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Background. High-intensity stepping practice may be a critical component to improve
gait following motor incomplete spinal cord injury (iSCI). However, such practice is discour-
aged by traditional theories of rehabilitation that suggest high-intensity locomotor exercise
degrades gait performance. Accordingly, such training is thought to reinforce abnormal
movement patterns, although evidence to support this notion is limited.

Objective. The purposes of this study were: (1) to evaluate the effects of short-term
manipulations in locomotor intensity on gait performance in people with iSCI and (2) to
evaluate potential detrimental effects of high-intensity locomotor training on walking
performance.

Design. A single-day, repeated-measures, pretraining-posttraining study design was used.

Methods. Nineteen individuals with chronic iSCI performed a graded-intensity locomotor
exercise task with simultaneous collection of lower extremity kinematic and electromyo-
graphic data. Measures of interest were compared across intensity levels of 33%, 67%, and
100% of peak gait speed. A subset of 9 individuals participated in 12 weeks of high-intensity
locomotor training. Similar measurements were collected and compared between pretraining
and posttraining evaluations.

Results. The results indicate that short-term increases in intensity led to significant improve-
ments in muscle activity, spatiotemporal metrics, and joint excursions, with selected improve-
ments in measures of locomotor coordination. High-intensity locomotor training led to signif-
icant increases in peak gait speed (0.64–0.80 m/s), and spatiotemporal and kinematic met-
rics indicate a trend for improved coordination.

Limitations. Measures of gait performance were assessed during treadmill ambulation and
not compared with a control group. Generalizability of these results to overground ambulation
is unknown.

Conclusions. High-intensity locomotor exercise and training does not degrade, but rather
improves, locomotor function and quality in individuals with iSCI, which contrasts with
traditional theories of motor dysfunction following neurologic injury.

K.A. Leech, PT, DPT, PhD, Interde-
partmental Neuroscience Pro-
gram, Northwestern University,
Chicago, Illinois, and Sensory
Motor Performance Program,
Rehabilitation Institute of Chi-
cago, Chicago, Illinois.

C.R. Kinnaird, ME, Sensory Motor
Performance Program, Rehabilita-
tion Institute of Chicago.

C.L. Holleran, PT, MPT, DHS, Sen-
sory Motor Performance Program,
Rehabilitation Institute of
Chicago.

J. Kahn, PT, DPT, Sensory Motor
Performance Program, Rehabilita-
tion Institute of Chicago.

T.G. Hornby, PT, PhD, Interde-
partmental Neuroscience Pro-
gram, Northwestern University,
Chicago, Illinois; Sensory Motor
Performance Program, Rehabilita-
tion Institute of Chicago, Chicago,
Illinois; and Department of Physi-
cal Medicine and Rehabilitation,
Northwestern University, 345 E
Superior St, Room 1382, Chicago,
IL 60611 (USA). Address all corre-
spondence to Dr Hornby at:
g-hornby@northwestern.edu.

[Leech KA, Kinnaird CR, Holleran
CL, et al. Effects of locomotor
exercise intensity on gait perfor-
mance in individuals with incom-
plete spinal cord injury. Phys Ther.
2016;96:1919–1929.]

© 2016 American Physical Therapy
Association

Published Ahead of Print:
June 16, 2016

Accepted: June 12, 2016
Submitted: November 30, 2015

Research Report

Post a Rapid Response to
this article at:
ptjournal.apta.org

December 2016 Volume 96 Number 12 Physical Therapy f 1919



Spinal cord injury (SCI) results in
profound deficits in sensorimotor
function, which can contribute to

the loss of functional mobility. Following
motor incomplete spinal cord injury
(iSCI), indicating partial sparing of
descending motor pathways, recovery
of walking is reported as a primary goal
of rehabilitation.1,2 Consistent with
principles of motor learning3 and
experience-dependent neural plasticity,4

the amount and specificity of practice
are thought to be important parameters
of exercise interventions to optimize
locomotor recovery following neurolog-
ical injury.5–7 Specific data from animal
models and humans with SCI indicate
that large amounts of stepping practice
can elicit significant improvements
in gait speed, endurance, and
independence.8–13

Additional training parameters have been
suggested to influence motor recovery
after neurologic injury.6,7 Specifically,
emerging evidence suggests that inten-
sity of locomotor practice also may be a
critical parameter to improve locomotor
function after neurologic injury. Loco-
motor intensity is defined here as rate of
work (ie, workload) or power output,
and it is commonly manipulated through
alterations in walking speeds and mea-
sured indirectly through cardiovascular
(heart rate) or metabolic (oxygen con-
sumption) measures. Specific studies in
patients poststroke have demonstrated
greater improvements in locomotor per-
formance following training at faster ver-
sus slower speeds.14,15 In addition, more
recent meta-analyses suggest that loco-
motor training at high cardiovascular
intensities is both safe and effective in
people poststroke, with significant
improvements in walking speed and
endurance.16–18 Improvements in loco-
motor function with high-intensity train-
ing may be due to adaptations in cardio-
pulmonary fitness and peak metabolic
capacity19 and related to plasticity of the
neuromuscular system.20–22 Particularly,
studies in both humans and animal mod-
els have demonstrated a positive relation-
ship between locomotor exercise inten-
sity and the expression of neurotrophins,
or neural growth factors,23–26 which can
promote motor recovery following
SCI.27–32 However, data supporting the

benefits of exercise intensity in patients
with iSCI are lacking.

A potential barrier of performing high-
intensity locomotor training with
patients with iSCI or other upper
motoneuron disorders is the long-
standing belief33–35 that such training
can exaggerate spastic motor behaviors.
For example, a study in individuals post-
stroke demonstrated an increased magni-
tude of spastic motor behaviors and
altered movement patterns in the
affected upper extremity (ie, elbow and
finger flexion) with increases in locomo-
tor intensity (ie, speed).36 Such behav-
iors are traditionally minimized during
clinical practice, and high-intensity train-
ing is discouraged, in part, due to con-
cerns of reinforcing abnormal movement
patterns or inducing maladaptive neuro-
plastic changes.4 However, the effect of
increasing locomotor intensity on gait
quality, particularly measures of joint
kinematics and muscle timing, is not
clear. A single case study has demon-
strated increased spastic motor behavior
at higher walking speeds in an individual
with SCI.37 Whether such behavior leads
to abnormal gait kinematics or reinforces
poor kinematic patterns and altered mus-
cle activity with high-intensity training is
uncertain, as no studies have attempted
to quantify these effects. Rather, previ-
ous data from animal models of SCI sug-
gest that practice of unconstrained loco-
motor tasks may lead to improved
and more consistent locomotor
kinematics.38,39

The goal of this study was to evaluate the
effects of short- and long-term exposure
to high-intensity walking in people with
incomplete SCI on key measures of gait
performance, including measures of
function (speed) and quality (kinemat-
ics). Based on available evidence, our
hypothesis was that gait quality in peo-
ple with incomplete SCI would degrade
at higher walking speeds and intensity,
yet improve with repeated high-intensity
locomotor practice.

Method
The present study details 2 separate
experiments designed to delineate the
effects of short-term and repeated expo-
sure to high-intensity stepping exercise

on lower extremity kinematics and mus-
cle activity patterns during walking.
Nineteen individuals with iSCI partici-
pated in an evaluation of the effects of
changes in locomotor exercise intensity
on gait kinematics and muscle activity
and timing within a single session. In 9 of
these individuals, gait kinematics and
muscle timing were evaluated following
a 12-week, high-intensity locomotor
training paradigm. Inclusion criteria for
participation were history of chronic
iSCI (�1 year) with anatomical lesions at
T10 or above, age between 18 and 75
years, and ability to walk without physi-
cal assistance at up to 0.3 m/s during a
graded-intensity treadmill test, as
described below. Exclusion criteria were
concurrent illness that could limit walk-
ing performance, including unhealed
decubiti; uncontrolled cardiopulmonary
disease, including orthostatic hypoten-
sion and recurrent autonomic dysre-
flexia; active heterotopic ossification;
and other peripheral or central neuro-
logic injury. For evaluation of changes in
locomotor function following training,
additional exclusion criteria included
concurrent physical therapist services or
enrollment in a training study less than 3
months prior to the training initiation. All
participants had received medical clear-
ance and given written informed consent
to participate.

Data Collection
Prior to initial locomotor testing, clinical
measures of strength, spasticity, and
overground walking ability were
assessed by a licensed physical therapist
to capture the participants’ clinical char-
acteristics. Lower extremity strength was
assessed using the International Stan-
dards for Neurological Classification of
Spinal Cord Injury lower extremity
motor score.40,41 Spastic motor activity
was evaluated using the Spinal Cord
Assessment Tool for Spastic Reflexes
(SCATS)42 and modified Ashworth scale
testing of bilateral knee flexors and
extensors with participants in a supine
position.43 Raw scores for the modified
Ashworth scale were converted to an
ordinal scale to allow for calculation of a
composite score.44 Spinal Cord Assess-
ment Tool for Spastic Reflexes and mod-
ified Ashworth scale scores were
summed within legs to obtain a compos-
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ite score for both measures. The Walking
Index for Spinal Cord Injury II45,46 was
used to quantify overground walking
ability through the use of braces, assis-
tive devices, and therapist assistance for
locomotion at self-selected speeds. Mea-
surements of overground self-selected
walking speed were collected over a
3.85-m instrumented walkway (GaitMat
II, Equitest, Chalfont, Pennsylvania),
with instructions to participants to walk
at their normal, comfortable pace and
with the average calculated over 2 trials.

Following clinical assessment, included
individuals participated in a graded-
intensity locomotor testing paradigm on
a motorized treadmill. Participants were
fitted with an overhead safety harness
without weight support and instructed
to walk on the treadmill at 0.1 m/s for 2
minutes, with 0.1-m/s increases in speed
every 2 minutes until they required sup-
port from the safety harness to maintain
an upright posture (determined by ten-
sion in the shoulder straps of the har-
ness) or voluntarily terminated the test.
To evaluate whether these changes in
gait speed were an effective means of
manipulating exercise intensity, partici-
pants were asked to report perceived
intensity at each speed reached during
this testing paradigm using the Rating of
Perceived Exertion (RPE) scale.47 During
testing, lower extremity kinematic data
(spatiotemporal and angular joint excur-
sions) were collected with 32 spherical
reflective markers affixed to the partici-
pants’ lower extremities using a previ-
ously described modified Cleveland
Clinic marker set.48 Data were sampled
at 100 Hz with a 6-camera motion cap-
ture system (Motion Analysis Corp, Santa
Rosa, California). Bilateral lower extrem-
ity electromyographic (EMG) activity
was assessed with surface recordings
from the rectus femoris, vastus lateralis,
medial hamstring, tibialis anterior,
medial gastrocnemius, and soleus mus-
cles using a 32-channel dynamic EMG
system (Noraxon Inc, Scottsdale, Ari-
zona). Electromyographic data were sam-
pled at 1,000 Hz and collected synchro-
nously with kinematic data using Cortex
software (Motion Analysis Corp). All data
were collected in two 30-second inter-
vals for a maximum collection interval of
1 minute at each speed. To allow accom-

modation to each speed, data collection
was initiated 30 seconds after each speed
increase. Data collected within this sin-
gle testing session were used to assess
the short-term effects of locomotor exer-
cise intensity. To evaluate the effects of
repeated exposure to high-intensity loco-
motor activity, the same data collection
procedures were utilized posttraining in
the relevant subset of participants (n�9)
who were willing and able to participate
in repeated locomotor training over 12
weeks.

Training Paradigm
For the 9 individuals who participated in
high-intensity training, sessions were
scheduled for 1 hour, 3 times per week
for 12 weeks, with a goal of up to 45
minutes of high-intensity walking per
session. Participants walked on a tread-
mill with the use of a harness and body-
weight support only as needed (up to
40% of body weight, depending on level
of ability) to ensure continuous stepping
at a high intensity. Limb swing assistance
was provided by a single therapist and
use of elastic bands attached to the front
of the treadmill and to the knee, ankle, or
both, with assistance of up to 5% body
weight (evaluated in standing position)
to allow for continued stepping. Loco-
motor training intensity was manipulated
primarily by increases in treadmill speed
to ensure that individuals worked at a
high intensity. Exercise intensity during
training sessions was monitored using
the RPE scale,47 with targeted intensities
of greater than 14 during training. Mea-
sures of heart rate were not routinely
used to assess training intensity, as car-
diac responses are often blunted in this
patient population compared with indi-
viduals with an intact central nervous
system.49 Blood pressures were moni-
tored intermittently during rest breaks
and kept below the American College of
Sports Medicine thresholds for continu-
ing exercise.50

Data Analysis
The effects of increases in exercise inten-
sity on gait kinematics and muscle activ-
ity were evaluated. Data collected during
speeds closest to 33% and 67% of peak
speed and at peak speeds were analyzed
to evaluate the effects of low, moderate,
and high levels of intensity, respectively,

on measures of locomotor performance.
In individuals who received high-
intensity training, data from peak speeds
achieved at pretraining and posttraining
evaluations were compared and indi-
cated as comparisons at “fastest” speeds
to assess the kinematic strategies utilized
to achieve higher speeds. In addition,
metrics were compared from baseline
peak speed with the “matched” speed
reached posttraining (termed “fastest
matched”). This latter comparison was
performed to minimize the confounding
effect of gait speed on locomotor perfor-
mance. Analysis of kinematic and EMG
data collected during treadmill testing
was performed with data collected from
the more impaired limb, as determined
by strength scores (or increased spastic-
ity scores if strength was equal bilater-
ally). All measurements were calculated
as an average over all step cycles taken
within the relevant collection windows,
as previously described.51

For kinematic measures, a bilateral
6-degree of freedom model of each par-
ticipant’s lower limbs (pelvis, thighs,
shanks, and feet) was created from the
reflective marker data during static stand-
ing using Visual3D software (C-Motion
Inc, Germantown, Maryland). This was
done on each day of testing for partici-
pants who were tested before and after
training. The generated model was
applied to filtered marker data (low-pass,
second-order recursive Butterworth
filter, cutoff frequency�10 Hz) collected
during treadmill testing, and 3-
dimensional joint positions and inter-
segmental angles were calculated
from transformations between model
segments.

Kinematic metrics were averaged across
multiple normalized gait cycles (from
heel-strike to heel-strike, defined by the
maximum anterior position of the calca-
neal marker) during the collection win-
dows. A minimum of 10 full gait cycles
were utilized for the majority of analyses.
In 6 cases, however, participants had
fewer than 10 step cycles (range�3–9)
for analysis secondary to the low
cadence values at slower walking
speeds. In addition, data from 2 partici-
pants who wore bilateral ankle-foot
orthoses are included in the analysis.
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Metrics of interest included stride length,
cadence, and specific measures of
sagittal-plane joint kinematics. Specific
kinematic measures included total range
of motion (ROM) and peak flexion and
extension angles at the hip, knee, and
ankle during swing and stance, respec-
tively. Measures of step-to-step kinematic
variability also were calculated at differ-
ent intensities (speeds). For metrics with
a true zero (cadence, stride length, and
total joint ROM), the percent coefficient
of variation (COV�standard deviation/
mean) was calculated; for peak angular
joint excursion (measures without a true
zero), the standard deviations of these
measures are presented. Furthermore,
the average coefficient of correspon-
dence (ACC) was calculated to quantify
the intralimb consistency between hip
and knee joint excursions across multi-
ple normalized gait cycles.52 A value of
1.0 represents perfectly consistent coor-
dination of hip and knee joint trajecto-
ries between step cycles, whereas a
value of .0 indicates no consistency. Indi-
viduals without neurologic injury dem-
onstrate ACC values from .94 to .97.52,53

Data for EMG activity collected during
graded-intensity treadmill ambulation
was post-processed using custom-
designed software (Visual3D, Matlab,
The MathWorks Inc, Natick, Massachu-
setts). Raw EMG signals were filtered
(fourth-order recursive Butterworth fil-
ter, band-pass 30–450 Hz, and band-stop
58–62 Hz), rectified, and smoothed
using a low-pass filter (20-Hz fourth-
order recursive Butterworth filter) to cre-
ate linear envelopes. The EMG data were
normalized to gait cycle as a percentage
from heel-strike to heel-strike and aver-
aged over all step cycles. From these
data, the average integrated area
throughout the gait cycle was calculated
as a measure of overall muscle activity
during locomotion for comparison
across different intensities during single-
day testing.

Evaluation of changes in muscle timing
within session and following training
was performed using a variation of the
Spastic Locomotor Disorder Index
(SLDI). The integrated EMG area during
predetermined normative periods of qui-
escence (“off” period) was divided by

that during periods of activation (“on”
periods) throughout the gait cycle of
each tested muscle.54 Values of SLDI
closer to 0.0 represent appropriate mus-
cle timing, consistent with normative
data from individuals with an intact cen-
tral nervous system, whereas higher val-
ues indicate abnormal muscle activation
patterns during gait.55

Statistical Analysis
All statistical analyses were performed in
StatView, version 5.0.1 (SAS Institute
Inc, Cary, North Carolina). The effects of
short-term changes in locomotor inten-
sity on locomotor metrics were assessed
using repeated-measures analyses of vari-
ance with significance set at ��.05.
Changes in ordinal RPE scores were
assessed with a Friedman test with sig-
nificance also set to ��.05. With signif-
icant findings, post hoc pair-wise com-
parisons were performed with a
Bonferroni correction for intensity-
dependent comparisons (��.017). For
evaluation of training effects, gait mea-
surements were compared between the
fastest and fastest-matched treadmill
speeds reached before and after training
using paired t tests for kinematic metrics
and a Wilcoxon signed rank test for mus-
cle timing. Based on a previous report,48

we anticipated that some combination of
spatiotemporal and kinematic parame-
ters would contribute to increases in
peak gait speed following training.
Potential correlations between changes
in peak gait speed and spatiotemporal
and kinematic parameters from pretrain-
ing to posttraining were assessed using
Pearson correlation analyses. For pre-
training to posttraining comparisons, a P
value of �.05 was considered significant.

Role of the Funding Source
This study was funded by the following
grants: H133N110014 and RO1-
NS079751 to Dr Hornby, 1F31NS084723,
and the Foundation for Physical Therapy
(PODS I and PODS II) to Dr Leech.

Results
Demographic and clinical characteristics
of the individuals who participated in
one or both portions of the study are
detailed in Table 1. Nineteen individuals
(6 female, 13 male) with chronic iSCI
participated in the first portion of this

study aimed at assessing the short-term
effects of locomotor exercise intensity
on the magnitude and variability of gait
kinematics and muscle activity and tim-
ing. A subset of 9 individuals who were
willing and available participated in the
second portion of the study to evaluate
the effects of repeated exposure to high-
intensity exercise. The flowchart of par-
ticipants in the study is shown in eFigure
1 (available at ptjournal.apta.org).

Effects of Short-Term
Manipulations in Locomotor
Exercise Intensity
Graded-intensity treadmill testing indi-
cated that participants achieved signifi-
cantly higher walking speeds at low-,
moderate-, and high-intensity levels
(X�0.28 [SD�0.15], 0.59 [SD�0.27],
and 0.87 [SD�0.43] m/s, respectively;
P�.001 for all post hoc comparisons).
Rating of Perceived Exertion scale scores
were consistently reported at each of
these intensity levels by a subset of par-
ticipants (n�10/19) during testing, with
inconsistent reporting from other partic-
ipants. Significant differences in median
(interquartile range) values of RPE at low
(11 [7.5–12]), moderate (14 [10–15]),
and high (17 [14.5–19]) intensities indi-
cate that gait speed manipulation effec-
tively modulates exercise intensity.

Increases in speed across levels of inten-
sity were accomplished by significant
increases in stride length and cadence,
with few changes in the COV of these
measures across levels of intensity
(Tab. 2). Specifically, only COV of stride
length decreased significantly at moder-
ate intensity, whereas changes in COV of
cadence across intensity levels only
approached significance.

Analysis of lower-extremity joint kine-
matics revealed significant increases in
the total ROM of the ankle and hip joints
with increasing exercise intensity, with
changes in knee ROM approaching sig-
nificance (Tab. 2). Single-subject data
representative of these changes are pre-
sented in eFigure 2 (available at
ptjournal.apta.org). Related changes in
the peak angular excursions of the ankle,
knee, and hip across gait speeds are pre-
sented in eTable 1 (available at
ptjournal.apta.org). No differences were
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found in the COV of the total ROM of the
ankle, knee, or hip joints (Tab. 2) or the
standard deviations of peak joint angles
(not detailed in eTab. 1). One exception
was the standard deviation of peak ankle
plantar flexion, which was significantly
greater at high intensities compared with
moderate intensities (P�.017). Evalua-
tion of the hip-knee ACC (n�18) demon-
strated a significant effect of intensity
(P�.007), with greater values at moder-
ate intensities compared with low inten-
sities (Fig. 1A; P�.01) and increases at
low and high intensities that approached
significance (P�.06).

Changes in EMG activity were scaled
with increases in exercise intensity, as all
6 tested muscles demonstrated signifi-
cant increases in activity with increasing
intensities (Fig. 2). Evaluation of muscle
timing using the SLDI demonstrated min-
imal changes across intensities, as only

rectus femoris muscle activity demon-
strated significant decreases (Fig. 2),
whereas all other muscles demonstrated
nonsignificant changes.

Effects of High-Intensity
Locomotor Training
Intensity of locomotor training was mon-
itored by RPE during activity with a tar-
get intensity of greater than 14. Values of
RPE were collected over an average of
85% (SD�13%) of training sessions com-
pleted across participants. The average
RPE reported during these training ses-
sions was 15 (SD�1), confirming that the
participants reached the targeted high-
intensity levels. There were no dropouts
during the study (all participants finished
12 weeks of high-intensity motor train-
ing), although the number of training ses-
sions varied from 24 to 36. Participants
ambulated at least 25 minutes per ses-

sion, with the exception of those with
unrelated illness (flu-like symptoms),
which limited tolerance during training
in 2 participants. Common minor
adverse events during training included
subjective reports of muscle soreness
with concomitant increased stiffness or
spasticity (n�3) and low back pain
(n�1) early posttraining, which
subsided.

Assessment of the effects of high-
intensity training on measures of gait per-
formance revealed significant increases
in peak speeds (from X�0.64 [SD�0.26]
m/s to X�0.80 [0.25] m/s, P�.01). At
fastest speeds, comparisons of spatio-
temporal measures demonstrated signifi-
cant increases in both stride length and
cadence, with no changes in COV of
either measure (Tab. 3). Correlations
between changes in stride length and
cadence and changes in peak gait speed

Table 1.
Participants’ Clinical and Demographic Characteristicsa

Participant
No. LOI DOI (mo) Age (y) Sex LEMS mAsh SCATS WISCI II SSS (m/s)

Peak
Treadmill

Speed (m/s) Training

1 C5 114 36 M 11 1 4 9 0.20 0.3 Y

2 T10 56 38 F 21 1 4 13 0.21 0.4 Y

3 T5 34 48 F 22 5 4 13 0.77 0.7 Y

4 T6 12 18 M 12 5 7 9 0.11 0.3 N

5 C4 65 38 M 21 6 6 19 0.47 0.7 Y

6 C5 311 47 M 20 2 5 19 0.75 0.6 Y

7 C6 156 47 M 23 6 5 20 0.69 1.1 Y

8 C4 73 62 M 15 0 5 19 0.43 0.9 Y

9 T9 87 64 F 21 2 2 12 0.25 0.7 Y

10 C4 73 72 M 18 1 4 16 0.22 0.4 Y

11 C3 17 45 M 21 8 3 20 0.63 1.0 N

12 C6 78 52 M 19 6 7 19 0.60 1.2 N

13 C3 80 30 M 20 3 3 13 0.17 0.4 N

14 C4 109 53 F 24 0 4 20 1.11 1.4 N

15 C5 168 40 M 15 8 6 13 0.49 0.8 N

16 C7 54 46 M 25 0 3 20 0.91 1.5 N

17 T4 23 23 F 20 2 3 20 1.09 1.2 N

18 C4 108 44 F 25 3 2 20 0.75 1.4 N

19 C5 19 26 M 25 2 5 20 1.17 1.6 N

a Measures that capture scores for individual muscle strength or spastic motor activity are provided as the summation of scores from each tested muscle on
the more impaired lower extremity. For all measures, larger scores indicate increased strength, spastic motor behavior, or independence with ambulation.
LOI�neurologic level of injury, DOI�duration of injury, LEMS�International Standards for Neurological Classification of Spinal Cord Injury lower extremity
motor score (range�0–25), mAsh�modified Ashworth scale (range�0–10), SCATS�Spinal Cord Assessment Tool for Spastic Reflexes (range�0–15), WISCI
II�Walking Index for Spinal Cord Injury-II (range�0–20), SSS�self-selected gait speed, M�male, F�female, Y�yes, N�no.
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following training demonstrated a posi-
tive, significant correlation between
changes in stride length and changes in
peak gait speed (R�.76, P�.02), but not
between changes in cadence and
changes in peak gait speed (R�.55,
P�.12). Pretraining to posttraining com-
parisons of joint excursion at fastest
speeds indicated increased total knee
ROM, with more limited changes in total
hip and ankle ROM (Tab. 3). Correlations

between changes in total joint excursion
and peak gait speed following training
demonstrated a significant correlation
only between changes in total hip excur-
sion and gait speed (R�.73, P�.03).
Changes in peak joint angles also
revealed increases only in peak knee
flexion angle at fastest speeds (eTab. 2,
available at ptjournal.apta.org). No
changes in the COV of total joint ROM
(Tab. 3) or standard deviation of the peak

joint angles from pretraining to posttrain-
ing were observed, although changes in
the hip-knee ACC at the fastest speeds
approached significance (Fig. 1B;
P�.05).

Comparisons of these measures at
fastest-matched speeds from pretraining
to posttraining demonstrated few
changes in the magnitude and variability
of locomotor parameters. For example, a
significant increase was found only in
magnitude of stride length and peak
knee flexion angle at matched speeds
(Tab. 3). There was a nonsignificant
increase in the hip-knee ACC at fastest-
matched speeds from pretraining to post-
training (Fig. 1C; P�.18).

Pretraining to posttraining comparisons
of muscle timing were assessed with data
from 6 participants for all tested muscles,
with the exception of the soleus muscle,
which was assessed in 5 participants.
Loss of EMG recordings occurred more
often during higher walking speeds, and
data from all participants could not be
included in the analysis. For the timing of
muscle activity throughout the gait
cycle, no significant changes were found
at fastest or fastest match speeds
(Tab. 4).

Discussion
Contrary to our hypothesis, the primary
finding of this investigation was that
increases in locomotor exercise intensity
did not degrade gait performance. Spe-
cifically, short-term increases in locomo-
tor exercise intensity significantly
improved spatiotemporal parameters
and joint kinematics toward more nor-
mal kinematic excursions and consis-
tency. Higher intensities of stepping also
elicited significant increases in lower
extremity muscle activity without aber-
rant changes in muscle timing (ie, higher
SLDI). Repeated training at high intensi-
ties performed in a subset of participants
resulted in minimal changes in gait
parameters at matched speeds, but led to
significant increases in peak gait speed,
with associated gains in stride length and
cadence, but smaller, inconsistent
changes in joint kinematics and muscle
timing.

Table 2.
Changes in Magnitude and Variability of Spatiotemporal Parameters of Gait and Sagittal-
Plane Lower Extremity Joint Kinematics at Different Locomotor Exercise Intensitiesa

Variable Low (L) Moderate (M) High (H) P
Differences
(��.017) n

Spatiotemporal measures

Cadence (steps/min) 44�19 64�22 80�26 <.01 H�M�L 19

Stride length (m) 0.7�0.2 1.1�0.2 1.2�0.3 <.01 H�M�L 19

Cadence COV 5.9�4.6 4.1�2.1 4.5�2.0 .07 19

Stride length COV 5.1�3.1 3.3�1.6 3.6�1.3 .02 L�M 19

Joint kinematics

Total joint ROM (°)

Ankle 22�9.5 26�9.3 30�11 <.01 H�M�L 18

Knee 46�11 51�15 52�16 .02 NS 18

Hip 33�7.8 40�9.3 44�9.8 <.01 H�M�L 18

Total joint ROM COV

Ankle 13�6.5 13�11 15�11 .44 18

Knee 8.1�5.2 6.7�3.2 6.9�3.1 .43 18

Hip 6.1�4.1 4.6�1.6 5.0�1.7 .27 18

a Values are presented as mean�standard deviation. COV�percent coefficient of variation of the mean,
ROM�range of motion, NS�not significant. Bolded values are statistically significant.

Figure 1.
Assessment of hip-knee average coefficient of correspondence (ACC) values with short-term
increases in locomotor exercise intensity (A) and before and after high-intensity training at
fastest speeds (B) and fastest-matched speeds (C). Short-term increases in locomotor exercise
intensity resulted in increases in hip-knee ACC (A). High-intensity training led to nearly
significant and nonsignificant increases in hip-knee ACC at fastest speeds (B) and fastest-
matched speeds (C), respectively. *P�.01.
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Effects of Short-Term Changes in
Locomotor Intensity
Significant improvements in spatiotem-
poral patterns and joint excursions with
increasing locomotor intensity are con-
sistent with previous reports of kine-
matic changes utilized for accommoda-
tion to changes in gait speed in
individuals with SCI56 and healthy con-
trol participants.57,58 The average peak
speeds and total joint excursions
achieved by these participants during
treadmill walking approximated those
observed in healthy older adults during
comfortable walking speeds performed
overground.59,60 Such changes were
likely driven largely by changes observed
in overall muscle activity (consistent
with previous reports in individuals with
SCI56 and control participants61).

The observations of few intensity-
dependent changes in the variability of
gait parameters or deteriorations of mus-
cle timing were of significant interest. In
those measures where significant differ-

ences were found, decreases in variabil-
ity (ie, increases in consistency) or
improvements in muscle timing were
observed with increasing intensity.
These findings are not consistent with
our initial hypothesis, based primarily on
traditional theories of the relationship
between exercise intensity and spastic
motor behaviors during training of
patients with damage to descending
pathways (upper motoneuron syn-
dromes).35 Rather, the present results are
consistent with findings in healthy con-
trol participants62–64 and individuals
poststroke,65 demonstrating increased
consistency of movement with increased
gait speeds. Importantly, the data suggest
that altering locomotor task demands
through increasing intensity leads to a
consequent increase in motor output
(eg, EMG activity, joint ROM) without
increasing kinematic variability or mus-
cle timing during gait. As such, these
single-session results provide preliminary
support for repetitive locomotor prac-
tice at high intensities with little concern

for the reinforcement of poor kinematic
patterns or locomotor control strategies
or the induction of maladaptive
plasticity.

High-Intensity Locomotor
Training
Following locomotor training at high
intensities, improvements in gait speed
were associated with altered spatiotem-
poral patterns, with greater contribu-
tions from stride length than cadence.
Similarly, comparisons at fastest matched
speeds at pretraining and posttraining
evaluations demonstrated increases in
stride length, with nonsignificant
decreases in cadence. Although previous
studies56,66 suggest that individuals with
SCI have a reduced capacity to modify
step cadence to accommodate to
increases in gait speed, the present find-
ings suggest that high-intensity training
may result in changes in both spatial and
temporal gait parameters to achieve
faster walking speeds.

Figure 2.
Muscle activity and Spastic Locomotor Disorder Index (SLDI) in specific lower extremity muscles at different levels of exercise intensity.
Increases in locomotor exercise intensity led to significant increases in measures of overall muscle activity (plotted in gray) in each of the tested
muscles (n�16). Most tested muscles demonstrated a nonsignificant trend for decreased SLDI (plotted in black) with increases in exercise
intensity (n�16). Exceptions include the rectus femoris muscle, in which the SLDI significantly decreased, and the tibialis anterior muscle,
which nonsignificantly increased at higher levels of intensity. *P�.01. EMG�electromyography.
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Our results also suggest that high-
intensity training did not result in a wors-
ening of poor kinematic patterns; rather,
gait kinematics improved, or became
more “normal” at higher intensities dur-
ing single exercise bouts. This finding is
supported by the trends of increasing
joint excursions at fastest or fastest
matched speeds. We further found that
high-intensity training did not increase
gait variability or impair muscle timing
throughout the gait cycle. Rather,
decreases in gait variability or improve-
ments in intralimb kinematic consistency
were observed with faster speeds. The

combined findings support the hypothe-
sis that high-intensity training may
improve both gait quality and function in
individuals with SCI.

Our findings highlight the need for this
proposed link between increases in exer-
cise intensity and impaired gait quality to
be reevaluated. Understanding the inter-
action between exercise intensity and
gait quality is of particular importance
given the pervasive influence of these
and similar theories on current standard
clinical practice.67 Furthermore, given

the evidence for the benefit of high-
intensity exercise across multiple physi-
ological (cardiovascular19 and neuromus-
cular20,21) domains, the present work
adds to the premise that patients may
benefit from the incorporation of higher-
intensity interventions into standard clin-
ical care. However, significant research
remains to be done through larger, con-
trolled studies to rigorously evaluate the
efficacy of high-intensity locomotor
training relative to other interventions.

Table 3.
Pretraining and Posttraining Measurements of Magnitude and Variability of Spatiotemporal Parameters of Gait and Sagittal-Plane Lower
Extremity Joint Kinematics at Fastest and Fastest-Matched Speedsa

Variable

Fastest Speed Fastest-Matched Speed

Pretraining Posttraining P n Pretraining Posttraining P n

Spatiotemporal measures

Cadence (steps/min) 72�21 81�19 .02 9 72�21 69�20 .19 9

Stride length (m) 1.0�0.2 1.2�0.2 <.01 9 1.0�0.2 1.1�0.2 .02 9

Cadence COV 5.6�1.9 4.4�2.5 .24 9 5.6�1.9 4.9�2.7 .28 9

Stride length COV 4.1�1.1 4.1�1.9 .90 9 4.1�1.1 4.5�3.5 .78 9

Joint kinematics

Total joint ROM (°)

Ankle 30�13 31�12 .61 9 30�13 30�10 .93 9

Knee 47�14 50�13 .05 9 47�14 50�13 .29 9

Hip 41�12 45�9.3 .06 9 41�12 41�10 .73 9

Total joint ROM COV

Ankle 19�14 11�3.7 .06 9 19�14 9.9�4.3 .07 9

Knee 7.7�3.7 8.4�6.3 .69 9 7.7�3.7 9.6�6.7 .44 9

Hip 5.6�2.1 6.5�2.5 .31 9 5.6�2.1 5.0�1.5 .27 9

a Values are presented as mean�standard deviation. COV�percent coefficient of variation of the mean, ROM�range of motion. Bolded values are
statistically significant.

Table 4.
Pretraining and Posttraining Spastic Locomotor Disorder Index Values for Tested Lower Extremity Muscles at Fastest and Fastest-Matched
Speeds

Muscle

Fastest Speed Fastest-Matched Speed

Pretraining Posttraining P Pretraining Posttraining P n

Rectus femoris 0.86�0.19 0.84�0.25 .92 0.86�0.19 0.82�0.16 .35 6

Vastus lateralis 0.89�0.23 0.98�0.57 .60 0.89�0.23 1.06�0.78 .60 6

Medial hamstring 0.44�0.15 0.66�0.63 .46 0.44�0.15 1.34�2.18 .25 6

Medial gastrocnemius 1.18�1.94 0.28�0.11 .17 1.18�1.94 0.29�0.11 .35 6

Soleus 0.48�0.18 1.05�1.44 .89 0.48�0.18 1.10�1.42 .69 5

Tibialis anterior 0.93�0.86 0.71�0.51 .60 0.93�0.86 0.63�0.50 .60 6
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Limitations
In addition to sample size for selected
measures, other limitations should be
considered. First, in order to assess dif-
ferent levels of locomotor exercise inten-
sity, it was necessary to utilize a treadmill
to allow for systematic manipulations of
gait speed. Dingwell and Cavanagh68

demonstrated that ambulation on a tread-
mill can stabilize locomotor output, with
greater step-to-step variability demon-
strated during overground versus tread-
mill ambulation. Therefore, a similar
assessment of different locomotor inten-
sities overground may reveal differences
in gait variability that were not found in
the present study.

Next, other reports of gait kinematics
and muscle activity in individuals with
neurologic injury evaluated changes in
different parameters at key events in the
gait cycle, such as examination of soleus
muscle activity at push-off or ankle angle
at heel contact.56,65 The data analyses
performed in this study were utilized to
capture a broader picture of the kine-
matic pattern and EMG activity through-
out the gait cycle; however, this analysis
may limit comparability of these results
to previous reports. In addition, the
SLDI was calculated using predeter-
mined percentages of the gait cycle iden-
tified as “on” and “off” times for each
muscle.51,54 Our previous work54 dem-
onstrated little change in muscle activity
patterns throughout the gait cycle across
different speeds in healthy control par-
ticipants. However, a study by Pepin et
al56 in people with SCI demonstrated
that the percentage of the gait cycle
spent in stance and swing is altered with
increases in gait speed. This finding sug-
gests that the use of predetermined per-
centages of the gait cycle to calculate the
SLDI at different speeds may confound
the results. The methods utilized in the
present study are consistent with previ-
ous reports.51,54

Finally, the lack of a control group lim-
ited our ability to evaluate the efficacy of
high-intensity locomotor training com-
pared to other interventions. We were
not specifically interested in the compar-
ative efficacy of this training protocol in
the current paradigm, but were rather
interested in whether such training may

contribute to altered locomotor control
strategies in this patient population.

Clinical Relevance
This study demonstrates that locomotor
exercise at high intensities elicits
increased muscle activity and kinematics
more similar to that of healthy controls at
similar speeds. Participants exhibited no
significant intensity-dependent changes
in variability of movement or aberrant
muscle activity during walking, suggest-
ing there is no detriment to gait perfor-
mance as previously suggested.35 Fur-
thermore, consistent with previous
reports of positive effects of high-
intensity locomotor exercise in individu-
als with stroke,14,15 high-intensity loco-
motor practice led to increases in peak
gait speed, with specific improvements
in the gait pattern. Importantly, higher-
intensity locomotor activity is driven, in
large part, by the neural and muscular
activity required to accomplish the
task.69 Studies performed in basic70 and
applied71 research have demonstrated
that increased neural activity leads to
improved synaptic function. This finding
suggests that intensity of practice may be
an important factor in potentiating
experience-dependent neuroplasticity.
In this context, the results of this study
strongly support the utility of intensity as
a parameter of rehabilitation to promote
functional recovery after SCI.
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