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Abstract
Objective—Locomotor adaptation enables safe, efficient navigation among changing
environments. We investigated how healthy young (HYA) and older (HOA) adults and persons
with Parkinson’s disease (PD) adapt to walking on a split-belt treadmill, retain adapted gait
parameters during re-adaptation, and store aftereffects to conventional treadmill walking.

Methods—Thirteen PD, fifteen HYA, and fifteen HOA walked on a split-belt treadmill for ten
minutes with one leg twice as fast as the other. Participants later re-adapted to the same conditions
to assess retention of the split-belt gait pattern. After re-adaptation, we assessed aftereffects of this
pattern during conventional treadmill walking.

Results—Persons with PD exhibited step length asymmetry throughout many adaptation and
adaptive learning conditions. Early adaptation was similar across groups, though HYA and HOA
continued to adapt into late adaptation while PD did not. Despite pervasive step length asymmetry
among conditions which were symmetric in HYA and HOA, persons with PD demonstrated
significant step length aftereffects during conventional treadmill walking after split-belt walking.

Conclusions—Though they may exhibit a default asymmetry under various walking conditions,
persons with PD can adapt and store new walking patterns.

Significance—Locomotor adaptation therapy may be effective in ameliorating asymmetric gait
deficits in persons with PD.
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INTRODUCTION
Humans precisely coordinate the activities of many muscles to control everyday movements
such as walking. This is done in the face of an environment that is constantly changing in
complexity. Locomotor adaptation is a process during which changes in locomotor output
are stabilized over time by the central nervous system’s incorporation of feed-forward
predictive motor actions and sensorimotor feedback (Purzner et al., 2007; Cavaco et al.,
2011; Bédard and Sanes, 2011; Bares et al., 2007; Bares et al., 2010; Jayaram et al., 2011;
Morton and Bastian, 2006). Adaptation of human walking patterns in response to changes in
internal and external environments is essential for safe, efficient community ambulation.

Split-belt treadmills (SBT) allow for creation of complex walking patterns and have recently
been used to facilitate understanding of locomotor adaptation in various populations
(Morton and Bastian, 2006; Dietz et al., 1995; Reisman et al., 2009). The two SBT belts can
be decoupled such that one leg walks faster than the other. In healthy adults, stride length
and stance time adapt to SBT walking, producing immediate asymmetric parameters
between limbs (fast limb stride length is longer while stance time is shorter). These intralimb
parameters remain asymmetric throughout the duration of the task (Reisman et al., 2005).
Conversely, step length is an interlimb gait parameter which is initially asymmetric as the
leg walking on the slow belt takes a longer step than that on the fast belt. Over time, the step
lengths gradually adapt toward symmetry as the nervous system obtains the information
necessary to efficiently coordinate interlimb movements (Reisman et al., 2005). Upon
exposure to conventional walking immediately following SBT walking, a large aftereffect is
observed in interlimb parameters such that, for instance, step length asymmetry is opposite
that which was observed during initial adaptation (i.e. step length is longer for the leg that
previously walked on the fast belt as compared to the leg that previously walked on the slow
belt) even while both belts move at the same speeds. Little aftereffect in the intralimb
parameters is typically observed during tied-belt walking immediately following a bout of
SBT walking.

In this manuscript, we use the terms adaptation and adaptive learning to address two
different phases of the locomotor response to an altered environment. Adaptation refers to
the short-term, error-based process during which information is obtained about the altered
environment and motor responses are adjusted accordingly. In contrast, adaptive learning is
a long-term process representing the stored ability to predict a locomotor perturbation and
adapt gait parameters, which is necessary to retain an adapted gait pattern once the
environment is either altered again or returned to its original state (Jayaram et al., 2011).
Prior evidence also suggests that locomotor adaptation and adaptive learning are controlled
through different neurological processes. During adaptation to the SBT, it is thought that
intralimb parameters (e.g. stride length and stance time) are reactively altered by feedback
mechanisms likely derived from the spinal cord to accommodate an immediate response to
the SBT perturbation (Rossignol et al., 1999; Pearson, 1995) while interlimb parameters
(e.g. step length) require cerebellar-modulated predictive, feed-forward control to more
gradually adapt (Morton and Bastian, 2006). Further, research has suggested that depression
of cerebellar inhibition over the motor cortex is necessary to facilitate locomotor adaptive
learning (Jayaram et al., 2011).

Individuals with Parkinson’s disease (PD) present a multitude of locomotor signs and
disease manifestations including bradykinesia, akinesia, tremor, and rigidity (Knutsson,
1972; Fahn, 1995). While persons with PD demonstrate difficulty altering the locomotor
system during transitional periods such as turning (Bloem et al., 2011), obstacle clearing
(Stegemöller et al., 2012), and gait initiation (Hass et al., 2005), abilities to adapt steady-
state gait and store adapted gait patterns have not been well-studied. Only one study has
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examined SBT walking in PD, demonstrating that persons with PD reactively adapted over a
similar number of strides when compared to controls (Dietz et al., 1995). However,
immediate reactive changes are required to mechanically maintain gait when responding to
the SBT perturbation and thus the locomotor control insight provided by these findings is
limited. To our knowledge, no study has investigated a longer locomotor adaptation period
during which adaptation could be modulated by feed-forward mechanisms nor have
assessments of retention or aftereffects been included to examine adaptive learning in
persons with PD. Investigation of the ability to asymmetrically adapt gait patterns may have
important clinical implications for gait rehabilitation in persons with PD as this population is
often characterized by asymmetry in a multitude of gait parameters (Knutsson, 1972;
Johnsen et al., 2009; Lewek et al., 2010). However, in keeping with the growing body of
research suggesting that retention and aftereffect storage of learned upper extremity and
visuomotor tasks are impaired in persons with PD (Bédard et al., 2011; Fernandez-Ruiz et
al., 2003; Leow et al., 2012; Isaias et al., 2011; Smiley-Oyen et al., 2006; Mochizuki-Kawai
et al., 2004), we postulate that persons with PD may also exhibit restricted locomotor
adaptation and diminished facilitation of adaptive learning.

In addition to PD, little is known about how normal aging affects the abilities to adapt and
store new gait patterns. A recent study suggested that older adults demonstrate somewhat
restricted adaptation and diminished aftereffects from SBT walking; however, locomotor
adaptive learning could not be fully assessed as no retention task was included (Bruijn et al.,
2012). Regarding generalized motor adaptation and motor learning, the literature on effects
of aging has provided largely conflicting results. A few recent studies on dynamic stability
in older adults have suggested impairments in initial reaction to gait perturbations but
preserved ability to predictively adapt to perturbations over time (Bierbaum et al., 2010; Pai
et al., 2010). Moreover, the capacity to make visuomotor adaptations appears to remain
intact with aging (Cressman et al., 2010). As the abilities to facilitate and retain adaptations
in gait may be important in preventing falling in older adults (Pai et al., 2010), this study
will provide knowledge as to how normal aging and PD may affect the ability to adapt and
store gait patterns.

The purpose of this study was to investigate locomotor adaptation and locomotor adaptive
learning in persons with PD and in normal aging. We hypothesized that during SBT
walking, persons with PD and HOA would demonstrate restricted locomotor adaptation
compared to healthy young adults (HYA). We also postulated that HOA and persons with
PD would demonstrate diminished retention of adapted spatiotemporal gait parameters
during re-adaptation and diminished aftereffects into conventional treadmill walking, with
these locomotor adaptive learning deficits being more pronounced in persons with PD.
However, if gait asymmetry can be altered in persons with PD, SBT training may have
potential as a rehabilitative tool to restore gait symmetry in persons with PD affected by
asymmetric gait deficits.

METHODS
Participants

Thirteen persons with PD (mean±SD: 64.1±8.8 yr, 172.7±3.8 cm, 81.4±9.4 kg, Unified
Parkinson’s Disease Rating Scale (UPDRS) motor score: 24.6±6.9, UPDRS nonmotor score:
11.3±4.0), 15 age-matched HOA (age 65.2±8.1 yr, 169.2±7.8 cm, 72.1±15.4 kg), and 15
HYA (age 22.3±3.3 yr, 169.0±8.6 cm, 65.8±11.3 kg) participated. Our protocol was
structured similarly to that used in previous studies of SBT walking (Reisman et al., 2005).
No participant had walked on a SBT prior to participation nor experienced a lower limb
orthopedic injury for at least one year. The HOA and HYA were free of any history of
neurological impairment. Participants with PD included in this study either self-reported
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asymmetric gait difficulty or were referred to the study by their neurologist for
demonstrating asymmetric gait characteristics. All participants with PD performed the
sessions in their self-reported best-medicated state in order to best observe their daily
functional ability. All participants provided written informed consent before participating in
the study as approved by the University Institutional Review Board.

Locomotor data
Sixteen passive reflective markers were attached to the lower body in accordance with the
Vicon Plug-in-Gait lower body marker system. Kinematic data were collected using a 7-
camera motion capture system (120 Hz; Vicon, Oxford, UK) while participants walked on
an instrumented SBT (Bertec Corporation, Columbus, OH). Participants first walked on the
SBT while both belts moved together at a self-selected comfortable speed for five minutes to
accommodate to walking on the treadmill. All participants held onto the handrails for the
duration of all treadmill sessions. The speed of both belts was then increased until the
participants reported being at the “fastest speed they felt comfortable walking for 15
minutes”. This speed was set as the “fast” walking speed. The “slow” walking speed was
designated as 50% of the “fast” walking speed.

Participants first became acclimated with the slow and fast walking speeds. They walked for
two minutes with both belts at the slow speed (BASELINE-TIED), two minutes with both
belts at the fast speed, and then two-minutes at the slow speed to wash out the fast walking
pattern. Gait parameters were averaged over the last 30 seconds of the BASELINE-TIED
condition. Then, without stopping the treadmill after the baseline trials, the belt under the
nondominant leg in HYA and HOA and the belt under the more-affected leg in PD was sped
up to the fast speed while the belt under the contralateral leg remained at the slow speed.
Participants walked under these conditions for 10 minutes (SPLIT). Gait parameters were
averaged over the first five strides of the SPLIT condition (EARLY), five strides at the five-
minute mark of the SPLIT condition (MID), and finally over last five strides of the SPLIT
condition (LATE). Following the SPLIT condition, participants walked overground across a
10-m walkway ten times in order to wash out the effects of the SPLIT condition.
Overground walking trials were selected as a washout rather than treadmill walking in order
to remove the external stimulus and rhythmicity provided by the treadmill. Motion capture
was unavailable during these overground walking trials. The participants then walked for
three minutes with the treadmill again set to the same SPLIT condition (READAPT).
Immediately following READAPT, the fast belt was slowed to the slow speed for five
minutes (POST-TIED). Gait parameters were also averaged over the first five strides of the
READAPT and POST-TIED conditions (Figure 1). Leg dominance was defined by response
to the question “which leg would you use to kick a soccer ball?” Herein, the nondominant
leg in HYA and HOA (or most-affected in PD) will be referred to as the “fast” leg while the
dominant leg in HYA and HOA (or least-affected in PD) will be referred to as the “slow”
leg. In PD, the more-affected leg was self-reported by the participants and confirmed
through UPDRS scores.

Data analysis
Heel-strikes and toe-offs were manually labeled in Vicon software based on marker velocity
profiles. Stride length was defined as the distance traveled by the ankle marker along the
walking axis from heel-strike to toe-off (Reisman et al., 2005). Stance time was defined as
the percent of the gait cycle between heel-strike and subsequent toe-off of the same limb.
Step length was defined as the distance between the ankle markers along the walking axis at
heel-strike. We defined symmetry in each gait parameter using the following asymmetry
index:
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Asymmetry = (fast leg parameter – slow leg parameter)/(fast leg parameter + slow leg
parameter)

An a priori sample size of n>11 per group was determined based on pilot data using F-test
power analysis within G*Power 3.1 assuming β error probability of .80 and α error
probability of .05. A series of 3×6 (group x condition) repeated measures ANOVAs were
performed to analyze differences in stride length, stance time, and step length asymmetry
among groups (HYA, HOA, and PD) and conditions (BASELINE-TIED, EARLY
adaptation, MID adaptation, LATE adaptation, READAPT, POST-TIED). One-way
ANOVAs were performed to analyze differences in age, height, and body mass between
groups. Bonferroni post-hoc adjustments were applied to pairwise comparisons when
appropriate. Levels of significance for the ANOVAs prior to Bonferroni post-hoc
adjustments were set at α=.05. The ANOVAs were performed using SPSS Statistics 21
(IBM, Armonk, New York). We have also provided eta-squared (η2) effect sizes to
supplement the interpretation of the results. Traditional interpretation of η2 suggests that
effect sizes greater than .01 but less than .06 be considered small, greater than .06 but less
than .14 be considered medium, and greater than .14 be considered large (Cohen, 1988).

RESULTS
Persons with PD had significantly more body mass than HYA (p=.005). There were no
significant differences in fast treadmill walking speed or height among groups. There was no
significant difference in age between PD and HOA.

Interlimb adaptation and adaptive learning
Step length asymmetry—We observed main effects of both condition and group on step
length asymmetry (p<.001 and p=.003, η2=.78 and η2=.25, respectively). Persons with PD
exhibited significantly greater step length asymmetry (p<.05) than HYA and HOA
throughout many of the locomotor adaptation and adaptive learning conditions with the
exceptions of EARLY adaptation (p=.162 and p=.725, respectively) and POST-TIED (p=.
564 and p=.319, respectively) (Figure 2). All groups exhibited significantly greater step
length asymmetry during EARLY adaptation relative to BASELINE-TIED (all p<.001). By
LATE adaptation, all groups adapted step length asymmetry such that it was not different
from BASELINE-TIED (all p>.90). Thus, persons with PD demonstrated the same degree of
step length asymmetry during both baseline tied-belt walking (BASELINE-TIED) and
during the late stages of SBT walking (LATE adaptation).

All groups displayed retention of the learned gait parameters such that step length
asymmetry during READAPT was not significantly different from LATE adaptation (all p>.
90). Further, all groups demonstrated a significant step length aftereffect as step length
asymmetry during POST-TIED was significantly greater than during BASELINE-TIED in
all groups (all p<.001).

Intralimb adaptation and adaptive learning
Stride length asymmetry—We observed a main effect of condition (p<.001, η2=.95) and
a significant group x condition interaction (p=.004, η2=.01) on stride length asymmetry. All
groups exhibited significant increases in stride length asymmetry during EARLY adaptation,
MID adaptation, LATE adaptation, READAPT, and POST-TIED as compared to
BASELINE-TIED (all p<.001) (Figure 3). We did not observe significant differences in
stride length asymmetry among groups during any of the conditions. However, both HYA
and HOA demonstrated a significant increase in stride length asymmetry from EARLY to
LATE adaptation (both p=.001) while PD did not (p=.077). Only HYA increased stride
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length asymmetry from EARLY to MID adaptation and from MID to LATE adaptation (p=.
019).

Stance time asymmetry—We observed a main effect of condition (p<.001, η2=.89) and
a significant group x condition interaction (p=.001, η2=.02) on stance time asymmetry. All
groups exhibited significantly increased stance time asymmetry during EARLY adaptation,
MID adaptation, LATE adaptation, and READAPT (all p<.001) (Figure 4). We observed
significantly higher stance time asymmetry during POST-TIED in the HYA and HOA
relative to PD (p=.001 and p=.023, respectively) and significantly higher stance time
asymmetry during POST-TIED as compared to BASELINE-TIED in HYA (p=.009) but not
in HOA or PD (both p>.90).

DISCUSSION
We investigated the effects of PD and normal aging on the abilities to adapt a locomotor
pattern and to retain and store aftereffects of the newly-learned pattern. Persons with PD
walked with significant step length asymmetry during baseline which, interestingly, was
pervasive among all walking conditions during which step length is typically symmetric in
healthy adults. For example, during SBT walking in healthy adults, step length is initially
asymmetric during early adaptation (Reisman et al., 2005). In the present study, the initial
perturbation in step length symmetry during EARLY adaptation was not significantly
different among groups. Then, over time, the step lengths gradually adapt toward symmetry
in healthy adults, even while the belts continue to move at asymmetric speeds. However,
persons with PD restored step length symmetry from EARLY to LATE adaptation such that
the step length asymmetry observed during LATE adaptation was similar to that observed
during BASELINE-TIED. Thus, step lengths were asymmetric in PD even during LATE
adaptation. Likewise, a similar degree of step length asymmetry pattern was observed upon
the initial re-exposure to the SBT gait perturbation during READAPT. Our findings may
suggest that persons with PD who experience gait asymmetry may “default” to an
asymmetric gait pattern during various walking tasks, even after the gait pattern is
asymmetrically perturbed and the nervous system is forced to reorganize gait symmetry.
These findings appear similar to those previously observed during SBT walking in post-
stroke populations also characterized by gait asymmetry (Reisman et al., 2007).

Our results also demonstrate that persons with PD are able to at least temporarily alter this
default asymmetry with training requiring locomotor adaptation. During POST-TIED, the
persons with PD exhibited a significant step length aftereffect such that the more-affected
limb actually took a significantly longer step than the less-affected limb (while the opposite
was true during BASELINE-TIED). Thus, our findings suggest that SBT walking may have
important implications for the restoration of gait symmetry in persons with PD, specifically
amongst those affected by step length asymmetry. Indeed, as HOA and HYA demonstrated
similar abilities to adapt and store gait patterns, the findings of the current study appear to be
primarily disease- related as opposed to age-related.

Stride length and stance time have been described as rapidly-adjusting, reactively-controlled
parameters, hypothesized to be obligatory to the mechanical perturbation of the belts and
primarily spinally-controlled during initial locomotor adaptation (Morton and Bastian, 2006;
Rossignol et al., 1999; Pearson, 1995). All groups adapted similarly during the first five
strides of exposure to the SBT gait pattern, suggesting that the spinal mechanisms governing
reactive locomotor adaptation remain intact/effective in PD and HOA. This finding is
consistent with previous research demonstrating that persons with PD were able to adapt to
SBT walking similarly to HOA over a short time period (Dietz et al., 1995) and further
literature exhibiting that persons with PD are able to make mild alterations to gait during
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treadmill walking (Bello et al., 2008; Hong et al., 2007). Previous research has indicated that
stride length adapts immediately in a rather drastic fashion upon exposure to a SBT walking
task, then continues to adapt gradually throughout the task (Bruijn et al., 2012). Contrary to
HOA and HYA, we observed that participants with PD did not further alter stride length
from EARLY to LATE adaptation. This is in support of previous research, which suggests
that consolidation of the adapted motor task over time appears to be abnormal in PD
(Marinelli et al., 2009). As persons with PD demonstrated the highest stride length
asymmetry during EARLY (though not significantly higher than HOA or HYA) and the
smallest change from EARLY to LATE, we suggest that the modestly-higher initial
adaptation may serve as a compensatory strategy for the diminished ability to consolidate
task demands. This postulation is supported by the absence of significant stride length
adaptation from EARLY to LATE and the similarity in stride length adaptation during
EARLY and READAPT in participants with PD.

Step length is thought to be more slowly-adapting and predictively-controlled by the
cerebellum (Morton and Bastian, 2006). Further, interlimb gait parameters have previously
been shown to demonstrate the largest aftereffects during conventional gait following SBT
walking (Reisman et al., 2005). As previous studies on upper extremity and visuomotor
adaptation have shown that retention and transfer of novel skill acquisition are diminished in
persons with PD (Bédard et al., 2011; Fernandez-Ruiz et al., 2003; Leow et al., 2012; Isaias
et al., 2011; Smiley-Oyen et al., 2006; Mochizuki-Kawai et al., 2004), we hypothesized that
retention and storage of aftereffects may also be diminished in PD. We did observe
significantly greater step length asymmetry during READAPT in PD as compared to HYA
and HOA; however, persons with PD were able to reproduce the LATE adaptation values of
step length asymmetry upon re-exposure to the SBT walking task during READAPT. This
likely indicates that persons with PD retained the LATE adaptation pattern in similar fashion
to HYA and HOA. Thus, the differences among groups appear to be largely attributable to
the significant step length asymmetry exhibited by persons with PD throughout the phases of
the locomotor adaptation and adaptive learning conditions during which step length
asymmetry is relatively symmetrical in healthy adults (BASELINE-TIED, MID and LATE
adaptation, READAPT). Therefore, contrary to our hypotheses, retention of newly-learned
gait patterns seems to be relatively intact in persons with PD. Moreover, the storage of
aftereffects following SBT walking also appears to remain intact in PD, as there were no
differences among groups in step length asymmetry during POST-TIED. Our findings
suggest that the ability to store adapted gait parameters into conventional walking is
preserved in PD.

As persons with PD exhibited a significant step length aftereffect during POST-TIED, SBT
training may be a useful rehabilitation tool to restore gait symmetry in persons with PD
affected by step length asymmetry, such as those included in this study. However, as persons
with PD adapted gait parameters back to baseline asymmetric patterns given sufficient
exposure to a novel SBT walking bout, whether or not gait symmetry could be more
permanently restored with chronic training remains unknown. If persons with PD can learn
new gait patterns over time through repetitive locomotor adaptation training, SBT walking
could prove to be an effective exercise intervention in restoring gait function and improving
locomotor adaptability. Data from our lab which is currently in review suggests that persons
with PD can indeed learn SBT walking patterns and alter gait symmetry over time with
chronic training.

Limitations to our findings are that all PD participants in this study demonstrated significant
step length asymmetry during conventional treadmill walking, but not all persons with PD
experience gait asymmetry. Therefore, the scope of this paper is limited to gait rehabilitation
of persons with PD exhibiting asymmetric gait patterns. Also, the participants with PD
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performed all trials while optimally medicated. Thus, we cannot precisely ascertain how
dopamine therapy and/or dopaminergic dysfunction of the PD brain affects locomotor
adaptation and locomotor adaptive learning. We tested all PD participants with the more-
affected limb on the faster belt, regardless of leg dominance. We do not suspect that leg
dominance had any effect on our results, as previous work observed similar patterns of
locomotor adaptation and retention of aftereffects regardless of which leg walked on the
faster belt (Reisman et al., 2005). Persons with PD walked on the SBT at slower self-
selected speeds than HYA and HOA. However, all groups attained the same degree of
adaptation across all gait parameters by LATE adaptation.

CONCLUSION
Persons with PD demonstrated significant step length asymmetry which was pervasive
throughout phases of locomotor adaptation and adaptive learning processes during which
step lengths are relatively symmetrical in healthy adults. This may indicate that persons with
PD who experience step length asymmetry default to this pattern even after gait patterns are
perturbed and require reorganization. However, persons with PD demonstrated a significant
aftereffect during conventional treadmill walking immediately after SBT walking. This
aftereffect was similar in magnitude to the healthy groups and may have important
implications for restoration of gait symmetry within this population. Further investigation is
needed into the potential of split-belt treadmills as rehabilitative tools to restore gait function
in PD.
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Highlights

1. Persons with Parkinson’s disease exhibit pervasive step length asymmetry
throughout locomotor adaptation and adaptive learning conditions.

2. Persons with Parkinson’s disease did not adapt stride length in similar fashion to
healthy adults.

3. Split-belt walking may have potential for gait symmetry restoration in persons
with Parkinson’s disease.
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Figure 1.
An outline of the protocol used to investigate locomotor adaptation and adaptive learning.
Solid black horizontal lines indicate that the belts were moving at the same speed. The solid
white lines represent the nondominant limb in HYA and HOA and the more-affected limb in
PD while the dashed white lines represent the contralateral limb. “Fast” indicates self-
selected fastest comfortable walking speed and “Slow” indicates slow (50% of fast) walking
speed.
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Figure 2.
Comparisons of step length asymmetry among groups and across all walking conditions.
HYA – healthy young adults, HOA- healthy older adults, PD – persons with Parkinson’s
disease. Error bars indicate standard deviation. * indicates that step length asymmetry in
HOA and HYA was significantly different from PD with p<.05.
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Figure 3.
Comparisons of stride length asymmetry among groups and across all walking conditions.
HYA – healthy young adults, HOA- healthy older adults, PD – persons with Parkinson’s
disease. Error bars indicate standard deviation. *indicates that stride length asymmetry
during MID adaptation was significantly higher than during EARLY adaptation with p<.05.
+ indicates that stride length asymmetry during LATE adaptation was significantly higher
than during MID adaptation with p<.05.
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Figure 4.
Comparisons of stance time asymmetry among groups and across all walking conditions.
HYA – healthy young adults, HOA- healthy older adults, PD – persons with Parkinson’s
disease. Error bars indicate standard deviation. * indicates that stance time asymmetry in
HOA and HYA was significantly different from PD with p<.05.
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