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Improved walking function in laboratory does not guarantee
increased community walking in stroke survivors: Potential role
of gait biomechanics
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Abstract

Reduced daily stepping in stroke survivors may contribute to decreased functional capacity

and increased mortality. We investigated the relationships between clinical and biomechanical
walking measures that may contribute to changes in daily stepping activity following physical
interventions provided to participants with subacute stroke. Following <40 rehabilitation sessions,
39 participants were categorized into three groups: responders/retainers increased daily stepping
>500 steps/day post-training (POST) without decreases in stepping at 2—6 month follow-up (F/U);
responders/non-retainers increased stepping at POST but declined >500 steps/day at F/U; and,
non-responders did not change daily stepping from baseline testing (BSL). Gait kinematics

and kinetics were evaluated during graded treadmill assessments at BSL and POST. Clinical
measures of gait speed, timed walking distance, balance and balance confidence were measured
at BSL, POST and F/U. Between-group comparisons and regression analyses were conducted to
predict stepping activity from BSL and POST measurements. Baseline and changes in clinical
measures of walking demonstrated selective associations with stepping, although kinematic
measures appeared to better discriminate responders. Specific measures suggest greater paretic vs
non-paretic kinematic changes in responders with training, although greater non-paretic changes
predicted greater gains (i.e., smaller declines) in stepping in retainers at F/U. No kinetic variables
were primary predictors of changes in stepping activity at POST or F/U. The combined findings
indicate specific biomechanical assessments may help differentiate changes in daily stepping
activity post-stroke.
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Introduction

While over 80% of stroke survivors regain some form of ambulation (Butler and Evenson,
2014), persistent impairments in postural stability (Schmid et al., 2012), strength (Patterson
et al., 2007), and cardiorespiratory capacity (Michael et al., 2005) contribute to reduced
ambulatory function. Many physical interventions can mitigate these impairments (Reisman
et al., 2013), which may result in improvements in walking function, such as gait speed

and timed distance (Holleran et al., 2014; Leddy et al., 2016). However, improvements in
clinical outcomes often do not translate to changes in community walking, measured as
daily stepping activity (#steps/day) (Bowden et al., 2013; Nicholson et al., 2017).

Previous research has identified variables that can mediate the relationship between clinical
measures of walking and daily stepping activity. Specific variables include neuromuscular
and cardiovascular impairments (Danks et al., 2016b), strength and balance (Fulk et al.,
2010), as well as socio-demographics (Vahlberg et al., 2018) and psychological variables
(Nicholson et al., 2017). However, these variables individually are only able to explain
10-30% of patients’ stepping activity. Few studies have evaluated specific variables that
may contribute to changes in stepping activity following interventions (Danks et al., 2016a;
Wright et al., 2018). A better understanding of factors that can predict changes in stepping
activity following physical rehabilitation may help identify patients in whom more focused
interventions are required.

Other variables that may contribute to daily stepping activity include gait biomechanical
parameters. Substantial literature has delineated how specific biomechanical variables
contribute to locomotor function in controlled (i.e., laboratory) conditions (Awad et al.,
2015b; Roelker et al., 2018), although studies detailing their contributions to community
activity are sparse (Ciprandi et al., 2017; Danks et al., 2016b; Dawe et al., 2017; Egerton
etal., 2017). The biomechanical strategies utilized post-stroke may be important, as some
patients can adopt similar strategies used prior to their stroke and can better accommodate
to the demands of daily stepping. Conversely, others may adopt different biomechanical
strategies, such as greater non-paretic limb use, to compensate for specific gait deficits
(Levin et al., 2009). Such compensatory strategies may temporarily enable patients to
improve walking function but could lead to reduced walking efficiency and increased gait
asymmetry (Awad et al., 2015a; Sanchez and Finley, 2018), which can discourage daily
stepping activity. Continued use of compensatory patterns may lead to reduced use of the
paretic limb that can attenuate the influence of physical interventions. To date, few studies
have evaluated the potential influence of biomechanical gait parameters on changes in
community mobility with specific interventions.

The overall goals were two-fold: (1) to identify clinical, demographic, or biomechanical
parameters at pre-training (baseline, BSL) that contribute to changes in daily stepping;

and, (2) to identify biomechanical or clinical variables following rehabilitation that
influence daily stepping. The primary outcomes were short- and long-term changes in daily
stepping activity, evaluated following <40 training sessions (POST) and at 2—6 months
follow-up (F/U). Patients were divided into three groups: (1) patients who demonstrated
greater daily stepping at POST and remained active at F/U (responders/retainers); (2)
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patients who increased stepping at POST but could not sustain changes at F/U (responder/
nonretainer); and (3) those who could not achieve greater stepping activity at POST (non-
responders). Between-group comparisons were then conducted to identify any pre- and/or
post-rehabilitation differences in demographics, clinical and gait biomechanical parameters.

2. Materials and methods

2.1. Patients

The present investigation represents a secondary analysis from two separate studies
including a randomized controlled trial (RCT) comparing high intensity stepping training
with conventional strategies (Hornby et al., 2016), and a pilot experimental training study
that served as the basis for the RCT (Holleran et al., 2014). Inclusion criteria were similar
between studies as follows: 1-6 months post-stroke; 18-75 years of age; ability to follow
3-step commands; ability to sit unsupported for at least 30 s; and, the ability to ambulate at
least 10 m over ground with no more than moderate physical assistance at a self-selected
walking velocity of <1.0 m/s. During walking assessments, bracing below the knee and
assistive devices were utilized as needed. Patients were excluded if they had any additional
central or peripheral nervous system conditions, cardiorespiratory, metabolic or orthopedic
disease that limits walking, and the inability to walk at least 150 feet without assistance
prior to their stroke. To evaluate gait biomechanics, an additional inclusion criterion for this
analysis was the ability to walk at least 0.1 m/s on a motorized treadmill without weight
support but use of a handrail as needed.

Details of the interventions have been described elsewhere (Hornby et al., 2016). The

goal of experimental training sessions was to provide focused stepping practice in multiple
environments. Each 60-minue training session included 25% forward treadmill walking,
25% variable walking on the treadmill, 25% over ground variable walking, and 25%

stair climbing. Subjects who received the experimental training practiced stepping while
maintaining cardiovascular intensities between 70 and 80% of heart rate (HR) reserve

or ratings of perceived exertion (RPE) (Borg, 1982) of 15-17 on the 6-20 Borg scale.
Subjects who received the conventional intervention practiced traditional therapy activities,
including balance and strengthening exercises, transfers, and walking practice, with the
training intensity maintained at 30-40% of their HR reserve (RPEs of 11-13).

2.2. Data collection

The primary outcomes were changes in daily stepping activity from BSL to POST

and POST to 2-6 month F/U, and their potential associations with biomechanical

variables collected during treadmill walking assessments performed at BSL and POST. An
accelerometer (StepWatch, Modus Inc, Washington, DC) was used to quantify patients’
stepping activity as the average number of steps per day. Daily stepping activity was
recorded one week prior to the start of training, for one week immediately after training and
at 2-6 months following their enrollment. Patients were instructed to wear the accelerometer
on their paretic ankle for 7 consecutive days (up to 90% of waking hours) (Tudor-Locke et
al., 2005). At BSL, POST and F/U, clinical assessments included self-selected (SSV) and
fastest possible (FV) velocities during over ground walking (Gait-Mat 11, Equitest, Chalfont,
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PA), the 6-minute walk test (6MWT) with instructions to walk at participants’ SSV, the
Berg Balance Scale, and the Activities-specific Balance Confidence (ABC) scale (Pang et
al., 2007).

Participants performed a graded treadmill test at BSL and POST on a motorized split-belt
treadmill embedded with force plates (Bertec Corporation, Columbus, OH), surrounded by
an eight-camera motion capture system (Motion Analysis Corporation, Santa Rosa, CA)
and 32 retroreflective markers were placed bilaterally on the lower limbs using a modified
Cleveland Clinic marker set. The graded treadmill test began at 0.1 m/s and increased by
0.1 m/s increments every 2 min until the participants reached 85% age-predicted maximum
HR, had evidence of gait instability, or refused to continue. Data were collected for one
continuous minute at each speed, beginning 30 sec after increases in speed to allow for
speed adjustments. The highest treadmill speed that patients could walk for at least 1 min
was considered the peak treadmill speed (TM) for which gait kinematics and kinetics were
analyzed.

2.3. Data analyses

Marker and ground reaction force data were filtered (low-pass, 2nd order Butterworth

filter, cutoff frequency 10 Hz). Sagittal ankle, knee, and hip joint angles and moments

were calculated using Visual3D (C-Motion Incorporated, Germantown, MD). Sagittal plane
joint powers were calculated as the product of joint moment and angular velocity. Kinetic
data were normalized to body weight for each subject. Kinetic and kinematic data were
normalized to percentage of gait cycle (GC) and average step cycle profiles were created.

All biomechanical variables at the peak TM speed were compared between groups at BSL
and POST assessments, but also at post-training speeds matched to the peak TM speed

at BSL (i.e., MATCH). This was conducted to collect speed-matched trials prior to and
following the training and to address the influence of speed on biomechanical variables.
Specific kinematic variables included sagittal peak angles and excursions of bilateral hip,
knee and ankle joints. Hip-knee joint coordination was also defined as the cyclogram of
hip versus knee joint angles and quantified in terms of its stride-to-stride consistency.
Consistency was calculated as the angular component of the coefficient of correspondence
(ACC) (Field-Fote and Tepavac, 2002; Leech et al., 2016). The ACC ranges from 0 to

1, with higher values indicating greater hip-knee kinematic consistency during walking.
Specific kinetic variables included average positive (concentric) hip, knee and ankle joint
powers across the entire gait cycle (Fig. 1). Average positive (concentric) powers were
focused as these are the primary determinants of locomotor function post-stroke (Jonkers
et al., 2009; Nadeau et al., 1999). To evaluate the degree of relative use of the paretic

vs non-paretic limb, we also calculated power asymmetry index, determined using the
following equation (Hornby et al., 2008):

non — paretic average power
paretic average power

asymmetry = 1 —

Given the typically larger power generation of the non-paretic vs paretic powers, values of
asymmetry index are normally between 0 and 1, with 0 indicating perfect symmetry.
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2.4, Statistical analysis

Participants were initially categorized into two groups; “responders” were patients who
increased their walking activity by >500 steps/day at POST (POST-BSL = 500 steps/day).
And non-responders did not increase stepping above this threshold. A threshold of 500
steps/day was set to reflect the observed differences in stepping activity following various
interventions as reported in other studies. More directly, the average changes in stepping
activity following higher intensity walking interventions range from 900 to 1200 steps/day,
whereas average changes observed following conventional physical interventions range from
0 to 500 steps/day (Holleran et al., 2014; Hornby et al., 2016; Moore et al., 2010). Without
validated estimates of minimum clinically important differences (MCIDs) for stepping
activity poststroke, thresholds of 500 steps/day was set as an approximate median for

the average highest and lowest changes observed. Responders were further divided into

two groups: “responders/retainers” included those who increased daily stepping =500 steps/-
day post-training (POST) with no decreases in stepping at 2—6 month follow-up (F/U)
(F/U-POST = -500 steps/day) and “responders/non-retainers” included those who increased
stepping at POST but declined > 500 steps/day at F/U (F/U-POST < —500 steps/day).

One-way analysis of variance (ANOVA) was used for between-group comparisons

of stepping activity, clinical measures and gait biomechanics. To avoid type | error,
between-group comparisons were limited to initial measurements (BSL) and the observed
changes following the training (APOST-BSL and AFU-POST). Considering the relatively
small size of our study population and the inherent large inter-patient variability in

gait biomechanics, between-group comparisons were focused on “responders” vs “non-
responders”, and “retainers” vs “non-retainers”. Considering that biomechanical variables
(e.g., joint excursions and powers) are speed-dependent (Ardestani et al., 2016), within-
group changes were calculated from speed-matched trials and speed was considered as

a co-variate for between-group comparisons. Each patient received only one of the two
training interventions; i.e., high-intensity training or conventional therapy. To compare the
distribution of training paradigm amongst the three groups, Chi-square with 2 degrees of
freedom (conventional vs high-intensity) was used. Chi-square was also used to compare the
distribution of other categorical variables including the use of AFO (yes or no), gender (male
or female) and the affected side (left or right).

Separate multiple-linear regression analyses were also conducted. The first two regressions
attempted to predict changes in daily stepping after training (POST-BSL) from

clinical measures and gait biomechanics at BSL (Gartgs, — ASteppingposT-asL))-
Subsequent analyses focused on the relations between changes in walking function

and gait biomechanics (POST-BSL) and changes in daily stepping from BSL to POST
(AGaitposT-Bsty — ASteppingpost-sst)) and from POST to F/U (AGaitposT—Bst) —
AStepping(Fu-post)- Stepwise linear regressions were utilized for all analyses, with a =
0.05 and variance inflation factors <3.0 to minimize collinearity.

3. Results

Of the 39 participants that met the inclusion criteria (Table 1), 17 were classified as
“non-responders” (POST-BSL < 500 steps/day) and the remaining 22 were labeled as
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responders, with an average increase of 1958 + 987 steps/day from BSL to POST. Of this
latter group, 12 participants maintained their elevated daily stepping at F/U and labeled as
“responder/retainers” while 10 demonstrated >500 steps/day decreases in walking activity
at F/U (“responder/non-retainers™). There were no significant differences in demographics
(Table 1). The number of individuals who received experimental vs conventional training
were not significantly different between responder vs non-responder groups (X2 =1.28, p =
0.26).

3.1. Stepping activity and clinical variables

All 3 groups demonstrated similar levels of walking function and stepping activity at BSL
(Table 2). Following training (POST), stepping activity was significantly improved in both
responder/retainers and responder/non-retainers (Asteps/day = 2047 + 895 and 1851 + 1156,
respectively), but decreased in non-responders (Asteps/day = —328 + 772). Both responder
groups showed significantly greater gains in their clinical measures of walking compared

to non-responders, including SSV (POST-BSL =0.30 + 0.22 vs. 0.12 + 0.13 m/s, p<0.01),
FV (0.44 £ 0.40 vs. 0.15 + 0.15 m/s, p < 0.01) and 6MWT (120 £ 119 vs. 56 £ 60 m, p =
0.03). Changes in BBS and ABC were not different between responders and non-responders
following training (Table 2).

At F/U, changes in stepping activity between the two responder groups varied (p = 0.003);
non-retainers reduced their daily stepping at F/U (FU-POST = -1275 + 1306 steps/day)
while retainers increased their stepping activity (746 + 984 steps/day). However, there were
no differences in SSV (FU-POST =0.03 £ 0.10 vs 0.05 + 0.20 m/s, p = 0.58), FV (0.02
0.13vs. 0.01 £0.22 m/s, p = 0.94), and 6MWT (11 + 23 vs. 9.3 £ 56 m, p = 0.92) between
responder/retainer and responder/non-retainer groups, respectively.

3.2. Biomechanical assessments during treadmill testing

3.2.1. Baseline gait kinematics—During graded treadmill testing at BSL, nearly two-
fold differences in peak TM speed were observed between responders and non-responders
(0.60 + 0.33 vs 0.36 £ 0.30 m/s, p = 0.04). Evaluation of specific biomechanical variables
also revealed significant differences between groups (Table 3). After controlling for speed
differences, responders vs. non-responders showed greater non-paretic peak plantarflexion
(-3.1£8.2° vs 3.3 £ 6.0°; p = 0.02) and non-paretic knee excursion (58.4 + 5.3° vs. 54.1
5.6°; p = 0.04). In addition, differences in paretic hip extension (-9.1 + 9.5° vs. 4.4 + 15.2°,
p < 0.01) and knee extension (-3.4 £ 7.6° vs. —10.9 £ 11.2°; p = 0.03) were observed in
responders vs non-responders.

3.2.2. Changes in gait kinematics following training—Following training, changes
in peak TM speed were not different between responders vs non-responders (POST-BSL =
0.42 £0.35vs 0.31 £ 0.24 m/s; p = 0.27). However, gait biomechanics changed differently
between the two groups (Table 4). Specific between-group differences included greater
increases in non-paretic ankle excursion (p = 0.04), greater changes in paretic hip extension
(p = 0.03) and greater, but non-significant, paretic hip flexion (p = 0.07) in responders

vs non-responders. Further differences were observed between paretic vs non-paretic

limbs within each group. For example, between-limb comparisons in the responder group
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indicated greater paretic vs non-paretic changes in joint excursions (Fig. 2A) and ACC
(Table 4). Changes in paretic ACC were significantly greater than changes in non-paretic
ACC (POST-BSL =0.08 £ 0.10 vs. 0.05 £ 0.11; p = 0.02). Conversely, between-limb
comparisons in non-responders showed greater improvements in non-paretic vs paretic
joint excursions (Fig. 2B, Table 4), with changes primarily in non-paretic vs paretic ankle
excursion (POST-BSL = 6.7 £5.2° vs. 2.6 £ 4.7°, p = 0.02).

3.2.3. Changes in gait kinetics following training—Following training (POST),
changes in joint kinetics were not different between responders and non-responders,
although kinetic variables were altered differentially between the responder/retainers vs.
responder/non-retainers. Surprisingly, the primary findings were that non-retainers vs
retainers tended to generate larger improvements in non-paretic joints. For example, greater
gains in non-paretic ankle (0.21 + 0.3 vs 0.05 + 0.30 W/KQ), knee (0.10 + 0.28 vs

-0.05 + 0.13 W/Kg), and hip power (0.16 + 0.10 vs 0.06 + 0.09 W/kg) were observed

in non-retainers vs retainers at POST (Table 4). Conversely, greater changes in paretic
ankle power was observed in retainers vs. non-retainers (0.06 = 0.07 vs 0.01 = 0.03 W/
Kg), although these differences were not significant (Table 4). Between-limb comparisons
in the retainer group indicated greater kinetic changes in paretic vs non-paretic joints

(Fig. 2C, Table 4). Conversely, between-limb comparisons in non-retainers showed greater
improvements in non-paretic vs paretic joint powers (Fig. 2D, Table 4). Accordingly, post-
training interlimb asymmetry changed in opposite directions in retainer vs non-retainer
groups. Retainers showed improved symmetrical power generation (i.e., less asymmetry and
smaller asymmetry index) at the ankle (BSL = 0.68 + 0.34 vs POST = 0.27 £ 0.93) while
non-retainers increased ankle asymmetry (BSL = 0.58 £ 0.22 vs POST = 0.83 £ 0.15).
Between group differences confirmed that non-retainers vs retainers became significantly
asymmetric in terms of ankle concentric power (POST-BSL =0.25 £ 0.35 vs. -0.41 +

0.6; p = 0.03) with negative changes indicating a reduction in asymmetry (improvement in
symmetry).

3.3. Association between gait biomechanics and stepping activity

Multiple linear regression analyses were utilized to estimate short- (POST-BSL) and
long-term (FU-POST) changes in stepping activity from clinical measures of walking

and gait biomechanics. Regression analyses highlighted a significant association between
peak TM speed at BSL and improvements in stepping activity at POST (r = 0.39, p

=0.02; Eq. (1.1), explaining 16% of the variance in changes in daily stepping, with

no other BSL clinical variables contributing significantly to the regression. Conversely,
incorporation of gait biomechanical variables into a separate stepwise regression revealed
that kinematic parameters explained 55% of the variance. Specific contributors included a
positive association with non-paretic knee joint excursion, and negative associations with
BSL paretic ankle joint excursion and non-paretic plantar flexion (Eq. (1.2)). There were no
significant associations between BSL gait kinetics and changes in daily stepping from BSL
to POST training.

AStepping = 1598(BSL treadmill speed) + 119 (1.1)
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AStepping = 78(BSL nonparetic knee ROM)
— 101(BSL paretic ankle ROM) (1.2)
— 117(BSL nonparetic peak plantar flex) — 2139

Following training, changes in specific clinical waking measures, including SSV and
6MWT, explained up to 33% of changes in stepping activity (Eg. (2.1)). However, changes
in gait biomechanics explained up to 86% of the variance in altered daily stepping, with
specific positive associations with paretic hip extension and total excursion, and negative
correlations with non-paretic hip flexion (Eq. (2.2)). Again, no kinetic variables assisted in
the prediction of daily stepping outcomes at POST.

AStepping POST — BSL = 7051 (ASSV) — 9.8(AGMWT) + 249 @.1)

AStepping POST — BSL = 131 (Aparetic hip ext)
— 109(Aparetic hip ROM) 2.2)
— 72(Anonparetic hip flex) + 1382

We also evaluated changes in clinical and biomechanical variables with training that
predicted changes in daily stepping from POST to F/U. Regression analyses revealed that
changes in clinical measures were not significantly related to stepping changes from POST
to F/U. In contrast, daily stepping was negatively associated with paretic ankle excursion,
and positively associate with non-paretic knee excursion, explaining 60% of changes in
stepping activity from POST to F/U. Changes in individual joint powers were not associated
with retention of changes in stepping at F/U.

ASteppingF /| U — POST = — 244(Aparetic ankle ROM) ®)
+ 99(Anonparetic knee ROM) + 763

The combined regression analyses are presented in Table 5.

4. Discussion

Previous studies have investigated changes in gait biomechanics following stroke and
whether physical rehabilitation can positively influence these changes (Mahtani et al.,
2016; Reisman et al., 2013). Most studies focus on regaining mobility and community
activity often do not detail the potential biomechanical strategies underlying walking, and
those factors that influence changes in physical activity (Danks et al., 2016a; Danks et

al., 2016b; Fulk et al., 2010; Wright et al., 2018). Studies investigating the relationship
between gait biomechanics and physical activity are scarce (Ciprandi et al., 2017; Egerton
et al., 2017) and no previous study has identified biomechanical variables of prognostic
value. This pilot investigation provides evidence that selected gait kinematics may facilitate
our understanding of patient-specific variables that contribute to enhanced stepping activity
following rehabilitation.

Consistent with other studies (Bowden et al., 2013; Danks et al., 2016b), baseline or changes
in walking capacity as measured by standard clinical outcomes appear to contribute to gains
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in daily stepping. For example, greater peak treadmill speed at BSL was able to differentiate
patients’ stepping changes, despite similarities in other BSL clinical measures. Changes

in other clinical walking outcomes were also important, however, and were significantly
different between responders and non-responders. With responders at F/U, however, both
retainers and non-retainers achieved similar improvements in clinical walking measures
from BSL to POST, but demonstrated a marked divergence in daily stepping from POST to
F/U. Measures of gait kinematics and kinetics, including the relatively greater use of paretic
vs non-paretic limbs, appeared to explain some of these differences in changes in daily
stepping activity at POST and F/U assessments, although regression analyses suggest greater
contributions for gait kinematics, emphasizing the potential role of specific biomechanical
variables on community mobility.

The specific kinematic variables that contributed to changes in stepping at POST and F/U
are of additional interest. Attempts to predict changes in daily stepping at POST indicate
greater paretic limb extension and reduced non-paretic hip flexion, suggesting greater use
of strategies consistent with recovery vs compensation. However, calculated regressions
using BSL kinematics to predict changes at POST with training, and changes in kinematics
to predict altered stepping at F/U, indicate greater non-paretic knee ROM and reduced
paretic ankle ROM both play significant roles. An explanation for these findings are not
entirely clear but suggest that training-induced changes may require greater paretic limb
use to achieved increased daily stepping. However, predictive models of long-term changes
may suggest that those individuals who use selected compensatory strategies (greater non-
paretic vs paretic limb use) may be able to better accommodate to the community stepping
demands. This interpretation is speculative, and further work in additional populations is
needed to confirm the findings.

While the relative contributions of the paretic vs non-paretic limb kinematics to daily
stepping are of interest, many other studies suggest joint kinetics, rather than kinematics,
are greater contributors to locomotor function. Differences in kinetic patterns were certainly
observed between selected population subgroups, but the lack of significant contributions
of kinetics in the regression analyses were surprising. One potential explanation is that
community stepping activity, while dependent on gait kinetics, does not precisely measure
the same construct as other measures of walking function (speed) that are more related

to joint kinetics. The relatively greater importance of gait kinematics may represent an
increased ability to navigate various task- or environment-dependent barriers or conditions,
although precise explanations are uncertain.

Limitations of this study include the small sample size and absence of a blinded clinical
examiner during treadmill assessments, although all tests utilized standardized criteria.
Prospective analysis of a greater sample size is required to further investigate the relative
contributions of clinical and/or biomechanical factors on changes in stepping activity post-
stroke. A related limitation is the combination of interventions utilized to achieve this
sample size, as therapies provided may have contributed to non-significant differences in
walking outcomes that may have influenced the physical activity of individual participants.
An additional limitation is the use of a specific threshold of 500 steps/day to classify
participants. This threshold was an approximate median of changes in stepping activity
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following other studies and from changes from BSL to POST training observed in the
present study (Macko et al., 2005). The primary concerns are the lack of validation that 500
steps represent either clinically important difference to patients post-stroke, or a statistically
relevant difference for stepping activity, particularly given the tremendous variability in
stepping activity observed across studies. Despite this limitation, the regression analyses
were conducted using continuous variables and the chosen threshold does not affect the
regression results.

Additional limitations include data collection on a motorized TM with use of handrails,
which may alter selected locomotor strategies as compared with over ground walking, even
with encouragement to minimize handrail use. Another limitation is including patients from
two separate training paradigms, which differed in both tasks practiced and cardiovascular
intensity. These factors contributed to differences in clinical measures of walking function
but not differences in daily stepping but may have contributed to differences in selected
patients. Further data is required to differentiate potential contributions of training strategies
on daily stepping.

In summary, patients may adopt different walking strategies to regain their walking function
throughout the training. The use of compensatory strategies (greater use of non-paretic

vs paretic limb) may temporarily enable patients regaining walking function but it may

not necessarily enhance daily stepping activity in long-term. Gait biomechanics seems to
regulate the relation between walking function and stepping activity.
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Fig. 1.
Single-participant example of hip (A), knee (B), and ankle (C) powers throughout the
gait cycle at baseline (BSL; black) and post-training (POST; gray). Given the primary
contributions of positive (i.e., concentric) joint powers to locomotor function, only average

positive powers were used (shaded area). Data is identical to Fig. 1 in Ardestani et al., 2018
NNR.
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A. Kinematic changes - responders  B. Kinematic changes - non-responders
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Fig. 2.

Changes in paretic and non-paretic kinematics in responders (A) and non-responders (B)
following rehabilitation interventions, and changes in paretic and non-paretic Kinetics in
responders/retainers (C) and responders/non-retainers (D).

J Biomech. Author manuscript; available in PMC 2021 October 28.



Page 15

Ardestani et al.

Author Manuscript

“Bulure) [RUOIIUBAUOD :U0D

*(Buureny Ansuaui-ybiy) Buiurely jeuswiiadxse :dx3

0920
¢0T'0
¢Sy'0
1€8°0
0ve0
89T°0

8/8 v/9 €/6
14 /6 S/L

8/6 €/L 9/9
ESTEV6 GG F€'90T 0S ¥ 80T
8L ¥ 0£'62 VE'E F681T §'GF 1592
6T'8 ¥ G9'6G LE'6 F06'LS 89'GT ¥ 851G
(Sren) L1 (t/6) 0T (s1) et

(uoa/dxa) Buures |
(oussak) odv
(¥477) apis pawayy
aons-1sod sAeq
InNg

aby

(/) swanred #

d

Japuodsal-uoN  Jaurelal-uou/dspuodssy  Jsurelsl/ispuodsey

T alqeL

Author Manuscript

'sdnoub aa1y1 ay1 Buowe sarydesbowap 21seq Jo uostiedwo)

Author Manuscript

Author Manuscript

J Biomech. Author manuscript; available in PMC 2021 October 28.



Page 16

Ardestani et al.

"30UapIUOD douefeg 91199ds-S8IANY DGV
"a[eas souefeq Biag :sgg

"a0uelsIp Buiyjem 153} INUIW-XIS :AMIND
‘punoib-1ano A1100]aA Bujjem 1seq A4

‘puN0JB-18A0 AJND0[BA [eWIOU Pa10B]as-}[8S ASS

8¥'0 8€'9T + GZ'€9 8.'8T +99'TL 06'0€E+cvv. LEO 6.'8T + /9°€9 6T°9¢ ¥ 1¢'SL SLTC+T19¢L 6£0 €2'ST +96'8Y T0'9C + /989 8L°0C+LL'LS ogv
620 V.’ TT ¥ 18'8E 88'8F 0T'¢Y 9Q0'LFT6Vr 620 ¢SCT ¥GE'LE ¥€'0T ¥ 06°0% 9C6+¢6EY 0L0 EESTF IV’ TE 06°0T ¥ 09°€E 99'GT ¥ £8'GE Sd4g
TGETT 98'8ST €L°8¢T l1adn YO'v.LT SO'EVT
¥0'0 FGELYT F0929¢ F26€9C 010 869971 F62€5C F/,9'G/Z ¥S0 €£86F990TT <¢006FST.LYT #E66F8L6ET  AMIN9
€00 6E°0F S50 09'0¥ 680 T90+80T ¥00 T¥'0¥950 89°0F /80 LS0F0T'T 80 SE0F TV O 0€'0¥ 050 0¥ .50 N
200 82°0F¢cv0 or'0¥F 290 €e'0+¥8L0 <200 820F¢v0 GE'0¥F290 TE0+SL0 7190 ¥Z0FT€0 €20F6E0 92'0F8€0 N\SS
K
T0°0 9/2¢ ¥ 18¢¢ €G9T ¥ G/S¢ 86G¢ + 8167 000 009T ¥ 9681 T18¥¢ ¥ 0G8¢ GECCFTLTY 960 0T8T ¥ G8T¢ 0G6T * 666T 8TIT ¥ €2TC  ep/sdais
Jaurelal Jsurelad Jaurelad
s1apuodsal -uou Jsurelad s1apuodsal -uou J8urelad s1apuodsal -uou Jsurelad
d -UON /lapuodsay /lapuodsay d -UON /lapuodsay /dapuodsay d -UON /lapuodsay /lapuodsay
n/4 1s0d s4g

Author Manuscript

"(N/4) Buturen ayy Buimoyjoy yiuow-g pue (LSOd) Buuresy o suolssas O Joye Ajarerpawiwi ‘(1sg) buluresy
ay1 01 Jouid (92UBpILUOI B3URRQ PUR doUR[RQ) SBINSBAW [RIIUIID JAYI0 puR uoniouny Buryiem feaiuld ‘Auianae buiddsis Ajrep s.1uaned jo uosuredwo)d

¢ dlqeL

Author Manuscript

Author Manuscript

Author Manuscript

J Biomech. Author manuscript; available in PMC 2021 October 28.



Page 17

Ardestani et al.

TE€C0  €800FVLTO  090°0FFCTO  LL00 /80°0¥€80°0 TLO0FEYT0 (B31/Mm) 4emod diH
198°0  60°0FL0T0  92T'0¥9600 G950 890'0FLL0°0 TTT'0700T0 (B1/mn) domod aauyy
0870  SBO'OFBIT0  9ST'OFVLTO 9120 ¥90°0¥.60°0 TET'0FEST 0 (B31/) damod apjuy
8G€'0  90°0%¥6°0 £1°0¥88°0 60'0F16°0 TT°0706°0 o0V
2L50  PETIFOETE  LyOTFBZ6Z  8G6°0 86'CTFV6°0E LTTIFTL0E (c)uorxayy diH
2660 LSETFLTOT- YOZIFIVOI-  ¥2v0 GO'GTFIL'9-  ZvZI¥85°0T- (,)uorsuaixa diH
260 99VFLOEY €9'/FSY'OF  8¥Y0 09'6¥75'6€ 82'9F9L Ty (c)uorsanoxa diH onased-uoN
1600 GG'GFGZT69-  98'6¥6979- 8920 §'/F95°29- 85'8%08'G9- (c)uorxayy sauUM
[Z€0  TTYFLG6- yS'8F0r’9- 8050 8T'9%51'6- €8'9%06'L- (c)uorsuayxa sau
GZE0  ZY'EFBYBS 05'9¥¢T'LS  «0v0°0 09'GF0T 7S 0€'G¥0v'8G (s)uo1sanaxa ssu>
G0L0  LVSF06'E-  TEOTFIYe— | %0200 00'9F0€'E 0C8F0TE-  (o)uoixayy sejueld apjuy
€160  8L'6FE06T 05'G¥€98T  ¢L00 95'G¥60°€2 65L¥18'8T (c)uoIXay1s10p BjUY
07’0 0E0T¥66'2C  00'TIFOE6T 6260 68'0TF82'LT ¥5'0TF20'12 (c)uorsanaxs spjuy
Zre0  0S0°0¥G600  0S0°0F.900 9600 0v0'0F2r0'0 G0'0¥820°0 (B>1/An)18mod diH
8IT'0  €80°0¥8.00  €20°0¥1500  TETO GE0'0FTF00 620°0¥290°0 (B1/mn)4omod auyy
LV6'0  ETO0FYED'0  BTO0FGE00  ¢6T0 G20°0¥E20°0 9T0°0F7€0°0 (B1/n)48mod apjuy
1€8°0  80°0FE80 £1°0728°0 955°0 GT'0708°0 TT°07€8°0 o0V
0660  LpTI¥98'7C  €STI¥E6'2C  09€0 9Z'¥1F00°22 8T TTF06'22 (c)uorxayy diH
9Tr'0  /8O0T¥E0TT-  0E8FSEL- | %7000 02'STFOY'Y 05'6¥0T 6- (s)uorsuaixs diH
6050  YS'8FriOE 96'8¥5€'/¢ 9900 Y¥'6FEVE G9'8¥TG'8T (o)uorsanoxa diH
GT6'0 VLETFLCCh- 996789 Th-  LE90  GEVIFC86E-  EVTIFI6 TY- (c)uorxayy saUN oneled
0€6'0  9€/¥6TE- 7€'8¥25€-  x0€00  0ZTIF060T- 09',¥07'€- (o)uoISUBIX® 88U
1820 ¥0'8T¥B98E  Z8'8FICTIE €800 05°CT¥er 2y TOETFIOVE (s)uo1san2xd 38U
2960 SV EFHO'S G0'9F6 0070 GT'SF0S'9 6L7¥867  (;)uoxaly seueld apjuy
TGT0  SE'GFOET YTEFVOOT  8YS0 97'/7G8'ST TSVFIOHT (s)uoIXa1510p BPjUY
6500  ¥6'6FHTHT €L7¥80°L ¥ST0 90'0TFES VT 69°/%9.°6 (o)uorsanoxs apjuy
0220  €E0F0S0 ££°0789°0 0v0'0 0£'0F9€'0 ££'0709°0 (08s/w) WL

d sJaurelal-uoN slauierey d saspuodsal-uoN  sdapuodsay

1sg

" UlIM paJew ate saguatapip dnoib-usamiaq juediyiubis Ajjeansnels (7sg) buiuren o1 doud sartueysawolq eb Jo Arewwnsg

Author Manuscript

€ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

J Biomech. Author manuscript; available in PMC 2021 October 28.



Page 18

Ardestani et al.

*30UBPUOAS.102 JO JUBIDLYS0I B} JO JuBLOdWOD JeINBUY 1DV

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Biomech. Author manuscript; available in PMC 2021 October 28.



Page 19

Ardestani et al.

€600  OT'0¥9T0 60°0¥90'0 /€80  LE€0°0F9200-  2G0'0¥ZZ00- (6x1/m)13mod diH
0020  8Z0F0T'0  ET0FS00-  vv.'0  2L0'0%2€00-  ZST'0F9TO0- (B>1/An)48mod BB
2860 0E0FIC0 0£'0¥G00  ¢580  9S0°0FEE00-  GST'0¥e200-  (B/A)Iemod apjuy
¥8T'0  LO'0FSTO0  CT'0F/800 090 0S0°0FSE0°0 TT'0750°0 20V
[2€0  18TTF6LL 09,796 6620 16'9TF12°0 Zr'0TFST'S (c)uorxayy diH
0500  €9GFYZ’E€  99°6¥SG Y-  SITO 8T VIFVE L- 9.'8¥98°0—- (,)uorsuaixa diH
96€'0  L9TIFSSY  VEOFIFS  2ULYO 80'6¥00°6 €€'6¥81'9 (c)uorsanoxa diH onaJed-uoN
06T'0  GE9FYT'0  YO'TIF8S'S—  8E8'0 99'8¥TZ'2- GE'6FL8'2- (c)uorxayy sauUM
99/°0  89/¥8L0  08'9FTZ0- 0990 ¥G'8¥SH'T 00'L¥52°0 (c)uorsuayxa sau
UY0  OF'SFEYD ECTIFILE 8670 08'9%€Z’Y SL'8FLTT (s)uo1sanaxa ssu>
V120  TLEFWPZ-  vLyFe6v—  TSTO LT°9F15°9- LEvF6L e~ (o)uoixaly dejuerd spjuy
€80  95G¥Z200  09°€F.G0- G960 G8'YFIZ0- 0Sy'7F0E0-  (o)UOIX3ISIOp BjUY
9950  SSYFITT TEVFOLE %0700 02'5¥0L'9 GE'YFB0'E (c)uorsanaxs spjuy
€120  TTOFYTO 0T'0FL00 €890  82Z0'0FSTO0-  0E0'0F600°0- (B51/m)49mod diH
v.L'0  OT'0F0T0 60'0F80°0  ¥6E0  TEO'0FY000-  820'0FSTO0- (B1/mn)4omod auyy
G/TO  €0°0FT00 L00¥900 060  GTO'0F9000-  €20°0¥9000-  (B3/A)1emod apjuy
885'0  L0°'0¥890°0  CT'0¥S600  0EL0 21076900 0T'0%80°0 20V
8920  TV'8FEV'6 TLIFSTS | %0200 00'7TF0T'0 0T'8¥8T'L (c)uorxaly diH
¥00  TESFIF'S  LTTIFO6'E- | x0800  60'ETFST6- LL'0TF0S'0 (s)uorsuaixs diH
7800  €99¥rg’€  OTOTH#TTIT  8v¥0 05°9758'S 95°6¥8T'8 (c)uorsanoxa diH
LEE0  TT'6¥FSL0-  YOCIFEIG-  OEE0 TL'G¥Sh0- GLOTFZE - (c)uorxayy saUN oneled
VIS0 GELFLEQ  GC6F0CC-  0ST'0 19'9%86°C 02'8%86'0- (o)uoISUBIX® 88U
7680  86'6790'G G6'8FEL'S  2STO 9T'/750°T 20'6¥81°S (s)uo1san2xd 38U
€€8'0  G9'9F¢8Yv-  89'8¥F0V- €210 ST¥58°0- 85 /FTry—  (o)uoixaly Jejued appjuy
6L7'0  6VYFO6'T-  ¥LOTFESD  9.9°0 20'€F67°0 62'8¥870- (s)uoIXa1510p BPjUY
0900  6S°GFIS'S 0T'eFSTT 2060 0L'v%09°C 65'VF18C (o) UoISANIXD BPUY
0T€0  2€0¥FSE0 6€°07050  SSC'0 vZ'0FIE0 98'0FEY0 (08s/w) WL

d Jaurelal-uoN Jaurelay d saspuodsal-uoN  sdapuodsay

159 -1S0dV 159 -1S0dV

"SI8UIL]8I-UOU SNSISA SJBUIL]S) UBMIS] puk ‘sispuodsal-uou pue sispuodsal usamiag 1 SO 01 11Sg Wod) solueydawolq mel ur sabueyd Jo uostredwo)

Author Manuscript

¥ alqeL

Author Manuscript

Author Manuscript

Author Manuscript

J Biomech. Author manuscript; available in PMC 2021 October 28.



Page 20

Ardestani et al.

*30UBPUOAS.102 JO JUBIDLYS0I B} JO JuBLOdWOD JeINBUY 1DV

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Biomech. Author manuscript; available in PMC 2021 October 28.



Page 21

Ardestani et al.

INOY 8auy| onased-uouy|
INOY 3pjue anasedy4

uoixaly diy onased-uouys
INOY diy onaredvr
uoisualxa diy onausedy|

uoixa|preueyd ead onased-uoNt
INOHY 8pjue dnaredt
INOY 9auy| o1aJed-UoN |,

VIN
Usod-n1)Guddarsy «— (158-L50dYpeyy

90URISIP Y[em Ul 9v4

ST NN O RE ESITERN VAR

(158-LS0d)Guddarsy «— (158-LS0poyy

paads ||1Wpeas Yead|

Q%%IKWDRVQQ\QQQNM.Q P qwmh.\wmv

se|geLIeA [ealueydswolg

sa|geLIeA [ealul|d

‘Buiureny Buimojjoy Auanoe Buiddals 101paid 1ey) SajgRIIRA [eIIURYIBWOIG PUE [edlul]d ul sabueyd Bunybijybiy sasAeue uoissalbial Jo Arewwns

G 9lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Biomech. Author manuscript; available in PMC 2021 October 28.



	Abstract
	Introduction
	Materials and methods
	Patients
	Data collection
	Data analyses
	Statistical analysis

	Results
	Stepping activity and clinical variables
	Biomechanical assessments during treadmill testing
	Baseline gait kinematics
	Changes in gait kinematics following training
	Changes in gait kinetics following training

	Association between gait biomechanics and stepping activity

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5

