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Abstract

PURPOSE—Asymmetric step length is a problem common to many orthopedic and neurologic

populations. Herein, we compare step length aftereffects during overground gait following two

rehabilitation intervention strategies to combat step length asymmetry: split-belt treadmill (SBT)

walking and unilateral stepping.

METHODS—Eighteen healthy young adults (22 ± 3 yrs) first performed ten overground gait

trials. Participants then walked for ten minutes under three different treadmill conditions in a

randomized order: SBT walking, slow unilateral stepping, and fast unilateral stepping.

Immediately following each treadmill condition, participants performed ten overground gait trials.

Mean step length asymmetry was calculated across the first five strides of the overground gait

trials to assess the storage of aftereffects following each treadmill condition. We also explored the

lower extremity kinematics during each treadmill condition to investigate movement patterns that

lead to greatest aftereffects.

RESULTS—Significantly higher step length asymmetry was observed in overground gait trials

following SBT walking compared to those following slow and fast unilateral stepping, indicating

greater aftereffect/carryover of the SBT walking pattern to overground gait. During fast unilateral

stepping, increased flexion in the hip, knee, and ankle of the stationary limb was significantly

associated with increased step length aftereffects.

CONCLUSION—The aftereffects observed following acute SBT walking were significantly

greater than those following unilateral stepping. Both exercises induce aftereffects of similar

kinematic patterns, though likely through different mechanisms. In sum, SBT walking induces the

greatest aftereffects, though unilateral stepping also induces a change in gait behavior. During

unilateral stepping, the largest aftereffects occur when the walker does not simply fully extend the

stationary limb and allow the treadmill to passively move the stepping limb during stance.
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Introduction

Gait adaptation during split-belt treadmill (SBT) walking has recently been studied within

healthy individuals (11) as well as in populations characterized by asymmetric gait, such as

post-stroke (13) and Parkinson’s disease (6). A SBT is composed of two independently-

controlled belts (one under each leg) which can be set such that the two belts move at

different speeds simultaneously. As the legs walk at different speeds, interlimb gait

parameters such as step length and double limb support time adapt over time and

demonstrate robust aftereffects (carry over) during overground gait following training (11).

In particular, step length is initially asymmetric during the adaptation period (the limb

walking on the slower belt exhibits a greater step length) and eventually becomes symmetric

as the nervous system begins to consolidate the SBT walking task performance (10,11).

During overground walking following the adaptation period, step length asymmetry is

present in the direction opposite that experienced during initial adaptation (11,12). This

phenomenon – termed the “aftereffect” - is thought to exist because the central nervous

system overcorrects for the errors experienced during adaptation (11,12). Specifically, the

aftereffect is apparent during conventional gait as the limb previously walking on the faster

belt exhibits a longer step length as compared to the limb previously walking on the slower

belt.

The storage or permanency of step length aftereffects following asymmetric locomotor

training has become an important topic in the rehabilitation of populations characterized by

gait asymmetry (1,3,16). Exciting findings have recently demonstrated that step length

asymmetry (SLA) during overground gait can be at least partially restored in persons post-

stroke following acute and chronic SBT training (13–15). Reisman and colleagues first

observed improvements in step length symmetry during overground gait following a single

bout of SBT walking (13). Further, more recent evidence has expanded upon these findings

to show that repeated SBT walking can facilitate restoration of step length symmetry for at

least three months following the cessation of SBT training in post-stroke responders (15).

A primary concern regarding the use of SBTs in rehabilitation is the current lack of

accessibility of these devices to the general population. Alternatively, unilateral step training

has also been shown to facilitate step length symmetry restoration in persons post-stroke (8).

During unilateral stepping, the individual steps with one leg on a moving treadmill belt

while the other leg stands stationary to the side. Importantly, this exercise can be performed

with a traditional treadmill, and thus holds a significant advantage in availability over SBT

walking. However, little is understood about how unilateral stepping induces aftereffects

into overground gait; given that only one limb is moving, it seems unlikely that these

aftereffects stem from the same mechanisms which drive the bilateral, error-based

locomotor adaptation observed during SBT walking (11). Moreover, whether or not these

aftereffects are of similar pattern and magnitude to SBT walking is currently unknown. A

direct comparison of unilateral stepping and SBT walking aftereffects in healthy adults

could provide important mechanistic information about how each exercise influences

overground gait.
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The primary purpose of this study was to compare the step length aftereffects during

overground gait following SBT walking and unilateral stepping in healthy young adults.

Because one foot remains stationary during unilateral stepping, step length cannot adapt

bilaterally in a trial-and-error fashion as is thought to occur during SBT walking (11).

Mechanisms such as use-dependent plasticity (2, 4, 5, 7) may still contribute to the

aftereffects previously observed in a study of unilateral stepping (8), though these may be

limited relative to SBT walking. We hypothesized that we would observe significant step

length aftereffects during overground gait following the unilateral stepping and the SBT

walking tasks, though the SBT aftereffects would be greater in magnitude. Because

interlimb error correction is unlikely to be the mechanism that leads to overground

aftereffects following unilateral stepping, we also sought to investigate the kinematic

differences between SBT walking and unilateral stepping in order to determine kinematic

patterns that lead to greatest overground aftereffects.

Methods

Protocol

Eighteen healthy young adults (22 ± 3 yrs, 171.1 ± 9.9 cm, 66.9 ± 11.4 kg, 9 females, 9

males) naïve to walking on a SBT and unilateral step training participated in this study. All

participants provided written informed consent prior to participating in the study as

approved by the University Institutional Review Board. Participants were fitted with

retroreflective markers in accordance with the Plug-in-Gait full body marker set and

kinematic data were collected using a 10-camera motion capture system (120 Hz; Vicon,

Oxford, UK). Participants were asked “which leg the participant would use to kick a soccer

ball?” to determine leg dominance; all participants were determined to be right leg

dominant.

Participants first performed ten baseline overground gait trials across a 12-m walkway. They

then walked on a SBT under various conditions (Woodway USA, Waukesha, WI). To begin,

the speed of both belts was gradually increased until the participants reported being at the

“fastest speed they felt comfortable walking”, which will herein be referred to as the “fast”

walking speed (mean ± standard deviation: 1.38 ± 0.21 m/s); the “slow” speed was set as

half of the fast speed. To accommodate the participants to the treadmill, they then walked

for two minutes at the slow speed and two minutes at the fast speed followed by a two-

minute washout period again at the slow speed (11). All participants then completed the

following three treadmill conditions in a randomized order for 10 minutes each: 1) during

slow unilateral, the left leg walked at the slow speed while the right leg was stationary, 2)

during fast unilateral, the left leg walked at the fast speed while the right leg was stationary,

and 3) during split-belt, the left leg walked at the fast speed while the right leg walked at the

slow speed (Figure 1). Herein, the left (non-dominant) limb will be referred to across all

conditions as the “slow limb” while the right (dominant limb) will be referred to as the “fast

limb” (during the unilateral stepping conditions, we will refer to the stationary limb as the

slow limb and the stepping limb as the fast limb to maintain consistency for comparisons

across all treadmill conditions). In between each treadmill condition, ten trials of overground

gait were performed. Kinematic data were collected during the first and last 30 seconds of
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each condition on the treadmill and for all overground gait trials. We tested unilateral

stepping at the slow speed to maintain the same speed differences between limbs (i.e. speed

ratio of 2:1 during SBT and 1:0 during slow unilateral stepping) to control for the effect of

belt speed differences between unilateral stepping and SBT walking. Further, we tested

unilateral stepping while the stepping limb walked at a speed matching the SBT fast speed

(i.e. speed ratio of 2:1 during SBT and 2:0 during fast unilateral stepping) to control for the

effect of walking speed.

Data analysis

Heel-strikes and toe-offs were manually labeled in Vicon Nexus software based on marker

trajectories. Step length was calculated as the distance between the ankle markers along the

walking axis at heel-strike. To test the hypothesis that SBT walking induces greater

aftereffects than unilateral stepping, SLA was calculated for each stride of the overground

gait tasks by subtracting right step length from left step length. SLA was then averaged

across the first five overground gait strides following each task.

To compare the gross movements of the limbs during each of the three treadmill conditions

and investigate how these movements were changing over the timecourse of each condition

and into the aftereffects, we calculated limb angles at heel-strike and toe-off by calculating

the angle between a vertical line and a vector connecting the markers on the anterior

superior iliac spine and lateral malleolus. Limb angle describes the pattern of foot placement

relative to the pelvis during each treadmill condition (15). While observing the participants

as they performed the unilateral stepping tasks, it became apparent that there was

considerable variability among participants in terms of the strategies used to perform the

tasks. It appeared that some participants fully extended the stationary limb and allowed the

treadmill to passively move the stepping foot through the stance phase while others seemed

to actively transfer their body weight between limbs as if they were normally walking. We

hypothesized that these different strategies may affect the aftereffect magnitude, and thus we

investigated relationships between the lower extremity kinematics and aftereffect magnitude

following the unilateral stepping conditions. We calculated relative joint angles at the ankle,

knee, and hip for the lower limbs in the sagittal plane using the Vicon dynamic Plug-in-Gait

model to provide specific detail about the kinematics of each joint across treadmill

conditions. These joint angle profiles were subsequently temporally-normalized to 100% of

the gait cycle. During unilateral stepping, the joint angles of the stationary limb were

temporally-normalized to the gait cycle of the stepping limb. We then calculated the peak

flexion and extension angles of each joint bilaterally during each gait cycle over the last 30

seconds of the three treadmill conditions. We investigated the kinematics over this specific

time period because it is demonstrative of how the participants were moving once they had

most fully adapted to the task and would be the pattern which is immediately carried over to

the overground gait trials.

Statistical analysis

Three separate repeated measures ANOVAs were performed to compare 1) the mean SLA,

2) the mean slow limb step length, and 3) the mean fast limb step length of the first five

overground gait strides following each condition and baseline (baseline, slow unilateral, fast
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unilateral, and SBT walking). We also performed separate repeated measures ANOVAs to

compare limb angles at heel-strike and toe-off among 1) the first five strides of each

treadmill condition, 2) the last five strides of each treadmill condition, and 3) the first five

over ground gait strides following each condition and baseline (baseline, slow unilateral, fast

unilateral, and SBT walking). Bonferroni post-hoc adjustments were performed where

appropriate. Two-tailed Pearson’s correlations were performed to analyze relationships

between the mean SLA of the first five strides of the overground gait trials following fast

and slow unilateral stepping and both the mean peak flexion and extension joint angle values

of the lower extremity sagittal joint angles during the last 30 seconds of each unilateral

stepping conditions. A priori statistical significance was set at P≤0.05.

Results

Step length aftereffects following SBT walking and unilateral stepping

We observed a significant main effect of condition on SLA (p<.001). Post-hoc analyses

revealed that SLA was significantly larger during the first five strides of overground gait

following slow unilateral, fast unilateral and SBT walking compared to baseline (all P<.001,

Figure 2A). A significantly larger aftereffect was observed following SBT walking

compared to fast and slow unilateral (P=.005 and <.001, respectively). No significant

difference (P>.05) was observed in SLA between slow unilateral and fast unilateral stepping

conditions. The order in which the conditions were performed did not affect the aftereffects

following other conditions, as we observed the same general patterns in the data both when

comparing only the participants who performed each condition first (Figure 2B) and when

comparing all participants across conditions (Figure 2C).

We also observed a significant main effect of condition on slow limb step length (P<.001).

Post-hoc analyses revealed that the slow limb step length was significantly shorter during

overground gait following SBT walking as compared to baseline and overground gait

following slow unilateral (P =.008 and P=.032, respectively, Figure 3). However, slow limb

step length was not significantly different following slow or fast unilateral as compared to

baseline (P=.109 and P=.073, respectively). Further, we did not observe a significant effect

of condition on fast limb step length (P=.265). Thus, SLA observed following all three

conditions resulted primarily from a shortening of the slow limb step.

Kinematic comparisons between SBT walking and unilateral stepping

A bird’s eye diagram of limb angle patterns (averaged across participants) during the first

and last five strides of each treadmill condition and during the aftereffects following each

treadmill condition is shown in Figure 4A. Group mean±SE limb angles at heel-strike and

toe-off are shown for the first and last five strides of each treadmill condition (Figure 4B)

and for each limb during the aftereffects (Figure 4C). The limb angle at heel-strike did not

change significantly from the first five strides to the last five strides of any condition (all P>.

05, Figure 4B). During the first and last five strides of each condition, the limb angle at heel-

strike was significantly more flexed in the fast limb during SBT walking compared to the

slow limb during SBT walking and the fast limb during both unilateral stepping conditions

(all P<.001; indications of significant differences among conditions omitted in Figure 4B to

Huynh et al. Page 5

Med Sci Sports Exerc. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



preserve figure clarity). The limb angle at toe-off became significantly more extended from

the first five strides to the last five strides in the fast limb (but not the slow limb) during SBT

walking and both unilateral stepping conditions.

During the first five strides of overground walking following each condition, the limb angle

at heel-strike was significantly more flexed while the limb angle at toe-off was significantly

less extended in the fast limb than in the slow limb (all P<.05, Figure 4C; indications of

significant differences between limbs omitted in Figure 4C to preserve figure clarity). We

did not observe any significant differences among conditions in limb angle at heel-strike;

however, the limb angle at toe-off was significantly less extended in the fast limb following

both fast unilateral and SBT walking compared to baseline (all P<.05). The limb angle at

toe-off was also significantly less extended in the fast limb following SBT walking

compared to slow unilateral (P<.05), which contributes to the differences in slow limb step

length between these two conditions observed in Figure 3.

In sum, the fast limb became more extended at toe-off from the first five strides to the last

five strides during SBT walking and both unilateral stepping conditions while the degree of

limb flexion at heel-strike remained relatively constant throughout the task in all conditions.

The fast limb generates greater extension during SBT walking as compared to the slow limb

during SBT walking as well as the stepping limb during both unilateral conditions. These

movement patterns lead to aftereffects across conditions which are characterized by

significantly larger limb flexion and significantly smaller limb extension in the fast limb as

compared to the slow limb. These between-limb differences in limb flexion at heel-strike

and limb extension at toe-off are largest following SBT walking as compared to both fast

and slow unilateral stepping (Figure 4C) and are similar to the findings of Malone and

colleagues regarding limb angle patterns during SBT walking (see Figure 5 in (9)).

Associations between sagittal joint angle profiles during unilateral stepping and aftereffect
storage

Individual and mean ensemble sagittal joint angle profiles at the hip, knee, and ankle are

shown for each condition in Figure 5. We observed significant associations between SLA

during overground walking following fast unilateral stepping and mean peak ankle

dorsiflexion (r=.489, P=.046), knee flexion (r=.635, P=.006), knee extension (r=.749, P=.

001), and hip extension (r=.514, P=.035) of the stationary limb during the last 30 seconds of

fast unilateral stepping (Figure 6). Note that joint angle values of negative values are

considered plantarflexion for the ankle and extension for the knee and hip, and thus the

positive correlations between SLA and peak extension at the knee and hip indicate that

increased SLA was associated with decreased peak extension. There were no significant

associations between SLA following slow unilateral stepping and peak joint angles during

the last 30 seconds of slow unilateral stepping.

Discussion

The primary purpose of this study was to compare the aftereffects following SBT walking

and unilateral stepping in order to assess the potential of the two techniques to induce

changes in step length symmetry following acute bouts of training. Consistent with previous
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research in SBT walking in healthy young adults (11), we observed significant SLA during

overground gait immediately following acute bouts of SBT walking. The limb previously

walking on the fast belt produced a greater step length than the limb previously walking on

the slow belt during overground gait after the acute bout. We also observed significant SLA

during overground gait following acute bouts of slow and fast unilateral stepping. However,

the magnitude of the aftereffects following SBT walking was greater than those following

either of the unilateral stepping conditions. To our knowledge, these are the first findings to

demonstrate that acute SBT walking induces a larger change in SLA during overground gait

as compared to acute unilateral stepping.

We also aimed to compare and contrast the kinematics of unilateral stepping and SBT

walking in order to gain insight as to which parameters are changing over time and how

these changes may influence the aftereffects. During both SBT walking and unilateral

stepping, the limb angles of the fast/stepping limb changed in similar fashion over the course

of the task such that the pattern of limb flexion at heel-strike remained relatively unchanged

while limb extension at toe-off increased. These movement patterns resulted in aftereffects

during overground walking that were characterized by significantly greater limb flexion and

significantly lesser limb extension in the fast limb as compared to the slow limb. Thus, the

aftereffects following SBT walking and unilateral stepping show similar kinematic patterns,

though the between-limb differences in limb flexion at heel-strike and limb extension at toe-

off were largest following SBT walking (Figure 4C), resulting in the greatest SLA.

The kinematic changes which occur over time in the fast/stepping limbs appear somewhat

similar across the three treadmill conditions; however, SBT walking and unilateral stepping

likely induce aftereffects through different mechanisms. During SBT walking, intralimb

patterns remain relatively constant throughout a single session as interlimb parameters (e.g.,

step length) are gradually altered by phase shifting one limb relative to the other (11). This

causes the initially asymmetric step lengths to adapt toward symmetry as the nervous system

gains information about the perturbation (i.e., the asymmetric belt speeds) by incorporating

reactive feedback and predictive feedforward responses. Once the perturbation is removed, it

is proposed that the nervous system overcorrects for the error as an aftereffect is observed in

the direction opposite the asymmetry experienced during initial adaptation (11). In sum, the

nervous system adapts to SBT walking and stores aftereffects within the traditional trial-

and-error framework commonly associated with motor adaptation. However, the aftereffects

observed following unilateral stepping do not appear to result from error-based adaptation.

In contrast to SBT walking, in which there are pronounced changes in interlimb parameters

occurring bilaterally throughout the timecourse of the task, it is unlikely that interlimb

spatiotemporal error is detected during unilateral stepping given that only one limb is

stepping. Thus, the aftereffects observed following unilateral stepping may result primarily

from use-dependent plasticity. The idea of use-dependent plasticity suggests that repetition

of movements performed in a particular direction or with a particular velocity will bias

future movements to occur in a similar fashion (2, 4, 5, 7). Given that the stationary foot

does not move throughout the entirety of the unilateral stepping task, one might expect that

this foot would take a shorter step upon re-exposure to unconstrained overground gait.

Indeed, this is precisely what was observed in the present study. It is also possible that

physiological mechanisms unrelated to motor learning, such as stretching of the stepping
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limb hip flexor musculature, may contribute to the step length aftereffects following

unilateral stepping.

Our findings do not discredit unilateral stepping as a potentially effective therapy for

asymmetric gait deficits. Our results are in support of previous findings by Kahn and

Hornby which suggest that unilateral stepping does indeed induce significant aftereffects in

step length symmetry during overground gait. Further, these aftereffects are similar in

direction to those observed after SBT walking (i.e., the fast/stepping limb takes a larger step)

(8), albeit at a lesser magnitude. Our results expand upon these findings to suggest that

aftereffects following unilateral stepping are largest when the stationary limb does not

remain fully extended throughout the training duration. As shown in Figure 5, we observed

considerable between-participant variability in the kinematics of the stationary limb during

unilateral stepping. Some participants appear to have remained more-or-less fully extended

at the hip and knee and neutral at the ankle, likely maintaining their body mass directly over

the stationary limb throughout the task and allowing the treadmill to passively move the

stepping limb through the stance phase. However, our results suggest that this pattern

reduces aftereffect magnitude, as the participants who stored the largest aftereffects

demonstrated the greatest amount of flexion at the ankle, knee, and hip of the stationary limb

during the stance phase of the stepping limb. We suggest that these flexion patterns may

have resulted from a more active stance phase of the stepping limb in which body weight

was actually transferred between limbs in a fashion more similar to walking. Given that the

stance kinetics are reduced during slow walking as compared to fast walking, this rationale

may also explain why similar relationships were not observed between the kinematics

during slow unilateral stepping and the subsequent aftereffects during overground gait.

However, future studies should investigate kinetic changes in each limb during unilateral

stepping to provide clearer insight.

As our study is limited to an investigation of healthy young adults, future research should

also compare the magnitude of step length aftereffects following SBT walking and unilateral

stepping in populations with SLA. There are inherent challenges which can often

accompany the rehabilitation of individuals within these populations (low aerobic capacity,

significantly diminished global gait and movement ability, impairments in cognition and

motor learning, etc). However, previous research has successful translated locomotor

adaptation protocols from healthy individuals into asymmetric populations (8, 11–15). Thus,

these results are a promising first step in directly comparing unilateral stepping and SBT

walking protocols and furthering the understanding as to how these exercises may affect gait

asymmetry in pathological populations. It should also be noted that this study primarily

compared initial aftereffects of the SBT walking and unilateral stepping after only an acute

bout of treadmill walking. Studying the long-term effects of SBT and unilateral stepping

training over periods of weeks in persons with asymmetric gait would provide a more

complete understanding of the effectiveness of each method in a rehabilitation setting.

Finally, SLA was not completely washed out following any of the exercises and this may

have influenced subsequent aftereffect magnitudes (Figure 2A). Thus, while the general

patterns of the aftereffects following each exercise were not affected by the order in which

the exercises were performed (Figures 2B and 2C), specific effects on the magnitude of the

aftereffects is not known.
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Conclusion

Both SBT walking and unilateral stepping induce significant step length aftereffects during

overground gait in healthy young adults. In this study, we demonstrated that the greatest step

length aftereffects are observed following SBT walking. We suggest that these differences in

aftereffect magnitude may be driven by differences in the mechanisms occurring during

each exercise; SBT walking may incorporate trial-and-error adaptation, use-dependent

plasticity, and reinforcement learning whereas unilateral stepping does not appear to

incorporate any trial-and-error bilateral adaptation. It is, however, important to note that the

aftereffects following unilateral stepping and SBT walking are of a similar kinematic

pattern. Further studies directly comparing these two exercises in pathological populations

could provide more direct evidence as to the effectiveness of each method as gait

rehabilitation.
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Figure 1.
Examples of each treadmill condition: A) slow unilateral stepping, B) fast unilateral

stepping, and C) split-belt treadmill walking. Thick black arrows indicate that the belt is

moving at the fast speed while thin black arrows indicate that the belt is moving at the slow

speed. A lack of arrows on the treadmill belt indicates that the belt is stationary. Black

arrows between the walking figures indicate progression in time.
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Figure 2.
A) Mean step length asymmetry for overground walking at baseline and over the first (tall

bars) and last (short bars) five strides of overground gait after slow unilateral, fast unilateral,

and split-belt treadmill walking. * indicates P<.05. B) Mean step length asymmetry over the

first five strides of overground walking after slow unilateral, fast unilateral, and split-belt

treadmill walking when only the data from participants performing each condition first are

considered. C) Mean step length asymmetry over the first five strides of overground walking

after slow unilateral, fast unilateral, and split-belt treadmill walking across all participants

and conditions. The data in B) and C) follow the same statistical patterns observed in Figure

2A with indicators of significance omitted to preserve clarity. Error bars indicate standard

error.
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Figure 3.
Mean step length values for each limb during baseline overground gait and the first five

strides of overground gait immediately following slow unilateral, fast unilateral, and split-

belt treadmill walking. * indicates P<.05. Error bars indicate standard error.
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Figure 4.
A) A bird’s eye view of the mean limb angle orientations throughout the gait cycle for the

first and last five strides of each treadmill condition (top) and the first five strides of

overground walking immediately following each condition (bottom). The shaded white

boxes indicate the mean amount of limb flexion at heel-strike while the shaded gray boxes

indicate the mean amount of limb extension at toe-off. B) Mean±SE limb angles over the

first (black) and last (gray) five strides of each treadmill condition at heel-strike (top) and

toe-off (bottom). * indicates P<.05, indications of significant differences among conditions

omitted to preserve figure clarity. C) Mean±SE limb angles of the fast (black) and slow

(white) limb at heel-strike (top) and toe-off (bottom) over the first five strides of overground

gait following each treadmill condition. * indicates P<.05, indications of significant

differences between limbs omitted to preserve figure clarity.
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Figure 5.
Bilateral individual (gray) and mean (black) sagittal joint angle profiles for the hip, knee,

and ankle during the last 30 seconds of all three treadmill conditions.
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Figure 6.
Associations between the mean step length asymmetry over the first five strides of

overground gait following fast unilateral stepping and (from top to bottom) the ankle angle

at peak dorsiflexion, the knee angles at peak flexion and extension, and the hip angle at peak

extension during the last 30 seconds of fast unilateral stepping. All four relationships are

statistically significant (P<.05).
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