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Abstract

Objectives: To examine the stepping performance during voluntary and waist-pull perturbation-induced step initiation in people with chronic

stroke.

Design: Repeated-measures single-case design.

Setting: University-based research laboratory.

Participants: Community-dwelling stroke survivors (NZ10).

Interventions: Not applicable.

Main Outcome Measures: Ground reaction forces and kinematic data were recorded to assess anticipatory postural adjustments (APAs) and step

characteristics for both voluntary and induced stepping conditions.

Results: Induced stepping was performed with both the paretic (35% trials) and nonparetic legs (65% trials). Induced first steps occurred earlier

and were executed faster than rapid voluntary steps. Compared with voluntary stepping, induced first step APAs were shorter in duration. Step

height was higher with the nonparetic leg for both stepping conditions. Use of the paretic leg increased (52%) during the diagonal perturbations

that passively unloaded the stepping limb compared with the use of the paretic leg (33%) for forward perturbations.

Conclusions: The results indicated differences in executing voluntary and induced stepping, and between the paretic and nonparetic limbs in

individuals with chronic stroke. The findings suggested guidelines for using stepping as a component of neurorehabilitation programs for

enhancing balance and mobility. Additional larger-scale studies remain to be undertaken to further investigate these issues.
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Diminished balance function leading to instability and falls is
a common and frequently debilitating secondary complication
after stroke. Ambulatory individuals with chronic stroke are
especially vulnerable to falling because of balance and mobility
impairments. Although falls are multivariate problems involving
a large number of intrinsic and extrinsic risk factors, the ability to
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effectively maintain balance while standing, during transfer
activities, and while walking on varied terrain is importantly
related to avoiding falls and related injuries after stroke. Protective
movements of the limbs such as stepping and grasping firm
surfaces in the environment are normally often used to stabilize
balance by altering the body’s center of mass (COM)ebase of
support (BOS) relationship.1-3 Grasping may be a more limited
option after stroke because the nonparetic arm is frequently
engaged with an assistive device. Thus, protective stepping is
likely a more prevalent strategy.1,2

Altering the BOS through stepping can occur in reaction to an
external postural perturbation, or voluntarily in anticipation of
a perceived threat to stability. Among older adults, impairments of
both forms of stepping have been linked with falls.4,5 Given the
habilitation Medicine
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greater incidence of falls poststroke compared with that in healthy
older adults,6 it is conceivable that similar relationships may exist
between stepping performance and fall risk.3

From a neuromotor control standpoint, perturbation-induced
and voluntary stepping normally differ in several respects.5,7

Specifically, induced stepping is often more rapidly initiated and
executed than rapid voluntary stepping. Moreover, instructed,
stimulus-cued voluntary stepping involving task certainty engages
central motor planning and preparation that are less likely
involved with perturbation-induced stepping, especially where
subjects are not preinstructed to step or the perturbation conditions
are not known in advance, or both. Also, anticipatory postural
adjustments (APAs) for lateral weight transfer and mediolateral
balance stability before stepping occur less often and are reduced
in magnitude and duration for induced stepping compared with
voluntary stepping. These observations suggest normal differences
in the neuromotor control mechanisms underlying the 2 types of
stepping that could be differentially affected by stroke.

Previous studies of voluntary stepping in individuals with
chronic stroke have found that decreased weight-bearing on the
paretic limb before stepping was related to less propulsive force
for forward momentum during paretic limb gait initiation.8

Reduced paretic limb propulsive force has also been reported to
limit gait initiation speed when stepping with either limb,9 while
first step characteristics can be altered to a greater extent for
nonparetic limb stepping when the paretic side is in single-limb
support.10 In reaction time stepping, step speed was observed to
be slower in all step characteristics examined under single- and
dual-task conditions for those with chronic stroke compared with
controls.11

More limited information about perturbation-induced stepping
for balance recovery after stroke has indicated that evoked steps
were initiated primarily with the nonparetic limb after a lean and
release postural perturbation in individuals with subacute
stroke.12,13 Additionally, increased lower-limb motor recovery
scores and initial weight-bearing on the nonparetic limb were
related to increased frequency of paretic limb stepping. An acute
stroke case study using the same approach to train protective
stepping over 6 sessions plus physical therapy showed short-term
improvements in stance-loading symmetry and faster speed of
stepping.14 During inpatient stroke rehabilitation, increased fall
rates were associated with increased use of external assistance and
frequency of no-step trials, lower foot-floor clearance, and delayed
time to initiate stepping responses.15 While these studies provide
information about the types of changes in induced stepping,
especially in the acute stages of recovery after stroke, a more
comprehensive understanding of the specific impairments in
protective stepping performance among chronic stroke survivors
that can be targeted for rehabilitation interventions to improve
balance and prevent falls is needed. Moreover, studies comparing
voluntary and induced stepping performance in the same indi-
viduals poststroke could not be identified.

To address the foregoing issues, the purposes of this study were
(1) to assess the induced stepping behavior of ambulatory
List of abbreviations:

ANOVA analysis of variance

APA anticipatory postural adjustment

BOS base of support

COM center of mass

COP center of pressure
individuals with chronic stroke, and (2) to compare characteris-
tics of waist-pull induced stepping responses with rapid volun-
tary stepping. We expected differences in performance between
the legs for both stepping conditions, and that the subjects would
use their nonparetic leg more often to initiate induced stepping.
We also hypothesized that induced stepping would have faster,
longer, and wider first steps overall, compared with volun-
tary stepping.

Methods

Participants

Ten participants poststroke, 4 men and 6 women (mean age � SD,
59.6�13.1y), were recruited from stroke groups and outpatient
clinics at 1 site within a larger multisite intervention study.16

Chronicity of stroke averaged 2.9�1.1 years, with 80% having
right-sided weakness and ischemic stroke (table 1). All subjects
gave informed consent, and the study was approved by the uni-
versity’s institutional review board.

Experimental setup

Participants stood naturally with each foot positioned on a sepa-
rate force platform. Voluntary and perturbation-induced stepping
were studied consecutively. Subjects took 3 voluntary steps
forward as soon and as fast as they could in response to a light
“go” cue that followed a warning light stimulus by a variable
delay period. Three trials were recorded for steps initiated with
the nonparetic leg followed by 3 trials with the paretic leg. For
the perturbation condition, steps were induced by forward
postural perturbations delivered by position-controlled, motor-
driven waist pulls (9cm, 18cm/s, 360cm/s2).17 This pulling
magnitude was selected based on previous studies1,17 showing
that steps are normally induced in all subjects for most trials. A
waist belt was snugly secured, and the pulling cable was attached
in alignment with the umbilicus. Subjects wore a safety harness
that prevented falls but otherwise did not restrict their move-
ments. They received 9 randomly applied forward perturbations:
three straight forward, three 30� to the right, and three 30� to the
left. The three directions minimized prediction of the pull and
assessed directional differences in balance recovery. Subjects
were instructed to react naturally to prevent themselves from
falling in response to the perturbation. A seated rest break was
given between stepping conditions or whenever needed. Partici-
pants performed all trials without an assistive device and wore
their foot orthosis.

Data collection

Ground reaction forces were recorded with 2 strain-gauge force
platformsa at 500Hz for 5 seconds beginning 1 second before the
perturbation or the “go” signal. The displacement of the net center
of pressure (COP) was calculated to determine the APA charac-
teristics. Body segment displacements were recorded using
a 6-camera motion analysis system (Motusb) that captured the
motion of 17 markers over bilateral bony landmarks and the crown
of the head.18 Data were collected for 5 seconds at 60Hz and
smoothed using a dual-pass (ie, zero-lag), seventh-order Butter-
worth low-pass filter with a cutoff frequency of 6Hz.19,20
www.archives-pmr.org
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Table 1 Subject characteristics

Subject Age (y) Sex Years Poststroke Paretic Side Type of Stroke BBS 10-m Walk (s) Assistive Device Ankle-Foot Orthosis

S1 83 F 4 R Unknown 52 11.17 None None

S2 75 F 4 R Infarct 32 57.92 Quad cane None

S3 62 M 3 R Infarct 38 27.16 None None

S4 58 F 3 R Infarct 39 18.65 Single point None

S5 60 F 3 L Infarct 50 15.45 Single point Plastic rigid with hinge

S6 36 M 1 R Infarct 54 11.46 None Plastic rigid with hinge

S7 59 M 4 R Infarct 48 10.53 None None

S8 48 M 3 R Infarct 55 14.03 None None

S9 52 F 1 L Hemorrhage 56 11.88 None None

S10 63 F 3 R Infarct 28 42.02 Single point Plastic rigid with hinge

Abbreviations: BBS, Berg Balance Scale; F, female; L, left; M, male; R, right.
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Data analyses

Interactive graphical analysis programs (MatLab 6.0c) were used
to compute the APA characteristics and initial stepping responses.
An APA was identified if there was an increase in the initial step
side vertical force and simultaneous decrease in the stance side
force with an initial shift in the net mediolateral COP toward the
first stepping limb. The postural phase characteristics were derived
from the net mediolateral COP displacement separated into
2 components: the thrust component, more generally referred as
APA, characterized by an initial displacement of the COP toward
the stepping leg; and the unloading component, characterized by
a displacement of the COP toward the stance leg (fig 1). The onset
was defined as the beginning of the COP displacementdthat is,
when the first derivative becomes continuously greater than zero.
The APA amplitude was the maximum displacement of the net
COP toward the stepping side, and thrust time was calculated from
the onset to the time of the peak amplitude. The unloading time
was calculated from the time of peak amplitude to foot liftoff, and
the total postural phase duration was the sum of the thrust and
unloading components.

The first step kinematic characteristics were identified from the
ankle markers (see fig 1). Step duration was defined as the onset
and end of the vertical velocity of the stepping side’s marker. Step
displacement was assessed by the anteroposterior (step length) and
mediolateral (step width) displacement of the ankle marker, and
step height by the maximum vertical displacement. The step
global length was calculated as the square root of the sum of
squares of the step width and length. Step onset time was calcu-
lated relative to the onset of the light cue or the perturbation.
Statistical analyses

An analysis of variance (ANOVA) of the perturbations by direc-
tion showed no difference (P<.05) in the step characteristics for
any of the variables; thus, the directions of perturbations were
combined for the perturbation-induced stepping condition.
Outcome measures were compared using 2-way repeated-
measures ANOVAs, with type of stepping (voluntary or
induced) and stepping leg (paretic or nonparetic) as the within-
subject factors. In cases of significance, the Tukey honestly
significant difference post hoc test was used with the level of
significance adjusted for multiple comparisons. A separate
comparison of voluntary and induced straight forward stepping
www.archives-pmr.org
was made for APA characteristics using paired t tests. An alpha
level of P<.05 was selected for all statistical analyses (SPSS 18d).

Results

Stepping behavior during perturbation-induced trials

All subjects stepped for all perturbation trials except 1 subject who
did not step during 1 trial (table 2). Four subjects used just 1 step in
at least 1 trial. No subjects required investigator assistance to
maintain their balance. Overall, multiple steps were used 88.8% of
the time to recover balance. Eight of the 10 subjects initiated step-
ping with both legs, and 2 subjects always stepped with their non-
paretic leg. Across all trials, 35% of the steps were taken with the
paretic leg, and 65% were taken with the nonparetic leg. For the
diagonal pulls, when the perturbation was toward the paretic leg,
76.7% of the steps were taken with the opposite, passively unloaded
nonparetic leg (see table 2). For perturbations toward the nonparetic
leg, 51.7% were steps taken with the unloaded paretic leg.

Step characteristics

The first step duration was affected by the stepping condition’s
(F1,7Z23.216, P<.002) being shorter for induced steps
(400�89ms) compared with voluntary steps (642�166ms). A
main effect of leg (F1,7Z10.855, P<.013) also indicated that step
duration was longer for the paretic leg (581�288ms) than for the
nonparetic leg (461�131ms). The marginal trend for an interac-
tion (F1,7Z4.409, PZ.074) did not reach significance, but the
difference between legs showed a tendency to occur primarily
during voluntary stepping (fig 2A). An effect of the stepping leg
was also found for step height (F1,7Z209.52, P<.0001), whereby
the nonparetic leg stepped higher for both stepping conditions
(18.2�1.9cm) compared with the paretic leg (14.4� 2.2cm)
(fig 2B). There was no main effect of condition (F1,7Z.07,
PZ.7954) or interaction (F1,7Z.0945, PZ.767) for step height,
and no main effect of condition (F1,7Z1.93, PZ.207) or inter-
action (F1,7Z1.51, PZ.2588) for step length. Step length tended
to be greater for the nonparetic leg (35.7cm � 9.9) compared with
the paretic leg (30.0�11.7cm) (F1,7Z5.4475, PZ.0523).

Since the diagonal perturbations included a lateral component,
an overall main effect of condition on step width was found
(F1,7Z21.119, P<.003). Thus, the step width was greater during
induced stepping (6.8�3.3cm) than during voluntary stepping

http://www.archives-pmr.org


Fig 1 Example of trials. Representative examples of time histories from 1 subject during perturbation-induced stepping with the paretic leg

(left) and voluntary stepping with the nonparetic leg (right). The top records show the mediolateral displacement of the COP from which the

duration (D-black) and the amplitude (A-black) of the mediolateral APA thrust component and the duration (D-gray) of the unloading component

were determined. The center records show the vertical ground reaction forces under the first stepping leg (black solid line) and the stance leg

(gray dashed line). The bottom records show the vertical displacement of the malleolus marker of the stepping side from which the characteristics

of the step were determined.
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(1�2.7cm). Global step length tended to be longer when subjects
stepped with the nonparetic leg (36.1�11.1cm) than when they
stepped with the paretic leg (31.2�10.4cm) (F1,7Z5.106, PZ.059).
No main effect of condition (F1,7Z1.263, PZ.298) or interaction
(F1,7Z1.378, PZ.279) was found for global length (fig 2C).

For step onset time, there was a significant main effect of
condition (F1,7Z11.413, P<.0118), with the step occurring earlier
for induced stepping (365�101ms) compared with voluntary
stepping (792�368ms). A main effect of the stepping leg
(F1,7Z19.275, P<.0032) also indicated that the paretic leg
initiated stepping 120ms earlier than the nonparetic leg. Further-
more, there was a trend for an interaction between the 2 factors
(F1,7Z5.128, PZ.058), indicating that the difference between legs
appeared to occur primarily for the voluntary condition (fig 3).

In order to identify the leg preference for stepping, we
examined the interlimb load distribution before the perturbation
(ie, 500ms before the pull). In 20% of the trials, subjects had
symmetrical weight distribution on each leg (47%e53% of body
weight). In these trials, the nonparetic leg initiated stepping 83%
of the time. When the stepping leg supported less than 47% of
www.archives-pmr.org
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Table 2 Induced step condition: number of balance recovery steps and initial stepping leg used for each perturbation direction

Subject

No. of Steps Forward Pulls Pull on Nonparetic Pull on Paretic

1 2 3 P NP US (P) LS (NP) US (NP) LS (P)

S1 88.9 11.1 66.7 33.3 100.0 66.7 33.3

S2 44.4 55.5 100 100.0 66.7 33.3

S3 33.3 33.3 33.3 100 66.7 33.3 100.0

S4 44.4 55.5 33.3 66.7 66.7 33.3 100.0

S5 88.9 11.1 100 33.3 66.7 33.3 66.7

S6 50.0 25.0 25.0 100 66.7 100.0

S7 33.3 66.6 33.3 66.7 100.0 66.7 33.3

S8 22.2 66.7 11.1 100 100.0 100.0

S9 11.1 88.9 0.0 66.7 33.3 100.0 33.3 66.7

S10 11.1 88.9 33.3 66.7 33.3 66.7 100.0

27.8 52.2 35.6 33.3 66.7 51.7 48.3 76.7 23.3

NOTE. Values are percentages.

Abbreviations: LS, loaded step; NP, nonparetic leg; P, paretic leg; US, unloaded step.

Induced stepping poststroke 2429
body weight (51% of trials), the nonparetic leg was used 42% and
the paretic leg 58% of the time. For the 26 trials (29% of trials)
where the stepping leg supported more than 53% of body weight,
88.5% of the steps were initiated with the nonparetic leg.

Postural phase characteristics

Because the diagonal pulls can influence the APA characteristics
through passive contributions to limb loading, only the straight
forward direction trials were analyzed. In the straight forward
induced trials, only 5 subjects stepped with their paretic leg, and
only 3 of these subjects had APAs. Therefore, the APA analysis
was focused on comparing the postural phase characteristics only
for the nonparetic leg trials (nZ9, 1 subject had no APA for these
induced trials) between straight forward induced stepping and
voluntary stepping. For perturbation stepping with the nonparetic
leg, APAs occurred in 75% of the trials compared with 100% of
the voluntary stepping trials.

The total postural phase duration (fig 4) was longer for voluntary
stepping (597�195ms) than induced straight forward stepping
(344�112ms) (paired t test: t8Z3.22, P<.012). This difference was
due primarily to the unloading component, which was shorter for
induced stepping (181�65ms) compared with voluntary stepping
(359�188ms) (t8Z3.076, P<.015). APA amplitude (t7Z.93,
PZ.383) was not different between conditions.

Discussion

The present results provide new details about the kinetic and
kinematic performance of individuals with chronic stroke during
the initiation of rapid, visually cued voluntary stepping and
perturbation-induced stepping. For perturbation trials, participants
maintained their balance without investigator assistance by step-
ping with either their nonparetic or paretic leg. Overall, multiple
induced steps occurred in about 90% of the trials. Eight of the 10
subjects initiated stepping with both legs, and 2 subjects always
stepped with their nonparetic leg. Furthermore, induced steps
occurred earlier and were faster than rapid voluntary steps, the
duration of the APA postural phase was shorter for induced
stepping, and first step height was greater with the nonparetic leg.
These results highlight both differences and similarities in
www.archives-pmr.org
initiating and executing rapid voluntary and perturbation-induced
stepping in relation to the paretic and nonparetic lower limbs.

Induced step behavior

Similar to healthy older adults, individuals with chronic stroke
executed more multiple recovery steps than single steps with
a perturbation magnitude smaller than that used previously with
healthy individuals.18 Sensorimotor impairments are common
among older adults and after stroke, so it is not surprising that
multiple steps were prevalent. Stabilizing balance with 1 step
involves precisely stopping body motion relative to the changing
BOS at step landing. For healthy adults, a reduced stability margin
and greater knee flexion at foot contact distinguished between single
andmultiple recovery steps.21 In our study, 90% of single-step trials
involved the nonparetic leg, which has better neuromuscular control
to perform single-step balance recovery. Of note, the 1 individual
who used a single paretic leg step had a maximum Berg Balance
Scale score and one of the fastest gait speeds among the cohort,
which indicates less motor impairment of the paretic leg.

It was anticipated that forward diagonal perturbations would
involve stepping with the passively unloaded leg on the opposite
side. This was mostly seen when the nonparetic leg (76.7% of
trials) compared with the paretic leg (51.7% of trials) was
unloaded. However, the use of the paretic leg was greater when
that leg was passively unloaded compared with the straight
forward perturbations (51.7% vs 33%). The diagonal perturbations
may explain the overall larger percentage (80%) of individuals in
this study who stepped with both the paretic and nonparetic leg
compared with the smaller percentage (45%) observed during
a forward lean perturbation.12 This difference indicates that the
perturbation direction may be a useful way to encourage or force
forward stepping with the paretic leg, and that chronic stroke
survivors may possibly have a more adaptable induced stepping
capacity then those with subacute stroke.

Comparison of induced and voluntary stepping

The earlier and faster induced stepping resembles that observed in
healthy older adults.7,22,23 Although voluntary steps have been
shown to be slower in older individuals, induced steps have also

http://www.archives-pmr.org


Fig 2 Step characteristics. Group mean values (�SD) for voluntary

(black open squares) and induced stepping (gray circles) conditions

for (A) step duration, (B) step clearance, and (C) step global length.
#Significant difference between conditions of stepping (voluntary vs

induced) at P<.05. xSignificant difference between legs.

Fig 3 Step onset. Group mean values (�SD) for voluntary (black

open squares) and induced stepping (gray circles) conditions for step

onset time relative to the perturbation onset or light cue onset. *A

difference between condition and leg at P<.05 (Tukey honestly

significant difference).

Fig 4 Nonparetic leg postural phase duration. The mean values

(�SD) for thrust phase (gray) and unloading phase (white) are pre-

sented for the nonparetic leg during rapid voluntary stepping and

induced straight forward stepping conditions. #Significant difference

for the unloading phase between stepping conditions at P<.05.
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been shown to be as fast as those for younger individuals.4,23,24

Past studies25-27 have shown that task-specific practice training
can enhance movement performance in stroke patients. Hence, the
faster induced steps in this study may indicate the potential for
enhancing voluntary stepping through repetitive induced step
training as demonstrated in older adults28 and in individuals with
Parkinson’s disease.29 The ability to rapidly place the foot in the
appropriate location to reconfigure the BOS relative to the moving
COM is a key aspect of reactive balance control for safe
community ambulation. Therefore, induced step training should
be considered for inclusion in balance rehabilitation programs for
individuals poststroke.
Stepping leg performance

Step height and, marginally, global step length were greater for the
nonparetic leg compared with the paretic leg across stepping
conditions. This is consistent with the differences in motor control
ability between sides of the body after stroke.10,30 The slower
nonparetic step onset reflects the interdependence of interlimb
swing and stance functions. Stepping with the nonparetic leg
requires weight transfer and balancing onto the paretic leg, which
is difficult after stroke. The shorter nonparetic leg step duration
may also indicate the need to rapidly return the foot to the ground
for stability because of ineffective weight transfer. Given the
asymmetrical weight-bearing posture after stroke and the fact that
step onset may normally depend on the amount of weight on the
leg,31 the increased weight on the nonparetic leg and step with the
paretic leg may offer a timing advantage in the use of the paretic
leg but not in the use of the nonparetic leg. The trend for an
www.archives-pmr.org
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interaction suggested that there was less difference in induced step
onset timing between the legs than for voluntary stepping. This
may be because the diagonal perturbations likely assisted the
weight transfer and thus reduced the timing difference between the
2 legs by facilitating stepping with each leg.

Postural phase characteristics

The inconsistent presence of APAs for induced stepping is similar
to findings in previous work showing that APAs are often nor-
mally absent or diminished during induced stepping compared
with voluntary stepping, suggesting that securing mediolateral
stability before unplanned stepping may be less of a priority than
for planned stepping.4,32 The longer voluntary postural phase
duration is primarily due to the prolonged unloading component.
This may reflect the more rapid return of the stepping limb to the
ground as a strategy to minimize the time spent in the unstable
single-limb support phase of rapid induced stepping compared
with slower voluntary stepping.

Study limitations

This study was an initial effort to determine participant tolerance
and response to challenging balance perturbations, and it is limited
by the sample size and number of trials. The limited number of
loaded and unloaded steps with the paretic and nonparetic legs
restricted further analysis of the induced step trials with each leg.
However, as the study was focused on the subjects’ natural, self-
selected induced stepping behavior, the findings reflected their
preferred or achievable performance. Although 3 forward direc-
tions were used, the predictability of only forward perturbations
may have impacted the results. Motor function and spasticity were
not assessed, and manipulation of the initial weight-bearing
conditions was not systematically controlled in order to study
the effects of natural standing posture. These factors may have
influenced the selection of the stepping leg, as previously noted in
a retrospective chart review12 of persons poststroke studied in an
inpatient setting, and need further investigation.

Conclusions

The ability to effectively execute protective stepping is important
for balance control and preventing falls. People with chronic
stroke can execute induced steps with either their paretic or
nonparetic leg for multidirectional forward perturbations. The
faster induced stepping compared with instructed voluntary step-
ping may indicate an inherent capacity to train the system to
produce quicker reactive voluntary steps through induced step
training. Use of forward diagonal perturbations, and possibly other
directions, may help to force stepping with the paretic leg. Further
studies should identify the limitations in protective stepping
performance of paretic and nonparetic legs involving other
directions and postural perturbation magnitudes, and in relation to
different impairment profiles, functional levels, and periods of
chronicity after stroke.
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