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Abstract
The study examined whether lateral perturbation training could improve stepping performance and balance 
in individuals post-stroke. Thirty-one participants with hemiparesis were randomly allocated to PERT (external 
perturbation) or VOL (voluntary stepping) step training. The PERT and VOL group consisted of 80 step trials 
predominantly in the lateral direction, with a small proportion of steps in the anterior/posterior direction. Outcome 
measures based on step type (medial and lateral) included step initiation time, step length, step clearance, step 
velocity during an induced waist pull perturbation and voluntary step, and clinical balance assessments. The 
PERT group initiated a lateral step faster with the non-paretic leg during the induced waist pull perturbation step 
(P = 0.044) than the VOL group after training. Both groups improved the non-paretic step length and step velocity 
during lateral steps. During the voluntary steps, the PERT group significantly initiated a voluntary step faster. No 
significant changes were observed in the paretic leg. Both groups significantly improved on the Community 
Balance & Mobility Scale and Activities Specific Balance Confidence Scale. Overall, we demonstrated that an 
exercise to improve stepping performance with external perturbations might provide more benefits in protective 
stepping responses than training with voluntary steps for individuals with a stroke.

Trial registration
The study was retrospectively registered at ClincalTrials.gov (NCT06638476).
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Introduction
Seven million Americans who have experienced a stroke 
have residual sensorimotor deficits [1] and long-term dis-
ability [2]. These deficits negatively impact independent 
balance and mobility [2, 3], leading to a high fall rate [4, 
5]. Falls are the most common secondary complication 
regardless of the time since a stroke [6–9]. Falls can be 
devastating, leading to fall-related injuries, a fear of fall-
ing [10], and limited mobility [11]. Many interventions 
such as weight shifting, visual feedback, virtual real-
ity, and task-oriented training target poor balance after 
a stroke [12–17], but improvements in balance do not 
translate to a reduction in falls [18]. The interventions 
primarily focus on self-initiated movements that chal-
lenge balance rather than training responses to externally 
derived perturbations that act on the body through slips, 
trips, or pushes. Both may be important for fall preven-
tion since falls are equally as likely to result from either 
after a stroke [19]. Incorporating both forms of balance 
training into stroke rehabilitation may be essential for 
reducing falls.

Despite the concerns with safety and the method of 
delivering external perturbations, there is evidence of 
increased acceptability of using perturbations as an 
intervention for individuals following a stroke [20]. The 
repeated exposure to external perturbations has led to 
some benefits, including an increased protective step-
ping threshold (i.e., the lowest perturbation magnitude 
that induces a protective step) [21], fewer steps used to 
recover balance [22], and an increased incidence of lat-
eral steps [21]. The limitations in the current literature 
are that many studies create an imbalance in the anterior 
or posterior perturbations (i.e., slips and trips), with less 
information regarding perturbations directed laterally, 
which may be essential to train after stroke.

Balance instability in the lateral direction is vital after 
stroke since sensorimotor deficits are commonly unilat-
eral and lead to compensatory strategies that reduce limb 
loading on the paretic side while standing [23, 24] and 
walking [25]. Also, the high number of hip fractures on 
the paretic limb indicates a vulnerability of lateral balance 
problems in this population [26]. The muscles (e.g., hip 
abductors/adductors) that control mediolateral balance 
are impaired with a delayed initiation time and reduced 
magnitude in muscle activity [27–29], resulting in a 
slower walking speed [25], a prolonged time to initiate a 
protective step [30], and a longer time to stabilize balance 
[27–29]. Lateral balance may be crucial to reducing falls, 
so interventions targeting balance in this plane would be 
necessary for this population. Therefore, the aim of this 
pilot study was to determine whether lateral perturba-
tion training would improve the stepping performance of 
steps initiated voluntarily or in response to lateral exter-
nal perturbation compared to voluntary step training in 

community-dwelling individuals with chronic stroke. The 
secondary aim was to determine if there would be more 
significant improvements in clinical balance measures in 
the perturbation training group.

Methods
Participants
Thirty participants with hemiparesis more than six 
months after a stroke were enrolled from November 2013 
to June 2017 and ended after enrollment numbers were 
met. The number was based on 80% power to detect an 
effect size of 1.1 or greater, where the effect size was the 
difference between the two groups with respect to the 
mean changes in step initiation time and first step length 
for the voluntary and reactive steps. The calculation was 
based on a 2-sided t-test and alpha of 0.05-level. Partici-
pants were included if they were 50 years of age or older, 
ambulated independently 10 m with or without an assis-
tive device, and could stand unsupported for 5 min. The 
exclusion criteria were medical conditions significantly 
impacting their ability to walk beyond the effects of the 
stroke, or that precluded their ability to exercise. Using 
an ankle foot orthosis (AFO) was not an exclusion cri-
terion; users kept them on during testing and training. 
However, the inability to ambulate without an assistive 
device (cane) was an exclusion criterion. Informed con-
sent to participate in the study was obtained from all 
participants enrolled, and the University of Maryland, 
Baltimore Institutional Review Board approved the study 
protocol.

Experimental protocol
Participants attended one visit before training (base) and 
a second visit within one week after training (post). The 
visit consisted of a lateral stepping assessment (induced 
steps with a waist-pull perturbation and voluntarily ini-
tiated steps) and a clinical evaluation of balance and 
sensorimotor deficits. During the lateral stepping assess-
ment, a safety harness fitted on the participants ensured 
safety during the testing. However, the harness only pro-
vided support if they could not recover their balance. 
They stood on two adjacent force platforms (Advanced 
Mechanical Technology Inc., Watertown, MA, USA) in 
their comfortable stance width. A study team member 
visually monitored the ground reaction forces to ensure 
symmetrical weight-bearing before the start of the trial. 
Individuals with difficulty bearing weight equally on their 
limbs were trained to use strategies for bearing weight 
symmetrically. A lateral waist-pull perturbation system 
generated the externally induced steps [31]. Twenty-
four trials randomly presented pulled the participant off 
balance laterally in the paretic or non-paretic direction. 
The perturbation consisted of four magnitudes known to 
induce stepping in older adults [32, 33] and individuals 
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after a stroke [34]. The magnitudes varied based on 
velocity, ranging from 18.0 to 45 cm/s, and displacement, 
ranging from 8.6 to 19.3  cm. Instructions given to the 
participants were to “respond naturally and, if necessary, 
prevent yourself from falling.” From the 24 stepping tri-
als, a balance tolerance limit (BTL), defined as the pertur-
bation magnitude where balance recovery transitioned 
from single-step recovery to multiple-step recovery, 
was determined for each participant for the paretic and 
non-paretic pull [33]. The established BTL level from the 
baseline testing was the perturbation magnitude used for 
the baseline and post-testing trials which were included 
in the analyses. The first step at BTL was categorized into 
three step types: lateral step, where the passively loaded 
leg, due to the perturbation, moves sideways in the direc-
tion of the pull; crossover step, whereby the passively 
unloaded leg moves toward and beyond the loaded leg 
in front (crossfront) or behind the body (crossback); and 
a medial step was when the unloaded leg moves toward 
and not beyond the loaded leg [33].

A pole with a horizontal bar containing three lights was 
positioned 2 m anterior to the participant for the lateral 
voluntary steps. The light on the right end of the hori-
zontal bar indicated a right step, and the left side was a 
left step. Besides indicating the leg to step, the light indi-
cated when to step. The instructions were to “step as fast 
as possible when you see the light cue.” The participants 
completed ten trials randomly presented, five with the 
paretic and five with the non-paretic leg.

The ground reaction forces were collected for 7 s dur-
ing the stepping assessment and sampled at 600  Hz. 
Reflective markers were placed on the body according to 
Eames et al. [35] and kinematic data were recorded for 7 s 
at a sampling rate of 120 Hz, using a 10-camera motion 
analysis system (Vicon, Oxford, UK).

Clinical assessment
Balance and balance confidence were assessed at two 
time points, base and post-training. Balance was assessed 
with the Community Balance & Mobility Scale, a valid 
and reliable measure for individuals after stroke [36] that 
evaluates tasks necessary for community ambulators. The 
Activities-Specific Balance Confidence Scale (ABC) is a 
self-reported measure of balance confidence used in sev-
eral studies of community-dwelling individuals following 
a stroke [37, 38]. Other clinical measures characterized 
the level of motor recovery and cutaneous sensation. 
The Chedoke-McMaster Stroke Assessment was used 
to assess the level of motor recovery of the leg and foot 
[39]. The stages of motor recovery are graded from 1 to 
7, with 7 classified as normal and 1 as flaccid. Cutaneous 
sensation was assessed on the plantar surface of the foot 
with a series of Semmes-Weinstein monofilaments, rang-
ing from 1.65 to 6.65, with the lowest value representing 

normal cutaneous sensation [40]. The assessor was not 
blinded to the group assignment.

Training
Participants were randomly assigned to either the lat-
eral external perturbation group (PERT) or the lateral 
voluntary step training (VOL) group. A randomized list 
was generated by MATLAB and the participants were 
assigned to the group by the PI. In order to control for 
potential differences in their level of motor recovery, 
randomization was stratified based on the level of motor 
recovery (high motor recovery > 9 and low motor recov-
ery ≤ 9) assessed by the CMSA leg and foot subscale. 
The value was found to distinguish between those with 
decreased synergist patterns and weight-bearing symme-
try from those with movement characteristics of synergist 
patterns and weight-bearing asymmetry [23]. Each group 
trained three times a week for six weeks for a total of 18 
sessions. The participants were attached to an overhead 
safety harness system during the training sessions. The 
PERT group was exposed to 80 externally induced steps 
to standing balance each session through a computer-
controlled treadmill (ActiveStep®, Simbex, Lebanon, 
NH). The trials were randomly presented based on veloc-
ity, perturbation direction, and time delay at the start of 
the trial. Seven levels changed based on velocity (range 
30–96  cm/s) and displacement (range 32–58  cm). Each 
level had three velocities with three perturbation magni-
tudes in each level ranging from a velocity of 30–96 cm/s 
and a displacement of 32–58 cm. A detailed description 
of the training parameters has been published previously 
[41]. The training was advanced to the next level when 
90% of the trials were classified as a successful recovery 
of balance, defined as not requiring external assistance 
from a person or harness. The VOL group performed 80 
step trials (40 paretic, 40 non-paretic), including an equal 
number of crossover (front and back) and lateral steps, 
emphasizing moving outside the base of support, step 
length, and speed of stepping and completed in blocks 
of paretic and non-paretic steps. Although most of the 
training was a laterally directed step, 20% of the trials 
were in the anterior-posterior directions. The trials were 
blocked into lateral, which was always the first part of the 
training session, preceded by anterior-posterior trials. 
No manual assistance was provided during the training 
unless the participant could not recover balance. Assis-
tance was provided to return to a stable position during 
these trials.

Data analysis
The time from the onset of the light cue or the lateral 
waist-pull perturbation to the first step liftoff from the 
ground reaction force of the stepping leg was defined as 
the step initiation time. The first step characteristics of 
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step length, step clearance, and step velocity were identi-
fied from the ankle marker. Global step length was cal-
culated as the square root of the sum of squares of the 
anteroposterior and mediolateral displacement, and step 
clearance was calculated as the maximum vertical dis-
placement, and both were normalized to body height and 
expressed as a percent. The step velocity was calculated 
by dividing the global step length by the step duration. 
The first step characteristics for the lateral waist-pull 
perturbation were calculated for the steps at BTL for the 
paretic and non-paretic limbs for each participant.

Statistics
The step characteristics of step initiation time, first step 
length and clearance, and step velocity were compared 
between base and post for the PERT and VOL group for 
the lateral waist-pull perturbation steps. Only partici-
pants who had a particular type of step (i.e., lateral) at 
both time points were included in the analysis for each 
step type. The effects of training on the lateral volun-
tary step were determined by a longitudinal regression 
model, including a random effect for individuals, and 
the analysis was performed separately for the paretic and 
non-paretic steps for the PERT and VOL groups. The 
waist-pull perturbation steps were then divided into steps 
initiated with the paretic and non-paretic leg, and a lon-
gitudinal regression model included a random effect for 
individuals was used to determine the effects of training 
on the leg used, and step type and step characteristics for 
the paretic and non-paretic steps for the PERT and VOL 
group. The effects of training on the CB&M and ABC 
were assessed with two-way repeated measures ANOVA 
with a between factor (time x group), and post hoc com-
parisons were conducted using Bonferroni post hoc tests. 

For all tests, the significance level was set as p = 0.05. 
Effect sizes were calculated as the difference between the 
groups with respect to change divided by an estimate of 
the standard deviation of changes and classified as fol-
lows: <0.20= “trivial”; 0.20–0.49= “small”; 0.50–0.79= 
“moderate”; or ≥ 0.80= “large”.

Results
There were 30 participants randomized, 18 in the PERT 
group and 12 in the VOL group, with 22 participants who 
completed training (Fig.  1). The number of participants 
in the two groups differed due to the unexpectedly high 
number of individuals randomized with lower motor 
recovery (73%). The clinical and demographic infor-
mation for the groups is in Table 1. Only 5 participants 

Table 1  Demographics and clinical measures of the 
perturbation and voluntary training group
Variable Perturbation 

Training Group
n = 18

Voluntary 
Training 
Group
n = 12

Age 62.5 (7.1) 61.9 (7.9)
Sex, % male 77.7% 41.6%
Time post stroke, mean (range) years 6.9 (3.2–19.3) 10.7 

(3.9–48.2)
Fallers, % 28% 23%
Side of paresis, % left 77.7% 41.6%
Body mass index, kg/m2 31.3 (6.2) 28.8 (7.5)
Chedoke McMaster Stroke Assessment
(Foot + Leg subscale, / 14)

8.1 (2.7) 9.5 (2.2)

Cutaneous sensation -paretic foot, 
median (range)

4.31
(2.36–6.65)

4.00
(2.83–6.65)

Cane user, % 38.9% 50.0%
Ankle foot orthoses, % 27.8% 41.7%

Fig. 1  Flow chart of participants in the study

 



Page 5 of 10Lanza et al. Journal of NeuroEngineering and Rehabilitation          (2024) 21:199 

(PERT = 2, VOL = 3) took crossover steps at both test-
ing sessions. Hence, the analysis focused on lateral and 
medial steps.

Lateral waist pull perturbation
Paretic steps  For the paretic leg, 79.3% of the steps were 
medial, and 20.7% were lateral steps at baseline. Post-
training, 37% of the steps were medial steps, and 63% 
were lateral steps. There was a significant increase in the 
number of paretic lateral steps in the PERT group (0.048) 
and a trend for lateral steps to increase in the VOL group 
(P = 0.088). There was no significant difference from base-
line to post-intervention between (P ≥ 0.12) or within 
groups (P ≥ 0.10) for the medial or lateral step measure 
(Table 2).

Non-paretic steps  No significant between or within-
group differences in the medial step measure were found 
(Table  3). There was a significant difference between 

groups in the lateral step onset time, with the PERT group 
initiating the step faster than the VOL group after train-
ing (P = 0.044; ES= -0.66; Table 3). The PERT group also 
had a within-group difference (baseline to post-interven-
tion) in the lateral step with a faster step initiation time 
(P = 0.0051), larger step clearance (P = 0.0017), larger step 
length (P = 0.0024), and faster step velocity (P = 0.026) 
after training (Table 3). There was a within-group differ-
ence in the VOL group in the lateral step with a larger step 
length (P = 0.0095) and faster step velocity (P = 0.0019) 
after training (Table 3).

Lateral voluntary step
Paretic leg  There were no significant changes between or 
within the paretic leg after training for either group. How-
ever, there was a trend for an increased step velocity in the 
PERT group from baseline to post-intervention (P = 0.084; 
Table 4).

Table 3  Non-paretic leg estimated mean change in step characteristics over time by treatment group for lateral waist pull perturbation by medial and 
lateral steps
 

Table 2  Paretic leg estimated mean change in step characteristics over time by treatment group for lateral waist pull perturbation by medial and lateral 
steps
 



Page 6 of 10Lanza et al. Journal of NeuroEngineering and Rehabilitation          (2024) 21:199 

Non-paretic leg  The PERT group presented a within-
group difference for the step onset time after training 
(P = 0.041; Table  4). There was also a trend to execute a 
step faster (step velocity) for the PERT group after train-
ing (P = 0.059; Table 4).

Clinical measures
The CB&M scale showed a main effect of time (P < 0.001) 
with an increase after training in the PERT (base 
33.0 ± 17.5, post 37.0 ± 18.9; P = 0.06) and VOL (base 
31.0 ± 11.0, post 37.1 ± 9.4; P < 0.001) group, but no dif-
ferences between groups. There was also a main effect of 
time (P < 0.001) with a significant increase in the ABC in 
the PERT (base 76.1 ± 10.2, post 84.1 ± 10.8, P = 0.005) and 
VOL (base 76.5 ± 12.7, post 83.2 ± 9.5, P = 0.022) groups 
after training, with no differences between groups.

Discussion
The pilot study compared the effects of lateral pertur-
bation-induced step training and lateral voluntary step 
training on protective stepping performance in chronic 
stroke. During the lateral waist pull perturbation, we 
found that the lateral step with the non-paretic leg 
resulted in a significantly faster step initiation time after 
training in the PERT group than in the VOL group. In 
the PERT group, training also significantly improved step 
length, step clearance, and step velocity when the non-
paretic leg took the first step. Similarly, the VOL group 
had increases in step length and step velocity for the non-
paretic lateral step. No changes were observed for the 
medial step or the paretic leg for either group. Although 
there were no changes in the paretic stepping perfor-
mance, the number of paretic lateral steps increased 
after training. Surprisingly, fewer changes were detected 
during the voluntary step, with only a trend for the non-
paretic leg to initiate a step faster in the PERT training 
group. For the medial step, there was no change for either 
group, which may be limited in the ability to demonstrate 
improvements given the limited distance the foot can 
move toward the supporting leg. Finally, both training 
groups significantly improved in the Community Balance 

& Mobility Scale and Activities Specific Balance. An 
exercise to improve stepping performance with external 
perturbations might provide more benefits than train-
ing with voluntary steps. However, the interventions had 
similar effects on clinical balance measures.

The PERT group demonstrated more improvements 
in stepping performance during the lateral waist-pull 
perturbation with the non-paretic leg than the VOL 
group. As one would expect, the PERT group showed 
more improvements in stepping performance based on 
the principle of training specificity, where adaptations 
are based on the components of the exercise performed 
(i.e., frequency, mode, and/or duration) [42]. The PERT 
group received training in repetitive exposure to external 
perturbations, which likely influenced the improvements 
in stepping performance in this group. However, the 
same principle of training specificity did not occur with 
the paretic leg since there was no difference between or 
within groups after training. Interestingly, the step veloc-
ity and length emphasized during the VOL group train-
ing transferred to the stepping performance during the 
waist-pull perturbation. More concerning was the lack of 
improvements in the voluntary steps in the VOL group, 
which would be expected based on training specificity. It 
may result from the unwillingness or reluctance to risk a 
loss of balance during a voluntary step test [43]. There-
fore, the step training without perturbations, as per-
formed in the present study, may not be as effective for 
overcoming the concerns of falling when moving the cen-
ter of mass outside of the base of support.

When the paretic leg initiated the first step during 
the lateral waist-pull perturbation, neither group dem-
onstrated improvement in this study. Previous research 
showed that individuals after a stroke tend to initiate a 
step with the non-paretic leg more frequently than the 
paretic leg [44, 45]. In this study, the potentially fewer 
steps with the paretic limb may have limited the train-
ing effects for the paretic limb. An induced waist-pull 
system that requires fast-stepping responses might be a 
limitation with training paretic limb responses. Individu-
als after a stroke might feel safer performing a step with 

Table 4  Paretic and non-paretic estimated mean change in various measures over time, by treatment group for voluntary steps 
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the non-paretic leg since they have better control of this 
leg. In a previous study, when individuals after a stroke 
had their non-paretic leg blocked and were exposed to 
an induced forward loss of balance, they still tried to step 
with the non-paretic leg even though it potentially put 
them at an even greater risk of falling [44]. Thus, more 
extended training periods may be necessary to improve 
confidence in using the paretic leg more often.

Stepping characteristics scaled to the temporal and 
spatial displacement of the body’s center of mass are 
essential for balance recovery. Previous work has demon-
strated that individuals after stroke take smaller steps [30, 
46, 47], have a reduced step clearance [30] and are slower 
to initiate a step [30, 47] compared to controls. Impaired 
stepping characteristics can distinguish fallers from non-
fallers, with fallers being slower to initiate a step with the 
paretic and non-paretic leg than individuals who do not 
fall [48]. In contrast, one study showed no difference in 
step length and step initiation between individuals after 
a stroke at different fall thresholds (low vs. medium vs. 
high) [49]. Thus, step characteristics may be important 
for balance recovery and avoiding falls [50]. In this study, 
the PERT group improved when the non-paretic leg 
initiated the first step during the lateral waist-pull per-
turbation. Understanding the underlying mechanisms 
contributing to a slower step initiation may be crucial to 
reducing falls in this population. Finally, even though we 
did not show any changes in the paretic leg stepping per-
formance, there was an increase in the number of lateral 
steps in the PERT group and a trend in the VOL Group. 
The shift in step types with the paretic limb may be just 
as important as the step characteristics, though further 
research would be necessary to understand the impacts 
on balance recovery and falls.

After a stroke, there are limitations in the ability to 
generate fast movements with the paretic limb, as evi-
denced by the inability to increase torque as velocity 
increases [51–53]. It may be expected that voluntary 
training might improve voluntary step performance, par-
ticularly emphasizing speed of movement. However, even 
though the training in the VOL group focused on speed 
of movement, this did not translate into faster voluntary 
choice reaction steps for the paretic or non-paretic leg. 
Nonetheless, the PERT group initiated the voluntary step 
quicker with the non-paretic leg during the voluntary 
choice reaction step after the perturbation training. Pre-
vious studies showed that training volume, intensity, and/
or frequency [54–56] play an important role in training 
adaptations. It is clear the training characteristics of the 
VOL training used here were not sufficient to induce the 
necessary adaptations to improve step performance even 
though the speed of movement and step length were 
focused on during the training. It was expected train-
ing with exercises emphasizing speed in the VOL group 

would show improvements. We previously found that 
after a single session of isokinetic isolated joint move-
ments, velocity increased in ankle dorsiflexion and knee 
extension of the paretic limb [57]. Similar to our study, 
improvements in movement speed were only found in 
the non-paretic leg during a single session of self-induced 
steps [58]. Yet, this was not the case in the present study. 
The control of standing balance may limit the ability of 
the paretic limb to generate quicker movements than if 
performed in sitting. The PERT group demonstrated a 
quicker non-paretic step initiation time which appears 
to improve the compensatory strategy by enhancing the 
non-paretic stepping performance rather than directly 
improving the impaired stepping performance of the 
paretic limb. In order to improve the impair stepping 
performance of the paretic limb it may be necessary 
to minimize the compensatory action through forced 
paretic limb use.

Clinical balance outcome measures
Interestingly, both training groups improved their per-
formance during the clinical assessments. Similarly, other 
studies found no difference when comparing perturba-
tion training to conventional physical therapy, with both 
groups demonstrating an improved performance on clin-
ical balance outcome measures, such as the mini-BEST, 
Timed Up and Go Test, and Berg Balance Scale [49, 59, 
60]. However, it is intriguing that the VOL group still 
increased its performance during the clinical assessment 
with no increase in stepping performance during the vol-
untary steps. This may indicate that an isolated single 
voluntary step test performed as quickly as possible may 
capture different aspects of balance than measured in 
the balance outcome measures. The step test placed an 
emphasis on speed, where most balance measures are a 
self-paced task. Most balance outcome measures evalu-
ate self-initiated and self-paced voluntary movements 
and do not test balance control in response to external 
balance perturbations or movements that require quick 
responses. Given the importance of external pertur-
bations to balance control and falls, clinical tests that 
include components to assess reactive balance control, 
such as the Mini-BESTest, are essential and might pro-
vide more accurate information about the individual’s 
ability to recover balance during unexpected situations. 
Alternatively, the choice reaction step test for the vol-
untary test used in this study may require other mecha-
nisms that are impaired but not addressed in this study, 
such as cognitive deficits that limit planning and choice 
to initiate a step that was not targeted in the voluntary 
training.
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Study limitations, strengths, and recommendations
We demonstrated for the first time that lateral step 
training of induced perturbations might provide greater 
improvements in step characteristics for balance recovery 
than voluntary step training in individuals post-stroke. 
However, caution should be taken with these results. 
The changes were demonstrated only during the per-
turbation stepping responses, and they did not improve 
during voluntary steps, which is vital for overcoming an 
obstacle and/or stair ascending/descending. Thus, it is 
still unknown whether the training interventions used 
in the present study would improve step performance in 
different situations, such as during walking, compared to 
what we evaluated in this study. However, we expect the 
control of the center of mass-base of support relationship 
during a loss of balance will be similar while standing as 
in motion. Future research to examine the transferability 
of transfers would be necessary to verify. Furthermore, 
the lack of improvement when using voluntary step 
training is a concern. Future studies should try different 
voluntary stepping configurations to identify optimum 
training parameters to improve step performance. The 
laboratory-based perturbation system limits the trans-
lation of the findings into a home-based environment. 
Moreover, we could not determine which factors were 
related to the performance improvement we identified in 
the present study (e.g., neuromuscular activation rate of 
force production, among others). Hence, further inves-
tigation is warranted to identify factors contributing to 
the stepping performance. Finally, the number of lateral 
steps the participants took limited the analysis for com-
paring the lateral steps. We did not find differences in the 
number of lateral steps from the first to the last training 
session [41]. The ability to take a lateral step is a signifi-
cant limitation that should be considered when training 
with lateral perturbations in stroke. Methods encourag-
ing lateral steps, particularly with the paretic limb, would 
be necessary to improve stepping responses to lateral 
perturbations.

Conclusions
In conclusion, we demonstrated that individuals after a 
stroke, whether trained with lateral perturbations or vol-
untary steps, can improve the non-paretic step length 
and step velocity during external balance perturba-
tions. Thus, when speed and step length are emphasized, 
there is a potential for transferring voluntary lateral step 
training improvements to the stepping performance in 
response to external lateral perturbations. However, only 
the external perturbation training group demonstrated 
a faster step initiation time with the non-paretic leg. 
More importantly, neither group demonstrated changes 
in the voluntary step performance or when initiating a 
step with the paretic limb in either stepping assessment. 

Thus, understanding the mechanisms contributing to this 
impaired performance may be necessary for developing 
interventions to improve the performance during the vol-
untary steps, especially for the paretic leg.
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