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Abstract: Background: Post-stroke walking impairment is a significant cause of chronic disability
worldwide and often leads to loss of life roles for survivors and their caregivers. Walking impairment
is traditionally classified into mild (>0.8 m/s), moderate (0.41–0.8 m/s), and severe (≤0.4 m/s), and
those categorized as “severe” are more likely to be homebound and at greater risk of falls, fractures,
and rehospitalization. In addition, there are minimal effective walking rehabilitation strategies
currently available for this subgroup. Backward locomotor treadmill training (BLTT) is a novel and
promising training approach that has been demonstrated to be safe and feasible across all levels
of impairment; however, its benefits across baseline walking impairment levels (severe (≤0.4 m/s)
vs. mild–moderate (>0.4 m/s)) have not been examined. Methods: Thirty-nine adults (>6 months
post-stroke) underwent 6 days of BLTT (3×/week) over 2 weeks. Baseline and PRE to POST changes
were measured during treadmill training and overground walking. Results: Individuals with
baseline severe walking impairment were at a more significant functional disadvantage across all
spatiotemporal walking measures at baseline and demonstrated fewer overall gains post-training.
However, contrary to our working hypothesis, both groups experienced comparable increases in
cadence, bilateral percent single support times, and step lengths. Conclusion: BLTT is well tolerated
and beneficial across all walking impairment levels, and baseline walking speed (≤0.4 m/s) should
serve as a covariate in the design of future walking rehabilitation trials.

Keywords: backward locomotion; post-stroke walking rehabilitation; gait rehabilitation; backward
treadmill training; walking impairment; stroke walking severity

1. Introduction

The consequences of stroke are devastating and often lead to loss of life roles for
survivors and their caregivers [1]. This is particularly true for the estimated 20 percent of
stroke survivors with severe residual walking impairment [2], who are classified as having
a self-selected walking speed lesser or equal to 0.4 m per second [3–5]. In contrast to stroke
survivors with mild to moderate residual walking impairment (self-selected walking speed
>0.4 m/s), individuals with severe walking impairment are more likely to be homebound
and are at greater risk of falls [5], fractures, and rehospitalization [6].

Brain Sci. 2022, 12, 133. https://doi.org/10.3390/brainsci12020133 https://www.mdpi.com/journal/brainsci

https://doi.org/10.3390/brainsci12020133
https://doi.org/10.3390/brainsci12020133
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/brainsci
https://www.mdpi.com
https://orcid.org/0000-0002-1897-4220
https://doi.org/10.3390/brainsci12020133
https://www.mdpi.com/journal/brainsci
https://www.mdpi.com/article/10.3390/brainsci12020133?type=check_update&version=2


Brain Sci. 2022, 12, 133 2 of 15

While the goal of walking rehabilitation research is to improve the rate and extent of
walking recovery across the spectrum of walking severity, current walking rehabilitation
interventions do not appear to benefit community ambulators with severe walking impair-
ment to the same extent as ambulators within faster walking subgroups [7–9]. For example,
the current mainstay of post-stroke walking rehabilitation is treadmill or overground task-
specific walking practice [10]. However, the responsiveness to training with this approach
has been somewhat limited in community ambulators with chronic severe walking impair-
ment, who often experience little, if any, clinically meaningful benefit. Consequently, a
baseline walking speed of ≤0.4 m/s is beginning to gain traction as a predictor of training
outcome. Further, some have even advised forgoing walking rehabilitation efforts in this
subgroup and instead invest more effort toward teaching severely impaired individuals to
utilize devices such as motorized wheelchairs and scooters as primary modes of functional
ambulation [7]. While seemingly practical, deemphasizing the use of voluntary mobility
and walking rehabilitation training in those with slower walking speed (≤0.4 m/s) may de-
prive this sizable subgroup of survivors of many inherent benefits of walking practice, such
as sustained cognitive and bone health, cardiovascular and respiratory conditioning, and
the maintenance of chronic medical comorbidities, all of which are vital to reducing the risk
of future vascular events [11–13]. As such, there is a need to develop safe, mechanistically
sound, effective, and inclusive strategies for stroke walking rehabilitation.

To this end, over the last 15 years, backward walking training (BWT) has been gaining
popularity as a potential rehabilitative approach to improve walking performance across
disciplines. Studies in athletes [14], the young [15,16], the old [17,18], and individuals with
movement disorders [19,20], cerebral palsy [21–25], and stroke [26–32] have suggested
that this training approach can improve various aspects of overground performance such
as walking speed, various spatiotemporal measures, and balance. While the mechanistic
association between BWT and forward is not well understood, a growing body of work
suggests that BWT may be more advantageous than forward walking alone [14,33]. For
example, physiologic studies have noted that the backward training approach activates key
stability muscles such as the trunk, hip, and knee muscles to a greater extent than forward
training [34]. In addition, BWT may facilitate motor control by alleviating the maladaptive
flexor-synergy gait pattern typical after brain injury [35–37]. From a brain plasticity and
functional connectivity perspective, it has been suggested to induce greater cerebral activity
in the supplementary motor area, pre-central gyrus, and superior parietal lobule during
backward compared with forward walking [38,39].

To further optimize the inherent benefits of the BWT, our group recently tested a
protocol termed backward locomotor treadmill training (BLTT). The BLTT protocol differs
from past BWT approaches because the entirety of training occurs on a motorized treadmill,
without the use of bodyweight support, which may provide greater lower extremity exer-
cise by enabling participants to bear more weight on their paretic limb during training [40].
Furthermore, since participants have to concentrate both on ambulating on a continuously
moving belt while simultaneously working to maintain posture and balance in the absence
of visual cues, this training protocol may provide greater overall sensory-motor integra-
tion training. To this extent, a recent report from our group found that BLTT is safe and
feasible across all stroke subgroups, including community ambulators with severe walking
impairment [41]. Furthermore, we reported clinically meaningful improvement in walking
speed post-intervention and at 2-week follow-up. However, despite the promise of those
preliminary findings, critical questions regarding the benefits of BLTT across baseline walk-
ing impairment levels (severe (≤0.4 m/s) vs. mild–moderate (>0.4 m/s)) have not been
examined. Specifically, it is unknown the degree to which baseline impairment severity
may impact training and outcome-related spatiotemporal measures over time. Specifically,
this study evaluates how baseline walking impairment level influences training-associated
changes in spatiotemporal measures in chronic stroke individuals with severe residual
walking impairment compared with those with mild–moderate impairment. Based on
previous literature, our working hypothesis was that ambulators with severe post-stroke
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walking impairment would experience less improvement across all measures relative to
participants with mild-moderate impairment. Hence, the objective of this study is to exam-
ine the impact walking impairment severity has on training (i.e., BLTT) and subsequent
overground walking performance.

2. Methods
2.1. Design

To address the objectives of this research, a secondary analysis was performed using
the dataset from the aforementioned pilot study [41]. For reference, that study aimed to
determine the safety, feasibility, and preliminary efficacy of BLTT combined with active
versus sham transcutaneous spinal direct current stimulation (tsDCS) in individuals with
chronic stroke (n = 30) (tsDCS), the specifics which are discussed elsewhere [16,41,42]. We
reported that BLTT and tsDCS were safe and tolerable approaches for post-stroke walking
rehabilitation training [41]. Surprisingly, contrary to the working hypothesis, there were no
significant group differences across all behavioral measures between participants receiving
active (n = 19) versus sham stimulation (n = 11). Following the publication of that report,
nine additional subjects (five with severe baseline walking impairment) were recruited
directly into the sham group as an internal validation study to rule out the possibility of
sampling bias as the cause of the equivocal results (n = 19 active tsDCS: 20 sham tsDCS);
nevertheless, the results remained unchanged. Therefore, since there were no substantial
differences between groups ((BLTT + sham/anodal tsDCS) (see Supplementary Table S1)),
the dataset was combined to address the objectives of this study.

2.2. Setting and Participants

This study was approved by the University of Cincinnati Institutional Review and was
performed in the Neurorecovery Lab from September 2017 to October 2019. Study partici-
pants were greater than 6 months post-stroke (chronic) and recruited from the community.
As previously described [41], all participants provided written informed consent prior
to enrollment, according to the Declaration of Helsinki recommendations. Inclusion and
exclusion criteria were previously described elsewhere. They included: 18–80 years of age,
residual walking impairment secondary to ischemic/hemorrhagic stroke(s), ambulating at
least 10 m without a walker, and maintaining at least a 0.13 m/s speed on the treadmill
while walking in a backward direction for six consecutive minutes. In addition, all partici-
pants were asked to abstain from formal physiotherapy through the entirety of training
and follow-up. No botulinum toxin injections were permitted at least 2 weeks prior to
study enrollment and the follow-up visit. Exclusion criteria: unstable cardiovascular status
precluding participation in moderate–high intensity exercise, severe lower extremity spas-
ticity (modified Ashworth >2/4), significant language barrier that may interfere with the
ability to follow instructions during training and testing, and untreated depression [>10 on
the Patient Health Questionnaire (PHQ9)] [43]. In total, 28 individuals were classified as
having mild–moderate and 11 with severe walking impairment based on baseline preferred
10-mWT speed obtained at the screening visit. There were no significant differences in
baseline demographics (gender, age, height, cognition). Of note, there was a significant
difference in stroke chronicity due to six individuals in the mild–moderate group who
were greater than 100 months from stroke onset, compared with zero in the severe group
(Table 1).
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Table 1. Baseline demographics.

Groups
(Severity)

Demographics

Gender Height(cm) Age (Yr) MMSE Stroke
Location

Type
(I vs. H)

Stroke Age
(Mo)

Assistive
Device

M
il

d–
M

od
er

at
e

(>
0.

4
m

/s
)

BLTT-3 F 162 47.43 29 L MCA I 37.80 AB
BLTT-7 F 170 51.12 27 R MCA I 76.71 AFO
BLTT-9 M 182 56.04 29 L Basal Ganglia I 172.5 *
BLTT-11 M 172 69.81 28 L PCA I 36.53 -
BLTT-14 M 182 65.11 28 R Basal Ganglia I 33.18 -
BLTT-19 M 177 64.51 25 L ACA/MCA I 140.3 * -
BLTT-21 F 172 54.79 30 L MCA I 12.42 AFO
BLTT-48 M 182 57.85 27 LMCA I 11.31 -
BLTT-2 F 167 38.01 28 L MCA/PCA H 68.13 AFO
BLTT-4 M 182 62.32 29 R ACA I 147.6 * -
BLTT-5 M 180 33.68 30 L > R Midbrain H 11.71 KFO, KB
BLTT-8 M 180 63.34 26 R MCA I 100.0 * AFO
BLTT-12 F 157 63.46 26 L MCA I 222.6 * -
BLTT-13 M 175 56.93 29 R MCA I 18.42 -
BLTT-17 F 172 44.07 28 R MCA I 8.433 -
BLTT-20 F 170 49.69 30 R MCA H 41.45 SKC, AFO
BLTT-23 M 167 66.78 30 L Cerebellar I 9.806 -
BLTT-24 F 162 51.52 29 L MCA I 9.258 AFO
BLTT-26 M 193 57.27 28 L Basal Ganglia I 18.23 -

BLTT-29 M 195 72.92 28 R > L
Cerebellar I 18.94 -

BLTT-30 M 177 54.73 29 L MCA H 48.10 -
BLTT-32 F 160 63.02 27 L MCA I 166.1 * -
BLTT-34 F 175 64.93 30 R Pontine I 29.23 -
BLTT-36 F 160 69.35 28 L Pontine I 10.13 -
BLTT-39 F 162 62.16 29 R MCA I 82.23 -
BLTT-40 F 170 34.73 29 R MCA I 28.61 -
BLTT-44 F 162 61.33 30 R MCA I 74.24 C
BLTT-46 M 170 69.60 29 R Basal Ganglia I 26.01 -

Mean ± SD 172.7 ± 9.684 57.38 ± 10.52 28.39 ± 1.343 59.28 ± 59.25

Se
ve

re
(≤

0.
4

m
/s

)

BLTT-1 F 167 58.11 25 L MCA I 49.40 WBQC
BLTT-16 M 172 56.74 30 L Basal Ganglia I 12.39 AFO
BLTT-25 M 180 58.07 28 L MCA I 9.226 C, AFO
BLTT-28 M 193 53.31 30 R MCA H 25.94 C, AFO
BLTT-33 F 165 55.93 30 R MCA I 20.90 NBQC

BLTT-37 F 167 52.98 29 R
ACA/Pontine H 11.03 HC, AFO

BLTT-38 M 177 47.70 21 L MCA H 8.548 HW, AFO

BLTT-41 M 177 55.51 28 R MCA I 34.13 NBQC,
AFO

BLTT-42 M 175 64.47 30 R MCA H 83.31 WBQC

BLTT-47 M 187 38.69 29 R MCA I 11.28 NBQC,
KFO

BLTT-49 M 180 69.73 29 R MCA I 28.83 WBQC,
AFO

Mean ± SD 176.4 ± 8.617 55.57 ± 8.078 28.09 ± 2.773 26.82 ± 22.66

p-value 0.132 0.475 0.737 0.009

* Indicates greater or equal to 100 months from stroke event; MMSE, Mini-Mental State Exam; I, ischemic; H,
hemorrhagic; AB, ankle brace; AFO, ankle foot orthotic; C, cane; HC, hemi-cane; KB, knee brace; KFO, knee foot;
NBQC, narrow-based quad cane; SKC, Swedish knee cage; WBQC, wide-based quad cane.

2.3. Description of Training and Outcomes
Backward Locomotor Treadmill Training (BLTT)

On the first visit (screening), enrolled participants were oriented to the backward
locomotor treadmill task while holding one handrail for support for 3 min. Regardless of
the level of walking impairment, all participants were expected to maintain the minimum
required training speed of 0.13 m/s on the instrumented Biodex Gait Trainer™ 3 motorized
treadmill, as this speed was the minimum necessary for the treadmill sensors to detect
and record walking metrics associated with training. As previously described, the belt
speed was increased in increments of +0.04 m/s until a comfortable training speed was
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achieved [41]. Qualifying participants then underwent six sessions of training, which
consisted of four 6-min blocks. All training sessions were conducted by a protocol-trained
and certified physical therapist (Figure 1). The use of baseline orthotics was allowed during
training. The starting belt speed was based on the last preferred speed achieved on the
previous day, with the option to increase or reduce the speed per subject preference. For
additional safety, all participants wore a safety harness (without body weight support) and
were provided 2-min rest breaks between each 6-min training block. Participants were cued
to step “reach” back as far as possible with each step during the swing phase of gait while
working to maintain an upright posture throughout the duration of the training period.
In addition, to reduce possible confounders between training sessions, participants were
instructed not to practice walking backward outside of the study protocol for the duration
of the study.
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Figure 1. Backward locomotor treadmill training (BLTT) protocol and outcome measures. Study
participants underwent six 30-min sessions of BLTT over 2 weeks (cube). The BLTT-related outcome
measures were obtained during the six sessions of training (D2–D7). In contrast, outcome measures
related to overground walking performance were obtained prior to each training session (baseline
(D2), subsequent training days (D3–D7)), ~24 h following the completion of the sixth training day
(D8), and at 2-week follow-up.
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2.4. Outcomes
2.4.1. BLTT

Training-related outcome variables were baseline and PRE to POST changes in back-
ward walking speed and step lengths (paretic and nonparetic). The use of a baseline
assistive device and orthotics were allowed during the assessment. Walking speed is the
average speed of the treadmill belt during each training session. An increase in this measure
may suggest improved confidence, stability, and greater neuromotor control [44]. Like-
wise, the change in step length has been postulated to be associated with lower extremity
strengthening and motor control and often declines with age and central nervous system
injury [18,45]. Hence, investigating training-related changes in these measures could inform
how training strategies differ between walking impairment levels. The backward walking
speed and step lengths were acquired using built-in treadmill sensors [46] and were later
exported for offline analysis. Four separate values (from each 6-min training block) were
averaged to formulate a single cumulative value per training session. Of specific interest
were group differences in baseline (D2) performance and PRE to POST changes (D7–D2).
Information regarding study adverse events were documented throughout the study. In
addition, a tolerability and safety questionnaire was completed by the patient at the first
post-training follow-up (D8) and asked participants to rate (0 = None to 10 = Severe) their
level of soreness and fatigue related to BLTT.

2.4.2. Overground Walking (10-m Walk Test—Fast)

Participants were instructed to walk as fast as possible, with or without an assistive
device (single-point cane or quad cane), with the fastest of three attempts used for analysis.
Five measures were obtained during the 10-mWT-fast: speed, cadence, and bilateral (paretic
and nonparetic) step lengths, percent single support times (%-SST), and single support
center of pressure distances (SS COP Dist.). Forward walking speed is a valid, reliable,
and good predictor of functional ambulation and community independence [3] and is
commonly impaired after stroke. Cadence is defined as the number of completed steps
per minute, negatively impacted with aging after stroke [47], and may inform of training
changes in motor control [45,48]. Likewise, bilateral step length significantly decreases
with age and after stroke and is associated with decreased walking speed and an increased
risk of falls [49,50]. The %-SST is a well-validated temporal measure of single stance and
is associated with changes in lower extremity strength, stability, step length, and walking
speed [51,52]. Lastly, the SS COP Dist. is a spatial measure of how bodyweight progresses
over the foot during single support and has been suggested to be a predictor of walking
ankle–foot stability and speed [53,54]. As such, measurement of training-related changes
in SS COP Dist. may provide information about the neuromuscular response involved in
maintaining upright balance and forward progression during walking. To obtain these
measures, the 10-mWT—Fast was performed daily prior to the start of BLTT and was
captured with a 20-feet Zeno Walkway gait analysis mat (Protokinetics, PA, USA) and
Protokinetics Movement Analysis Software (PKMAS) [25], centered 2 m from the starting
point of the 10-mWT and were later exported for offline analysis. Of specific interest were:
between-group differences at baseline (D2), PRE to POST changes (D8-D2), and retention
at 2 weeks follow-up (D9-D8).

2.5. Statistical Analysis

A total of 39 participants were included in the analysis for BLTT. For overground
walking performance on the 10-mWT, one participant was excluded from overground
walking analysis for run-walking, which made the data uninterpretable. Shapiro–Wilk
tests were used to assess for deviations from normal distribution among the variables, and
the significance level was set at p = 0.05 for all measures. Linear mixed-effects models for
each outcome measure accounting for repeated measures on the same individual with a
categorical visit, baseline severity indicator (mild–moderate versus severe), and visit-by-
severity interaction terms was used to test baseline differences, PRE to POST changes, and
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retention of spatiotemporal measures (forward overground walking (D9-D8)). All analyses
were conducted using SAS version 9.4 (Cary, NC, USA).

3. Results
3.1. Safety and Tolerability

There were no adverse events throughout the 4-week duration of the study. With
reference to BLTT-related tolerability and discomfort (0 = None, 10 = Severe), both groups
reported zero to minimal training-related soreness, with the mild–moderate group reporting
1.41 ± 1.85, median-0, compared with the severe walking group (1.45 ± 2.16, median-0),
p = 0.946. In addition, both groups experienced zero to minimal training-related fatigue;
however, the mild–moderate group reported less fatigue (1.33 ± 1.84, median-0) compared
with the severe group (3.45 ± 3.01, median-3), p < 0.012.

3.2. BLTT—Speed

Baseline training speed (mean (95% CI)) for the mild–moderate group was faster
(0.34 m/s (0.30, 0.37)) compared with the severe group (0.18 m/s (0.13, 0.24)), p < 0.001. Both
groups demonstrated improvement in PRE to POST change in BLTT walking speed, with
the mild-moderate group showing greater improvement (∆ 0.15 m/s (0.11, 0.19; p < 0.001))
relative to the severe group, which improved but did not reach a level of significance
(∆ 0.06 m/s (−0.00, 0.13); p = 0.055). There was a significant between-group difference in
magnitude of change in PRE to POST BLTT walking speed (p = 0.027; Figure 2A).

3.3. BLTT—Paretic Step Length

Baseline paretic step length was longer in the mild–moderate group (28.3 cm (23.9,
32.7)) compared with the severe group (19.8 cm (12.9, 26.8)). Both groups demonstrated
improvement in PRE to POST paretic step length, with the magnitude of change being
greater in the mild–moderate group (∆ 15.2 cm (13.5, 16.9); p < 0.001) relative to the severe
group (∆ 4.14 cm (1.55, 6.73); p < 0.002)), p < 0.001 (Figure 2B).

3.4. BLTT—Nonparetic Step Length

Baseline nonparetic step length was longer in the mild–moderate group (27.1 cm (23.1,
31.1)) compared with the severe group (18.1 cm (11.8, 24.4)). Both groups demonstrated
improvement in PRE to POST paretic step length, with the magnitude of change being
greater in the mild–moderate group (∆ 12.5 cm (11.05, 14.1); p < 0.001) relative to severe
group (∆ 7.58 cm (5.16, 9.99); p < 0.001)), p < 0.001 (Figure 2B).

3.5. Overground Walking Performance
3.5.1. 10-mWT Speed (Fast)

Baseline 10-mWT speed was faster in the mild–moderate group (1.22 m/s (1.09, 1.34))
compared with the severe group (0.38 m/s (0.18, 0.58)), p < 0.001. Both groups demon-
strated improvement in PRE to POST changes in forward overground walking speed, with
the magnitude of change being greater in the mild–moderate group (∆ 0.29 m/s (0.25,
0.34); p < 0.001)) relative to the severe group (∆ 0.11 m/s (0.04, 0.18); p < 0.002), p < 0.001
(Figure 3A). Both groups demonstrated retention of gains in walking speed at the 2-week
follow-up (mild–moderate, p = 0.489; severe, p = 0.391; Figure 3B).
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Figure 2. Backward locomotor training (BLTT) speed and step length over six training sessions. Mean
progression in BLTT speed per training session from baseline session 1 (D2) through 6 (D7 (A); and
individual values (B) paretic and nonparetic step lengths (C); and individual values; paretic (D), and
nonparetic step lengths (E). Error bars show 95% CI; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 3. Overground walking performance (speed, cadence, step length). Mean progression in
10-mWT (fast) speed (A), individual values (B) and retention (C); cadence (D), individual values (E),
and retention (F); paretic and nonparetic step lengths (G), individual values (H), and retention (I).
Error bars show 95% CI; * p < 0.05; *** p < 0.001; **** p < 0.0001.
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3.5.2. 10-mWT—Cadence

Baseline cadence for the mild and moderate group was higher (118.4 (110.4, 126.4))
compared with the severe group (61.32 (48.79, 73.86)), p < 0.001. Both groups demon-
strated significant improvement in PRE to POST changes in cadence (mild–moderate
group, ∆ 14.74 steps/min (10.16, 19.32), p < 0.001; severe group, ∆ 7.417 steps/min (0.424,
14.41), p = 0.038), with no between-group differences in the magnitude of change, p = 0.089
(Figure 3C). Both groups demonstrated retention of gains in cadence at the 2-week follow-
up (mild–moderate, p = 0.130; severe, p = 0.381; Figure 3D).

3.5.3. 10-mWT—Paretic Step Length

Baseline 10-mWT paretic step length for the mild–moderate group was longer (65.2 cm
(60.6, 69.8)) compared with the severe group (45.8 cm (38.6, 53.0)), p < 0.001. The mild–
moderate group experienced an improvement in PRE to POST change in forward paretic
step length (∆ 3.54 cm (1.27, 5.81); p = 0.002) and demonstrated retention at the 2-week
follow-up (p = 0.576). There was no significant PRE to POST change in forward paretic step
length in the severe group (∆ 2.30 cm (−1.17, 5.77); p < 0.193). However, there were no
significant differences in the magnitude of change in PRE to POST changes in paretic step
length (p = 0.556) between the mild–moderate and severe groups (Figure 3E,F).

3.5.4. 10-mWT—Nonparetic Step Length

Baseline 10-mWT nonparetic step length for the mild–moderate group was longer
(59.6 cm (55.0, 64.3)) compared with the severe group (31.9 cm (24.7, 39.2)), p < 0.001. Both
groups demonstrated significant improvement in PRE to POST changes in nonparetic step
length (mild–moderate group, ∆ 3.58 cm (1.28, 5.88), p = 0.002; severe group, ∆ 6.23 cm
(2.73, 9.74), p < 0.001), with no between-group differences in the magnitude of change,
p = 0.21. Both groups demonstrated retention in nonparetic step length gains at the 2-week
follow-up (mild–moderate, p = 0.239; severe, p = 0.390).

3.5.5. 10-mWT—% SST Paretic

Baseline 10-mWT % SST paretic was greater in the mild–moderate group (30.6% (28.8,
32.3)) compared with the severe (18.5% (15.7, 21.3)), p < 0.001. Both groups demonstrated
significant improvement in PRE to POST changes in paretic % SST (mild–moderate group,
∆ 1.99% (1.00, 2.97), p < 0.001; severe group, ∆ 3.13% (1.63, 4.64), p < 0.001), with no between-
group differences in the magnitude of change, p = 0.21 (Figure 4A). The mild–moderate
group demonstrated retention at the 2-week follow-up (p = 0.218), but a regression of gains
was observed in the severe group (p = 0.020; Figure 4B).

3.5.6. 10-mWT—% SST Nonparetic

Baseline 10-mWT% SST nonparetic was greater in the mild–moderate group (39.6%
(37.3, 41.9)) compared with the severe group (32.9% (29.4, 36.4)), p < 0.001. Both groups
demonstrated significant improvement in PRE to POST changes in nonparetic % SST (mild–
moderate group, ∆ 1.76% (0.42, 3.09), p = 0.01); severe group, ∆ 2.54% (0.51, 4.58), p = 0.01),
with no between-group differences in the magnitude of change, p = 0.52. Both groups
demonstrated retention of %-SST nonparetic gains at the 2-week follow-up (mild–moderate,
p = 0.659; severe, p = 0.308).

3.5.7. 10-mWT—SSCOP Dist. Paretic

Baseline SSCOP Dist. paretic was longer in the mild–moderate group (8.02 cm (6.43,
9.62)) compared with the severe group (4.01 cm (1.52, 6.51)), p < 0.001. The mild–moderate
group experienced an improvement in PRE to POST changes in SSCOP Dist. paretic
(∆ 1.97 cm (1.23, 2.71), p < 0.001) and demonstrated retention at the 2-week follow-up
(p = 0.746). No significant PRE to POST change was observed in the severe group (∆ 0.47 cm
(−0.66, 1.59), p = 0.42). There was a significant between-group difference in magnitude of
PRE to POST change in paretic SSCOP Dist. (p = 0.029).
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Figure 4. Overground walking performance (SST, SS COP Dist.). Mean progression in 10-mWT
(fast) %SST paretic and nonparetic (A) individual values (B) and retention (C); SS COP Dist paretic
and nonparetic (D), individual values (E) and retention (F). Error bars show 95% CI; * p < 0.05;
**** p < 0.0001.

3.5.8. 10-mWT—SSCOP Dist. Nonparetic

Baseline SSCOP Dist. nonparetic was longer in the mild–moderate group (12.2 cm (10.9,
13.6)) compared with the severe group (7.40 cm (5.27, 9.52)), p < 0.001. The mild–moderate
group experienced improvement in PRE to POST change in SSCOP Dist. nonparetic
(∆ 1.74 cm (1.04, 2.44), p < 0.001) and demonstrated retention at the 2-week follow-up
(p = 0.780). No significant PRE to POST change was observed in the severe group (∆ 0.55 cm
(−0.52, 1.61), p = 0.31). There was no significant between-group difference in magnitude of
PRE to POST change in paretic SSCOP Dist. (p = 0.067).

4. Discussion

Our results indicate that stroke survivors with severe baseline walking impairment are
at a significant functional disadvantage across all tested spatiotemporal walking measures
than those with mild–moderate impairment. Nevertheless, in contrast to the working
hypothesis, our findings suggest that the group with severe baseline walking impairment
tolerated and still benefited from BLTT based on their training-related improvements on
several measures, including BLTT and overground forward walking speeds, cadence, step
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lengths, and percent single support times. Of particular significance were the improvements
in cadence, single support time of the paretic leg, and nonparetic step length, which were
comparable in magnitude to changes observed in the mild–moderate group. Furthermore,
those gains were retained up to the 2-week follow-up period, reducing the likelihood that
these findings resulted from repeated testing (i.e., practice).

From a rehabilitation training standpoint, the BLTT protocol appears beneficial across
groups. Past studies have hypothesized that backward walking training, particularly when
performed on the treadmill, facilitates lower extremity strengthening [55] and enhances
proprioception [56,57], agility, and balance [17] while enabling aerobic conditioning [58].
Furthermore, since participants cannot see where their feet are in space while walking on a
moving treadmill platform, such a task can be both physically [45] and cognitively [38,59]
demanding. Therefore, it is likely that participants may benefit from the repetitive practice
of this approach in a safe and monitored setting.

While the improvements observed in the severe group were not at the magnitude
noted in the mild-moderate cohort for clinical measures like overground walking speed,
the changes observed after just six training sessions are reassuring and warrant further
investigation to determine how outcomes can be augmented. For example, the mean PRE
to POST change in the 10-mWT (fast) was 0.11 m/s, surpassing levels achieved in several
rigorous walking rehabilitation studies (with longer training times) [60], and approaching
the benchmark for the minimal clinically important difference (MCID = 0.16 m/s) for
post-stroke walking recovery [61]. Furthermore, improvements were not limited to walking
speed but also included gains in several spatiotemporal measures such as cadence, bilateral
%-SSTs, and non-paretic limb step lengths. While the factors influencing these changes are
likely multifactorial, we postulate that successive BLTT resulted in an improved increase in
power output and stability in both groups.

In contrast to the above, this study found that only the mild-moderate group expe-
rienced an improvement, albeit minimal, in bilateral SSCOP Dist., while no significant
changes were recorded in the severe group. This suggests that foot-ankle stability, deter-
mined by SSCOP Dist., remained clinically impaired in the severe group following six
training sessions. Nevertheless, based on the observed upward trend observed after six
training sessions, it would be instructive to determine if additional training sessions may
improve this measure and further improve walking performance. To this end, previous
studies have suggested that individuals with severe walking deficits may require a more
extended period of training and time to show even greater meaningful benefit from in-
tervention [5,62], as may be the case for BLTT. Another possibility is that some outcome
changes may be proportional to baseline function. For example, percent changes were
similar between subgroups in some cases where absolute changes differed.

Limitations

Since this study was a secondary analysis of a safety and feasibility pilot study, our
findings are not definitive and did not adjust for multiple comparisons. Therefore, future
well-powered studies are needed to validate the magnitude of improvement in walking
speed and other spatiotemporal measures observed in this study. Moreover, the study did
not include BWT or forward walking controls; therefore, it was not possible to distinguish
what changes, if any, are specific to BLTT compared with other interventions. Hence, future
studies are needed to empirically test differences between BLTT and other aerobic and
strength training interventions. In addition, this study was limited to ambulators; therefore,
our findings are not generalizable to non-ambulatory stroke survivors, for whom BLTT is
likely not feasible without bodyweight support. Furthermore, our findings are limited to
what was observable within six training sessions, and it is possible that some of the changes
in the biomechanical properties of walking, such as SSCOP Dist., may take longer to
develop. Additionally, the severe group was significantly smaller, and it is possible that the
inclusion of additional participants might have influenced the outcome. Although beyond
the scope of this paper, past studies have suggested that changes in walking speed, cadence,
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and step/stride length are codependent, suggesting that an increase in one inherently
increases the other [63]. Hence, while this study highlights training-related changes, it
is limited in its ability to identify the underlying mechanisms for these changes (e.g.,
increased foot propulsive force, cerebral, or musculoskeletal activation). Therefore, future
studies that incorporate dynamometric measures and dynamic peripheral and cerebral
electrophysiologic markers are needed.

5. Conclusions

Our findings suggest that BLTT is well tolerated and results in progressive improve-
ment in walking speed and other spatiotemporal measures during training and overground
walking but to a lesser extent in individuals with severe walking impairment on some
measures. However, both groups experienced comparable increases in cadence, bilateral
percent single support times, and step lengths. Therefore, future backward walking train-
ing studies should include individuals with severe walking impairment and incorporate
baseline comfortable walking speed (≤0.4 m/s) as a covariate in their design.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/brainsci12020133/s1, Table S1: Between Group Comparison of Outcomes.

Author Contributions: Conceptualization, O.O.A., A.B., K.D. and B.M.K.; data curation, D.C.; formal
analysis, O.O.A. and H.J.S.; funding acquisition, O.O.A. and B.M.K.; investigation, O.O.A., D.C.
and B.M.K.; methodology, O.O.A.; supervision, O.O.A.; validation, O.O.A.; visualization, O.O.A.;
writing—original draft, O.O.A. and H.J.S.; writing—review and editing, O.O.A., D.C., H.J.S., P.B.,
A.B., K.D. and B.M.K. All authors have read and agreed to the published version of the manuscript.

Funding: Funding for this study was provided by the University of Cincinnati Gardner Institute and
an American Academy of Neurology Career Development Award.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Review Board of the University of
Cincinnati College of Medicine (protocol code: 2017-1254, Date of Approval: 14 June 2017).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors thank the study participants and therapists (Emily Wasik, Matthew
De Lange) for their time and effort.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mozaffarian, D.; Benjamin, E.J.; Go, A.S.; Arnett, D.K.; Blaha„ M.J.; Cushman, M.; Das, S.R.; De Ferranti, S.; Després, J.P.; Fullerton,

H.J.; et al. Heart Disease and Stroke Statistics—2016 Update. Circulation 2016, 133, e38–e360. [CrossRef] [PubMed]
2. Hendricks, H.T.; Limbeek, J.V.; Geurts, A.C.; Zwarts, M.J. Motor recovery after stroke: A systematic review of the literature. Arch.

Phys. Med. Rehabil. 2002, 83, 1629–1637. [CrossRef] [PubMed]
3. Perry, J.; Garrett, M.; Gronley, J.K.; Mulroy, S.J. Classification of walking handicap in the stroke population. Stroke 1995, 26,

982–989. [CrossRef] [PubMed]
4. Mark, G.B.; Chitralakshmi, K.B.; Andrea, L.B.; Steven, A.K. Validation of a Speed-Based Classification System Using Quantitative

Measures of Walking Performance Poststroke. Neurorehabil. Neural Repair 2008, 22, 672–675. [CrossRef] [PubMed]
5. Duncan, P.W.; Sullivan, K.J.; Behrman, A.L.; Azen, S.P.; Wu, S.S.; Nadeau, S.E.; Dobkin, B.H.; Rose, D.K.; Tilson, J.K.; Cen, S.; et al.

Body-weight-supported treadmill rehabilitation after stroke. N. Engl. J. Med. 2011, 364, 2026–2036. [CrossRef]
6. Langhorne, P.; Stott, D.J.; Robertson, L.; MacDonald, J.; Jones, L.; McAlpine, C.; Dick, F.; Taylor, G.S.; Murray, G. Medical

Complications after Stroke. Stroke 2000, 31, 1223–1229. [CrossRef] [PubMed]
7. Dean, C.M.; Ada, L.; Lindley, R.I. Treadmill training provides greater benefit to the subgroup of community-dwelling people after

stroke who walk faster than 0.4 m/s: A randomised trial. J. Physiother. 2014, 60, 97–101. [CrossRef] [PubMed]
8. Kim, D.-K.; Oh, D.-W. Repeated Use of 6-min Walk Test with Immediate Knowledge of Results for Walking Capacity in Chronic

Stroke: Clinical Trial of Fast versus Slow Walkers. J. Stroke Cerebrovasc. Dis. 2019, 28, 104337. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/brainsci12020133/s1
https://www.mdpi.com/article/10.3390/brainsci12020133/s1
http://doi.org/10.1161/CIR.0000000000000350
http://www.ncbi.nlm.nih.gov/pubmed/26673558
http://doi.org/10.1053/apmr.2002.35473
http://www.ncbi.nlm.nih.gov/pubmed/12422337
http://doi.org/10.1161/01.STR.26.6.982
http://www.ncbi.nlm.nih.gov/pubmed/7762050
http://doi.org/10.1177/1545968308318837
http://www.ncbi.nlm.nih.gov/pubmed/18971382
http://doi.org/10.1056/NEJMoa1010790
http://doi.org/10.1161/01.str.31.6.1223
http://www.ncbi.nlm.nih.gov/pubmed/10835436
http://doi.org/10.1016/j.jphys.2014.03.004
http://www.ncbi.nlm.nih.gov/pubmed/24952837
http://doi.org/10.1016/j.jstrokecerebrovasdis.2019.104337
http://www.ncbi.nlm.nih.gov/pubmed/31522886


Brain Sci. 2022, 12, 133 14 of 15

9. Hornby, T.G.; Henderson, C.E.; Holleran, C.L.; Lovell, L.; Roth, E.J.; Jang, J.H. Stepwise Regression and Latent Profile Analyses of
Locomotor Outcomes Poststroke. Stroke 2020, 51, 3074–3082. [CrossRef] [PubMed]

10. Veerbeek, J.; Wegen, E.V.; Peppen, R.V.; Wees, P.V.D.; Hendriks, E.; Rietberg, M.; Kwakkel, G. What Is the Evidence for Physical
Therapy Poststroke? A Systematic Review and Meta-Analysis. PLoS ONE 2014, 9, e87987. [CrossRef] [PubMed]

11. Saunders, D.H.; Greig, C.A.; Mead, G.E. Physical Activity and Exercise after Stroke. Stroke 2018, 45, 3742–3747. [CrossRef]
[PubMed]

12. Kovacevic, A.; Fenesi, B.; Paolucci, E.; Heisz, J.J. The effects of aerobic exercise intensity on memory in older adults. Appl. Physiol.
Nutr. Metab. 2020, 45, 591–600. [CrossRef] [PubMed]

13. Kleindorfer, D.O.; Towfighi, A.; Chaturvedi, S.; Cockroft, K.M.; Gutierrez, J.; Lombardi-Hill, D.; Kamel, H.; Kernan, W.N.; Kittner,
S.J.; Leira, E.C.; et al. 2021 Guideline for the Prevention of Stroke in Patients With Stroke and Transient Ischemic Attack: A
Guideline From the American Heart Association/American Stroke Association. Stroke 2021, 52, e364–e467. [CrossRef] [PubMed]

14. Wouter, H.; Pieter, M.; Jacques, D. Steps Forward in Understanding Backward Gait: From Basic Circuits to Rehabilitation. Exerc.
Sport Sci. Rev. 2014, 42, 23–29. [CrossRef]

15. Wei-Ya, Y.H.; Yan, C. Backward walking training improves balance in school-aged boys. Sports Med. Arthrosc. Rehabil. Ther.
Technol. 2011, 3, 24. [CrossRef]

16. Awosika, O.O.; Sandrini, M.; Volochayev, R.; Thompson, R.M.; Fishman, N.; Wu, T.; Floeter, M.; Hallett, M.; Cohen, L.G.
Transcutaneous Spinal Direct Current Stimulation Improves Locomotor Learning in Healthy Humans. Brain Stimul. 2019, 12,
628–634. [CrossRef]

17. Wang, J.; Xu, J.; An, R. Effectiveness of Backward Walking Training on Balance Performance: A Systematic Review and Meta-
analysis. Gait Posture 2019, 68, 466–475. [CrossRef] [PubMed]

18. Dewolf, A.H.; Sylos-Labini, F.; Cappellini, G.; Ivanenko, Y.; Lacquaniti, F. Age-related changes in the neuromuscular control of
forward and backward locomotion. PLoS ONE 2021, 16, e0246372. [CrossRef] [PubMed]

19. Madeleine, E.H.; Gammon, M.E. Backward walking in Parkinson’s disease. Mov. Disord. 2009, 24, 218–223. [CrossRef] [PubMed]
20. Madeleine, E.H.; Gammon, M.E. The effects of a secondary task on forward and backward walking in Parkinson’s disease.

Neurorehabil. Neural Repair 2010, 24, 97–106. [CrossRef] [PubMed]
21. Sung-Gyung, G.K.; Young, U.R.; Hyun, D.J.; Ji, H.J.; Hyeong-Dong, D.K. Backward walking treadmill therapy can improve

walking ability in children with spastic cerebral palsy: A pilot study. Int. J. Rehabil. Res. 2013, 36, 246–252. [CrossRef] [PubMed]
22. El-Basatiny, H.M.Y.; Abdel-Aziem, A.A. Effect of backward walking training on postural balance in children with hemiparetic

cerebral palsy: A randomized controlled study. Clin. Rehabil. 2014, 29, 457–467. [CrossRef]
23. Amr, A.A.-A.; Heba, M.E.-B. Effectiveness of backward walking training on walking ability in children with hemiparetic cerebral

palsy: A randomized controlled trial. Clin. Rehabil. 2016, 31, 790–797. [CrossRef]
24. Rashij, M.; Rai, H.R.; Sivapriya, R.; Rintu, N.; Linshina, T. Resisted Backward Walking to Improve Gait Synergism in Children

with Hemiparetic Cerebral Palsy. Indian J. Physiother. Occup. Int. J. 2017, 11, 74–78. [CrossRef]
25. Elnahhas, A.M.; Elshennawy, S.; Aly, M.G. Effects of backward gait training on balance, gross motor function, and gait in children

with cerebral palsy: A systematic review. Clin. Rehabil. 2018, 33, 3–12. [CrossRef] [PubMed]
26. Yea-Ru, Y.; Jyh-Geng, Y.; Ray-Yau, W.; Lu-Lu, Y.; Fu-Kong, L. Gait outcomes after additional backward walking training in

patients with stroke: A randomized controlled trial. Clin. Rehabil. 2005, 19, 264–273. [CrossRef] [PubMed]
27. Changshui, W.; Jun, W.; Xiaoyan, P.; Zengzhi, Y.; Gang, W.; Liping, G.; Chunnuan, H. Effectiveness of backward walking treadmill

training in lower extremity function after stroke. Zhonghua Yi Xue Za Zhi 2006, 86, 2635–2638.
28. Akiyoshi, T.; Saichi, W. Effects of Partial Body Weight Support while Training Acute Stroke Patients to Walk Backwards on a

Treadmill—A Controlled Clinical Trial Using Randomized Allocation. J. Phys. Ther. Sci. 2010, 22, 177–187. [CrossRef]
29. Kyunghoon, K.; Sukmin, L.; Kyoungbo, L. Effects of Progressive Body Weight Support Treadmill Forward and Backward Walking

Training on Stroke Patients’ Affected Side Lower Extremity’s Walking Ability. J. Phys. Ther. Sci. 2014, 26, 1923–1927. [CrossRef]
[PubMed]

30. Byung-Hoon, L.; Jin-Gyu, J.; Chan-Kyu, K. Effects of Backward Walking Training in the Gait ability and Foot Pressure of
Hemiplegia Patients. J. Korea Acad. Ind. Coop. Soc. 2014, 15, 7259–7265. [CrossRef]

31. Rose, D.K.; DeMark, L.; Fox, E.J.; Clark, D.J.; Wludyka, P. A Backward Walking Training Program to Improve Balance and
Mobility in Acute Stroke. J. Neurol. Phys. Ther. 2018, 42, 12–21. [CrossRef] [PubMed]

32. Chang, K.-W.; Lin, C.-M.; Yen, C.-W.; Yang, C.-C.; Tanaka, T.; Guo, L.-Y. The Effect of Walking Backward on a Treadmill on
Balance, Speed of Walking and Cardiopulmonary Fitness for Patients with Chronic Stroke: A Pilot Study. Int. J. Environ. Res.
Public 2021, 18, 2376. [CrossRef] [PubMed]

33. Grasso, R.; Bianchi, L.; Lacquaniti, F. Motor patterns for human gait: Backward versus forward locomotion. J. Neurophysiol. 1998,
80, 1868–1885. [CrossRef]

34. Winter, D.A. Biomechanics of normal and pathological gait: Implications for understanding human locomotor control. J. Mot.
Behav. 1989, 21, 337–355. [CrossRef]

35. Thorstensson, A. How is the normal locomotor program modified to produce backward walking? Exp. Brain Res. 1986, 61,
664–668. [CrossRef] [PubMed]

36. Winter, D.A.; Pluck, N.; Yang, J.F. Backward walking: A simple reversal of forward walking? J. Mot. Behav. 1989, 21, 291–305.
[CrossRef]

http://doi.org/10.1161/strokeaha.120.031065
http://www.ncbi.nlm.nih.gov/pubmed/32883192
http://doi.org/10.1371/journal.pone.0087987
http://www.ncbi.nlm.nih.gov/pubmed/24505342
http://doi.org/10.1161/STROKEAHA.114.004311
http://www.ncbi.nlm.nih.gov/pubmed/25370588
http://doi.org/10.1139/apnm-2019-0495
http://www.ncbi.nlm.nih.gov/pubmed/31665610
http://doi.org/10.1161/STR.0000000000000375
http://www.ncbi.nlm.nih.gov/pubmed/34024117
http://doi.org/10.1249/JES.0000000000000000
http://doi.org/10.1186/1758-2555-3-24
http://doi.org/10.1016/j.brs.2019.01.017
http://doi.org/10.1016/j.gaitpost.2019.01.002
http://www.ncbi.nlm.nih.gov/pubmed/30616175
http://doi.org/10.1371/journal.pone.0246372
http://www.ncbi.nlm.nih.gov/pubmed/33596223
http://doi.org/10.1002/mds.22330
http://www.ncbi.nlm.nih.gov/pubmed/18951535
http://doi.org/10.1177/1545968309341061
http://www.ncbi.nlm.nih.gov/pubmed/19675121
http://doi.org/10.1097/MRR.0b013e32835dd620
http://www.ncbi.nlm.nih.gov/pubmed/23370765
http://doi.org/10.1177/0269215514547654
http://doi.org/10.1177/0269215516656468
http://doi.org/10.5958/0973-5674.2017.00039.9
http://doi.org/10.1177/0269215518790053
http://www.ncbi.nlm.nih.gov/pubmed/30043634
http://doi.org/10.1191/0269215505cr860oa
http://www.ncbi.nlm.nih.gov/pubmed/15859527
http://doi.org/10.1589/jpts.22.177
http://doi.org/10.1589/jpts.26.1923
http://www.ncbi.nlm.nih.gov/pubmed/25540499
http://doi.org/10.5762/KAIS.2014.15.12.7259
http://doi.org/10.1097/NPT.0000000000000210
http://www.ncbi.nlm.nih.gov/pubmed/29232308
http://doi.org/10.3390/ijerph18052376
http://www.ncbi.nlm.nih.gov/pubmed/33804374
http://doi.org/10.1152/jn.1998.80.4.1868
http://doi.org/10.1080/00222895.1989.10735488
http://doi.org/10.1007/BF00237595
http://www.ncbi.nlm.nih.gov/pubmed/3956625
http://doi.org/10.1080/00222895.1989.10735483


Brain Sci. 2022, 12, 133 15 of 15

37. Schneider, C.; Capaday, C. Progressive Adaptation of the Soleus H-Reflex With Daily Training at Walking Backward. J. Neurophysiol.
2003, 89, 648–656. [CrossRef] [PubMed]

38. Kurz, M.J.; Wilson, T.W.; Arpin, D.J. Stride-time variability and sensorimotor cortical activation during walking. NeuroImage 2012,
59, 1602–1607. [CrossRef] [PubMed]

39. Lin, N.-H.; Liu, C.-H.; Lee, P.; Guo, L.-Y.; Sung, J.-L.; Yen, C.-W.; Liaw, L.-J. Backward Walking Induces Significantly Larger
Upper-Mu-Rhythm Suppression Effects than Forward Walking Does. Sensors 2020, 20, 7250. [CrossRef] [PubMed]

40. Wernig, A.; Wernig, S. The Trouble with “Body Weight Support” in Treadmill Training. Arch. Phys. Med. Rehabil. 2010, 91, 1478.
[CrossRef] [PubMed]

41. Awosika, O.O.; Matthews, S.; Staggs, E.J.; Boyne, P.; Song, X.; Rizik, B.A.; Sucharew, H.J.; Zhang, C.; Mungcal, G.; Moudgal,
R.; et al. Backward locomotor treadmill training combined with transcutaneous spinal direct current stimulation in stroke: A
randomized pilot feasibility and safety study. Brain Commun. 2020, 2, fcaa045. [CrossRef]

42. Bocci, T.; Marceglia, S.; Vergari, M.; Cognetto, V.; Cogiamanian, F.; Sartucci, F.; Priori, A. Transcutaneous spinal direct current
stimulation modulates human corticospinal system excitability. J. Neurophysiol. 2015, 114, 440–446. [CrossRef] [PubMed]

43. Kroenke, K.; Spitzer, R.L.; Williams, J.B.W. The PHQ-9. J. Gen. Intern. Med. 2001, 16, 606–613. [CrossRef] [PubMed]
44. Chen, Z.-H.; Ye, X.-L.; Chen, W.-J.; Chen, G.-Q.; Wu, J.-T.; Wu, H.; Xu, X.-M. Effectiveness of backward walking for people affected

by stroke: A systematic review and meta-analysis of randomized controlled trials. Medicine 2020, 99, e20731. [CrossRef] [PubMed]
45. Laufer, Y. Effect of age on characteristics of forward and backward gait at preferred and accelerated walking speed. J. Gerontol. A

Biol. Sci. Med. Sci. 2005, 60, 627–632. [CrossRef]
46. Ayoub, H.E.S.A.A. Impact of Body Weight Supported Backward Treadmilltraining on Walking Speed in Children with Spastic

Diplegia. Int. J. Physiother. 2016, 3, 485–489. [CrossRef]
47. Schroeder, H.P.V.; Coutts, R.D.; Lyden, P.D.; Billings, E.; Nickel, V.L. Gait parameters following stroke: A practical assessment. J.

Rehabil. Res. Dev. 1995, 32, 25–31.
48. Fettrow, T.; Reimann, H.; Grenet, D.; Crenshaw, J.; Higginson, J.; Jeka, J. Walking Cadence Affects the Recruitment of the

Medial-Lateral Balance Mechanisms. Front. Sports Act. Living 2019, 1, 40. [CrossRef] [PubMed]
49. Schmid, A.A.; Rittman, M. Consequences of Poststroke Falls: Activity Limitation, Increased Dependence, and the Development

of Fear of Falling. Am. J. Occup. Ther. 2009, 63, 310–316. [CrossRef] [PubMed]
50. Guimaraes, R.M.; Isaacs, B. Characteristics of the gait in old people who fall. Int. Rehabil. Med. 2009, 2, 177–180. [CrossRef]

[PubMed]
51. Roth, E.J.; Merbitz, C.; Mroczek, K.; Dugan, S.A.; Suh, W.W. Hemiplegic gait. Relationships between walking speed and other

temporal parameters. Am. J. Phys. Med. Rehabil. Assoc. Acad. Physiatr. 1997, 76, 128–133. [CrossRef] [PubMed]
52. Li, S.; Francisco, G.E.; Zhou, P. Post-stroke Hemiplegic Gait: New Perspective and Insights. Front. Physiol. 2018, 9, 1021. [CrossRef]

[PubMed]
53. Mizelle, C.; Rodgers, M.; Forrester, L. Bilateral foot center of pressure measures predict hemiparetic gait velocity. Gait Posture

2006, 24, 356–363. [CrossRef] [PubMed]
54. Chisholm, A.E.; Perry, S.D.; McIlroy, W.E. Inter-limb centre of pressure symmetry during gait among stroke survivors. Gait

Posture 2011, 33, 238–243. [CrossRef] [PubMed]
55. Alghadir, A.H.; Anwer, S.; Sarkar, B.; Paul, A.K.; Anwar, D. Effect of 6-week retro or forward walking program on pain, functional

disability, quadriceps muscle strength, and performance in individuals with knee osteoarthritis: A randomized controlled trial
(retro-walking trial). BMC Musculoskelet. Disord. 2019, 20, 159. [CrossRef] [PubMed]

56. Sedhom, M.G. Backward Walking Training Improves Knee Proprioception in Non Athletic Males. Int. J. Physiother. 2017, 4, 33–37.
[CrossRef]

57. Shen, M.; Che, S.; Ye, D.; Li, Y.; Lin, F.; Zhang, Y. Effects of backward walking on knee proprioception after ACL reconstruction.
Physiother. Theory Pract. 2019, 37, 1109–1116. [CrossRef] [PubMed]

58. Macko, R.F.; Ivey, F.M.; Forrester, L.W. Task-oriented aerobic exercise in chronic hemiparetic stroke: Training protocols and
treatment effects. Top. Stroke Rehabil. 2005, 12, 45–57. [CrossRef]

59. Collett, J.; Fleming, M.K.; Meester, D.; Al-Yahya, E.; Wade, D.T.; Dennis, A.; Salvan, P.; Meaney, A.; Cockburn, J.; Dawes, J.; et al.
Dual-task walking and automaticity after Stroke: Insights from a secondary analysis and imaging sub-study of a randomised
controlled trial. Clin. Rehabil. 2021, 35. [CrossRef] [PubMed]

60. Mehrholz, J.; Thomas, S.; Elsner, B. Treadmill training and body weight support for walking after stroke. Cochrane Database Syst.
Rev. 2017. [CrossRef] [PubMed]

61. Schmid, A.; Duncan, P.W.; Studenski, S.; Lai, S.; Richards, L.; Perera, S.; Wu, S.S. Improvements in Speed-Based Gait Classifications
Are Meaningful. Stroke 2007, 38, 2096–2100. [CrossRef] [PubMed]

62. Plummer, P.; Behrman, A.L.; Duncan, P.W.; Spigel, P.; Saracino, D.; Martin, J.; Fox, E.; Thigpen, M.; Kautz, S.A. Effects of stroke
severity and training duration on locomotor recovery after stroke: A pilot study. Neurorehabil. Neural Repair 2007, 21, 137–151.
[CrossRef]

63. Wonsetler, E.C.; Bowden, M.G. A systematic review of mechanisms of gait speed change post-stroke. Part 1: Spatiotemporal
parameters and asymmetry ratios. Top. Stroke Rehabil. 2017, 24, 435–446. [CrossRef]

http://doi.org/10.1152/jn.00403.2002
http://www.ncbi.nlm.nih.gov/pubmed/12574442
http://doi.org/10.1016/j.neuroimage.2011.08.084
http://www.ncbi.nlm.nih.gov/pubmed/21920441
http://doi.org/10.3390/s20247250
http://www.ncbi.nlm.nih.gov/pubmed/33348821
http://doi.org/10.1016/j.apmr.2010.05.015
http://www.ncbi.nlm.nih.gov/pubmed/20801272
http://doi.org/10.1093/braincomms/fcaa045
http://doi.org/10.1152/jn.00490.2014
http://www.ncbi.nlm.nih.gov/pubmed/25925328
http://doi.org/10.1046/j.1525-1497.2001.016009606.x
http://www.ncbi.nlm.nih.gov/pubmed/11556941
http://doi.org/10.1097/MD.0000000000020731
http://www.ncbi.nlm.nih.gov/pubmed/32629648
http://doi.org/10.1093/gerona/60.5.627
http://doi.org/10.15621/ijphy/2016/v3i5/117435
http://doi.org/10.3389/fspor.2019.00040
http://www.ncbi.nlm.nih.gov/pubmed/33344963
http://doi.org/10.5014/ajot.63.3.310
http://www.ncbi.nlm.nih.gov/pubmed/19522139
http://doi.org/10.3109/09638288009163984
http://www.ncbi.nlm.nih.gov/pubmed/7239777
http://doi.org/10.1097/00002060-199703000-00008
http://www.ncbi.nlm.nih.gov/pubmed/9129519
http://doi.org/10.3389/fphys.2018.01021
http://www.ncbi.nlm.nih.gov/pubmed/30127749
http://doi.org/10.1016/j.gaitpost.2005.11.003
http://www.ncbi.nlm.nih.gov/pubmed/16332441
http://doi.org/10.1016/j.gaitpost.2010.11.012
http://www.ncbi.nlm.nih.gov/pubmed/21167716
http://doi.org/10.1186/s12891-019-2537-9
http://www.ncbi.nlm.nih.gov/pubmed/30967128
http://doi.org/10.15621/ijphy/2017/v4i1/136161
http://doi.org/10.1080/09593985.2019.1681040
http://www.ncbi.nlm.nih.gov/pubmed/31633440
http://doi.org/10.1310/PJQN-KAN9-TTVY-HYQH
http://doi.org/10.1177/02692155211017360
http://www.ncbi.nlm.nih.gov/pubmed/34053250
http://doi.org/10.1002/14651858.CD002840.pub4
http://www.ncbi.nlm.nih.gov/pubmed/28815562
http://doi.org/10.1161/STROKEAHA.106.475921
http://www.ncbi.nlm.nih.gov/pubmed/17510461
http://doi.org/10.1177/1545968306295559
http://doi.org/10.1080/10749357.2017.1285746

	Introduction 
	Methods 
	Design 
	Setting and Participants 
	Description of Training and Outcomes 
	Outcomes 
	BLTT 
	Overground Walking (10-m Walk Test—Fast) 

	Statistical Analysis 

	Results 
	Safety and Tolerability 
	BLTT—Speed 
	BLTT—Paretic Step Length 
	BLTT—Nonparetic Step Length 
	Overground Walking Performance 
	10-mWT Speed (Fast) 
	10-mWT—Cadence 
	10-mWT—Paretic Step Length 
	10-mWT—Nonparetic Step Length 
	10-mWT—% SST Paretic 
	10-mWT—% SST Nonparetic 
	10-mWT—SSCOP Dist. Paretic 
	10-mWT—SSCOP Dist. Nonparetic 


	Discussion 
	Conclusions 
	References

