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Introduction: People with stroke often exhibit balance impairments, even in
the chronic phase. Perturbation-based balance training (PBT) is a therapy that
has yielded promising results in healthy elderly and several patient populations.
Here, we present a threefold approach showing changes in people with
chronic stroke after PBT on the level of recruitment of automatic postural
responses (APR), step parameters and step quality. In addition, we provide
insight into possible correlations across these outcomes and their changes
after PBT.

Methods: We performed a complementary analysis of a recent PBT
study. Participants received a 5-week PBT on the Radboud Fall simulator.
During pre- and post-intervention assessments participants were exposed
to platform translations in forward and backward directions. We performed
electromyography of lower leg muscles to identify changes in APR recruitment.
In addition, 3D kinematic data of stepping behavior was collected. We
determined pre-post changes in muscle onset, magnitude and modulation
of recruitment, step characteristics, and step quality. Subsequently, we
determined whether improvements in step or muscle characteristics were
correlated with improved step quality.

Results: We observed a faster gastrocnemius muscle onset in the stance and
stepping leg during backward stepping. During forward stepping we found
a trend toward a faster tibialis anterior muscle onset in the stepping leg. We
observed no changes in modulation or magnitude of muscle recruitment. Leg
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angles improved by 2.3° in forward stepping and 2.5° in backward stepping.
The improvement in leg angle during forward stepping was accompanied by
a —4.1°change in trunk angle, indicating a more upright position. Step length,
duration and velocity improved in both directions. Changes in spatiotemporal
characteristics were strongly correlated with improvements in leg angle, but
no significant correlations were observed of muscle onset or recruitment with
leg or trunk angle.

Conclusion: PBT leads to a multi-factorial improvement in onset of APR,
spatiotemporal characteristics of stepping, and reactive step quality in people
with chronic stroke. However, current changes in APR onset were not
correlated with improvement in step quality. Therefore, we suggest that,
in addition to spatiotemporal outcomes, other characteristics of muscle
recruitment or behavioral substitution may induce step quality improvement
after PBT.

perturbation-based balance training, balance recovery, stroke, reactive stepping,

spatiotemporal outcomes, step quality

Introduction

People with stroke (PwS) often exhibit balance impairments,
even in the chronic phase (1). These balance impairments
have a detrimental effect on their mobility and daily life
independence (2) and contribute to the high fall risk post stroke
(3). Specifically, a stroke results in an at least two-fold increased
risk of falls (4), which may have severe consequences such as
hip fractures on the paretic side (5). While exercise interventions
with a balance component may be effective in reducing fall risk
after stroke (6), it remains unclear which type of balance training
is most effective. For the development of more effective falls
prevention programs, it is crucial to understand how stroke-
related balance deficits respond to training.

One promising training target is the capacity to recover
from balance perturbations. The main rationale for focusing on
balance-recovery responses to help prevent an actual fall lies
in their utility in a wide variety of situations that may induce
a loss of balance (e.g., misstep, trip or collision with another
pedestrian). In PwsS, this so-called reactive balance capacity
is often impaired (7), with stepping responses showing more
profound deficits than feet-in-place balance recovery strategies.
Stroke-related deficits have been observed in different aspects of
reactive stepping. First, PwS exhibit deficient automatic postural
responses (APRs). APRs are fast automatic muscle responses
evoked by balance perturbations and act as a first line of
defense to counteract loss of balance (8). These deficiencies are
evident by delayed muscle onsets (9) and reduced amplitudes
of APRs (10), as well as poorer muscle coordination patterns
during the APR time window (11). Second, a stroke affects the
spatiotemporal characteristics of reactive stepping. Specifically,
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PwS may demonstrate a delayed step onset (12, 13) and a smaller
step length (14) compared to healthy individuals. Lastly, balance
recovery steps in PwS are less effective in ‘catching’ the falling
center of mass (CoM), as shown by outcome measures that
capture the relationship between CoM and the base of support
at the instance of foot contact (9, 15).

Recent evidence suggests that training involving repeated
exposure to balance perturbations (perturbation-based balance
training; PBT) can improve stroke-related deficits in reactive
stepping (16, 17) and may reduce fall risk (18). At the level of
APRs, faster muscle responses were found after PBT in healthy
individuals (19), but the effect of PBT on the size and direction-
dependent amplitude modulation of the APRs have not yet
been studied. At the level of spatiotemporal step characteristics,
PBT has shown to improve step length (20), but its effect
on other variables such as step velocity or step time remains
unclear. Importantly, studies also show that reactive stepping
performance improved following PBT (21, 22). Specifically, after
PBT, PwS required fewer steps and exhibited a more favorable
body configuration at stepping foot contact, as evidenced by a
larger leg angle (stepping foot placed further ahead of the pelvis
in the direction of perturbation) (16).

Still, limited evidence is available on the effects of
PBT at the level of APRs, spatiotemporal variables and
stepping performance in PwS. Moreover, it is unclear whether
improvements in one respect would translate to the other.
As such, specific insights into the mechanisms underlying
improvement of reactive stepping performance through PBT in
PwS is limited. To obtain more insight in these mechanisms,
we performed additional analyses on the data collected by
van Duijnhoven et al. (16), who previously reported the
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beneficial effects of PBT on stepping leg angles following
perturbations induced by a moveable platform. The aim of
our study was threefold. Our first aim was to provide a
comprehensive characterization of PBT-induced changes in
APRs and spatiotemporal characteristics of reactive stepping in
PwS. At the level of APRs we were interested in onset latencies,
response amplitudes and direction-dependent modulation of
activity of the prime movers (in the forward and backward
direction). Spatiotemporal variables involved step onset, step
duration, step velocity and step length. Our second aim was
to determine whether step quality in response to forward
and backward perturbations would improve in terms of trunk
angle at foot contact, in addition to the previously reported
improvements in leg angle. Our third aim was to determine
which improvements in APR and spatiotemporal variables
would underlie improvements in step quality, as quantified by
the body configuration at foot contact (i.e., leg and trunk angles).

Methods

Participants

As described in van Duijnhoven et al., 20 participants
in the chronic phase (> 6 months) of stroke were recruited
from Nijmegen and the surrounding area. Detailed patient
characteristics can be found in Table 1. Participants had to be
able to stand and walk independently (Functional Ambulation
Categories >3). They were excluded if (1) they had other
neurological or musculoskeletal conditions affecting balance,
(2) used drugs affecting balance, (3) had severe cognitive
problems (Mini Mental State Examination <24) or persistent
unilateral spatial neglect (Star Cancellation Test <44), or
(4) had behavioral problems interfering with compliance to
the protocol. For the current study we only selected those
participants of whom data was collected at pre- and post-
training assessments and who stepped with the same leg during
both assessments (N = 18). The study protocol was approved
by the Medical Ethical Board of the region Arnhem-Nijmegen
and all participants gave written informed consent in accordance
with the Declaration of Helsinki.

Study design and intervention

Participants received a 5-week PBT on the Radboud Falls
Simulator, with a total of 10 sessions. The Radboud Falls
Simulator is a movable platform that can induce balance
perturbations by horizontal translations in multiple directions
(see Supplementary Videos). Participants received 45min of
training, twice a week. Training difficulty was increased during
each training session in a participant-specific manner, more
specifically, through increasing the intensity of the perturbation,
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TABLE 1 Participant characteristics (n = 18).

Sex (m/f) 10/8
Age (years) 59 (8.3)
Months since stroke 54 (40)
Stroke type (Ischemic / hemmorhagic) 12/6
Affected body side (left /right) 11/7
MMSE 27,8 (2)
MI-LE (range 0-100%) 64 (19)
ABC-6 Scale (range 0-100%) 42 (25)
Fall history (number of falls in previous year) 1.4(1.8)
FMA-LE (range 0-28) 20 (5)
FAC (4/5) 4/14

MMSE, Mini Mental State Examination; MI-LE, Motricity Index lower extremity; ABC-6
Scale, Activities-specific Balance Confidence 6 Scale, FMA-LE, Fugl-Meyer Assessment
lower extremity score without coordination domain; FAC, Functional Ambulation
Categories. Values are presented in means (SD).

the unpredictability of perturbation direction, or by adding
secondary (cognitive) tasks (dual-tasking). Detailed information
on the study design can be found in van Duijnhoven et al.
(16) and the training protocol can be accessed directly
via this link, https://www.frontiersin.org/files/Articles/410755/
fneur-09-00980-HTML/image_m/fneur-09-00980-t002.jpg.

Experimental procedure

During pre- and post-training assessments participants were
exposed to unpredictable translational platform perturbations
that consisted of an acceleration phase (300 ms), a constant
velocity phase (500 ms), and a deceleration phase (300 ms) (23)
initiated after a random delay. Participants stood on the platform
with their preferred shoes and wore a safety harness. They
were instructed to recover their balance with one single step.
To standardize the perturbation difficulty across individuals
with different balance recovery capacities, a participant-specific
perturbation intensity was determined during the pre-training
assessment. To this end, the multiple stepping threshold
(MST) was determined by gradually increasing the perturbation
intensity (acceleration) in each direction. The perturbation
direction refers to the direction of stepping, such that a forward
perturbation would induce a forward step (i.e., platform moving
backwards). The direction-specific MST was defined as the
maximum intensity at which a participant was able to recover
his/her balance with one step. To allow comparison of stepping
characteristics between the pre- and post-training, trials at the
same intensity (MST and MST+0.125 m/s%) were collected
during both assessments. Within this respective study the
average MST value for forward perturbations was 3.03 m/s>
(SD = 1.4 m/s?) and for backward perturbations 2.2 m/s?
(SD = 0.88 m/s?).
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Data collection

Reactive stepping responses were recorded at 100 Hz using
an 8-camera 3D motion capture system (Vicon Motion Systems,
Oxford, UK). Reflective markers were placed on anatomical
landmarks according to the Plug-in-Gait full body model. In
addition, we recorded bilateral electromyography (EMG) from
Rectus Femoris (RF), Tibialis Anterior (TA), and Gastrocnemius
Medialis (GM). EMG electrodes were placed according to
SENIAM guidelines (24) and recorded at 1,000 Hz (ZeroWire by
Aurion, Italy).

Data processing

Marker data were low-pass filtered at 5Hz (2™ order
Butterworth). Subsequently marker data and EMG data were
processed by a custom-written MATLAB (MATLAB2018a)
script. Raw EMG was bandpass filtered between 10 and
450Hz, rectified and low-pass filtered at 40 Hz. Rectified
EMG was averaged across trials with similar platform
direction. Subsequent analysis was performed on the averaged
rectified EMG.

Data analysis

The onset of muscle activity was determined for the
prime movers during the APR for each perturbation direction
(GM for forward perturbations and TA and RF for backward
perturbations). Onset latencies were determined by means of a
semi-automatic algorithm that selected the instant at which the
averaged rectified EMG exceeded a threshold of 2 SDs above the
mean of pre-perturbation activity (500 ms) (11). Perturbation
onset was determined through a synchronization trigger sent
from the platform. Visual inspection of the trials was performed
to verify the accuracy of the onset.

To assess muscle recruitment and modulation during the
APR we calculated the integrated rectified EMG (iEMG) and the
Modulation Index during the first 75 ms after the first muscle
onset in a given direction. Thus, during forward stepping, iEMG
was calculated post GM onset and, vice versa, during backward
stepping post TA onset.

As described by the studies of Lang et al. (25) and Kelly
et al. (26) the Modulation Index can be used to quantify relative
changes in activity when a muscle would serve as an agonist
compared to when it would be an antagonist. In addition, it can
serve as a measure to express a persons ability to scale task-
specific muscular recruitment. As for the APR, the GM acts as
an agonist during forward perturbations and as an antagonist
during backward perturbations, whereas the opposite is true
for the TA. The Modulation Index was defined as described
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by EQ1.
ag ant
EMG. — EMG
Modulation Index = 100* 75ms T 75ms. (1)
EMG75ms
EMG;gms is the mean EMG within the 75 ms window of

muscle in the agonistic direction and EMG%‘rtns is the mean
EMG within the 75 ms window in the antagonistic direction. A
higher MI indicates a greater recruitment of the muscle in its
expected behavior.

Spatiotemporal stepping behavior was assessed by
determining step onset, step length, step duration and
step velocity. Step onset was defined by marker data as the
moment at which the vertical velocity component of the heel or
toe marker surpassed a threshold of 0.2 m/s. To calculate the
subsequent spatiotemporal stepping behavior parameters, foot
contact was defined as the moment when the vertical velocity
component of the heel or toe went below 0.2 m/s after step
onset. Step length was then calculated as the distance covered
by the toe marker from step onset to foot contact. Step duration
was defined as the duration of step onset until foot contact,
and step velocity was calculated as step length divided by
step duration.

To characterize step quality, body configuration at first
stepping foot contact was determined. Body configuration
outcomes included the vertical inclination angle of the leg
segment (defined as the angle between the vertical and a line
connecting the mid-pelvis and the second metatarsal of the
stepping leg; see Figure 1), i.e., the leg angle, and the trunk
segment (defined as the angle between the vertical and a line
connecting the mid-pelvis and mid-shoulder position), i.e., the
trunk angle.

Statistical analysis

Since outcome measures did not significantly differ between
the two perturbation intensities (MST and MST+0.125 m/s?),
subsequent comparisons were performed on the two intensities
collectively. To evaluate between session differences (Apre_post)
we performed two-tailed paired t-tests on the averaged
outcomes. Additionally, we identified potential determinants
of improvements in body configuration (leg and trunk
angle) through a similar procedure described by de Kam
et al. (9, 15). First, we selected those spatiotemporal and
muscular outcome measures that improved significantly after
training. Subsequently, from those outcome measures Pearson’s
correlations coefficient were used to identify which outcome
measures were significantly correlated (p < 0.05) with changes in
body configuration. Variables that were significantly correlated
in these univariate analyses into multivariate forward step-wise
linear regression models with changes in leg and trunk angle
as dependent variables for each platform direction. Statistical
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Leg Angle

FIGURE 1

Definitions of leg and trunk angles. The trunk angle is defined as
the angle between the vertical and a line connecting the
mid-shoulder to the mid-pelvis position at the instant of
stepping foot contact. The leg angle is defined as the angle
between the vertical and a line connecting the mid-pelvis and
the 2" metatarsal of the stepping foot.

analyses were performed with SPSS (version 25.0). P < 0.05 was
considered statistically significant.

Results

Amplitude and modulation of automatic
postural responses

In the post-training assessment, we observed faster
automatic postural responses compared to pre-training, while
APR amplitude and activity modulation did not change.
Specifically, during forward stepping we observed a small but
significant shortening in the gastrocnemius onset latency in
the stance and stepping leg (stepping leg: Apre—post 5 ms & 7,
p = 0.01; stance leg: Apre—post 5 ms £ 7, p = 0.02). For backward
stepping, we observed a trend toward a faster tibialis anterior
onset in the stepping leg (Apre—post 4.4ms £ 9.2, p = 0.06) but
not in the stance leg (p = 0.16). Onset latencies of the rectus
femoris did not change in response to training (stepping leg
p = 0.20, stance leg p = 0.68).
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TABLE 2 Mean (SD) pre and post-training values of step quality and
step characteristics.

Pre intervention Post intervention P-value

Forward stepping

Leg angle (°) 21.1(3.4) 23.4(2.9) 0.007
Trunk angle (°) 22.3(7.8) 18.1(7.3) 0.002
Step onset (s) 0.29 (0.04) 0.28 (0.04) 0.117
Step length (m) 0.48 (0.2) 0.55 (0.1) <0.001
Step duration (s) 0.3 (0.04) 0.33 (0.04) 0.002
Step velocity (m/s) 1.56 (0.4) 1.66 (0.4) 0.011
Backward stepping

Leg angle (°) —1.6 (6.6) 0.9 (5.6) 0.008
Trunk angle (°) 2.1(7.2) 2.3(7) 0.55
Step onset (s) 0.32(0.05) 0.32(0.04) 0.19
Step length (m) 0.37(0.2) 0.44 (0.2) 0.001
Step duration (s) 0.25 (0.05) 0.29 (0.04) <0.001
Step velocity (m/s) 1.4 (0.5) 1.47 (0.4) 0.06

Statistically significant different outcome measures are highlighted in bold P < 0.05.

Step quality and spatiotemporal
characteristics

As previously reported by van Duijnhoven et al. (16),
participants demonstrated improved reactive step quality
following the training intervention. The leg angles increased
for both the forward and backward perturbations [forward
(fwd): Apre—post = 2.3 &+ 3.0%, p < 0.01; backward (bwd):
Apre—post = 2.5° £ 3.5°, p < 0.01; Figure2], indicating
that the stepping foot was placed further ahead of the
pelvis. Complementary to our previous study, we found and
improvement in trunk angle for forward stepping following
training. Specifically, the trunk angle decreased, which indicates
a more vertically oriented trunk (Apre—post = —4.1 &+ 1.1°,
p < 0.01; Figure2). On the other hand, no changes were
observed in trunk angles after backward perturbations (Table 2).

The observed improvements in step quality were
accompanied by changes in some, but not all, spatiotemporal
step characteristics. Specifically, greater step lengths were
observed in the post vs. pre-training assessments for both
forward and backward perturbations (fwd: Apre—post = 0.06 &
0.06m, p < 0.01; bwd: Apre—post = 0.06 % 0.06m, p < 0.01);.
Similarly, step durations increased for both perturbation
directions (fwd: Apre—post = 0.02 £ 0.02s, p < 0.01; bwd:
Apre—post = 0.03 £ 0.03 s, p < 0.01). An increased step velocity
was observed for forward perturbations (Apre—post = 0.09 =+
0.14 m/s, p = 0.01), with a similar trend for backward steps
(Apre_post = 0.07 £ 0.16 m/s, p = 0.06). Step onsets were not
different between the pre- and post-training assessments.
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FIGURE 2
Spatiotemporal and body configurational outcome effect of training. Outcome measures are expressed as pre-post training differences. Bars
represent group average, dots represent individual data points; participants who stepped with the paretic leg are indicated as orange dots.
* Represents a significant pre-post training difference (P < 0.05).

Strong correlations between leg angle
and spatiotemporal outcomes

The wunivariate analyses yielded moderate to strong
correlations of leg angle with step length (r = 0.87, p < 0.01),
step duration (r = 0.52, p < 0.01), and step velocity (r = 0.91,
p < 0.01) for forward stepping. For backward stepping moderate
to strong correlations of leg angle were observed with step length
(r = 0.87, p < 0.01), step duration (r = 0.64, p < 0.01) and
step velocity (r = 0.67, p < 0.01). None of the outcomes in
muscle recruitment were correlated with changes in leg angle.
The subsequent multivariate step-wise regression analyses
for leg angle revealed that during forward perturbations, an
increase in step velocity and step length together explained 90%
of the variance in the pre-post leg angle differences (F = 62.7
R2 =0.90, p < 0.001, B¥elocity — 12,01, p < 0.01, plensth = 22,00,
p < 0.01). For backward stepping, an increase in step length
explained 76% of the variance in pre-post leg angle differences
(F = 4757, R = 0.76, p < 0.001 p = 48.77). None of the
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outcome measures used in the current study were significantly
correlated to changes in trunk angle for either backward or
forward perturbations.

Discussion

We aimed to evaluate whether PBT would improve APRs
and spatiotemporal characteristics of reactive stepping in people
in the chronic phase of stroke. In addition, we determined
whether improvements in leg and trunk angles could be induced
by underlying spatiotemporal and neuromuscular components.
At the level of APRs, our findings showed a slight shortening
in onset latencies during forward perturbations, with a similar
tendency in the stepping leg during backward perturbations,
whereas no differences were observed in magnitude or
modulation. Analysis of spatiotemporal characteristics revealed
improvements in step length, step duration, and step velocity.
Leg angles improved after PBT in both perturbation directions,
whereas trunk angles only significantly improved in forward
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steps. Improvements in leg angle were largely explained by larger
step lengths and faster step velocities after training, whereas
improvements in APR latencies did not contribute significantly
to the changes in leg angle. None of the spatiotemporal or EMG
parameters correlated with improvements in trunk angle.

The presently reported changes in trunk angle at step contact
following forward perturbations complement the previously
reported improvements in leg angle (16). Specifically, we
observed a more upright trunk position at the post-training
assessment, which is in accordance with the effects of trip-
specific training as reported by Pigman et al. (20) and Nevisipour
et al. (27). Smaller forward trunk rotation angles or angular
velocities are correlated with better postural stability (28,
29). The more upright position after training indicates that
participants were able to generate a more effective response
to counteract the induced forward angular momentum. This
finding, in combination with the larger leg angles, demonstrates
that our participants had improved their reactive stepping
performance following PBT, which is in agreement with
observations from other PBT studies in people with stroke (22,
30). Yet, despite the growing evidence of beneficial effects of PBT
on performance-related outcomes, there is a lack of insight into
the mechanisms underlying these improvements. Therefore, we
performed a comprehensive analysis of possible determinants
that may have contributed to the observed improvements in
reactive step quality.

We in APR
recruitment, because PwS often have persistent deficits in

investigated training-induced changes
APR onset latency, magnitude and coordination patterns,
mainly on the paretic side (9-11). The vast majority of our
participants used their paretic leg as the stance leg (n = 14), and
Table 3 shows that APR recruitment commenced ~10-20 ms
later with lower magnitudes and poorer modulation in the
stance compared to the stepping leg. These observations
suggest that participants who presented with APR deficits
could potentially improve by training. Indeed, after PBT we
observed faster APR onsets in lower-leg muscles, which finding
complements the very sparse studies that have reported effects of
training on APRs in PwS (31, 32), with only a single study thus
far showing significant improvements in the paretic leg (33).
The average shortening of onset latencies, however, was rather
modest (5-6 ms), which limits the potential clinical relevance.
In accordance with studies indicating direction-specific
deficits in coordination of APRs in the paretic leg of people
with chronic stroke (9, 34), the modulation index was generally
lower (i.e., poorer) in the (predominantly paretic) stance leg of
our participants. Indeed, the mean pre-intervention modulation
indices in the stance leg of 20-70% are all below the average
of 71% as reported for a combined group of healthy older
individuals and people with Parkinson’s disease (26). This result
shows that there was room for improvement in stance-leg APR
recruitment in our participants, yet we did not observe PBT-
related gains in the magnitude of agonistic muscle recruitment
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TABLE 3 Mean (SD) pre and post-training values of muscle onset
latencies, amplitudes and modulation indices.

Pre intervention Post intervention P-value

Stepping direction

Forward

Stepping leg

Gm Onset (ms) 157 (16) 152 (15) 0.01*
Gm iEmg (V) 11.2 (10.1) 11.0 (5.8) 0.9

Stance leg

Gm Onset (ms) 174 (23) 168 (23) 0.02*
Gm iEmg (V) 5.9 (3.8) 6.4 (3.9) 0.55
Backward

Stepping leg

Ta Onset (ms) 153 (17) 149 (17) 0.06
Rf Onset (ms) 169 (22) 165 (22) 0.16
Ta iEmg (uV) 17.0 (7.4) 15.6 (10.6) 0.33
RfiEMg (1V) 2.7 (2.6) 2.9 (2.4) 0.66
Stance leg

Ta Onset (ms) 163 (17) 162 (19) 0.68
Rf Onset (ms) 187 (19) 184 (18) 0.21
Ta iEmg (uV) 11.5(5.7) 10 (6.7) 0.52
RfiEMg (1V) 3.2(4.2) 2.6 (2.4) 0.49
Modulation index (%)

Stepping leg

Ta 82 (15) 80 (31) 0.83
Rf 57 (26) 58 (32) 0.73
Gm 81 (10) 84 (11) 0.37
Stance leg

Ta 70 (36) 78 (23) 0.43
Rf 20 (104) 40 (35) 0.10
Gm 60 (45) 65 (47) 0.24

Statistically significant different outcome measures are highlighted in bold P < 0.05.

(iEMG), nor in direction-dependent modulation (Modulation
Index). The present lack of chance in APR recruitment is
reminiscent of previous work on recovery of gait in the
subacute phase after stroke (35, 36). These studies showed
that walking ability substantially improved in the absence of
significant changes in aberrant muscle coordination, presumably
through behavioral substitution rather than restoration of
function. Likewise, we surmise that the beneficial effects of our
PBT intervention on reactive step quality, in the absence of
improvements in APR recruitment, may also point at behavioral
substitution rather than restoration of function (37, 38).
Following the PBT intervention, we found significant
improvements in spatiotemporal outcomes of reactive stepping,
with greater step lengths, step duration and step velocity
being observed in both perturbation directions. These findings
complement previous studies that reported variable effects of
PBT on one or more spatiotemporal step characteristics, in
addition to consistently positive effects of PBT on reactive
stepping performance (17, 20, 34). Our regression analyses
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provided novel insight into the relationships between changes
in spatiotemporal step characteristics on the one hand, and
gains in reactive step quality on the other hand. Increased step
lengths were significantly associated with larger leg angles (i.e.,
better step quality) in both backward and forward perturbation
directions, whereas increased step velocity was identified as an
additional significant contributor in the forward direction only.
Under the assumption of unchanged perturbation-induced CoM
dynamics, a larger step length provides a greater lever arm for
the ground reaction force to produce torques that counteract
the CoM movement. A faster stepping velocity, in turn, reduces
the time for the CoM to accelerate and displace relative to
the base of support, thus making it easier to be “caught” at
foot strike. Hence, these improvements in spatiotemporal step
characteristics provide a biomechanically plausible explanation
for the observed gains in reactive step quality.

While in our regression models, faster APR onset latencies
did not additionally contribute to the explained variance in
step quality improvements, it cannot be excluded that a faster
response in the support leg (paretic leg for the majority of
participants) may have been beneficial. The faster response could
reduce the angular momentum generated by the perturbation,
thereby providing extra time for the stepping leg and allowing
better clearance for proper positioning of the stepping limb
(39). Yet as stated before, the modest 5-6ms shortening
that we observed in the present study may not represent a
substantial benefit.

A limitation of our study is that our analysis did not
permit comparing the effects of training on the paretic and
non-paretic legs separately. We allowed our participants to
self-select their stepping limb as this would resemble their
most instinctive stepping response, but this instruction resulted
in few participants selecting their paretic leg. Therefore, we
suggest for future studies to also examine imposed stepping
with the paretic and non-paretic leg separately. In addition,
to improve the generalizability of the current results toward a
greater population of PwS, it would be preferable to increase the
sample size.

In summary, the current improvements in step quality
after PBT in our group of participants people with chronic
stroke were largely explained by improved spatiotemporal
characteristics and not by changes in APR recruitment. For
gaining further insight into the observed effects of training
on spatiotemporal characteristics of reactive stepping, it may
be of interest to study changes in muscle recruitment during
execution of the recovery step itself, in addition to the present
focus on the APR that precedes stepping.
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