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Abstract

People with chronic stroke (PwCS) demonstrate similar gait-slip fall-risk on both paretic and non-
paretic side. Compensatory stepping and slipping limb control are crucial to reduce gait-slip fall-
risk. Given the unpredictable intensities of real-life perturbations, this study aimed to determine
whether recovery from paretic or non-paretic slips vary as a function of perturbation intensity
among PwCS. Forty-four PwCS were assigned to non-paretic low intensity slip, non-paretic high
intensity slip, paretic low intensity slip, or paretic high intensity slip group. Participants were
subjected to a novel overground gait-slip with a distance of 24 cm (low) or 45 cm (high), under
either limb. Recovery strategies, center of mass (CoM) state stability and slipping kinematics were
analyzed. Both non-paretic high and low intensity groups demonstrated similar percentage of
aborted and recovery stepping, however, paretic high intensity group demonstrated greater aborted
stepping (p > 0.05). Both high and low intensity paretic slip groups demonstrated reduced post-slip
CoM stability relative to the non-paretic slip groups (p < 0.05). Slip displacement was greater in
paretic high group compared with non-paretic high group (p < 0.05). Greater slip displacement at
higher intensity was noted only in paretic slip group (p < 0.05). The slip velocity was faster in
paretic groups compared to non-paretic slip groups (p < 0.05). Paretic slips showed lower stability
at both intensities associated with difficulty in modulating slipping kinematics and resorting to an
increased aborted stepping strategy compared to non-paretic slip. These findings are suggestive of
developing balance interventions for improving both compensatory non-paretic limb stepping and
reactive control of slipping paretic limb for fall-risk reduction.
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Introduction

Falls in individuals with stroke contribute to long-term disability and mortality (Batchelor et
al., 2012; Jgrgensen et al., 2002). Fall incidence increases in people with chronic stroke
(PwCS) after achieving community ambulation, due to increased exposure to external
perturbations like slips or trips (Schmid et al., 2013; Weerdesteyn et al., 2008). Studies in
healthy older adults show that recovery from external perturbations require intact reactive
balance control, demanding execution of an effective rapid compensatory stepping response
to prevent a fall (Maki and Mcllroy, 1997; Maki et al., 2003). However, such reactive
balance control is impaired in individuals with stroke (Handelzalts et al., 2019; Inness et al.,
2014; Mansfield et al., 2015; Martinez et al., 2013). Strategies of reactive balance response
are affected by perturbation intensity (velocity, acceleration and displacement) as shown by
stance perturbation studies in healthy older adults (Bastian, 2008; Horak and Diener, 1994)
and sensorimotor abilities of an individual demonstrated by perturbation studies in PwCS
(Mansfield et al., 2012; Patel and Bhatt, 2016; Salot et al., 2016). This is evident by in-place
versus change-in-support strategies exhibited during low and high magnitude perturbations,
respectively (Horak and Nashner, 1986; Maki and Mcllroy, 1997). Stroke related
sensorimotor impairments may affect accurate encoding of contextual information or the
ability to modify reactive motor responses, thereby increasing fall-risk in this population
(Joshi et al., 2018; Lakhani et al., 2011; Mansfield et al., 2012; Salot et al., 2016). Thus,
understanding the effect of perturbation intensity on recovery responses following paretic
and non-paretic slips might provide insights into developing effective fall-risk assessments
and balance interventions.

To examine recovery responses induced from environmental perturbations, researchers have
now successfully induced real-life like laboratory perturbations in a safe and controlled
environment (Allin et al., 2020; Kajrolkar et al., 2014; Okubo et al., 2018; Pai et al., 2014).
Kajrolkar (2016) exposed PwCS to mid-sized laboratory overground gait-slips under each
limb and demonstrated equal fall incidence on both paretic and non-paretic sides. Such
similar fall incidence was attributed to reactive balance deficits of the paretic limb and an
inability of the non-paretic limb to adequately compensate for those deficits, highlighting the
need to effectively coordinate reactive responses from both limbs for successful recovery.
Additionally, successful recovery from a perturbation is also based on the ability to modulate
the slipping and stepping kinematics (Kajrolkar and Bhatt, 2016). In another study, although
comparison between fallers vs. non-fallers among PwCS showed similar recovery strategies
to split-belt based gait perturbations, fallers who responded with the paretic limb
demonstrated lower stability compared with those who responded with the non-paretic limb,
indicating difficulty in modulating paretic recovery step (Punt et al., 2017).

Literature shows that the central nervous system (CNS) exercises different motor strategies
to counteract balance loss based on perturbation intensity (Imamizu et al., 2007). Patel et al.
(2016) exposed PWCS to progressively increasing intensities of stance-slips. PwCS showed
an increase in the multiple stepping response and decline in center of mass (CoM) stability
with increasing perturbation intensity, suggesting an impaired ability to modulate reactive
responses after stroke. However, the recovery strategies employed during stance (Joshi et al.,
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2018; Lakhani et al., 2011; Mansfield et al., 2011; Mansfield et al., 2012; Salot et al., 2016)
and gait perturbations might be quite different (Kajrolkar and Bhatt, 2016; Kajrolkar et al.,
2014). Further, in stance perturbations, PwCS predominantly perform a compensatory step
with the preferred non-paretic limb (Joshi et al., 2018; Lakhani et al., 2011; Mansfield et al.,
2012; Salot et al., 2016), therefore, it is challenging to examine specific contributions of
each limb in reducing fall-risk. Additionally, as majority of falls in PwCS occur during
walking (Batchelor et al., 2012; Schmid et al., 2013), it is crucial to study the effect of stroke
impairments on the ability to modulate reactive balance responses to varying perturbation
magnitudes during walking.

Thus, our study aimed to examine whether recovery from paretic or non-paretic slips vary as
a function of perturbation intensity by exposing PWCS to a low intensity slip (slip distance
24 cm) and a high intensity slip (slip distance 45 cm) during walking, under either paretic
limb or non-paretic limb. We hypothesized that regardless of the slipping side, both non-
paretic and paretic gait-slips would demonstrate lower postural stability at high intensity
slips due to the impaired ability of the paretic limb to effectively control slip kinematics and
execute an appropriate recovery stepping response.

2. Methods

2.1. Participants

2.2.

Forty-four community-dwelling PwCS participated in the study. The inclusion criteria were:
1) self-reported cortical stroke > 6 months ago (confirmed by their physician), and 2) ability
to ambulate independently with or without an assistive device. Participants were excluded if
they had: 1) cognitive impairment (Montreal Cognitive Assessment Scale score < 26/30), 2)
aphasia (Mississippi Aphasia Screening Test score of > 71/100), 3) poor bone density (T
score < -2 on the heel ultrasound), or 4) any other self-reported neurological,
musculoskeletal, or cardiovascular conditions. Baseline assessments for severity of motor
impairment, balance and mobility were performed. Participants were randomly assigned to
either of the four groups: non-paretic low intensity slip, paretic low intensity slip, non-
paretic high intensity slip and paretic high intensity slip. Depending on the assigned group,
each participant was subjected to a single novel slip either under the non-paretic or paretic
limbs and with a slip distance of either 45 cm (high intensity) or 24 cm (low intensity).
Demographics and clinical characteristics of all the participants are presented in Table 1. All
participants gave written informed consent approved by the Institutional Review Board of
the University of Illinois at Chicago prior to enrollment.

Laboratory based gait-slip protocol

Participants were secured in a safety harness to prevent from touching the ground in an event
of fall. Participants were asked to walk at their preferred speed for few trials on an 8-meter
instrumented walkway comprising of low-friction, moveable platform to familiarize them.
Following baseline walking trials, participants were instructed that at any given time, with
no prior warning, a slip may occur under either limbs and that they should try their best to
recover balance and continue walking. A sudden unannounced slip was induced using a
computer-controlled release mechanism. Depending on the assigned group, a slip was
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induced with a slip distance of 24 cm (low group) or 45 cm (high group) under either the
non-paretic or paretic limb (Fig. 1a & 1b). Thus, participants were split into 4 different
groups to prevent predictability of perturbation characteristics and also avoid any adaptation
effects that could occur with repeated slip exposure, as previous studies have shown a strong
‘learning effect” with a single slip exposure (i.e. First trial effect) (Liu et al., 2017; Marigold
and Patla, 2002; Mcllroy and Maki, 1995).

2.3. Data collection and analysis

Kinematics from a full body marker set (30 retro-reflective markers) were recorded by an
eight-camera motion capture system (Motion Analysis Corporation, Santa Rosa, CA).
Kinematic data were sampled at 120 Hz and synchronized with the force plate and load cell
data, which was collected at 600 Hz. The instances of recovery step liftoff and touchdown
during walking were determined from the vertical ground reaction forces using a custom
written Matlab program.

2.4. Outcome measures

Perturbation outcome and recovery strategies: Perturbation outcome on a novel
slip resulted either in a backward loss of balance (BLOB), characterized by the need to
execute a compensatory stepping response or no loss of balance which was identified when
participants continued to maintain their regular walking pattern with the trailing limb
landing ahead of the slipping limb. A BLOB was associated with recovery strategies which
were aborted and recovery step. An aborted step was identified as unloading followed by
sudden loading of the stepping limb without complete toe clearance (Bhatt et al., 2005; Espy
et al., 2010). The immediate post-slip step with the trailing (stepping) limb that landed
posterior to the slipping limb was identified as a recovery step.

Pre- and post-slip CoM state stability: The CoM state stability was calculated as the
shortest distance of the CoM state (instantaneous CoM position and velocity) to the
computational threshold against BLOB during slipping (Pai and Igbal, 1999). Center of mass
position was computed using a 12 segment body representation (de Leva, 1996) and was
expressed relative to the posterior most base of support (BOS) and normalized by
participant’s foot length. Center of mass velocity was expressed as the first order derivative
of the absolute CoM position, normalized by a dimensionless fraction of /g*h (g =
acceleration due to gravity, /= participant’s height), and then expressed relative to the BOS.
The CoM position and velocity were measured at pre-slip touchdown of slipping limb, post-
slip lift off, and the instant right before touchdown (prerecovery) of the contralateral limb.
We computed the stability at the specific pre-slip and post-slip instances. Stability values < 0
indicated greater likelihood of BLOB as shown in Fig. 3a, whereas, stability values > 0
indicated decreased likelihood of BLOB. Values for CoM position < 0 indicated that the
CoM was outside (behind) the posterior boundary of BOS signifying backward instability
and greater likelihood of backward balance los. A CoM position > 1 indicated that the CoM
was outside (ahead of) the anterior boundary of the BOS signifying forward instability and
greater likelihood of forward balance loss (Pai and Patton, 1997). Values for CoM velocity <
0 indicated that the CoM was traveling slower than the BOS, and values > 0 indicated that
the CoM was moving faster than the BOS (McMahon, 1984).
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Slipping kinematics: Peak slip displacement and velocity were calculated as the
maximum displacement (i.e. the distance covered by the slipping foot heel marker) and
maximum velocity (computed as first order derivative of slip displacement) of the moveable
platform between the pre-slip touchdown of the slipping limb and post-slip liftoff of the
stepping limb.

2.5. Statistical analysis

The Kruskal-Wallis test was used to analyze the differences in recovery strategies (aborted
stepping and recovery stepping) between the non-paretic low intensity, paretic low intensity,
non-paretic high intensity, and paretic high intensity slip groups. Any significant main
effects were followed-up with planned comparisons using the Mann-Whitney U'test to
compare differences between the two groups. A one-way analysis of variance was performed
to compare the variables: (1) pre-slip stability, (2) post-slip stability at pre-recovery
touchdown, (3) peak slip displacement and (4) peak slip velocity. Significant effects were
followed-up with planned comparisons using independent #test. For all outcome measures,
to examine the effect of perturbation intensity on the slip side, the planned comparisons
performed were: 1) paretic low intensity versus paretic high intensity slip groups and 2) non-
paretic low intensity versus non-paretic high intensity slip groups. To examine the effect of
slip side at each slip intensity, the planned comparisons performed were: 1) paretic low
intensity versus non-paretic low intensity slip groups and 2) paretic high intensity versus
non-paretic high intensity slip groups. All analyses were performed using SPSS version 24
with a significance level of 0.05.

To determine the sample size for this study, a priori power analysis was performed using an
estimated effect size of 1.26 for post-slip stability at touchdown (primary outcome measure)
based on the findings from Kajrolkar (2016) and considering power of >0.75 with a level of
significance as 0.05. The resulting sample size was 10 participants in each group.

3. Results

3.1. Perturbation outcome and recovery strategies

Participants from all the four groups demonstrated a BLOB following overground gait-slips.
The recovery strategies associated with the BLOB demonstrated no significant differences
between the four groups, (X2 =5.64, p=0.13) (Fig. 2a). For the paretic slip groups, the high
intensity slip group demonstrated greater proportion of aborted stepping strategy (36%)
versus low intensity slip group (8%); however, the difference was not significant (U= 47.5,
p = 0.11). For the non-paretic slip groups, there was no difference in proportion of the
aborted stepping strategy between the low intensity (40%) and high intensity (55%) slip
groups (U= 47, p = 0.51). At low intensity slips, there was a near significant difference in
the aborted stepping strategies between the non-paretic (40%) and paretic (8%) slip groups
(U= 41, p =0.08). At high intensity slips, there was no difference in aborted stepping
strategy between the non-paretic (55%) and paretic (36%) slip groups (U= 49.5, p = 0.40).
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3.2. Stability

There was no significant difference in pre-slip stability [F3 43 = 2.01, p = 0.12] (Fig. 2b)
between the four groups. The post-slip stability at liftoff was below the computational
threshold for BLOB indicated by negative mean stability values for all the 4 groups [(non-
paretic high intensity slip group (=0.17), paretic high intensity slip group (-0.30), non-
paretic low intensity slip group (=0.12) and paretic low intensity slip group (-0.19)] as
shown in Fig. 3a. Post-slip stability at pre-recovery touchdown demonstrated significant
difference among all four groups [F3 43 = 4.7, p = 0.007]. For the non-paretic slip groups,
there was no difference in stability at pre-recovery touchdown between the low and high
intensity slip groups (p = 0.30, 95% CI = -0.1, 0.31) (Fig. 3b). Similarly, for the paretic slip
groups, there was no difference in stability at pre-recovery touchdown between the low and
high intensity slip groups (p = 0.30, 95% CI = -0.12, 0.36). At low slip intensity, the non-
paretic and paretic slip groups showed significant difference in stability at pre-recovery
touchdown (p = 0.02, 95% CI = 0.03, 0.49) (Fig. 3b). Similarly, at high slip intensity, the
non-paretic and paretic slip groups showed significant difference in stability at pre-recovery
touchdown (p = 0.02, 95% CI = 0.04, 0.51).

3.3. Slipping kinematics (peak slip displacement and velocity)

There was a significant difference in peak slip displacement [F3 43 = 2.91, p = 0.04], and
velocity [F3 43 = 4.28, p = 0.01] between all the four groups. For the non-paretic slip groups,
peak slip displacement (p = 0.54, 95% CI = -0.16, 0.08), and peak slip velocity (p = 0.44,
95% CI = -0.58, 0.27) showed a trend of being greater in the high intensity slip group than
the low intensity slip group (Fig. 4a & 4b). For the paretic slip groups, the peak slip
displacement was greater in the high intensity slip group versus the low intensity slip group
(p =0.03, 95% CI =-0.21, -0.007) (Fig. 4a); however, there was no difference in the peak
slip velocity (p = 0.57, 95% CI = —0.75, 0.42) between low and high intensity paretic slip
groups (Fig. 4b). At high intensity slips, there was a significant difference in peak slip
displacement between the non-paretic and paretic slip groups (p = 0.02, 95% CI = -0.22,
-0.01); however, at low intensity slips, there was no difference in peak slip displacement
between the paretic and non-paretic slip groups (p = 0.47, 95% CI = -0.16, 0.08) (Fig. 4a).
At high intensity slips, the peak slip velocity was significantly different between non-paretic
and paretic slip groups (p = 0.01, 95% CI = -1.12, —-0.11) (Fig. 4b). Similarly, at low slip
intensity, significant different in peak slip velocity between the non-paretic and paretic slip
groups (p = 0.02, 95% CI = -1.15, —0.07) was noted.

4. Discussion

Our study examined whether recovery after experiencing a gait-slip under the paretic or non-
paretic limb vary as a function of slip intensity. For this, we exposed PwCS to low and high
intensity gait-slips under their paretic or the non-paretic limb during regular walking.
Specifically, we determined the effect of slip intensity on gait-slip outcomes, recovery
strategies, and postural stability between non-paretic and paretic slips among PwCS. The
results were partially supportive of our hypothesis, demonstrating that the paretic limb was
associated with reduced reactive CoM stability especially at high intensity slips due to the
inability to alter slipping kinematics.

J Biomech. Author manuscript; available in PMC 2021 July 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dusane et al.

Page 7

Although all participants experienced a BLOB upon experiencing an unexpected slip, the
recovery strategies differed between the four groups. At high intensity slips, the non-paretic
and paretic slip groups demonstrated a near equal preference for recovery stepping and
aborted stepping strategies (Fig. 2a). In contrast, at low intensity slips, the paretic slip group
showed a greater proportion of recovery stepping responses compared to the non-paretic slip
group (p = 0.08). With regards to the impact of slip intensity, recovery strategy for the
paretic slip groups differed with slip intensity. The aborted stepping strategy increased from
8% in the paretic low intensity slip group (24 cm) to 36% in the paretic high intensity slip
group (45 cm). Despite differences in recovery strategies, we found no difference in pre-slip
CoM stability (proactive) between all four groups (Fig. 2b). This was expected as all groups
received uniform instructions regarding knowledge of the novel slip resulting in somewhat
similar anticipatory changes which may have only a minimal effect on stability among all
four groups.

In line with previous gait-slip studies (Bhatt et al., 2012; Espy et al., 2010; Kajrolkar et al.,
2014; Pai et al., 2010), the post-slip onset stability at liftoff in all the groups demonstrated a
posterior shift in the CoM position relative to the anteriorly displacing BOS and also a
slower velocity than the forward moving BOS. Based on the dynamic CoM model (Pai and
Igbal, 1999), such posterior shifting contributes to a CoM state stability (computed from
CoM position and velocity) below the computational threshold for BLOB (Fig. 3a). This led
to negative reactive stability values validating the BLOB outcomes evidenced in all four
groups after gait-slips.

4.1. Effect of intensity on non-paretic gait-slips

We found that the stability at pre-recovery touchdown in the non-paretic slip groups was not
influenced by slip intensity (Fig. 3b). At both slip intensities, non-paretic groups showed
significantly greater pre-recovery touchdown stability compared to their corresponding
paretic slip groups. Perhaps, the non-paretic slipping limb could easily control the moveable
plate velocity contributing to better reactive control of slipping kinematics at each slip
intensity relative the paretic slip groups. Superior slipping kinematics in the non-paretic slip
groups was characterized by lower slip displacement and velocity (Fig. 4a, b), that may have
reduced the slip intensity and in turn improved reactive stability at pre-recovery touchdown.
Our results concur with previous studies in healthy adults indicating that better reactive
control of slipping limb kinematics is related with lower incidence of balance loss (Marigold
and Patla, 2002; Pavol and Pai, 2002).

PwCS minimized slip induced instability by adopting either an aborted or recovery stepping
strategy (Fig. 2a) (Kajrolkar and Bhatt, 2016). A recovery step that allows to increase BOS
and arrest slip-induced backward CoM movement (Maki and Mcllroy, 1997), might have
been a strategy of choice for individuals who were able to initiate and execute a recovery
step with the paretic limb. Thus, if the non-paretic limb continues to slip (with a longer slip
distance) once the paretic limb touchdown occurs, there is at least one stable BOS point to
re-establish stability and prevent a split fall or vertical descent (Yang et al., 2012). On the
other hand, an aborted stepping response might reduce the time in single stance under
conditions of threat and allow time to “ride” out the perturbation (i.e. till perturbation
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termination) before continuing with the next forward gait step (Kajrolkar and Bhatt, 2016).
If paretic trailing limb is unable to demonstrate effective compensatory stepping due to
motor impairments, aborted step might be a best alternative strategy to regain stability. In
case of a finite slip, an aborted step might lead to achievement of maximum stability at the
cost of mobility. The impaired CNS may choose an aborted stepping response to augment
postural stability, until the perturbation stops, thereby demonstrating the ‘posture first
strategy’ (Doumas et al., 2008; Kajrolkar et al., 2014). We argue that as the non-paretic limb
might exert a better control on slipping limb kinematics than the paretic limb, PwCS showed
equal preference for recovery step and aborted step strategies regardless of slip intensity.

4.2. Effect of intensity on paretic gait-slips

Among all groups, paretic high intensity slip group demonstrated the most negative post-slip
CoM stability at pre-recovery touchdown and higher peak slip velocity compared with the
other groups (Fig. 3b and 4b). Further, the slip intensity influenced the peak slip
displacement in the paretic slip groups. This was evidenced by a higher peak slip
displacement in paretic high intensity slip group compared with paretic low intensity slip
group. Evidence suggests that feedforward adjustments in the form of flat foot landing and
increased knee flexion would provide a braking impulse (Bhatt et al., 2006; Cham and
Redfern, 2002; Lockhart et al., 2003; Marigold and Patla, 2002). Such braking impulse
assists in lowering perturbation intensity by reducing the slip velocity and displacement.
Recently, Wang et al. (2020) found that a greater knee flexor moment during proactive
(before slip onset) and early reactive phases (from slip onset to recovery limb liftoff) could
shorten the distance between the CoM and slipping foot, thereby reducing slip intensity and
lowering the risk of BLOB. Our findings could be indicative of impaired ability of the
paretic limb to reactively control the slip kinematics (displacement and velocity) by
generating sufficient post-slip knee flexion moment, especially at high intensity slips.

We found no difference in the reactive (post-slip) stability between the paretic low and high
intensity slip groups. A potential explanation is that the greater instability in the paretic high
intensity slip group could have been mitigated by the choice of recovery strategy adopted by
this group. Despite the intact ability of the non-paretic stepping limb to execute a recovery
step, the increased aborted stepping adopted by the non-paretic limb at high intensity slips
could be a strategy to enhance stability. Sensing an increased perceived threat with faster
peak slip velocity, the CNS may have chosen to avoid the risk associated with a single stance
phase especially on the paretic limb and adopted a sudden reloading of the non-paretic
stepping limb (aborted stepping) while gaining time to work on modulating slipping
kinematics to reduce slip intensity.

Similar to PwWCS, perturbation studies in older adults have shown greater percentage of
aborted stepping to enhance stability and prevent a fall (Espy et al., 2010; Yang et al., 2012).
Although the aborted step strategy may be beneficial to re-gain stability for “finite’ smaller
slip distances, such a stepping strategy might result in a split-fall in case of an infinite slip
resulting from a continuous forward movement of the slipping limb and irreversible hip
descent (Yang et al., 2012). Thus, there might be a substantial increase in fall-risk with
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increased slip intensity during paretic slips compared with non-paretic slips due to the poor
reactive control of CoM stability demonstrated by the paretic slip groups in our study.

5. Clinical application and limitation

Despite the ability to ambulate independently in community, PwCS have persistent deficits
in reactive balance control, more evident at high intensity paretic gait-slips. Our results
demonstrate a lower postural stability during paretic slips compared with non-paretic slips,
regardless of slip intensity. Thus, balance training interventions in clinical settings could be
designed to improve compensatory non-paretic limb stepping and reactive control of
slipping paretic limb for reducing fall risk among PwCS. Furthermore, incorporating fall-
risk assessment at high intensity perturbations under safe, controlled conditions could mimic
the challenges faced upon exposure to real-life environmental gait-slips and help in better
identification of PWCS at a risk of falling. Our results must be interpreted considering its
limitations. Our study was performed with relatively high functioning PwCS and our present
results may not be generalized to individuals with limited ability to ambulate. Moreover,
such lower postural stability on paretic slip than non-paretic slip might be associated not
only with the impaired motor function but also with the impaired somatosensory input
resulting in an inability to accurately detect instability or perturbation intensity. Future
studies in PWCS should examine the influence of impaired somatosensory function on
reactive balance during gait-slips.

6. Conclusion

Our findings demonstrated that impaired reactive control of the paretic limb to alter slipping
kinematics of the BOS contributed to increased slip intensity and resulted in high fall-risk
among PwCS. Such difficulty in modulating slipping kinematics became more evident at
high intensity paretic gait-slip. Thus, it is essential to develop fall-risk assessment and
training paradigms specifically emphasizing on both compensatory stepping with non-
paretic limb and reactive control of slipping with paretic limb at high intensity gait-slips
among PwCS.
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Fig. 1.

Ti?ne series data of the moveable platform (a) position in meters and (b) velocity in meter/
second from representative participants from paretic high slip intensity group i.e. slip
distance of 45 cm (solid line) and paretic low slip intensity group i.e. slip distance of 24 cm
(dotted line) of overground gait-slip perturbations. The dotted vertical line indicates the
instance of slip onset.
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(a? Percentage of recovery strategies shown by non-paretic high, non-paretic low, paretic
high and paretic low groups exposed to a single, novel slip either under non-paretic or
paretic limb with a slip distance of either 24 cm (low) or 45 cm (high), and (b) pre-slip CoM
stability at touchdown. CoM stability < 0 indicative of greater possibility of backward loss
of balance while CoM stability > 0 indicative of lower possibility of backward loss of
balance. Significant differences are indicated with * p < 0.05. NP_Low: non-paretic low
intensity slip group, NP_High: non-paretic high intensity slip group, P_Low: paretic low
intensity slip group, P_High: paretic high intensity slip group, RS: recovery step; AS:
aborted step; TD: touchdown; Low: low intensity slip group (slip distance 24 cm); High:
high intensity slip group (slip distance 45 cm).
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Comparison of means (+standard deviation) of (a) post-slip CoM stability at lift off plotted
for all the 4 groups against the predicted stability threshold for BLOB (Pai and Igbal, 1999)

showing all the values to be negative and lying outside of the feasible stability region,

beyond the backward stability threshold indicative of BLOB, and (b) post-slip CoM stability
at pre-recovery touchdown for all four non-paretic high, non-paretic low, paretic high and
paretic low groups. CoM stability < 0 indicative of greater possibility of BLOB while CoM
stability > 0 indicative of lower possibility of BLOB. Significant differences are indicated
with * p < 0.05. CoM: Center of mass; TD: touchdown; Low: low intensity slip group (slip
distance 24 cm); High: high intensity slip group (slip distance 45 cm).
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Fig. 4.
Comparison of means (tstandard deviation) of post-slip (a) peak slip displacement and (b)

peak slip velocity for all four non-paretic high, non-paretic low, paretic high and paretic low
groups. Significant differences are marked with *p < 0.05. Low: low intensity slip group
(slip distance 24 cm); High: high intensity slip group (slip distance 45 cm).
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