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Abstract—Studies in arm motor adaptation suggest that intro-
ducing small errors during the adaptation period may lead to a
longer retention of the aftereffect than introducing large errors.
However, it is unclear whether this notion can be generalized
to locomotor adaptation in patients with incomplete spinal cord
injury (SCI). We hypothesized that a smaller error size may
lead to longer retention of the aftereffect in patients with SCIL.
We recruited 12 subjects with incomplete SCI for this study.
They were instructed to walk on a treadmill while light-,
medium-, and heavy-resistance loads were applied to the right
ankle to perturb leg swing. Each of the three resistance-load
conditions were specific to the subject and determined by each
subject’s maximum voluntary contraction of the hip flexors.
We observed that subjects tended to make larger errors when
the resistance-load condition was greater. Following resistance
load release, subjects showed an aftereffect consisting of an
increase in stride length. Further, the aftereffect was retained
longer in the medium-resistance load condition than in the
heavy- and light-resistance load conditions. This finding sug-
gests that a patient-specific resistance load may be needed to
facilitate retention of locomotor adaptation in patients with
incomplete SCI.

Key words: aftereffect, error size, locomotion, motor adapta-
tion, motor learning, resistance load, retention, spinal cord
injury, stride length, treadmill.
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INTRODUCTION

Motor adaptation is an error correction process that
leads to recalibration of the motor command [1]. For
example, when experiencing a force perturbation resist-
ing leg flexion during the swing phase of gait, subjects
initially made larger errors in leg kinematics (e.g.,
decreased knee flexion) [2]. The error size gradually
decreased over time as the central nervous system (CNS)
adapted to the force perturbation. Upon removal of the
perturbation, movement aftereffects were observed in the
direction opposite of the force perturbation (e.g.,

Abbreviations: 3D = three-dimensional, C = cervical, CI =
confidence interval, CNS = central nervous system, EMG =
electromyography, GC = gait cycle, GEE = generalized esti-
mating equation, IEMG = integrated electromyography, LMM =
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increased knee flexion). The presence of the aftereffect
suggests that the motor command had been updated in
anticipation of the upcoming force perturbation [2-5].
These aftereffects, however, are generally short-lived.
For example, aftereffects following short-term locomotor
adaptation to force perturbation washed out five steps
after the perturbation was removed [3].

The error size may affect the retention of aftereffects.
For instance, previous arm reaching studies demonstrated
that subjects can retain aftereffects longer when the per-
turbation was introduced in a gradual, rather than abrupt,
manner during the adaptation period [6-9]. Subjects
tended to make smaller errors when experiencing a grad-
ual perturbation, while they tended to make larger errors
when experiencing an abrupt perturbation [7]. It has been
suggested that the neural basis for the adaptation process
from large and small errors is likely different. Smaller
errors produce a motor memory that has a slower rate of
decay, i.e., longer retention of aftereffects. However, it is
unclear whether the relationship between the error size
and retention of aftereffects observed in arm motor adap-
tation can be generalized to locomotor adaptation. Previ-
ous studies suggest that the cerebellum is a critical
structure for predictive feedforward adaptations of arm
movement [10-11]. Recent studies suggest that the cerebel-
lum is also a necessary component for locomotor adapta-
tion [12]. We assumed that a similar mechanism may be
applied in both arm and locomotor adaptations given that
the cerebellum is involved in both, although locomotion
involves a greater extent of spinal control through the
central pattern generator [13] than arm movement.

Identifying the relationship between error size and
retention of aftereffects in locomotor adaptation may
have crucial clinical implications in the rehabilitation of
humans with spinal cord injury (SCI). Patients with an
incomplete SCI often walk with a decreased stride length
and slower walking speed [14]. Previous studies have
indicated that patients with incomplete SCI can adapt to a
robotic-generated resistance load during gait and gener-
ate an aftereffect consisting of an increased stride length
following resistance load release [15—-16]. Most impor-
tantly, the aftereffect can transfer to real-life overground
walking and result in an increase in walking speed [16].
However, this aftereffect is usually short-lived, limiting
its clinical application in improving walking function in
humans with SCI. Thus, it is crucial to determine adapta-
tion parameters that could prolong the retention of the
aftereffects in order to optimize training effect and have

significant clinical implications (i.e., transfer to over-
ground walking and improve gait patterns and speed).
Previous arm adaptation studies indicated that error size
may be an important parameter for modulating the reten-
tion of aftereffects [6—9]. We postulated that the error
size may also modulate the retention of aftereffects in
locomotor adaptation.

In this study, we tested whether retention of afteref-
fects could be affected by the error size introduced during
locomotor adaptation to a resistance load applied to the
leg during the swing phase of gait. We manipulated the
error size by adjusting the amount of the resistance load
and expected that the error would become larger when
the resistance load became greater. In a previous study,
the higher the level of resistance applied during the swing
phase of gait, the greater the increase in stride length
after the resistance load was removed [15], suggesting
that a positive relationship exists between the error size
and the magnitude of the aftereffect. However, it remains
unclear how the error size affects the retention of the
aftereffect during locomotor training. Here, we hypothe-
sized that a smaller error size may lead to increased
retention time of aftereffects following a short-term loco-
motor adaptation period in patients with incomplete SCI.

METHODS

Subjects

Twelve subjects with traumatic motor incomplete
SCI were recruited for this study (Table 1). All subjects
were classified as level D on the American Spinal Injury
Association Impairment Scale, with SCI levels ranging
from cervical (C) 1 to thoracic (T) 7. They were able to
walk overground with assistive devices (e.g., cane,
walker, or forearm crutches) as needed. No subjects
required the use of an orthotic during daily activity or
during the experiment. Inclusion criteria included sub-
jects between 18 and 65 yr old, medically stable with
medical clearance to participate, and level of SCI
between C1 and T10. Exclusion criteria included multi-
ple CNS lesion sites, urinary tract infection, other sec-
ondary infections, heterotopic ossification, respiratory
insufficiency, significant osteoporosis, or inability to give
informed consent.
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Table 1.
Subject information.
Subject Age Tlr_ne Since ASIA Le\_/el of MVC Use gf ASS|_st|ve De\{lce
(yn) Injury (yr) Level Injury (N) During Daily Walking
1 48 3 D T5-T7 153.06 Walker
2 50 7 D Cé6 125.14 Walker
3 34 3 D C6-C7 81.86 No
4 43 2 D C5-Cé6 199.83 No
5 52 7 D T7 211.69 No
6 54 9 D C1-Cé6 161.44 No
7 41 6 D C4-C5 203.32 No
8 43 3 D C2-C3 92.33 Forearm Crutches
9 48 2 D C6-C7 96.52 Walker
10 46 14 D C5-C7 190.75 No
11 64 4 D C4 61.62 Forearm Crutches
12 47 26 D C5-Cé6 107.69 Cane

ASIA = American Spinal Injury Association, C = cervical, MVC = maximum voluntary isometric contraction, T = thoracic.

Instrumentation

A custom-designed, cable-driven robotic system was
used to provide a controlled resistance load during the
swing phase of gait (Figure 1(a)). A detailed description
of the system has been reported previously [17]. In brief,
the robot consists of four nylon-coated stainless-steel
cables driven by motors and cable spools. The cables
were designed to be attached to subjects’ legs during
treadmill training to provide different directions of force
perturbation. In the current study, one of the cables was
attached to the subject’s right ankle to provide swing-
phase resistance (Figure 1(b)).

A customized three-dimensional (3D) position sensor
was used to measure the ankle trajectory during treadmill
walking (Figure 1(b)). The configuration of the sensor
has been described in detail elsewhere [16]. A custom-
ized LabVIEW program (National Instruments Corpora-
tion; Austin, Texas) was used to acquire the ankle
position data as well as to output the load command signals
to the servomotor systems at a frequency of 1,000 Hz.

Procedures

Each subject participated in one data collection ses-
sion, which lasted about 2.5 h. Prior to initiating the
treadmill walking test, we recorded each subject’s maxi-
mum voluntary isometric contraction (MVC) generated
during hip flexion in the standing position (with the knee
actively held in full extension) for the right leg. An
instrumented cable was attached to the subject’s right
ankle through a strap to restrict hip flexion. The other end

of the cable was attached to a frame, which was located
at the back end of the treadmill, through a compression
and tension load cell (MLP-100, Transducer Techniques
Inc; Temecula, California). Table 1 reports the MVCs of
each subject averaged across three trials. Each subject’s
self-selected comfortable walking speed on a treadmill
without a resistance load (Table 2) was also determined
and used as the test speed throughout the experiment.

The data collection session consisted of three resis-
tance load conditions: light, medium, and heavy. Each
subject completed the three conditions in a randomized
order. A 10 min sitting break was inserted between test
conditions. We defined the medium-resistance load as
approximately 18 percent of each subject’s MVC. The
amount was reduced if the subject felt that he or she
could not comfortably walk with the load for 10 min. The
light- and heavy-resistance loads were defined as 30 per-
cent below and above the medium-resistance load,
respectively. We did not use a heavy-resistance load more
than 30 percent greater than the medium-resistance load
to make sure all subjects could finish the three test condi-
tions without significant fatigue. Table 2 reports the
resistance-load conditions for each subject.

In this study, the resistance load was applied approxi-
mately from the late stance phase through the midswing
phase of gait. The timing of the force application was
determined based on each subject’s average stance and
swing times, which were determined prior to data collec-
tion for each subject. The loading was triggered by ankle
position sensors based on the preset threshold. The gait
events were estimated based on the ankle trajectory
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Figure 1.
(a) Cable-driven robotic system. (b) Application of resistance

load at ankle.

recorded by the 3D position sensor. Specifically, heel
contact was defined as the point at which the ankle move-
ment direction changed from forward to backward; toe-
off was defined as the point at which the ankle movement
direction changed from backward to forward [18]. Stance
phase started at heel contact and ended at toe-off, and
swing phase started at toe-off and ended at the next heel
contact.

Each test condition consisted of three test periods,
including baseline (1 min), adaptation period (7 min),
and postadaptation period (2 min). At baseline, subjects
walked on the treadmill without resistance. In the adapta-
tion period, subjects walked on the treadmill with the
light-, medium-, or heavy-resistance loads applied to the

right ankle. In the postadaptation period, subjects contin-
ued walking on the treadmill while the resistance load
was released without their awareness. Each subject went
through the baseline, adaptation period, and postadapta-
tion period continuously without having a break. An
overhead harness provided body-weight support as nec-
essary to prevent knee buckling or toe dragging (Table 2).
Subjects were permitted to hold on to the handrails.

The electromyography (EMG) activity of the mus-
cles of the right leg, including the tibialis anterior (TA),
medial gastrocnemius (MG), soleus (SO), vastus media-
lis (VM), rectus femoris (RF), and semitendinosus (SM),
were also recorded. Ag-AgCl surface -electrodes
(ConMed; Utica, New York) were applied with a 2.5 cm
center-to-center spacing over the belly of each muscle on
lightly abraded skin. Active preamplifiers with shielded
leads were attached to the electrodes and connected to an
Octopus AMT-8 EMG unit (Bortec Biomedical Ltd; Cal-
gary, Canada). All channels were amplified (gain = 500)
and sampled (1,000 Hz) using the same computer.

Data Reduction

The primary measure in this study was stride length.
We defined stride length during treadmill walking as the
horizontal distance from toe-off to the following heel
contact of the same leg (i.e., the distance of leg swing).
We focused on this parameter because the robotic resis-
tance was set to affect the leg kinematics during the
swing phase, and the change in swing distance can
directly reflect the effect of the resistance. In addition,
swing time was calculated and normalized to gait cycle
(GC). Furthermore, the surface EMG signal from each
muscle was low-pass filtered at 250 Hz, high-pass fil-
tered at 10 Hz, and notch filtered at 60 Hz using a sec-
ond-order Butterworth filter before rectification. The
EMG data were then integrated (integrated EMG [IEMG]
data) from the last 10 percent of the stance phase to the
first 30 percent of swing phase (approximate to where the
force was applied).

Data Analysis and Statistical Analysis

The error size of each variable measured (stride
length, swing time, and IEMG) was calculated as the dif-
ference between the magnitude of each variable during
the adaptation period and the magnitude during baseline.
A positive error indicated that the magnitude during the
adaptation period was greater than that during baseline.
In contrast, a negative error indicated that the magnitude
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Table 2.
Testing parameters indicating body weight support (BWS), test speed, and resistance forces applied to leg at ankle.
. Test Speed Load (N)
Subject BWS (%) (m/s) Light Medium Heavy
1 20 0.72 14 20 26
2 0 0.71 14 20 26
3 20 0.59 17 24 31
4 0 0.82 22 31 40
5 0 0.75 24 34 44
6 0 0.76 15 21 27
7 0 0.74 20 28 36
8 0 0.47 8 11 14
9 0 0.54 15 21 27
10 0 0.53 20 28 36
11 0 0.60 11 15 20
12 0 0.50 17 24 31

during the adaptation or postadaptation periods was
smaller than during baseline. Baseline was defined as
each variable’s mean magnitude across the last 20 strides
of baseline.

A linear mixed model (LMM) for repeated measures
was used to compare the error size during the first 10
strides of the adaptation period across the three resistance
load conditions. We focused on the first 10 strides of the
adaptation period because previous studies suggested that
error could be corrected or minimized later in this period
[2—4]. The stride number (1-10) was treated as a covariate.
The covariance structure between repeated measures (i.c.,
the loads and the strides) was modeled as compound sym-
metry. The LMM was also used to determine whether any
significant difference existed in the baseline of each out-
come measure across all resistance load conditions. Post
hoc tests with the Bonferroni adjustment were conducted
when a significant fixed effect of load was indicated.

To determine whether a particular resistance load
condition induced an aftereffect, we compared the mag-
nitude of the first stride during the postadaptation period
and the baseline of each variable measured. Paired t-tests
were used to determine whether the aftereffect was signifi-
cant (i.e., whether the magnitude during the postadaptation
period was significantly different from baseline). Due to
multiple comparisons (three comparisons, one for each
resistance load condition), the p-values were Bonferroni-
adjusted.

For the variable that showed a significant aftereffect,
we further examined whether the retention of the afteref-
fect varied as a function of the load. We focused our
examination on the first 30 strides of the postadaptation

period. We assumed that the aftereffect was washed out if
the outcome measure re-entered the 95 percent confi-
dence interval (CI) of the baseline value (Cly,40)ine) for
three consecutive strides. The Cly,qeline Was calculated
based on the subject’s performance during the last 20
strides of baseline. To quantify the retention time, we
counted the number of strides until the outcome measure
re-entered the Cly,qeine fOr three consecutive strides. We
compared the count across the resistance load conditions
using the generalized estimating equation (GEE) with
Poisson loglinear model. The working correlation matrix
between repeated measures (i.e., the loads) was modeled
as exchangeable. Post hoc tests with the Bonferroni
adjustment were conducted when a significant fixed
effect of load was indicated.

All statistical analyses were conducted using Predic-
tive Analytics Software version 18 (IBM Corporation;
Armonk, New York). The a level for all analyses was set
at p=0.05.

RESULTS

Baseline Values of Spatial and Temporal Gait
Parameters: Loaded Leg

The baseline values of stride length, stance time, and
swing time were not significantly different across the
three test conditions. Specifically, the stride length was,
in mean + standard deviation, 55.22 £ 5.26, 54.43 £ 5.46,
and 54.98 £ 5.57 cm in the light-, medium-, and heavy-
resistance load conditions, respectively (p = 0.42, LMM).
The swing time was 33.24 + 2.65, 33.57 £ 2.28, and




1192

JRRD, Volume 50, Number 9, 2013

33.95 £ 2.96 percent of the GC in the light-, medium-,
and heavy-resistance load conditions, respectively (p =
0.16, LMM).

Error Size in Spatial and Temporal Gait Parameters:
Loaded Leg

As the resistance load increased, the error size in
stride length of the loaded leg increased during the first
10 strides of the adaptation period (Figure 2(a)). On
average, the stride length was reduced from the baseline
value by 0.65 = 2.83 cm in the medium-resistance load
condition and reduced by 0.94 + 2.94 cm in the heavy-
resistance load condition, although slightly increased by
0.05 £ 2.7 cm in the light-resistance load condition. The
LMM detected a significant load effect on the error size
in stride length (p = 0.01), controlling for the stride num-
ber. The post hoc tests with Bonferroni correction sug-
gested that the error size in regards to stride length was
significantly greater in the heavy-resistance load condi-
tion than in the light-resistance load condition (p = 0.01),
although no significant differences were found between
the light- and medium-resistance load conditions (p =
0.14) and between the medium- and heavy-resistance
load conditions (p = 1.00).

As the resistance load increased, the error size in
swing time of the loaded leg increased during the first 10
strides of the adaptation period (Figure 2(b)). On aver-
age, the swing time increased from the baseline value by
0.76 £ 2.01, 1.51 £ 2.49, and 1.85 + 2.84 percent of the
GC in the light-, medium-, and heavy-resistance load
conditions, respectively. The LMM detected a significant
fixed effect of load on the error size of swing time (p <
0.001), controlling for the stride numbers. Post hoc tests
with Bonferroni correction indicated that the increase in
swing time was significantly smaller in the light-resistance
load condition than in the medium- (p = 0.01) and heavy-
resistance (p < 0.001) load conditions, although the dif-
ference between the medium- and heavy-resistance load
conditions did not reach statistical significance (p = 0.49).

Aftereffect in Spatial and Temporal Gait Parameters
During First Stride of Postadaptation Period:
Loaded Leg

The resistance load induced a significant aftereffect
consisting of an increase in the stride length of the loaded
leg in all three conditions (Figure 3). Compared with
baseline, the stride length observed during the first stride
of the postadaptation period significantly increased in the
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Figure 2.
Error size: mean gain/loss (across strides and subjects) in
(a) stride length and (b) swing time during first 10 strides of
adaptation period in each condition. Error bars represent stan-
dard deviation. ‘p < 0.05. GC = gait cycle.

light- (baseline = 55.22 + 5.26 cm and postadaptation
period = 58.43 + 5.30 cm, paired t-tests, Bonferroni
corrected p = 0.02), medium- (baseline = 54.43 + 5.46 cm
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Atftereffect in stride length: comparison between baseline stride
length and stride length observed at first stride of postadapta-
tion period in each condition. Error bars represent standard
deviation. “p < 0.05.

and postadaptation period = 58.81 £+ 5.70 cm, Bonferroni
corrected p = 0.01), and heavy-resistance (baseline =
54.98 + 5.57 cm and postadaptation period = 61.58 =+
6.22 cm, Bonferroni corrected p = 0.01) load conditions.

The resistance load did not induce a significant after-
effect in the swing time of the loaded leg. Compared with
baseline, the swing time observed during the first stride
of the postadaptation period increased slightly in the light-
(baseline = 33.24% + 2.65% and postadaptation period =
34.23% £ 4.54% of GC), medium- (baseline = 33.57% =+
2.28% and postadaptation period = 34.43% + 3.45% of
GC), and heavy-resistance (baseline = 33.95% + 2.96%
and postadaptation period = 35.20% + 4.61% of GC) load
conditions. However, none of these changes reached statisti-
cal significance (Bonferroni corrected p > 0.6).

Retention of Aftereffect in Regards to Stride Length:
Loaded Leg

Retention of the aftereffect was further analyzed with
regards to the stride length of the loaded leg. We did not
analyze the swing time because the resistance load did
not induce a significant aftereffect in this temporal variable.

Figure 4 shows the stride length from one subject
during the first 30 strides of the postadaptation period
and the Clj,qejine for three test conditions. This subject
showed an aftereffect consisting of an increased stride
length at the first stride of the postadaptation period in all
conditions. However, the retention of the aftereffect was
different for the three load conditions, with a longer
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Subject’s stride length during last 20 strides of baseline period

and first 30 strides of postadaptation period in all resistance
load conditions. Shaded areas represent Clyaseline- Cl = confi-
dence interval.

retention time in the medium-resistance load condition
than of that in the light- and heavy-resistance load condi-
tions. Specifically, the subject’s stride length did not fall
within the Cly,q0pine for 3 consecutive strides during the
first 30 strides of the postadaptation period in the medium-
resistance load condition. In contrast, the subject’s stride
length fell within the Cly,4q)ine for 3 consecutive strides
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after stride 16 in the light-resistance load condition and
after stride 6 in the heavy-resistance load condition.

The group data also showed that the aftereffect in
regards to stride length of the loaded leg was retained
longer in the medium-resistance load condition than of
that in the other two resistance load conditions (Figure 5).
The GEE indicated a significant load effect on the reten-
tion of aftereffect in regards to stride length (p = 0.01).
Post hoc tests with Bonferroni correction indicated the
aftereffect was retained significantly longer in the
medium-resistance load condition (17.25 & 12.63 strides)
than of that in the light- (11.33 &+ 11.99 strides, p < 0.001)
and heavy-resistance (13.75 + 13.07 strides, p = 0.03) load
conditions. There were no significant differences between
the light- and heavy-resistance load conditions (p = 0.12).

Responses of Spatial and Temporal Gait Parameters
During Adaptation and Postadaptation Periods:
Unloaded Leg

No significant results were found in the spatial and
temporal gait parameters of the unloaded leg during both
adaptation and postadaptation periods. Although the
resistance load tended to lead to an increase in stride
length and a decrease in swing time in comparison to
baseline during the first 10 strides of the adaptation
period, none of these changes was significantly different
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Figure 5.

Retention of aftereffect based on group. Mean number of
strides before falling within or below Clyaggjine. Error bars repre-
sent standard deviation. “p < 0.05. CI = confidence interval.

from one resistance load condition to another (p > 0.15,
LMM). During the first stride of the postadaptation
period, the stride length increased slightly from baseline
in each test condition (by approximately 1 cm, based on
the group means), but none of these changes reached sta-
tistical significance (p > 0.12). In addition, the swing
time was slightly decreased from baseline (by >1% of
GC) in the light- and heavy-resistance load conditions,
but was slightly increased from baseline (by 0.7% of GC)
in the medium-resistance load condition. Again, none of
these changes reached statistical significance (p > 0.45).

Electromyography Activity During Adaptation and
Postadaptation Periods

Figure 6 shows a subject’s average TA EMG (linear-
enveloped). During the adaptation period, the magnitude
of TA EMG increased during the early swing phase of
gait when the resistance load was applied for all three
conditions. The amount of increase was greater when the
resistance load was heavier. The mean IEMG of the group
indicated a greater increase with a heavier resistance load
(Figure 7). The LMM indicated that the TA IEMG varied
as a function of load (p < 0.001). Post hoc tests with the
Bonferroni correction indicated that the increase in TA
IEMG was significantly smaller in the light-resistance load
condition than those in the medium- (p = 0.01) and heavy-
resistance (p < 0.001) load conditions, although the differ-
ences between the medium- and heavy-resistance load
conditions did not reach statistical significance (p = 0.45).
The TA IEMG data from two subjects were excluded from
the analysis due to incomplete recording.

Figure 8 shows a subject’s average RF EMG. During
the adaptation period, the magnitude of the EMG
increased during the early swing phase of gait for the
conditions with medium- and heavy-resistance loads, but
had modest changes for the condition with the light-
resistance load. The group’s data indicated a greater
increase in RF IEMG for the condition with medium-
resistance load than that with light- and heavy-resistance
load conditions (Figure 9), although the LMM indicated
that those differences were not significant (p = 0.08). The
RF IEMG data from one subject was excluded from the
analysis of RF due to incomplete recording.

In addition, no significant results were found in the
SO, MG, VM, and SM IEMGs during the first 10 strides
of the adaptation period. In addition, paired t-tests indi-
cated that there were no significant changes between
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Subject’s tibialis anterior (TA) electromyography (EMG) pattern
during baseline, adaptation period, and postadaptation period
in each resistance load condition. Vertical dashed line repre-
sents event of toe-off of right leg, which separates stance
and swing phases.

baseline and the first stride of the postadaptation period
for all muscles (p > 0.05).

DISCUSSION

Our results indicated that an increase in the resistance
load tended to cause an increase in error size in spatial
and temporal gait parameters in human SCI. While both
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Group’s mean gain/loss in integrated electromyography (IEMG)
of tibialis anterior (TA) during first 10 strides of adaptation
period in each condition. Error bars represent standard devia-
tion. “p < 0.05.

spatial and temporal gait parameters adapted to the resis-
tance load during the adaptation period, only the spatial
gait parameter, i.e., stride length, demonstrated a signifi-
cant aftereffect following resistance load release during
the postadaptation period. The aftereffect in stride length
was retained longer in the medium-resistance load condi-
tion (~18% = 5% of MVC) than in the heavy- (~24% =+
6% of MVC) and light-resistance (~12% + 3% of MVC)
load conditions. These results suggest that the kinematic
error size that subjects experience during the adaptation
period may modulate the retention of the aftereffect in
stride length during the postadaptation period. Thus, in
order to prolong the retention of the aftereffect in stride
length during locomotor training in human SCI, the error
size needs to be optimized.

We observed an aftereffect consisting of an increase
in stride length during the postadaptation period follow-
ing release of the resistance load, which was consistent
with previous studies on patients with incomplete SCI
[15-16]. In particular, the aftereffect was retained rela-
tively longer in our study (i.e., 11 strides for the light-, 17
strides for the medium-, and 14 strides for the heavy-
resistance load conditions) than in a previous study that
used the Lokomat to generate swing-phase resistance
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Subject’s rectus femoris (RF) electromyography (EMG) pattern
during baseline, adaptation period, and postadaptation period
in each resistance load condition. Vertical dashed line repre-
sents event of toe-off of right leg, which separates stance and
swing phases.

[15]. Specifically, the earlier study compared the stride
lengths recorded during baseline with those recorded at
strides 1, 10, and 20 following removal of resistance
load. Although an increase in stride length was observed
after resistance load removal, the increase only reached
statistical significance at stride 1. The difference in the
retention interval observed in this and previous study
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Figure 9.
Group’s mean gain/loss in integrated electromyography (IEMG)

of rectus femoris (RF) during first 10 strides of adaptation period
in each condition. Error bars represent standard deviation.

could be due to the difference in methodology. However,
this difference could also be because our test apparatus
(i.e., the cable-driven robotic system) was highly back-
drivable [17] and had less friction and inertia than the
Lokomat, which used the ball-screw mechanism [19].

The adaptation process to large and small errors is
likely different on a neural level. For instance, the cere-
bellum may be involved in the adaptation process involv-
ing large errors, but not with small errors, as evident by
the finding that cerebellar degeneration compromised the
former to a greater extent than the latter [7]. In addition,
the prefrontal cortical regions may be involved in adapta-
tion to large errors that produce conscious awareness of
the error, but not involved in adaptation to small errors
that do not produce such awareness [20]. Along this line
of thinking, we speculated that the motor memory pro-
duced by different error sizes may be stored in different
regions of the brain, which may be a cause for the various
levels of retention of the aftereffect.

The spinal cord plays an important role in conveying
errors during locomotor adaptation. Specifically, error
signals generated by the resistance load reach the brain
through the proprioceptive ascending pathway [21].
Damages to the spinal cord could block the error signal
and in turn affect the adaptation process. For example,
the relatively short retention time observed in the light-
resistance load condition may be caused by (1) small
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error size (Figure 2(a)) and (2) further reduction in the
error signal during transmission through the impaired
proprioceptive pathway. In consideration of this, it is fea-
sible that a weak (e.g., small) error signal may not be
strong enough to induce changes at a neural level (e.g.,
adaptation) in humans with SCI, resulting in an unstable
aftereffect.

The aftereffect of an increased stride length was
retained for a shorter period of time in the heavy-resistance
load condition than in the medium-resistance load condi-
tion, suggesting that a large error size may undermine the
retention of aftereffects. Fatigue was another factor that
may contribute to this shorter retention time. The heavy-
resistance load condition was 30 percent greater than the
medium-resistance load condition, which may overwork
the leg muscles and have a negative effect on subjects’
walking performance during the postadaptation period. In
this particular study, fatigue may not be the only reason
for a shorter retention time of the aftereffect observed in
the heavy-resistance load condition, because the retention
of the aftereffect was also shorter in the light-resistance
load condition (when compared with the medium-resistance
load condition). Another possible explanation for the
shorter retention time in the heavy-resistance load condi-
tion was that cognitive strategies may be employed to
quickly reduce errors in response to a large perturbation,
but this rapid performance improvement also vanishes
quickly after that perturbation is removed, leading to a
faster decline of aftereffects during the postadaptation
period [22]. In addition, it was suggested that two distinct
computational processes may be involved during motor
adaptation with faster learning process, which is often
induced by larger errors and often retains for a shorter
period of time in comparison with the condition with
slower learning process [23].

Our subjects with incomplete SCI produced an after-
effect in stride length but not in swing time following
adaptation to resistance. This suggests that the control
mechanisms for spatial and temporal gait parameters in
humans with incomplete SCI may be different in locomo-
tor adaptation. This point is supported by previous stud-
ies in both the patient population and among nondisabled
controls. For example, children with a hemispherectomy
have difficulty in adapting temporal parameters but not
spatial parameters [24]. Nondisabled children develop
the ability to adapt temporal parameters earlier than they
do to spatial parameters [25]. Distraction affects the
adaptation rate of spatial parameters but not that of tem-

YEN et al. Error size affects retention of motor adaptation

poral parameters in nondisabled adults [26], suggesting
different neural pathways may be involved in the control
of spatial and temporal parameters during walking. In
particular, previous evidence suggest that the cerebellum
is a critical structure involved in the locomotor adapta-
tion [27], although it may not be directly affected by the
spinal cord lesion. The different control mechanisms for
spatial and temporal parameters should be considered
carefully when locomotor adaptation is applied to clinical
setting to improve locomotor function in humans with
SCI. It is important to consider that the type of adaptation
training chosen could improve one type of gait parameter
but not the other.

Locomotor adaptation to swing-phase resistance has
been shown to increase stride length in patients with
incomplete SCI [15-16], and therefore has the potential
to be used clinically to facilitate gait recovery. This cur-
rent study suggests that the magnitude of the resistance is
an important parameter to be controlled in this type of
training paradigm, and that there may be an optimal level
of resistance that is patient-specific that will induce the
greatest retention in the aftereffect. Specifically, a heavy-
resistance load resulting in large errors and a light-
resistance load resulting in small errors may both be sub-
optimal to maximize the retention of the aftereffect in
patients with SCI.

It is important to note that we did not expect a large
difference in the retention level between the test condi-
tions (e.g., light-, medium-, and heavy-resistance loads)
following only one session of adaptation to resistance. To
have a clinically significant change in gait behavior,
long-term repeated adaptations would be needed to accu-
mulate the aftereffects over time [1]. In order to maxi-
mize long-term motor adaptation training effect, it is
important to facilitate the highest level of retention of
aftereffects within each training session. This can be
achieved through the use of a level of resistance that will
result in the highest retention of aftereffects.

We were not able to identify the muscles that drove
the increase in stride length based on our EMG data. Our
subjects with incomplete SCI did not show a significant
increase in the RF activity from baseline when the load
was applied. This finding was consistent with a previous
study in which subjects with incomplete SCI did not
show a significant increase in the RF activity when leg
weights or a resistance force generated by the Lokomat
were applied to the leg during gait [28]. We speculated that
patients with incomplete SCI may recruit the iliopsoas,
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which is another major hip flexor, to counterbalance the
resistance load. However, the iliopsoas is difficult to
access with surface EMG and, therefore, was not mea-
sured in our study. On the other hand, we found that the
subjects’ TA activity tended to increase as the resistance
load increased, which was also consistent with the previ-
ous study [28]. The increased TA muscle activity may
suggest that the voluntary descending drive was
increased due to the resistance load, and the strength of
the voluntary drive increased as the resistance load
increased. Overall, further study using more sophisti-
cated EMG measuring techniques is warranted to test our
speculation regarding RF activity and promote a greater
understanding of the muscle activity driving the changes
seen in stride length in response to a resistance load dur-
ing adaptation training.

A limitation of this study was the variation in sub-
jects’ levels and severity of SCI. Subjects’ SCI levels
ranged from C1 to T7 and their self-selected walking
speeds (as a measure of function) ranged from 0.50 to
0.82 m/s. These factors may have contributed to the rela-
tively large variability in the subjects’ responses to the
resistance load. Also, because of the small sample size,
we are not able to make a conclusion about the effect of
SCI level and severity on the retention of the aftereffect
in patients with incomplete SCI. In addition, two subjects
required body-weight support in order to complete the
adaptation tasks (subjects 1 and 3, 20% of their body
weight, Table 2). While these subjects’ data were gener-
ally consistent with the group trend (e.g., retention of
aftereffect was longer in the medium-resistance load con-
dition), the effect of body-weight support on the relation-
ship between the error size and retention of aftereffects
should be investigated more rigorously in a future study
with more subjects. Furthermore, error size was calcu-
lated by taking the difference between the adaptation and
baseline values, with the baseline value calculated by tak-
ing the mean value across the last 20 strides of the base-
line period. While this approach is convenient and has
been used by other investigators in the field [7], the
results should be cautiously interpreted because it actually
eliminates the variability inherent in the baseline period.

In this study, we were not able to determine whether
and how the mechanical constraint from the treadmill
affected the retention of the aftereffect. Subjects could
have voluntarily reduced their stride length in the postad-
aptation period in order to walk at a pace that was consis-
tent with the moving treadmill belt, given that the belt

speed was constant. Future study may investigate the
retention of the aftereffect in an overground context fol-
lowing locomotor adaptation on a treadmill. Another limi-
tation was that subjects experienced varying levels of
resistance load in the process of determining the comfort-
able resistance load prior to data collection. Thus, the
resistance load was not a novel perturbation for the sub-
jects during the test, which may potentially affect the
results. Lastly, future study should investigate the differ-
ence between unilateral and bilateral force perturbations
in regards to adaptation and retention of the aftereffect. In
this study, we investigated only unilateral force perturba-
tions. Patients with incomplete SCI usually demonstrate
abnormalities in both legs during gait. Thus, understand-
ing how they adapt their gait pattern in response to a
bilateral force perturbation may further the knowledge of
motor adaptation on gait recovery in humans with SCI.

CONCLUSIONS

In this study, we applied different levels of swing-
phase resistance load to the leg during treadmill walking
to investigate the relationship between error size and
retention of the aftereffect in patients with incomplete
SCI. We found that following short-term adaptation, the
patients retained the aftereffect of an increased stride
length for a longer period when the error size was inter-
mediate (i.e, medium-resistance load condition). The
results suggest that an optimal amount of error in leg
kinematics may be needed to enhance the retention of
locomotor adaptation. Results from this study may pro-
vide suggestions in the development of patient- and task-
specific therapeutic interventions to improve locomotor
function in humans with SCIL.
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