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Abstract

We recently discovered that a rope-pulley system that mechanically coupling the arms, legs
and treadmill during walking can assist with forward propulsion in healthy subjects, leading
to significant reductions in metabolic cost. However, walking balance may have been com-
promised, which could hinder the potential use of this device for gait rehabilitation. We per-
formed a secondary analysis by quantifying average step width, step length, and step time,
and used their variability to reflect simple metrics of walking balance (n = 8). We predicted
an increased variability in at least one of these metrics when using the device, which would
indicate disruptions to walking balance. When walking with the device, subjects increased
their average step width (p < 0.05), but variability in step width and step length remained
similar (p’s > 0.05). However, the effect size for step length variability when compared to
that of mechanical perturbation experiments suggest a minimal to moderate disruption in
balance (Rosenthal ES = 0.385). The most notable decrement in walking balance was an
increase in step time variability (p < 0.05; Cohen’s d=1.286). Its effect size reveals a moder-
ate disruption when compared to the effect sizes observed in those with balance deficits
(effect sizes ranged between 0.486 to 1.509). Overall, we conclude that healthy subjects
experienced minimal to moderate disruptions in walking balance when using with this
device. These data indicate that in future clinical experiments, it will be important to not only
consider the mechanical and metabolic effects of using such a device but also its potential
to disrupt walking balance, which may be exacerbated in patients with poor balance control.

Introduction

Arm movements are beneficial for walking and can play an integral part in gait rehabilitation
[1-4]. These insights motivated us to develop a simple rope-pulley system in which the active
use of the arms is mechanically linked to the legs during treadmill walking, with the hope that

PLOS ONE | https://doi.org/10.1371/journal.pone.0265750 March 23, 2022

1/9


https://orcid.org/0000-0001-9672-3497
https://doi.org/10.1371/journal.pone.0265750
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0265750&domain=pdf&date_stamp=2022-03-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0265750&domain=pdf&date_stamp=2022-03-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0265750&domain=pdf&date_stamp=2022-03-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0265750&domain=pdf&date_stamp=2022-03-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0265750&domain=pdf&date_stamp=2022-03-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0265750&domain=pdf&date_stamp=2022-03-23
https://doi.org/10.1371/journal.pone.0265750
https://doi.org/10.1371/journal.pone.0265750
https://doi.org/10.1371/journal.pone.0265750
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Step-to-step variability indicates disruption to walking balance

Competing interests: The authors have declared
that no competing interests exist.

this system could serve as a gait rehabilitation strategy. We discovered that the active use of the
arms with this simple device helped propel the body by assisting with the generation of propul-
sive forces, which led to a significant reduction in the net metabolic power required to walk
[5]. Reducing net metabolic power has important clinical implications because individuals
with gait pathologies may experience major decrements in walking economy [6], signifying
that it is highly strenuous to walk. While there are various factors that may impair walking
economy, one critical factor is the inability to generate propulsive forces by the legs, which has
been observed in individuals recovering from a spinal cord injury [6]. Therefore, the active use
of the arms by means of our rope-pulley system may help alleviate this mechanical demand. By
assisting in the generation of propulsive forces, the active use of the arms can make it easier to
propel the body in the forward direction.

Despite the mechanical and metabolic benefits and their potential clinical implications, we also
observed abnormal arm swing with the use of our device. Abnormal arm swing was characterized
by increased shoulder protraction and increased elbow joint flexion/extension. This might be an
undesirable trade-off since a recent experiment found that abnormal increases in arm swing, with
amplitudes reaching shoulder height, increases stepping variability [7]. The increase in stepping
variability suggests a possible disruption to walking balance. While our simple rope-pulley device
provides both mechanical and metabolic benefits [5], this may have come at the expense of
increased stepping variability, which would indicate an undesirable disruption to walking balance.
It is well documented that humans maintain walking balance by adjusting their foot placement
and timing from step to step [6, 8, 9]. The variability in one’s stepping pattern can serve as simple
metrics of walking balance [10-12], which have good validity for predicting fall probability [12]
and are good clinical correlates for walking balance [13]. For example, the variability in step width,
step length and/or step time have been used as simple metrics of balance in patients recovering
from a spinal cord injury [13], patients diagnosed with Parkinson’s disease [14] and peripheral neu-
ropathy [15, 16], and older adults experiencing multiple falls [17]. Therefore, to understand if
mechanically linking the active use of the arms with the legs disrupted walking balance, we carried
out a secondary analysis by quantifying the variability in step width, step length, and step time.

Understanding if, and to what extent, balance was compromised will help determine if linking
the arms and legs during treadmill walking could feasibly translate to clinical users undergoing
gait rehabilitation. Helping patients maintain balance while practicing their stepping motion is
critical for walking recovery [18, 19], reducing fear of falling [20, 21], and preventing falls [22].
Ideally, our arm-leg rope pulley system would not disrupt walking balance, but our observations
of abnormal arm swinging suggest otherwise. Therefore, we wanted to understand if physically
coupling of the arms and legs during walking may have influenced balance. Given the novelty of
this device, we did not have any a priori knowledge as to which stepping parameter(s) would
exhibit an increase in variability. For this reason, we hypothesized that walking with our arm-leg
rope pulley system would increase the variability in either step width, step length, and/or step
time. If walking with our arm-leg rope pulley system did disrupt balance, we expect an increase in
the variability of at least one of these stepping parameters. We also suspected that subjects could
adjust their foot placement strategy when walking with the rope pulley system, which may or may
not be coupled with an increase in variability. Therefore, we examined whether subjects altered
their average step width, step length, and/or step time while walking with the arm-leg rope pulley
system, as this could indicate a foot placement strategy to avoid disruptions to walking balance.

Methods

Eight healthy subjects (3 females and 5 males; mean + SD: age = 23.25 + 3.37 years,
mass = 73.88 + 18.46 kg, height = 173.84 + 13.95 cm) provided consent and participated in the
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study, which was approved by the University of Houston Institutional Review Board. Subjects
walked on a dual-belt treadmill at 1.25 m/s for randomized conditions of walking with the
arm-leg rope-pulley system (assisted walking; Fig 1) and without it (normal walking). Each
trial lasted 7 minutes with at least 5 minutes of rest between trials.

From our previous data [5], we calculated step width, step length, and step time from the
positions of the left and right heel markers. We used the vertical versus time component of
each heel marker to identify initial contact as instances when the waveform exhibited a trough
during each step. At each instance of initial contact, we quantified step width and step length
as the medio-lateral (ML) and anterior-posterior (AP) distance between the left and right heel
markers, respectively, and step time as the period between consecutive instances of initial con-
tact. We determined the number of steps achieved by each subject and then found that 288
steps were the minimum number of steps taken across all subjects. For every trial in our analy-
sis, we used these 288 steps to calculate the average and standard deviation values for all step
parameters. For each subject, we normalized step width, step length, and their variability by
dividing each metric by leg length (LL) and expressed these values as a percentage [8, 23]. Leg
length is defined as the distance between the greater trochanter and the ground. We also nor-

malized step time by y/LL/g where g is gravity [23]. To help visualize the time series data for
each stepping parameter across 288 steps, Fig 2 illustrates the time series data for one subject.

For our statistical analysis, the Shapiro-Wilk was used to test the assumption of normality.
If the assumption of normality was met, we performed paired sample t-tests to test for signifi-
cant differences between normal and assisted walking conditions. The values for each condi-
tion are reported as mean =+ standard deviation (SD). Additionally, Cohen’s d was used to
calculate a parametric effect size (noted as Cohen ES). If the assumption of normality was not
met, we used the non-parametric Related Samples Wilcoxon Signed Rank test. In this case,
these values are reported as median values with their interquartile range (IQR), defined as the
range between the 25™ and 75 percentile. Furthermore, a non-parametric effect size noted as
Rosenthal ES [24] was calculated by diving the Z score by the square root of N where N is the
number of observations for both conditions (i.e. N = 16). In line with our hypothesis, we used
a one-tailed test for the variability metrics and a two-tailed test for the average metrics. All sta-
tistical tests were performed with an a-level of 0.05 (IBM SPSS Inc., Chicago, IL, USA).

Fig 1. Arm-leg rope pulley system. Subjects walked on a treadmill while attached to a simple rope-pulley device that
connects the ipsilateral arm and leg via a rope. Figure modified from Vega and Arellano [5].

https://doi.org/10.1371/journal.pone.0265750.g001
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Fig 2. Time series data (n = 1). Solid circles represent values for each step over a series of 288 consecutive steps for one subject. Average
(solid line) + 1 SD (shaded region) are shown for each stepping parameter during normal and assisted walking conditions. When compared
to normal walking, the subject increased their average step width by 0.032 m (normalized: 3.45% LL) during assisted walking, but step width
variability remained relatively unchanged (2.27% LL vs 2.26% LL). Additionally, this subject slightly decreased their average step length by
0.011 m (normalized: 1.13% LL) and exhibited a 0.006 m (normalized: 0.69% LL) increase in step length variability. Lastly, the subject did not
alter their average step time (54 ms vs 54 ms), but their step time variability slightly increased by 3.2 ms (normalized: 0.01). Note that all
subjects responded in a slightly different way (see Fig 3 for individual data).

https://doi.org/10.1371/journal.pone.0265750.g002

Results

All variables met the assumption of normality except for step length variability and average
step width. Average step length (two-tailed p = 0.718, Cohen ES = 0.133) and step time (two-
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tailed p = 0.233, Cohen ES = 0.461) revealed no significant differences between normal and
assisted walking conditions. Yet, when compared to normal walking, subjects increased their
average step width by 0.032 m during assisted walking (normalized median + IQR:

14.42 +5.67% LL vs 18.83 + 5.69% LL; Wilcoxon Signed Rank test, two-tailed p = 0.012,

Z =2.521, Rosenthal ES = 0.630, Fig 3). Despite adjustments in step width, there were no statis-
tical differences in either step width variability (one-tailed p = 0.347, Cohen ES = 0.146) or step
length varijability (Wilcoxon Signed Rank test, one-tailed p = 0.062, Z = 1.540, Rosenthal

ES = 0.385). In contrast, walking with the assistive arm-leg device increased step time variabil-
ity by an average of 5 ms (normalized mean + SD: 0.04 + 0.01 vs. 0.06 + 0.01; one-tailed

p =0.004, Cohen ES = 1.286; Fig 3). For reference, the data underlying the findings of this
study are made available in the S1 File.

Discussion

From the balance metrics quantified here, we found that linking the active use of the arms
with the legs during treadmill walking led to a significant increase in step time variability, but
not step width nor step length variability. These findings support our hypothesis that walking
with our arm-leg pulley system would increase the variability of at least one of these stepping
parameters. To assess whether the statistical increase in step time variability reflected a mean-
ingful change, we used its effect size to interpret the relative magnitude to which walking bal-
ance was disrupted. Additionally, the value of calculating effect sizes is that they are
independent of sample size and allows us to compare findings from various studies. Our litera-
ture review revealed that data on step time variability in individuals recovering from a spinal
cord injury or stroke were not available and therefore, we could not make effect size compari-
sons to the intended population who could possibly benefit from such a device. Instead, we
gathered data on individuals with balance deficits manifesting from neurological disorders
and aging as well as data from mechanical perturbation experiments (S1 File).

In individuals with Parkinson’s disease and older adults experiencing multiple falls, step
time variability is greater than healthy control subjects (Hedges’ g = 1.509 [14]) and non-fallers
(Cohen ES = 0.486 [17]), respectively. For relative comparisons, these effect sizes ranged
between 0.486 and 1.509, and our observed effect size for step time variability (Cohen
ES = 1.286) falls within this range. While these comparisons are to be taken with caution, they
are still useful for gauging the degree to which our rope-pulley system disrupts walking bal-
ance. Therefore, we interpret our effect size for step time variability to indicate a moderate dis-
ruption to the temporal component of walking balance.
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Fig 3. Box and whisker plots for all stepping parameters during normal (NW) and assisted (AW) walking conditions. Individual data points are superimposed and
connected to show paired data (n = 8). Most notably, all subjects increased their average step width. Additionally, seven out of eight subjects exhibited an increase in
step time variability. Asterisks indicate p < 0.05.

https://doi.org/10.1371/journal.pone.0265750.9003
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As for the spatial component of walking balance, we did not detect a statistically significant
increase in either step width variability or step length variability. Given our small sample size,
it is helpful to examine more closely the individual trends in stepping variability. For instance,
half of our subjects exhibited a small increase in step width variability while the other half
exhibited a small decrease (Fig 3). Overall, the individual changes in step width variability
appear small, but for relative comparisons, we can judge our findings to that of Madehkhaksar
et al. [25], who applied sudden mechanical perturbations in the forward direction and
observed significant increases in step width variability during treadmill walking in healthy sub-
jects. Based on our estimate from their published data, the increase in step width variability
reflects a Cohen ES of 0.845. Our observed Cohen ES for step width variability is 0.146, falling
well below the value that is observed from an experiment that intentionally induced mechani-
cal perturbations in the forward direction. Collectively, our results suggest that the arm-leg
rope pulley system elicited little to no disruption to balance in the medio-lateral direction. On
the contrary, seven out of eight subjects exhibited an increase in step length variability (Fig 3).
With limited step length variability data in the literature, we were only able to make an effect
size comparison to the 12-month retrospective study of Callisaya et al. [17], who reported dif-
ferences between older adults who experience multiple falls and to those with no falls (Hedges’
g =0.369). Our observed effect size for step length variability (Rosenthal ES = 0.385) is similar
in magnitude. Therefore, given the relative magnitude of our effect size, irrespective of statisti-
cal non-significance, it is reasonable to consider the increase in step length variability as a
meaningful disruption to balance. In all, we conclude that linking the active use of the arms
with the legs via our simple rope-pulley system led to a minimal to moderate disruption to bal-
ance in the anterior-posterior direction.

These comparisons should be interpreted in the context of our small sample size and the
limited data that is reported for stepping variability in the clinical and gait rehabilitation litera-
ture. Differences in normalization techniques, or lack thereof, further reduce the amount of
available literature we could compare. In addition, it was not possible to account for differ-
ences in walking speed or conditions (e.g., overground versus treadmill walking), which influ-
ence these stepping parameters as well. It should also be noted that the analyses of this study
were focused on linear analyses of gait variability. It may be helpful to consider other metrics
(e.g., fractal analysis of gait variability, Lyapunov exponent, etc.) that are based on non-linear
analyses in future studies, which may capture potential disruptions to balance in ways that lin-
ear analyses do not. Despite these limitations, we use effect size comparisons as a reasonable
gauge to help interpret the degree which balance control may have been disrupted.

To further address the limitation of our small sample size, we carried out sensitivity analyses
in GPower (please see S2 File for more details) to determine if the findings from our variability
variables were adequately powered. Our analysis parameters were set to 80% power, o = 0.05
and a one-tailed dependent t-test or a one-tailed Wilcoxon signed rank test. Based on the anal-
yses, a sample size of 8 indicates that the minimum effect size that can be detected are 0.978 for
step width variability and 1.007 for step length variability. The effect sizes found in our study
(step width variability ES = 0.146 and step length variability ES = 0.385) fall short of the mini-
mum effect size that can be detected with 80% power. Therefore, we note that our findings for
step width and length varijability may not be adequately powered with our sample size of 8.
However, the sensitivity analysis reveals that our findings for step time variability appears to
be adequately powered since our effect size (1.286) is above the minimum effect size of 0.978
detectable at 80% power. We interpret this to suggest that the temporal component of walking
balance is most disrupted with the use of the arm-leg rope-pulley system. Yet, it is possible that
the spatial component may have been disrupted but was not detectable with our sample size of
8 subjects.
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To determine the appropriate sample size needed for a future study, we carried out
another sensitivity analysis (S2 File). For this analysis, we used “meaningful” effect sizes
based on data gathered from the literature to determine the sample size needed for a study
with sufficient power (parameters were set to 80% power, o = 0.05, and a one-tailed depen-
dent t-test). The meaningful effect size for each stepping variable were gathered from two
studies that investigated stepping variability in fallers versus non-fallers [17] and under
treadmill perturbations [25]. Given the limited data, these studies were chosen as a reason-
able gauge because their findings suggest that 1) increases in step time and step length vari-
ability are most notable in distinguishing fallers from non-fallers [17] and 2) step width
variability increased under a forward treadmill perturbation [25], which is analogous to the
effects of our arm-pulley device. This sensitivity analysis reveals that the sample size for a
sufficiently powered study would require between 10 to 49 subjects. We suspect that for
individuals undergoing gait rehabilitation (e.g., patients with a spinal cord injury), such
effect sizes would be much greater in magnitude, and therefore, this may be a conservative
estimate of sample size. A sample size of 49 is atypical in experiments involving individuals
with an incomplete spinal cord injury, but a sample size of 10 may be too small. Considering
the resources, time, and challenges with subject recruitment of this clinical population [26],
we feel that a sample size of n = 20 would be reasonable for a future study investigating
walking balance using linear variability measures.

In addition to increasing the sample size for future experiments, we also aim to modify
our arm-leg pulley system and experimental design so that it minimizes any disruption to
the subject’s preferred stepping kinematics. When considering the other foot placement
metrics quantified here, we found that healthy subjects increased their average step width,
which may reflect a foot placement strategy to maintain an appropriate level of balance in
the medio-lateral direction. Given the novelty of using the device, it is possible that linking
the arms and legs during treadmill walking may have induced a psychological fear of fall-
ing, which in itself has been associated with increases in step width [21]. It is also possible
that the arm-leg rope pulley system was too wide for subjects, leading them to compensate
by increasing their step width. The short and single-session familiarization period may
have also contributed to subjects taking wider steps. Adopting wider steps could be a
response to learning under a novel condition where maintaining balance is more challeng-
ing and therefore, requires an individual to alter their stepping strategy [27]. For future
experiments, we will incorporate longer sessions that allow for learning adaptation and
adjust the width of both pulleys so that they are aligned to the subject’s step width. These
modifications may help to mitigate disruptions to walking balance and thus, minimize the
need for subjects to alter their foot placement strategy in the medio-lateral direction.

In conclusion, when physically linking the arms and legs during treadmill walking,
healthy subjects exhibited the most notable increase in step time variability, and its effect
size reveals a moderate disruption to the temporal component of balance. There also
appears to be a minimal to moderate disruption to the spatial component of walking bal-
ance, particularly along the anterior-posterior direction. While disruption to walking bal-
ance ranges between minimal to moderate in healthy subjects, the question remains as to
whether using this device would exacerbate disruptions to walking balance in individuals
with already poor balance control, such as those recovering from a spinal cord injury or
stroke. Negating disruptions to walking balance would allow these patients to focus on coor-
dinating the active use of their arms with the stepping motion of their legs during gait re-
training. Maintaining an appropriate level of walking balance while benefiting from the
mechanical and metabolic effects will be key to understanding whether this device or a
modified version can promote walking recovery in a clinical setting.
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S1 File. Data set and effect sizes. This excel file contains the data set for this study as well as
the calculated effects sizes from literature reported in the discussion.
(XLSX)

S2 File. Sensitivity analyses. This file contains the protocol and graphs of the sensitivity analy-
ses performed in GPower.
(DOCX)

Acknowledgments

We would like to thank Dr. Stacey L. Gorniak and Dr. Adam Thrasher for their helpful feed-
back on previous versions of this manuscript. We are also grateful to Dr. Daniel P. O’Connor
for his expert advice on statistical power and sensitivity analyses.

Author Contributions

Conceptualization: Daisey Vega, Helen ]. Huang, Christopher J. Arellano.
Data curation: Daisey Vega, Helen J. Huang, Christopher J. Arellano.
Formal analysis: Daisey Vega, Helen J. Huang, Christopher J. Arellano.
Funding acquisition: Christopher J. Arellano.

Investigation: Daisey Vega, Christopher J. Arellano.

Methodology: Daisey Vega, Helen J. Huang, Christopher J. Arellano.
Project administration: Christopher J. Arellano.

Resources: Christopher J. Arellano.

Software: Daisey Vega, Helen ]. Huang, Christopher J. Arellano.
Supervision: Christopher J. Arellano.

Validation: Christopher J. Arellano.

Visualization: Daisey Vega, Helen J. Huang, Christopher J. Arellano.
Writing - original draft: Daisey Vega, Christopher J. Arellano.

Writing - review & editing: Daisey Vega, Helen J. Huang, Christopher J. Arellano.

References

1. Behrman AL, Harkema SJ. Locomotor Training After Human Spinal Cord Injury: A Series of Case Stud-
ies. Physical Therapy. 2000 Jul 1; 80(7). PMID: 10869131

2. Huang HJ, Ferris DP. Neural coupling between upper and lower limbs during recumbent stepping. Jour-
nal of Applied Physiology. 2004 Oct; 97(4). https://doi.org/10.1152/japplphysiol.01350.2003 PMID:
15180979

3. KilarnerT, Barss TS, Sun 'Y, Kaupp C, Loadman PM, Zehr EP. Exploiting Interlimb Arm and Leg Con-
nections for Walking Rehabilitation: A Training Intervention in Stroke. Neural Plasticity. 2016;2016.
https://doi.org/10.1155/2016/1517968 PMID: 27403344

4. Zhou R, Alvarado L, Ogilvie R, Chong SL, Shaw O, Mushahwar VK. Non-gait-specific intervention for
the rehabilitation of walking after SCI: role of the arms. Journal of Neurophysiology. 2018 Jun 1; 119(6).
https://doi.org/10.1152/jn.00569.2017 PMID: 29364074

5. VegaD, Arellano CJ. Using a simple rope-pulley system that mechanically couples the arms, legs, and
treadmill reduces the metabolic cost of walking. Journal of NeuroEngineering and Rehabilitation. 2021
Dec 7; 18(1).

PLOS ONE | https://doi.org/10.1371/journal.pone.0265750 March 23, 2022 8/9


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0265750.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0265750.s002
http://www.ncbi.nlm.nih.gov/pubmed/10869131
https://doi.org/10.1152/japplphysiol.01350.2003
http://www.ncbi.nlm.nih.gov/pubmed/15180979
https://doi.org/10.1155/2016/1517968
http://www.ncbi.nlm.nih.gov/pubmed/27403344
https://doi.org/10.1152/jn.00569.2017
http://www.ncbi.nlm.nih.gov/pubmed/29364074
https://doi.org/10.1371/journal.pone.0265750

PLOS ONE

Step-to-step variability indicates disruption to walking balance

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.
24,
25.

26.

27.

Kuo AD, Donelan JM. Dynamic Principles of Gait and Their Clinical Implications. Physical Therapy.
2010 Feb 1;90(2).

Siragy T, Mezher C, Hill A, Nantel J. Active arm swing and asymmetric walking leads to increased vari-
ability in trunk kinematics in young adults. Journal of Biomechanics. 2020 Jan; 99. https://doi.org/10.
1016/j.jpiomech.2019.109529 PMID: 31839359

Bauby CE, Kuo AD. Active control of lateral balance in human walking. Journal of Biomechanics. 2000
Nov; 33(11). https://doi.org/10.1016/s0021-9290(00)00101-9 PMID: 10940402

Collins SH, Kuo AD. Two Independent Contributions to Step Variability during Over-Ground Human
Walking. PLoS ONE. 2013 Aug 28; 8(8). https://doi.org/10.1371/journal.pone.0073597 PMID: 24015308

Hausdorff JM. Gait variability: methods, modeling and meaning. Journal of NeuroEngineering and
Rehabilitation. 2005; 2(1). https://doi.org/10.1186/1743-0003-2-19 PMID: 16033650

Hamacher D, Singh NB, van Dieén JH, Heller MO, Taylor WR. Kinematic measures for assessing gait
stability in elderly individuals: a systematic review. Journal of The Royal Society Interface. 2011 Dec 7;
8(65). https://doi.org/10.1098/rsif.2011.0416 PMID: 21880615

Bruijn SM, Meijer OG, Beek PJ, van Dieén JH. Assessing the stability of human locomotion: a review of
current measures. Journal of The Royal Society Interface. 2013 Jun 6; 10(83). https://doi.org/10.1098/
rsif.2012.0999 PMID: 23516062

Day K v., Kautz SA, Wu SS, Suter SP, Behrman AL. Foot placement variability as a walking balance
mechanism post-spinal cord injury. Clinical Biomechanics. 2012 Feb; 27(2). https://doi.org/10.1016/j.
clinbiomech.2011.09.001 PMID: 22000699

Hausdorff JM, Cudkowicz ME, Firtion R, Wei JY, Goldberger AL. Gait variability and basal ganglia disor-
ders: Stride-to-stride variations of gait cycle timing in parkinson’s disease and Huntington’s disease.
Movement Disorders. 1998 May; 13(3). https://doi.org/10.1002/mds.870130310 PMID: 9613733

Richardson JK, Thies SB, DeMott TK, Ashton-Miller JA. A Comparison of Gait Characteristics Between
Older Women with and Without Peripheral Neuropathy in Standard and Challenging Environments.
Journal of the American Geriatrics Society. 2004 Sep; 52(9). https://doi.org/10.1111/j.1532-5415.2004.
52418.x PMID: 15341557

Richardson JK, Thies SB, DeMott TK, Ashton-Miller JA. Gait Analysis in a Challenging Environment Dif-
ferentiates Between Fallers and Nonfallers Among Older Patients With Peripheral Neuropathy.
Archives of Physical Medicine and Rehabilitation. 2005 Aug; 86(8).

Callisaya ML, Blizzard L, Schmidt MD, Martin KL, McGinley JL, Sanders LM, et al. Gait, gait variability
and the risk of multiple incident falls in older people: a population-based study. Age and Ageing. 2011
Jul; 40(4). https://doi.org/10.1093/ageing/afr055 PMID: 21628390

Hugues Barbeau, Ladouceur M, Normal KE, Pépin A, Leroux A. Walking after spinal cord injury: Evalua-
tion, treatment and functional recovery. Archives of Physical Medicine and Rehabilitation. 1999; 80
(2):225-35. https://doi.org/10.1016/s0003-9993(99)90126-0 PMID: 10025502

Barbeau H. Locomotor Training in Neurorehabilitation: Emerging Rehabilitation Concepts. Neuroreh-
abilitation and Neural Repair. 2003 Mar; 17(1). https://doi.org/10.1177/0888439002250442 PMID:
12645440

John LT, Cherian B, Babu A. Postural control and fear of falling in persons with low-level paraplegia.
The Journal of Rehabilitation Research and Development. 2010; 47(5). https://doi.org/10.1682/jrrd.
2009.09.0150 PMID: 20803393

Chamberlin ME, Fulwider BD, Sanders SL, Medeiros JM. Does Fear of Falling Influence Spatial and
Temporal Gait Parameters in Elderly Persons Beyond Changes Associated With Normal Aging? The
Journals of Gerontology Series A: Biological Sciences and Medical Sciences. 2005 Sep 1; 60(9).
https://doi.org/10.1093/gerona/60.9.1163 PMID: 16183957

Brotherton SS, Krause JS, Nietert PJ. Falls in individuals with incomplete spinal cord injury. Spinal
Cord. 2007 Jan 21; 45(1).

Hof AL. Scaling gait data to body size. Gait & Posture. 1996 May; 4(3).
Rosenthal R. Meta-analytic procedures for social research. 2nd ed. Newburry Park, CA: Sage; 1991.

Madehkhaksar F, Klenk J, Sczuka K, Gordt K, Melzer |, Schwenk M. The effects of unexpected
mechanical perturbations during treadmill walking on spatiotemporal gait parameters, and the dynamic
stability measures by which to quantify postural response. PLOS ONE. 2018 Apr 19; 13(4).

Blight AR, Hsieh J, Curt A, Fawcett JW, Guest JD, Kleitman N, et al. The challenge of recruitment for
neurotherapeutic clinical trials in spinal cord injury. Spinal Cord. 2019 May 8; 57(5). https://doi.org/10.
1038/541393-019-0276-2 PMID: 30962518

Ochs WL, Woodward J, Cornwell T, Gordon KE. Meaningful measurements of maneuvers: People with
incomplete spinal cord injury ‘step up’ to the challenges of altered stability requirements. Journal of Neu-
roEngineering and Rehabilitation. 2021 Dec 2; 18(1).

PLOS ONE | https://doi.org/10.1371/journal.pone.0265750 March 23, 2022 9/9


https://doi.org/10.1016/j.jbiomech.2019.109529
https://doi.org/10.1016/j.jbiomech.2019.109529
http://www.ncbi.nlm.nih.gov/pubmed/31839359
https://doi.org/10.1016/s0021-9290(00)00101-9
http://www.ncbi.nlm.nih.gov/pubmed/10940402
https://doi.org/10.1371/journal.pone.0073597
http://www.ncbi.nlm.nih.gov/pubmed/24015308
https://doi.org/10.1186/1743-0003-2-19
http://www.ncbi.nlm.nih.gov/pubmed/16033650
https://doi.org/10.1098/rsif.2011.0416
http://www.ncbi.nlm.nih.gov/pubmed/21880615
https://doi.org/10.1098/rsif.2012.0999
https://doi.org/10.1098/rsif.2012.0999
http://www.ncbi.nlm.nih.gov/pubmed/23516062
https://doi.org/10.1016/j.clinbiomech.2011.09.001
https://doi.org/10.1016/j.clinbiomech.2011.09.001
http://www.ncbi.nlm.nih.gov/pubmed/22000699
https://doi.org/10.1002/mds.870130310
http://www.ncbi.nlm.nih.gov/pubmed/9613733
https://doi.org/10.1111/j.1532-5415.2004.52418.x
https://doi.org/10.1111/j.1532-5415.2004.52418.x
http://www.ncbi.nlm.nih.gov/pubmed/15341557
https://doi.org/10.1093/ageing/afr055
http://www.ncbi.nlm.nih.gov/pubmed/21628390
https://doi.org/10.1016/s0003-9993(99)90126-0
http://www.ncbi.nlm.nih.gov/pubmed/10025502
https://doi.org/10.1177/0888439002250442
http://www.ncbi.nlm.nih.gov/pubmed/12645440
https://doi.org/10.1682/jrrd.2009.09.0150
https://doi.org/10.1682/jrrd.2009.09.0150
http://www.ncbi.nlm.nih.gov/pubmed/20803393
https://doi.org/10.1093/gerona/60.9.1163
http://www.ncbi.nlm.nih.gov/pubmed/16183957
https://doi.org/10.1038/s41393-019-0276-2
https://doi.org/10.1038/s41393-019-0276-2
http://www.ncbi.nlm.nih.gov/pubmed/30962518
https://doi.org/10.1371/journal.pone.0265750

