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Abstract

Background: While over half of stroke survivors recover the ability to walk without assistance,
deficits persist in the performance of walking adaptations necessary for safe mability in the home
and community. One such adaptation is the ability to walk or step backward. Post-stroke
rehabilitation rarely includes assessment of backward walking (BW) and BW deficits have not
been quantified in post-stroke community ambulators.

Objective: To quantify spatiotemporal and kinematic BW characteristics in post-stroke
community ambulators and compare their performance to healthy older adults.

Methods: Individuals post-stroke (n=15, 60.1+12.9 years, forward speed: 1.13+0.23 m/s) and
healthy adults (n=12, 61.2+16.2 years, forward speed: 1.40+0.13 m/s) performed forward walking
(FW) and BW during a single session. Step characteristics and peak lower extremity joint angles
were extracted using 3D motion analysis and analyzed with mixed-method ANOVAs (group,
walking condition).

Results: The stroke group demonstrated greater reductions in speed, step length and cadence and
a greater increase in double-support time during BW compared to FW (p<.01). Compared to FW,
the post-stroke group demonstrated greater reductions in hip extension and knee flexion during
BW (p<.05). The control group demonstrated decreased plantarflexion and increased dorsiflexion
during BW, but these increases were attenuated in the post-stroke group (p<.05).

Conclusions: Assessment of BW can unmask post-stroke walking impairments not detected
during typical FW. BW impairments may contribute to the difficulties reported by adults post-
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stroke when navigating the home and community settings. Therefore, BW should be assessed
when determining readiness for home and community ambulation.
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backward walking; stroke rehabilitation; walking adaptability

Introduction

Although post-stroke rehabilitation emphasizes recovery of walking function, nearly 75% of
individuals report difficulty walking in the community and 50% of adults post-stroke living
at home experience falls.1:2 The inability to walk safely in the home and community limits
participation in life roles, engagement in physical activity, and may be associated with
feelings of isolation and depression.3 Walking in the community, as well as in the home,
requires walking adaptability—the ability to modify the stepping pattern to meet task goals
and environmental demands.*° Walking adaptations include the negotiation of obstacles and
uneven terrain as well as changes in speed and direction. After stroke, rehabilitation efforts
place little emphasis on walking adaptability and instead focus on forward steady-state
walking (i.e. walking uninterrupted in a straight line on a flat surface).® Given the mobility
challenges experienced by adults post-stroke, greater attention to walking adaptability is
warranted.*’

Backward walking (BW) is a walking adaptation that has received little attention until
recently in the post-stroke literature.8-12 While continuous BW may rarely be needed, BW
for short distances is critical for safe negotiation of tight spaces or a crowded room, when
opening a door, or when backing up to sit down. Although many features of BW are similar
to forward walking (FW),13 the task demands and neural control of BW are generally
different than those for FW. For instance, BW alters visual flow, requires greater muscle
activity and has higher metabolic costs.141> Compared to FW, BW also requires greater
activation of the sensorimotor cortices.® Similarly, it is likely that BW involves increased
activation of the prefrontal cortex, as previously shown during other walking adaptability
tasks, reflecting increased attentional demands.1”18 Despite the differing demands of BW,
healthy controls are able to easily perform this adaptability task. Specifically, healthy adults
generally reverse their stepping pattern such that BW is very similar to time-reversed FW
with only minor changes in gait characteristics and limb kinematics.13

Given the importance of BW, it is critical to know if this pattern reversal from FW to BW
can also be performed post-stroke. A single prior study demonstrated individuals with
moderate to severe FW impairment after stroke demonstrate even greater gait deficits during
BW.10 More critical to our understanding of community mobility is the determination of
how those with relatively well-recovered FW (i.e. based on the achievement of a post-stroke
community ambulation) perform BW as these individuals are more likely to face task
demands necessitating BW. In addition, the ability to walk backward may be a useful
measure of mobility function and fall risk in adults post-stroke as found in older adults.®
Recent studies also suggest that BW may have particular value in the rehabilitation of adults
with neurological injuries.®11:1220 Therefore, despite the potential value of BW in post-
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stroke gait assessment and rehabilitation, BW characteristics have not been investigated in
post-stroke community ambulators.

The purpose of this study was to investigate BW in adults post-stroke. Since healthy adults
perform BW using a strategy that is largely a time-reversal of FW characteristics, we
compared the changes in walking mechanics (from FW to BW) in post-stroke community
ambulators to those in healthy adults. We hypothesized that, relative to the controls, the post-
stroke community ambulators would demonstrate impairments in BW as evidenced by
significantly slower speeds, decreased peak joint angles and altered spatiotemporal step
characteristics.

Fifteen post-stroke community ambulators were included (Table 1). All post-stroke
participants were part of a larger parent study on assessment of walking adaptability.
Recruitment occurred through an approved research recruitment registry and through local
health care providers and researchers. Inclusion criteria for the post-stroke community
ambulators were a single stroke primarily affecting motor function on one side of the body,
age greater than 18 years, the ability to walk (forward walking) at least 10 meters
independently or with supervision using a cane or an orthotic device, and the ability to
follow verbal directions for task completion. Exclusion criteria included the need for
physical assistance from another person or the use of a walker, another neurological
condition in addition to stroke, more than one stroke, and severe visual impairments
affecting walking. For this study, participants were included only if they walked without
assistive and orthotic devices and demonstrated a self-selected FW speed greater than 0.8
m/s, the threshold proposed by Perry et al. as predictive of “unlimited” community
ambulation status after stroke.2! In addition, 12 healthy individuals (age: 61.2 years, SD 16.1
years; 5 females) were recruited and served as controls. The Institutional Review Boards of
the collaborating universities approved the study and all participants provided informed
consent. The STROBE guidelines were used to ensure the reporting of this observational
study.

Data collection

The participants performed the study procedures during a single visit to a research motion
analysis center. All testing was led by a licensed research physical therapist who was
assisted by trained research staff. For both FW and BW, participants walked along a straight
path over an unobstructed 10-meter course. Participants were guarded by a staff member to
help ensure safety. The participants were given standard instructions to walk at their
comfortable pace. A 12-camera motion capture system (VICON, Los Angeles, CA, USA)
was used to record three-dimensional kinematics. A modified Helen Hayes marker set with
66 reflective markers was used to define body segments. Kinematic data were sampled at
100 Hz while participants performed at least two trials of both forward and backward
walking over 10 meters. All trials were completed at a self-selected speed and no orthotic or
assistive devices were used. Since BW is a relatively novel task for individuals post-stroke,
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participants performed up to three trials of BW prior to data collection to ensure familiarity

with the task.

Data analysis

Kinematic data were low-pass filtered using a 41 order Butterworth filter with cutoff
frequency of 7 Hz. Spatiotemporal gait characteristics and lower extremity joint angles were
calculated using a 15-segment experimental model in Visual 3D (C-Motion Inc.,
Germantown, MD, USA). Gait initiation and termination steps were removed from the
analysis. The examined spatiotemporal gait characteristics were gait speed (meters/second),
step length (meters), cadence (steps/minute) and the percent of the gait cycle spent in double
limb support. To compare FW and BW kinematics, the average peak joint angles in the
sagittal plane were calculated for the hip, knee and ankle across all the steps and for all
participants.

Statistical analysis

Results

Paired t-tests were first conducted to determine any differences between the left and right
step lengths and left and right joint angles in controls. Since no significant differences were
detected, the right-sided measures were used for all subsequent analyses. For the post-stroke
individuals, data from the paretic leg was used. To determine any differences between the
groups in FW performance, independent t-tests were completed for spatiotemporal data and
average peak angles. To test the study hypothesis, a mixed method ANOVA was performed
with the factors of group (healthy control, stroke) and walking condition (FW, BW). The
interaction effect was evaluated to determine if there were differences between groups in
their walking adaptation from forward to backward. The threshold for statistical significance
was set to a.<0.05. All data were analyzed with the Statistical Package for the Social
Sciences (SPSS) 24 statistical software.

Spatiotemporal gait characteristics

During FW, post-stroke community ambulators had a significantly slower gait speed (o=.
001) with a smaller step length (p=.013) and slower cadence (p=.044) as compared to the
healthy controls (Fig. 1a, b, d). Percentage of gait cycle in double limb support was not
significantly different between groups (p=.078, Fig. 1c).

Analysis of the changes in spatiotemporal characteristics from FW to BW revealed
significant interaction effects for all four spatiotemporal gait characteristics (Table 2, Fig.
la—d). Relative to FW, the post-stroke community ambulators had greater reductions in
speed, step length, and cadence during BW (p=.002, p=.003 and p=.007, respectively). For
the change in double limb support from FW to BW, healthy controls demonstrated a slight
decrease in double limb support when walking backward while post-stroke community
ambulators showed an increase (p=.005).
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During FW, average peak hip flexion and extension were not significantly different between
the control and post-stroke groups (p=.823 and p=.754, respectively; Fig. 2a, 3a, b). Average
peak knee flexion was significantly less (p=.013) for the post-stroke community ambulators
during FW and the healthy controls demonstrated significantly less FW peak knee extension
(i.e., greater hyperextension; p=.041; Fig. 2b, 3c, d). Average peak ankle plantarflexion
during FW was significantly less in the post-stroke community ambulators (p=.002) while
there was no difference in ankle dorsiflexion (p=.678; Fig 2c, 3e, f).

The analysis of the kinematic changes from FW to BW revealed significant interaction
effects at the hip, knee and ankle (Table 2; Fig. 3e, ). Post-stroke community ambulators
demonstrated a significantly greater reduction in peak hip extension during BW relative to
FW performance (p=.049; Fig. 3b). The groups did not significantly differ in the change in
peak hip flexion (p=.174). The reduction in peak knee flexion from FW to BW was
significantly greater in post-stroke community ambulators (p=.002). The small change in
peak knee extension was not significant between groups (p=.104). At the ankle, post-stroke
community ambulators demonstrated a significantly smaller reduction in plantarflexion and
a smaller increase in dorsiflexion during BW (p=.016 and p=.048, respectively; Fig. 3e, f).

Discussion

The observed changes in walking function post-stroke suggest that assessment of BW can
unmask walking impairments not detected during typical FW. Specifically, post-stroke
community ambulators have more pronounced kinematic and spatiotemporal impairments
during BW than during FW. Backward walking is a critical walking adaptation necessary for
safe mobility in the home and community. More specifically, during BW the post-stroke
group demonstrated greater reductions in speed and step length, as well as impairments in
lower extremity kinematics when compared to controls. Since the post-stroke individuals
met a common clinically-defined threshold for ability to engage in community ambulation
based on a steady-state FW speed,?! these findings highlight the importance of evaluating
walking adaptations such as BW when determining readiness for community ambulation.

Several kinematic findings support that BW was more impaired than forward walking for the
stroke participants. The post-stroke group demonstrated normal hip extension (average=
8.69 degrees, SD 9.24 degrees) during FW, but failed to achieve even a neutral hip position
(average peak hip extension= -7.88 degrees, SD 12.72 degrees) when walking backward.
Generating hip extension during a step backward may be especially difficult for individuals
post-stroke. BW hip extension requires a pattern of muscle activity that is not used during
FW: open-chain contraction of the hip extensors with concurrent activation of knee flexors.
13.22 Fyrthermore, this pattern necessitates muscle activation outside of the stereotypical (i.e.
synergistic) movement patterns found post-stroke.23 Therefore, the post-stroke individuals
may have used compensatory motions such as pelvic elevation with retraction to step
backward.

Other mild kinematic impairments found in FW were amplified during BW. Peak knee
flexion was further reduced in BW, interfering with shortening the limb in swing and
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clearing the foot. Indeed, we noted some individuals who did not clear the foot during BW
swing and instead slid their foot backward on the ground, suggesting that these individuals
may have had more severe BW impairment. Prolonging a flat foot positon or sliding it
during swing may also be a strategy to increase stability. Nevertheless, a lack of foot
clearance during BW may place individuals at risk for tripping.

BW impairment in the post-stroke group was also demonstrated through the differences in
step characteristics. Compared to healthy controls, the reductions (changes from FW to BW)
in speed, step length and cadence were greater in the post-stroke group. Additionally, double
limb support percentage increased during BW only in the post-stroke group. These altered
BW step characteristics are similar to those demonstrated by other individuals with mobility
impairments, such as the elderly and those with Parkinson disease, when walking backward.
24,25 Fyrthermore, the changes in step characteristics are consistent with a cautious gait
pattern, which most often presents when the individual perceives a threat to their stability.28
During BW, a cautious gait pattern may be adopted due to a fear of falling and the
interaction of post-stroke sensorimotor impairments with the unique requirements of BW.
For instance, impairments in proprioception after stroke may force reliance on visual input
to maintain balance and control the placement of the paretic limb, but BW reduces the visual
input.2” Additionally, it is well established that reduced and delayed muscle activity after
stroke impairs the ability to quickly and appropriately adapt FW step kinematics.28 It is
likely that these motor impairments will also impact BW and possibly be exacerbated given
the increased difficulty of the task of BW.

Deficits in BW may also present after stroke because of difficulty recruiting the necessary
increase in cortical activity. BW requires greater activation of the sensorimotor cortices, a
region that may be have been damaged by the stroke.1® Furthermore, walking adaptability
tasks require more attention, as demonstrated by increases in prefrontal cortical activity.17:2°
It is well-established that performing walking tasks with high attentional requirements result
in a decrement in performance.30 Furthermore, it is likely that the high attentional demands
of BW for individuals after stroke would make it difficult to attend to other cognitive or
motor dual tasks that will be frequently encountered simultaneously when ambulating in the
community.

Currently, the degree of post-stroke walking recovery is commonly based on assessments of
FW performance such as the 10 meter or 6 minute walk tests.21:3! Yet, individuals who are
classified as community ambulators still have difficulty accessing the community
environment and experience an increased rate of falls.1:2 Given the unique demands of BW
and differential capacity of these post-stroke community ambulators to perform FW versus
BW, assessment of BW could provide insight into recovery and capacity for community
ambulation. Additionally, assessment of BW step characteristics in older adults has been
found to be more sensitive to differentiating fallers from non-fallers, as compared to
assessment of FW characteristics, and may have similar discriminating capability post-
stroke.19

Although this study provides evidence of walking adaptability impairments post-stroke, we
recognize some limitations should be considered. First, we did not control speed between
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groups during FW and BW. While speed differences impact stepping characteristics, we
reasoned that it was important to capture the participant’s comfortable walking speed and
represent their potential performance in the community. Second, up to three practice trials of
BW were allowed before recording but some participants performed fewer practice trials.
The purpose of the practice trials was to ensure participant familiarity with the task without
inducing fatigue. Third, our analysis of the kinematics focused on the sagittal plane,
therefore limiting insights regarding other movement strategies. The study was also limited
to individuals who walked without an assistive device at a speed greater than 0.8 m/s.
However, since this is one of the first studies to describe BW after stroke, we focused on the
individuals who demonstrated a high level of FW recovery and would likely be able to
perform walking adaptability tasks. Finally, this study included individuals with sub-acute or
chronic stroke. Future studies should consider individuals with slower FW speeds, separate
the analysis of participants with subacute versus chronic stroke, and consider additional
measures such as analysis of muscle activation to examine underlying mechanisms of BW
impairment in individuals post-stroke.

In current rehabilitation practice, the capacity for community ambulation is often predicted
from FW performance. Despite this, these post-stroke community ambulators demonstrated
deficits in BW step characteristics and kinematics that were more pronounced than those
demonstrated during FW. Consistent with previous research, these findings suggest
achievement of a threshold FW speed does not necessarily predict the capacity for
performance of community ambulation.31:32 Furthermore, the impaired step characteristics
and kinematics evident in the adults post-stroke suggest that performance of BW in a
community or home setting would be limited for these individuals and may contribute to
unsafe mobility. Direct assessment of walking adaptability is therefore warranted when
determining capacity for community mobility.
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a-f. Average peak sagittal plane joint angles during FW and BW. There were significant
group differences during FW in average peak knee flexion, knee extension and ankle
plantarflexion (*). Interaction effects () were found for average peak hip extension, knee
flexion, dorsiflexion and plantarflexion. During BW, the post-stroke community ambulators
(gray lines) demonstrated a greater decrease in hip extension and knee flexion, a smaller
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increase in dorsiflexion and a smaller decrease in plantarflexion compared to the healthy
controls (black lines).
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Table 1.
Characteristics of the post-stroke participants.
Monthssince
Gender stroke Type Side affected Stroke location Age FW gait speed (m/s)
Male 18 Ischemic Right Left internal capsule and corona radiata 55 0.81
Female 7 Ischemic Left Right frontal lobe 60 0.87
Female 12 Ischemic Left Unknown 64 0.80
Male 8 Ischemic Left Right near brainstem 74 1.22
Male 23 Hemorrhagic  Left Unknown 65 0.91
Male 80 Ischemic Right Unknown 37 1.17
Male 10 Ischemic Left Right lentiform nucleus/corona radiata 78 0.96
regions
Male 11 Ischemic Left Right thalamus 65 131
Male 15 Ischemic Left Right putamen 72 1.48
Male 6 Ischemic Left Unknown 61 1.13
Female 7 Ischemic Right Left middle cerebral artery 54 1.43
Male 38 Ischemic Right Basilar artery 67 1.36
Female 5 Ischemic Left-sensory, Right cerebellum near brainstem 30 1.15
Right-motor
Female 123 Ischemic Right Unknown 54 131
Male 34 Ischemic Right Right cerebellar peduncle 66 1.00

Post-stroke group average: 60.1+12.9 *
Control group average: 61.2+16.2

*
Group averages not significantly different (p=.855)
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Interaction effects (group by direction of walking) to assess group differences in adaptation to BW. Mean
difference of each variable was calculated as the BW minus FW value.

Gait measure Healthy control mean Post-stroke mean ANOVA interaction ANOVA interaction term
difference (SD) difference (SD) term test statistic p-value
Speed (m/s) -0.34 (0.18) -0.57 (0.16) F(1,25)=12.552 .002
Step length (m) -0.17 (0.05) -0.29 (0.11) F(1,25)=10.814 .003
Cadence (steps/min)  0.10 (7.10) -8.15 (7.28) F(1,25)=8.763 .007
DLS percentage -0.92 (3.55) 4.25 (4.96) F(1,25)=9.370 .005
Hip flexion 1.46 (4.64) -1.32 (5.52) F(1,25)=1.954 174
Hip extension -12.24 (3.60) -16.57 (6.47) F(1,25)=4.286 .049
Knee flexion -8.16 (5.66) -4.55 (4.89) F(1,25)=11.445 .002
Knee extension 7.54 (4.15) 15.37 (5.38) F(1,25)=2.841 .104
Dorsiflexion 4.89 (4.38) 1.60 (3.83) F(1,25)=4.338 .048
Plantarflexion -8.82 (7.61) -1.98 (6.23) F(1,25)=6.609 .016
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Item No Recommendation Page #
Titleand abstract 1 (&) Indicate the study’s design with a commonly used term in the title or the abstract 1
(b) Provide in the abstract an informative and balanced summary of what was done and what 1
was found
Introduction
Background/rationale 2 Explain the scientific background and rationale for the investigation being reported 2-3
Objectives 3 State specific objectives, including any prespecified hypotheses 3
Methods
Study design 4 Present key elements of study design early in the paper 4
Setting 5 Describe the setting, locations, and relevant dates, including periods of recruitment, exposure, 4-5
follow-up, and data collection
Participants 6 (a) Give the eligibility criteria, and the sources and methods of selection of participants 4
Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, and effect modifiers. 6-7
Give diagnostic criteria, if applicable
Data sources/ g% For each variable of interest, give sources of data and details of methods of assessment 5
measurement (measurement). Describe comparability of assessment methods if there is more than one group
Bias 9 Describe any efforts to address potential sources of bias N/A
Study size 10 Explain how the study size was arrived at 4
Quantitative variables 11 Explain how quantitative variables were handled in the analyses. If applicable, describe which 5
groupings were chosen and why
Statistical methods 12 (&) Describe all statistical methods, including those used to control for confounding 5
(b) Describe any methods used to examine subgroups and interactions 5
(¢) Explain how missing data were addressed N/A
"No missing data
(d) If applicable, describe analytical methods taking account of sampling strategy N/A
(e) Describe any sensitivity analyses N/A
Results
Participants 13% (a) Report numbers of individuals at each stage of study—eg numbers potentially eligible, 4
examined for eligibility, confirmed eligible, included in the study, completing follow-up, and
analysed
(b) Give reasons for non-participation at each stage N/A
(c) Consider use of a flow diagram N/A
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Item No Recommendation Page #
Descriptive data 14% (a) Give characteristics of study participants (eg demographic, clinical, social) and information 15
on exposures and potential confounders
(b) Indicate number of participants with missing data for each variable of interest N/A
*No missing data
Outcome data 15% Report numbers of outcome events or summary measures 16
Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted estimates and their 16
precision (eg, 95% confidence interval). Make clear which confounders were adjusted for and
why they were included
(b) Report category boundaries when continuous variables were categorized N/A
*No categorical data
(o) If relevant, consider translating estimates of relative risk into absolute risk for a meaningful N/A
time period
Other analyses 17 Report other analyses done—eg analyses of subgroups and interactions, and sensitivity 5-6
analyses
Discussion
Key results 18 Summarise key results with reference to study objectives 6-7
Limitations 19 Discuss limitations of the study, taking into account sources of potential bias or imprecision. 11
Discuss both direction and magnitude of any potential bias
Interpretation 20 Give a cautious overall interpretation of results considering objectives, limitations, multiplicity 7-11
of analyses, results from similar studies, and other relevant evidence
Generalisability 21 Discuss the generalisability (external validity) of the study results 11
Other information
Funding 22 Give the source of funding and the role of the funders for the present study and, if applicable, 11-12

for the original study on which the present article is based

*
Give information separately for exposed and unexposed groups.

Note: An Explanation and Elaboration article discusses each checklist item and gives methodological background and published examples of
transparent reporting. The STROBE checklist is best used in conjunction with this article (freely available on the Web sites of PLoS Medicine at
http://www.plosmedicine.org/, Annals of Internal Medicine at http://www.annals.org/, and Epidemiology at http://www.epidem.com/). Information
on the STROBE Initiative is available at www.strobe-statement.org.
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