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Abstract

Background and Purpose—TFalls commonly occur as weight is transferred laterally, and
impaired reactive stepping responses are associated with falls after stroke. The purpose of this
study was to examine differences in, and the determinants of medio-lateral (M-L) protective
stepping strategies when pulled off balance towards the paretic and non-paretic sides.

Method—Eighteen individuals >6 months post-stroke were pulled in the M-L direction by a
lateral waist-pull perturbation system. Step type (crossover, medial, lateral) and count were
recorded, along with first step initiation time, length and clearance. Sensorimotor variables
including hip adductor/abductor and ankle plantarflexor/dorsiflexor peak isokinetic torques,
paretic foot plantar cutaneous sensation, and motor recovery were used to predict step type by
discriminant function analyses (DFA).

Results—Regardless of pull direction, nearly 70% of trials required =2 recovery steps, with more
frequent non-paretic leg first steps, 63.5%. The step type was significantly different for pull
direction (p=0.005), with a greater percentage of lateral steps when pulled towards the non-paretic
side (45.1%) compared to the paretic side (17.5%). The M-L step length of the lateral step was
increased (p<0.001), with a reduced step clearance (p=0.05), when pulled towards the paretic side
compared to a pull towards the non-paretic side. DFA revealed non-paretic and paretic side pulls
could respectively classify step type 64% and 60% of the time, with foot cutaneous sensation
discriminating for pull direction.

Discussion and Conclusions—Balance recovery initiated with the non-paretic leg occurred
more frequently in response to medio-lateral perturbations, and paretic foot cutaneous sensation
was an important predictor of the stepping response regardless of the pull direction. Video
Abstract available for more insights from the authors (see Video, Supplementary Digital Content
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Introduction

Following a stroke, residual sensorimotor deficits, such as spasticity, muscle weakness,
sensory impairments, and poor muscle coordination, are common. These deficits impact
ones’ ability to successfully recover balance, which is reflected in the fall rate, which has
been reported between 14% and 65% while in the hospitall-3 and up to 73% in the first 6
months after being discharged into the community.#:° Falls after a stroke are just as likely to
be caused by self-induced movements as by externally induced perturbations (e.qg. slip, trip,
or push).® Regardless of the manner that induces loss of balance, falls can be devastating,
resulting in fractures,’ a fear of falling® and activity limitations,® which in turn, reduces
mobility.

External mechanical perturbations are forces imposed on the body that cause imbalance
either by disrupting the base of support (BOS) (translating support surface or rotations),10:11
or moving the center of mass (COM) relative to the actual or perceived stability limits of the
BOS (pull or push at pelvis or trunk or lean and release).12-17 In contrast, self-induced
perturbations are imposed by internally generated forces through voluntary movements.
Typically, the responses to external perturbations involve rapid sensorimotor feedback
mediated reactions, whereas feedforward responses also contribute to counteracting
internally initiated perturbations. Both forms of balance involve sensory integration from
somatosensory, visual or vestibular input to produce an appropriate response. Thus, after
stroke, responding effectively to perturbations of balance may be especially challenging
since sensory impairments are experienced by approximately 50% of stroke survivors.18

Falls can be prevented during everyday activities by using protective movements of the
limbs such as stepping or grasping surfaces, which stabilize balance by adjusting the COM-
BOS relationship. Effective balance recovery through stepping requires that appropriately
timed, directed and scaled movements are matched with the changing position and motion
characteristics of the COM to adjust the COM-BOS relationship to stabilize balance and
prevent falling. When balance is recovered with a single protective step, a larger safety
margin of balance stability occurs at first step landing compared to when multiple steps are
taken.19 After a stroke, multiple steps are more commonly taken than single recovery steps
when standing balance is perturbed anteriorly, indicating a less efficient recovery pattern.
12,2021 \We know in older adults that multiple steps are a predictor of prospective falls.?2
This observation may also have relevance for falls after stroke in particular among those who
are of older age.

While many of the aforementioned studies perturbed standing balance in the anterior
direction, information about balance function to an external perturbation in the medio-lateral
(M-L) direction is more limited. Understanding M-L balance control after stroke is
important since falls occur more frequently as weight is shifted laterally towards the paretic
limb.”9:23.24 A few studies that have evaluated the feet-in-place response to a lateral push
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perturbation at the hip in people with stroke found a diminished response from the hip
abductor-adductor muscles and longer time to stabilize the pelvis.1#1517 |mpaired M-L
control of balance after stroke is further supported by reduced biomechanical limits of
stability on the paretic side,2® and weight bearing asymmetry towards the non-paretic limb.
2527 Al of these factors can impact M-L control and the ability to generate an effective
protective stepping.

Lateral perturbations of standing balance involve a unique biomechanical feature whereby
the COM is initially moved sideways such that the leg on the side of the direction of
imbalance receives increased loading force while the opposite leg is passively unloaded.28
The passive unloading assists with weight transfer allowing for a faster step initiation with
the unloaded leg?? resulting in either a medially-directed or crossover step. A lateral step
with the loaded leg in the direction of imbalance would take longer to initiate since the
passively loaded leg would need to be actively unloaded to initiate a step.2%39 Based on the
increased frequency of responses favoring the non-paretic limb in prior studies, 1221 we
would expect differences in the step type to be further dependent on the direction of
perturbation as well as the biomechanical advantages of using the passively unloaded leg.
Thus, examining lateral challenges to balance directed towards both the paretic and non-
paretic sides is important for understanding balance recovery and the effectiveness of the
stepping strategies that are used.

The purpose of this study was to characterize the stepping response induced by a lateral
perturbation generated through a motorized waist-pull system to the paretic and non-paretic
sides in chronic stroke. Additionally, we determined whether impairments in selected
sensory and motor functions including the plantar cutaneous sensation of the paretic foot,
motor recovery, hip abduction and adduction torque, and ankle dorsiflexion and
plantarflexion torque, could predict the protective step that was used.

Eighteen community-dwelling adults with hemiparesis (12 left; 6 right) participated.
Participation in the study included individuals who were more than 6 months post-stroke,
>50 years of age, able to walk 10m with/without an assistive device, stand unsupported for 5
minutes and have no medical conditions significantly impacting their ability to walk beyond
the effects of the stroke. All participants gave informed consent to participate, and the study
was approved by the University of Maryland Institutional Review Board.

Participants wore a safety harness and received 24 randomly applied lateral perturbations at
4 different intensities in two directions (paretic, non-paretic) (2 directionsx4 intensitiesx3
trials) with a motorized waist-pull system. The lateral perturbation was applied through an
adjustable waist belt, aligned in the frontal plane so that the waist-pulls were applied in the
M-L direction. The acceleration was fixed at 720 cm/s2, and the velocity (v) and
displacement (d) were Level 1 v=18.0 cm/s; d=8.6 cm, Level 2 v=27.0 cm/s d=12.1 cm,
Level 3 v=36.0 cm/s d=15.7 cm, and Level 4 v=45cm/s d=19.3 cm. The selection of waist-
pull magnitudes was based on our previous studies of stepping responses in younger and
older adults and those with stroke. The range of perturbations to balance was based on
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displacement-velocity-acceleration combinations where steps were reliably likely to occur
(level 1), and steps always occurred (levels 2-4) with or without multiple steps.12:31 The
direction and timing of each trial were randomly presented to minimize anticipation and
learning effects. The system has been previously described32 and used in prior studies of
older adults?228:33 and individuals post-stroke.12

Participants stood on a force platform (Advanced Mechanical Technology Inc., Watertown,
MA, USA) using a comfortable self-selected position since the same standardized foot
placement was not possible due to increased external rotation of the paretic limb in some
participants. For each participant, we ensured the same initial position on the force platform
for each trial by tracing the outline of the feet. Shoes were worn during the testing protocol,
and those individuals with ankle foot arthroses kept them on during the testing. An
investigator monitored the vertical ground reaction forces that were depicted on the screen to
ensure an approximate symmetrical weight bearing at the start of each trial. All participants
were able to shift their weight to their paretic limb when given the verbal instruction to,
“evenly distribute your weight between their two legs.” Participants were instructed to,
“respond naturally and if necessary prevent yourself from falling.” A reflective marker was
affixed on the lateral malleoli and recorded for 7s per trial at a sampling rate of 120Hz, using
a 10-camera motion analysis system (Vicon, Oxford, UK).

Peak isokinetic joint torques of the non-paretic and paretic side were measured in 5 trials at
30°/s using the Biodex System Pro4 (Biodex Medical Systems, NY, USA) for ankle
dorsiflexion and plantarflexion and hip abduction and adduction. The Chedoke McMaster
Stroke Assessment Impairment Inventory for the leg and foot was used to assess motor
recovery.3* The cutaneous sensation was evaluated on the plantar aspect of the foot
bilaterally with a series of Semmes-Weinstein monofilaments, ranging from 1.65-6.65, with
the lowest value representing normal cutaneous sensation.3® All participants had intact
sensation of the non-paretic limb. Thus only the plantar sensation of the paretic foot was
used in the analyses. Other clinical outcome measures of balance and mobility, Community
Balance and Mobility Scale and Timed Up and Go Test (TUG) were used to characterize the
functional level of the group. The TUG can be utilized as a predictor of fall risk in older
persons with stroke,36 and the Community Balance and Mobility Scale incorporates high-
level balance and mobility tasks required by individuals living in the community3” and is
validated in people with stroke.38

Data analysis

Step count and step type were determined for each trial. First step type was categorized as,
1) lateral step, whereby the passively loaded leg moved in the direction of the waist-pull, 2)
crossover step, when the passively unloaded leg moved beyond (front or back) the loaded leg
in the direction of the waist-pull, and 3) medial step, whereby the passively unloaded leg
moved towards the loaded leg but not beyond (Figure 1).39 Matlab customized programs
were used to calculate spatiotemporal parameters of the first step of step initiation onset
time, M-L step length and step clearance (maximum vertical displacement) indicated by
displacement of the ankle marker. Step initiation onset time was calculated as the time
between the perturbation onset and first step lift off indicated by the force platform. The M-
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L step length and step clearance were normalized to the person’s height. Peak isokinetic
torque was defined as a deficit ratio relative to the non-paretic leg (paretic peak torque/non-
paretic torque).

Statistical Analyses

Results

Descriptive statistics (means and standard deviations) are presented by pull direction
(paretic, non-paretic). Mann-Whitney test was used to compare the differences in step type
and step count and first step characteristics of step initiation onset time, and first step M-L
length and clearance of a pull towards paretic and non-paretic. Nonparametric one-way
ANOVA (Kruskal-Wallis), using SPSS for Windows v22.0 (IBM Company, Chicago, IL),
was used to examine differences in step type (lateral, crossover, medial) for step initiation
time. Significant differences were examined further with the Mann-Whitney U'test, and a
Bonferroni adjustment was used to correct for multiple comparisons with an adjusted P
value (A<0.025). To determine whether sensorimotor variables could predict the first step
type, a multivariate discriminant function analysis (DFA) was performed to identify the
sensorimotor variables that were associated with the step type (lateral, crossover, medial) for
a paretic and non-paretic side pull. DFA is a procedure used to determine if a set of variables
can predict group membership.3® Canonical correlation measures the ratio of the
discriminant equation and is used to compare the importance of each variable. A high
correlation indicates a function that discriminates well for step type. The Wilks’ lambda
measures the variables that contribute significance in discriminant function, and a lower
value means the variable contributes more to the discriminant function. Cross-validation,
classification identified the accuracy of the model using the leave-one-out method by which
each case is classified by discriminant functions derived from the other cases.

The characteristics of the participants are presented in Table 1. A pull towards the paretic
side resulted in participants needing assistance to recover balance in 12% of the trials, and
2% of trials when pulled towards the non-paretic side. Some of these trials resulted in no
steps. Therefore 8% (pull towards paretic side) and 2% (pull towards non-paretic side) of all
trials are included in the analyses where assistance was needed.

A pull towards the paretic side resulted in a step in 80.1% of trials and 74.1% for pulls
towards the non-paretic side. When combining all the waist-pull trials regardless of the pull
direction, 36.5% of the steps were initiated with the paretic leg and 63.5% with the non-
paretic leg. There was no significant difference in step count (p=0.8), between a pull towards
the non-paretic side and paretic side. More than one recovery step was used in 69.7% (pull
towards the paretic side) and 66.9% (pull towards the non-paretic side) of the trials (Figure
2A). The first step type used was significantly different for pull direction (p=0.005) (Figure
2B). A pull towards the paretic side resulted in fewer lateral steps with the paretic leg
(18.8%) compared to the lateral steps performed with the non-paretic leg when pulled
towards the non-paretic side (45.1%). A crossover step with the paretic leg was used less
frequently for a pull towards the non-paretic side (5.2%) compared to a pull towards the
paretic side (non-paretic crossover step) (28.8%).
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Step initiation onset time, step length and clearance by step type for pulls towards the non-
paretic and paretic sides are illustrated in Figure 3. There was no significant difference in
step initiation time between a pull towards the paretic and non-paretic side for the lateral
(p=0.2), crossover (p=0.1) or medial step (p=0.06). However, the lateral steps of both pull
directions took longer to initiate compared to the crossover (non-paretic £=0.003; paretic
P=0.009) and medial step (hon-paretic A<0.001; paretic A<0.02). A lateral step when pulled
towards the paretic side of the paretic leg had a greater M-L step length (A<0.001) and lower
step clearance (P=0.05) than a non-paretic step when pulled towards the non-paretic side.
There were no differences between the direction of perturbation for crossover step length or
clearance. When pulled towards the non-paretic side, a medial step of the paretic leg resulted
in a smaller M-L step length (£<0.001) compared to a medial step of the non-paretic leg
when pulled towards the paretic side.

The DFA for pulls towards the non-paretic side revealed that hip abductor torque, ankle
dorsiflexor torque and paretic foot cutaneous sensation significantly discriminated between
lateral steps of the non-paretic leg, and crossover and medial steps of the paretic leg (Wilks
lambda=0.67; A<0.001; canonical correlation=0.47). The canonical correlation coefficients
were 0.81 for paretic hip abductor torque, 0.49 for paretic ankle dorsiflexor torque and 0.63
for the plantar cutaneous sensation of the paretic foot, indicating that paretic hip abductor
torque was the most important of these variables in discriminating between the step types.
From the DFA, these three variables correctly predicted the step type of the cases as either a
lateral, crossover or medial step for 64% of the trials.

For a pull towards the paretic side, the ankle plantarflexor torque and plantar cutaneous
sensation of the paretic foot discriminated between the step types (Wilks lambda=0.67;
F£<0.001; Canonical correlation=0.56). The canonical correlation coefficient was 0.80 for
ankle plantarflexor torque and 0.52 for the plantar cutaneous sensation of the paretic foot,
with ankle plantarflexor torque being the most important. From the DFA, these variables
predicted the first step type in 60% of the trials. Table 2 indicates the mean and standard
deviation by step type for the variables identified as important discriminators of step type.
The cross validation for a pull towards the paretic side and the non-paretic side was the
same, indicating an accurate classification with the discriminant function.

Discussion

This study investigated protective stepping characteristics induced by lateral balance
perturbations and the impact of selected sensorimotor deficits on stepping performance in
individuals with chronic stroke. The main finding was that participants were less likely to
step laterally with the paretic leg when perturbed towards the paretic side, especially when
the cutaneous sensation of the paretic foot was not intact. Steps taken laterally with the
paretic limb had an increased M-L length and decreased floor clearance height compared
with lateral steps taken with the non-paretic limb.

Previous studies in generally healthy older adults have shown that multiple M-L balance
recovery steps are a potent predictor of prospective falls.22:33 In this study, regardless of the
direction of the pull, almost 70% of all trials resulted in multiple steps. These findings would
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indicate that participants had difficulty with recovering their balance when challenged to
either their paretic or non-paretic side. Multiple steps are indicative of a less
biomechanically stable first step requiring that additional steps be taken to stop the
movement of the center of mass.*>46 Whether or not the multiple step behavior is an
indicator of increased fall risk after stroke may be important for understanding balance
recovery and designing interventions to prevent falls. Further investigation is needed to
determine whether multiple steps to recover M-L balance is predictive of falls in people with
chronic stroke.

Overall, the non-paretic limb was used more frequently to recover balance especially when
pulled towards the paretic side. The decreased use of the paretic limb has been reported in
other studies examining anterior perturbations.12:20.21 Efficient use of the paretic limb is
necessary for balance recovery especially when the direction of lateral challenge limits the
use of one limb through imposed changes in limb loading (e.g. non-paretic leg). Thus,
recovery of balance due to biomechanical constraints may require responding with the other
limb (e.g. paretic leg). In this study, the characteristics of the first step illustrate both the
challenges and compensations necessary to step with the paretic leg when pulled towards the
paretic side. The leg used for the first step may indicate better muscle force and power
production capacity of that side or an inability to respond with the paretic limb based on
diminished cutaneous sensation or reduced muscle strength. In older adults, deficits in these
muscles can be used to discriminate fallers from non-fallers.22 Thus, interventions focused
on paretic limb stepping appears to be important for enhancing balance recovery.

In older adults, crossover steps are used more frequently to recover lateral balance, while
younger adults favor lateral steps.28 Lateral steps increase the BOS and commonly result in
one-step, whereas crossover steps are riskier due to inter-limb collisions and multiple steps.
The step type used suggests a greater risk of falling in older adults, since, fallers more
frequently take medial steps than non-fallers.* One plausible reason for favoring medial
stepping is diminished somatosensation. In a study examining healthy individuals,*! with
sensation intact, a lateral step was mainly used to recover balance from a supporting surface
translation. After hypothermic anesthesia disrupted the sensation of the plantar aspect of the
feet, medial or crossover steps were more commonly used. The cutaneous afferents from the
plantar surface mechanoreceptors of the feet provide significant sensory input to control
standing balance.*2 Hence, the increased likelihood of using reactive sensorimotor
mechanisms in responding to externally applied perturbations would mean a greater reliance
on sensory feedback systems. The impaired cutaneous sensation of the feet may result in
detection errors of the center of pressure beneath the feet in relation to the position and
motion of body’s COM and the stability margin of the BOS.43 In our study, a lateral step of
the paretic leg was initiated with comparatively mild deficits in paretic foot cutaneous
sensation, and a crossover or medial step was used when the cutaneous sensation of the
paretic foot was impaired. The reverse was true when pulled towards the non-paretic side.
Non-paretic lateral steps occurred with greater cutaneous sensory impairments of the paretic
limb, which may indicate an unwillingness or inability to use the paretic limb. Thus, the
functional status of the responding leg, rather than the type of step, may be a more important
factor to consider in balance recovery in those with stroke. Overall, decreased sensory
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information from the paretic foot appeared to be a significant contributor to dynamic balance
deficits as it has an impact on the step type used for balance recovery after stroke.

In forward stepping, bipedal body weight support is usually transferred to the impending
single stance leg before a step is initiated. For lateral perturbations, the passive changes in
limb loading due to the sideways perturbation assists with the weight transfer and allows for
a faster step initiation with the unloaded leg.3344 This observation was corroborated by the
faster onset times for the crossover and medial steps, which were earlier than the lateral step
onset time regardless of the pull direction. Many individuals took advantage of the passively
unloaded leg to initiate a faster step. However, these strategies were used more frequent
when pulled towards the paretic side than the non-paretic side as indicated by the fewer
paretic lateral steps. Changes in the capacity to generate the required hip abductor torque at
the required rate for an initial lateral step may be impaired by paresis or sensory changes
found after stroke.

This study has several limitations, including a small sample size and the results would only
apply to community-dwelling ambulatory individuals with chronic stroke. The replication of
falls in the laboratory environment differs from naturally occurring circumstances since falls
are unexpected. Participants were aware of an impending perturbation, although velocity-
displacement-acceleration was not known. Responses are in a feedback manner, which is
similar to many naturally occurring events involving external perturbations.

Effectively responding to lateral challenges to standing balance in people with chronic stroke
is difficult, requiring multiple steps commonly initiated with the non-paretic leg. The step
type appears to be partly determined by the level of paretic foot cutaneous sensation. The
unwillingness or limited ability to step with the paretic leg that was evident when pulled
towards the paretic side. Individuals unable to use both legs to initiate a protective step may
have a higher risk for falls. Thus, interventions targeting increasing paretic limb use for
maintaining balance may be necessary for reducing falls.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A
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Lateral Crossover Medial
Paretic leg step Non-paretic leg step

Figure 1.
The different types of first step responses to lateral waist-pull perturbations. Panel A,

illustrates the passively loaded right (paretic) leg (blue platform) and passively unloaded left
(non-paretic) leg (white platform) from a lateral waist-pull perturbation towards the right
(paretic side); Panel B, is the initiation of the first step with the passively loaded right
(paretic) leg (lateral step) or the passively unloaded left (non-paretic) leg that will either
cross in front of or behind the right (paretic) leg (crossover) or move toward but not beyond
the right (paretic) leg (medial step).
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B Step Type

I Paretic pull
] Non-paretic pull

Lateral Crossover Medial

The number of trials (as a percentage of all trials) by direction of lateral waist-pull
perturbation for A) step count and B) first step type. The black bars represent the trials when
pulled towards the paretic side, and the gray bars represent the trials when pulled towards the

non-paretic side.
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Crossover

I sl
Medial

] Paretic Pull

The step initiation time, medio-lateral step length and first step clearance for a lateral,
crossover and medial step when pulled towards the non-paretic side (black) and paretic side
(light gray). *denotes significant group differences A< 0.05
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Demographic Characteristics, Cutaneous sensation, Motor recovery and Torque values, expressed as Mean +

SD

Variables Mean + SD
(N=18)

Age (years) 61.4+8.0
Gender 10 females/8 males
Paresis 12 left/6 right
Time post-stroke (years) 10.2+104
Timed Up and Go Test (seconds) 15.0+12.0
Community Balance and Mobility Scale (/96) 29.9+13.3

Cutaneous sensation plantar aspect of foot, force (g) range, (median)

2.83-6.65 (4.31)

Chedoke McMaster Stroke Assessment, leg + foot (/14)

77%25

Peak Isokinetic Torque Values measured at 30°/s (Nm)

Paretic Non-paretic

Ankle Dorsiflexion (N=17)

11.6+10.7 | 23.6+10.0

Ankle Plantarflexion (N=17)

23.8+23.1 | 483=%24.1

Hip Abduction (N=18)

41.8+26.2 | 60.7+27.6

Hip Adductor (N=18)

435+242 | 51.6+25.7
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