in R [24]. Within subject variation was accounted for in the models. 

Outliers were identified using the median absolute deviation and were winsorized by group 

and condition and violations of sphericity were corrected using the Greenhouse Geisser 

method. Pairwise comparisons between groups and conditions were conducted with alpha 

= .05 and adjusted for multiple comparisons using the Tukey method. Pearson’s correlations 

were performed by group to determine associations between baseline gait variability 

measures and change scores from auditory cueing. An initial power analysis, using gait 

velocity data from Harrison et al. [14], indicated a total of 63 participants were needed to 

detect between group differences with a moderate effect size at 80% power and alpha = .05. 

For all analyses, appropriate post-hoc estimates of effect sizes were included to improve 

model interpretations.

Results

Seventy-six participants were enrolled in the study. After enrollment and consent, two 

Controls (one due to MMSE < 24 and one due to pre-existing knee pain), one PD-FOG (due 

to inability to follow instructions), and five PD+FOG (two due to fatigue, one due to high 

frequency of freezing that prohibited completion of the gait tasks, and two due to medical 

history) were excluded. Characteristics for 68 participants who completed the study are 

summarized in Table 1. There were no significant differences in participant characteristics 

between groups.

Uncued gait characteristics between groups and faller status are summarized in Table 2. 

Higher step time CV, stride length CV, and SST CV were all associated with falling. Results 

of the univariable and multivariable logistic regression models are summarized in Table 3.

The means and standard deviations of the gait conditions by group are summarized in Table 

4. For step time CV (Figure 1A), the interaction of group and condition was not significant 

(F3.74.121.45=.36, p=.82, ηp
2=.01). There was also no main effect of group (F2.65=2.33, 

p=.11, ηp
2=.07). There was a significant main effect of condition for step time CV 

(F1.87,121.45=10.47, p<.0001, ηp
2=.14), with pairwise comparisons indicating a significantly 

higher step time CV in MUSIC compared to MENTAL (p=.0007) and UNCUED (p=.002).

For stride length CV (Figure 1B), the interaction of group and condition was not significiant 

(F3.96,128.67=1.62, p=.17, ηp
2=.05). There was no main effect of group (F2.65=.98, p=.38, 

ηp
2=.03). There was a significant main effect of condition for stride length CV 

(F1.98,128.67=3.23, p=.04, ηp
2=.05), with pairwise comparisons indicating a significantly 

higher stride length CV in MUSIC compared to UNCUED (p=.05).

For SST CV (Figure 1C), there was no interaction effect of group and condition 

(F3.96,128.65=.81, p=.52, ηp
2=.02). There were also no main effects of group (F2.65=2.01, 

p=.14, ηp
2=.06) or condition (F1.98,128.65=2.27, p=.11, ηp

2=.03).
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For normalized velocity (Figure 1D), the interaction between group and condition was 

significant (F3.10,100.85=4.14, p=.008, ηp
2=.11). Pairwise comparisons showed MUSIC was 

significantly higher than MENTAL for Controls (p=.006) and PD-FOG (p=.01); MUSIC was 

significantly lower than UNCUED for PD-FOG (p=.02); and UNCUED was significantly 

higher than MENTAL for PD-FOG (p=.01), There was a signifiant main effect of group 

(F2,65=3.95, p=.02, ηp
2=.11), with pairwise comparisons indicating higher velocity for 

Controls compared to PD-FOG (p=.04). There was a significant main effect of condition 

(F1.55,100.85=4.56, p=.02, ηp
2=.07), with pairwise comparisons indicating a higher velocity 

in MUSIC than MENTAL (p=.0001).

For cadence (Figure 1E), there was a significant interaction between group and condition 

(F3.28,106.44=3.41, p=.02, ηp
2=.09). Pairwise comparisons showed MUSIC was significantly 

higher than MENTAL for PD-FOG (p=.0008); MUSIC was significantly higher than 

UNCUED for PD+FOG (p=.003); and UNCUED was significantly higher than MENTAL 

for PD-FOG (p=.005). There was no main effect of group (F2.65=1.73, p=.18, ηp
2=.05). 

There was a significant main effect of condition for cadence (F1.64,106.44=8.19, p=.001, 

ηp
2=.11), with pairwise comparisons indicating higher cadence in MUSIC compared to 

UNCUED (p=.02) and MENTAL (p=.0004).

For stride length (Figure 1F), there was a significant interaction effect of group and 

condition (F2.86,92.88 =3.52, p=.02, ηp
2=.10) with pairwise comparisons indicating 

significantly higher stride length in MUSIC compared to MENTAL for Controls (p=.04); 

and UNCUED was significantly higher than MENTAL for PD-FOG (p=.02). There was not 

a main effect of group (F2,65=1.81, p=.17, ηp
2=.05) or condition (F1.43,92.88=1.48, p=.23, 

ηp
2=.02).

Pearson’s correlations across groups indicated significant moderate negative correlations 

between baseline measures and MUSIC change scores for step time CV (R=−0.50, p<.001), 

stride length CV (R=−0.44, p<.001), and SST CV (R=−0.60, p<.001) and for MENTAL 

change scores for step time CV (R=−0.50, p<.001), stride length CV (R=−0.40, p<.001), and 

SST CV (R=−0.52, p<.001). Pearson’s correlations by group are shown in scatter plots in 

Figure 2.

Discussion

The primary aims of the present study were to 1) confirm the association between gait 

variability and falls in healthy older adults and people with PD; 2) determine the effects of 

externally-generated and self-generated cues on gait variability in people with PD with and 

without FOG; and 3) determine who responded most to rhythmic auditory cues in this 

sample.

The results of this study first established gait variability measures are associated with falls in 

PD-FOG, PD+FOG, and Controls in this sample. This is consistent with previous findings of 

gait variability being associated with fall risk, however our sample had lower overall 

variability than previous work [9]. These results also established the gait variability 

measures as an adequate measure of gait stability in this study.
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The results regarding effects of cue type on gait indicated externally-generated cues 

increased gait variability compared to uncued gait for all three groups, whereas self-

generated cues did not. However, the self-generated cues did not reduce gait variability 

compared to uncued gait. This finding is consistent with previous research [13,14]; however, 

the present study is the first to establish these similar effects of different cue types in PD

+FOG, which was contrary to our hypothesis. Previously, Tolleson et al. [17] found PD

+FOG have greater dysrhythmia than PD-FOG during internally-cued movement. However, 

they investigated upper extremity movements and used a metronome cue, which could 

explain their different results. Additionally, previous research showed differences in 

response to different cues, such as altered cue rates, in people with PD with and without 

FOG [15], further supporting our initial hypothesis. Previous studies comparing PD-FOG 

and PD+FOG have also only investigated different externally generated cues [16], whereas 

the present study investigated self-generated cues. Self-generated cues may not have the 

same negative effect on gait variability as externally-generated cues because cues with 

biologically-relevant variability (e.g. adaptable, self-generated cues) may provide more 

benefit than cues with fixed timing (e.g. externally generated cues) [25].

Lastly, this study showed who responded most to rhythmic auditory cues with respect to gait 

variability. Participants with higher gait variability measures showed the greatest reduction 

in variability with cueing, during both externally-generated and self-generated cueing 

conditions. This is important as it demonstrates participants most in need of gait 

rehabilitation benefited from rhythmic auditory cues. This is also consistent with recent 

findings that found people with lesser gait deficits in the early stages of PD receive less 

benefit from auditory cues than people in later stages of PD [26].

Gait deficits, including increased gait variability, are associated with increased risk of falls in 

older adults, and particularly people with neurological disorders. Like previous research 

showing higher step time variability was associated with risk of falls in older adults [10], the 

results of the present study also demonstrated that increased gait variability is associated 

with falls risk in healthy older adults and people with PD. To reduce fall risk, identifying 

cues that will not increase gait variability measures is essential. The present study showed 

externally-generated cues increased gait variability, whereas self-generated cues do not for 

all groups. This finding is important for gait rehabilitation programs that are targeting a 

similar population.

Limitations

There are several limitations with this study. Participants with PD had mild to moderate 

disease severity, evidenced by low MDS-UPDRS-III and H&Y scores. As such, the 

participants in this study had relatively low uncued gait variability [16], which could have 

presented a floor effect with less potential for improvement from the cues. Participants were 

asked to retrospectively report how often they fell in the last six months, and they were not 

provided with a formal definition of a fall. This may have introduced bias in the 

measurement of falls in the study and may have impacted the reliability of this measure [27]. 

The present study also was not powered based on falls outcomes, and therefore may have 

been underpowered to provide firm conclusions from fall status compared to larger 
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previously reported sample sizes [9,10]. Finally, the number of steps measured in the present 

study may have been too low to reliably measure gait variability and future studies should 

aim to collect gait data continuously with more steps [28].

Future Directions

Previous studies have investigated the effects of rhythmic auditory cueing interventions on 

incidence of falls [29] and gait variability [30]. However, these studies did not investigate the 

use of self-generated rhythmic auditory cues and did not consider freezing status. Future 

work could investigate the difference in effects of externally-generated and self-generated 

cues in a randomized controlled trial that includes training in use of cues over a period of 

months. Future studies should also aim to better optimize rhythmic auditory cues for people 

with PD with and without FOG, investigating parameters such as cue rate and song 

familiarity.

Conclusion

People with PD with and without FOG are capable of using both externally-generated and 

self-generated cues for gait modification. Across all groups, externally-generated cues 

increased gait variability, whereas self-generated cues did not. The results of the present 

study also confirm that higher gait variability is associated with an increased risk of falls, 

and that individuals with higher baseline gait variability show the most improvements in gait 

variability with the use of rhythmic auditory cueing.
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Highlights

• External cues, but not self-generated cues, increase gait variability in all 

groups.

• Higher baseline gait variability was associated with lower cued gait 

variability.

• Higher gait variability is associated with falls in PD-FOG, PD+FOG, and 

Controls.
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Figure 1. 
Effect of cues on gait variability measures (A-C) and spatial and temporal gait 

characteristics (D-F) across groups. Pairwise comparisons of the main effects of group 

(vertical brackets) and condition (horizontal brackets) are indicated, *p<.05, **p<.01, 

***p<.001.
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Figure 2. 
Gait variability measure change scores from UNCUED for the MENTAL conditions (A-C) 

and for the MUSIC conditions (D-F). Trend lines and results of Pearson’s correlations by 

group are identified on the plots.
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Table 1.

Participant characteristics.

Controls PD-FOG PD+FOG P

N (female) 24 (19) 24 (14) 20 (7) -

Age 66.04±7.30 68.79±6.92 67.10±8.28 0.44

MMSE, median (range) 29 (25, 30) 28 (26, 30) 29 (26, 30) 0.18

Fallers 6 9 16 -

Yrs since dx - 6.04±3.44 8.65±5.77 0.07

LEDD - 777 ± 476 (22) 1,307 ±1,032 (18) 0.06

UPDRS III - 24.04±8.68 27.55±15.09 0.34

H&Y, median (range) - 2 (2, 2) 2 (2, 3) 0.12

N-FOGQ - 0.00±0.00 16.85±8.24 -

Values are mean ± SD unless noted. Fallers defined as participants who experienced one or more falls in the past 6 months. T-tests and ANOVAs 
used for between group comparisons as appropriate. Abbreviations: Hoehn and Yahr, H&Y; Levodopa-Equivalent Daily Dose, LEDD; Mini Mental 
State Examination, MMSE; Movement Disorders Society Unified Parkinson Disease Rating Scale Part 3, MDS-UPDRS-III; N-FOGQ, New 
Freezing of Gait Questionnaire.
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Table 2.

Uncued Gait Characteristics.

Controls PD-FOG PD+FOG

Non-fallers
(n=18)

Fallers
(n=6)

Non-fallers
(n=15)

Fallers
(n=9)

Non-fallers
(n=4)

Fallers
(n=16)

Normalized Velocity (m/sec/LL) 1.55 (0.22) 1.61 (0.18) 1.47 (0.19) 1.16 (0.16) 1.47 (0.12) 1.30 (0.27)

Cadence (steps/min) 110.69 (8.75) 110.85 (0.21) 109.16 (9.03 97.47 (8.17) 113.27 (8.05) 108.13 (8.84)

Stride Length (cm) 127.67 (12.38) 129.65 (17.70) 128.37 (18.53 116.15 (6.07) 125.24 (17.87) 112.38 (20.86)

Step Time CV (%) 2.36 (0.52) 2.14 (0.24) 2.55 (0.72 2.75 (1.03) 2.35 (0.52) 3.24 (0.73)

Stride Length CV (%) 1.79 (0.77) 1.98 (1.01) 1.71 (0.75 2.46 (0.86) 1.79 (0.70) 2.57 (1.07)

SST CV (%) 3.02 (0.85) 2.92 (0.18) 3.21 (0.99 3.64 (1.54) 2.93 (0.76) 4.41 (1.38)

All values are mean (SD). Abbreviations: Leg Length, LL; Single Support Time, SST.
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Table 3.

Logistic regression.

Univariable Multivariable*

OR 95% CI P OR 95% CI P

Step Time CV 3.11 1.45-7.45 0.006 6.45 1.87-33.40 0.009

Stride Length CV 2.15 1.19-4.19 0.016 3.61 1.32-12.14 0.020

SST CV 1.83 1.15-3.13 0.017 2.97 1.37-8.00 0.013

Univariable and multivariable logistic regression showing an association between falls (dependent variable) and each gait variability measure 
(independent variable).

*
Adjusted for N-FOGQ, age, gender, LEDD, and MMSE. Abbreviations: Odds Ratio, OR; Single Support Time, SST.
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Table 4.

Summary of gait performance by group and condition.

Controls PD-FOG PD+FOG

UNCUED MUSIC MENTAL UNCUED MUSIC MENTAL UNCUED MUSIC MENTAL

Normalized 
Velocity 
(m/sec/LL)

1.55 (0.21) 1.58 
(0.19)

1.54 (0.21) 1.43 (0.21) 1.41 
(0.26)

1.37 (0.24) 1.37 (0.24) 1.44 
(0.21)

1.41 (0.21)

Cadence 
(steps/min)

110.70 
(8.36)

111.23 
(8.88)

110.03 
(8.65)

107.70 
(9.61)

107.68 
(8.23)

105.30 
(7.58)

110.19 
(8.70)

111.98 
(8.69)

111.10 
(8.56)

Stride Length 
(cm)

127.84 
(12.41)

129.46 
(9.96)

127.18 
(10.98)

126.84 
(17.86)

123.53 
(18.70)

122.48 
(16.76)

117.53 
(20.28)

120.76 
(16.11)

119.77 
(17.05)

Step Time 
CV (%)

2.34 (0.50) 2.75 
(0.74)

2.38 (0.71) 2.57 (0.74) 2.86 
(0.70)

2.46 (0.70) 2.88 (0.78) 3.08 
(0.88)

2.68 (0.86)

Stride Length 
CV (%)

1.80 (0.77) 2.39 
(0.96)

2.25 (1.02) 1.80 (0.78) 2.08 
(0.89)

1.89 (0.57) 2.26 (1.00) 2.22 
(1.03)

2.17 (1.00)

SST CV (%) 3.01 (0.81) 3.34 
(1.03)

3.02 (0.97) 3.27 (1.04) 3.64 
(1.13)

3.18 (0.89) 3.82 (1.37) 3.63 
(1.31)

3.50 (1.35)

All values are mean (SD). Abbreviations: Coefficient of Variation, CV; Single Support Time, SST.
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