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Background. Common locomotor deficits observed in people poststroke include
decreased speeds and abnormal kinematics, characterized by altered symmetry, reduced
sagittal-plane joint excursions, and use of compensatory frontal-plane behaviors during the
swing phase of gait. Conventional interventions utilized to mitigate these deficits often
incorporate low-intensity, impairment-based or functional exercises focused on normalizing
kinematics, although the efficacy of these strategies is unclear. Conversely, higher-intensity
training protocols that provide only stepping practice and do not focus on kinematics have
demonstrated gains in walking function, although minimal attention toward gait quality may be
concerning and has not been assessed.

Objective. The present study evaluated changes in spatiotemporal and joint kinematics
following experimental, high-intensity stepping training compared with conventional
interventions.

Design. Kinematic data were combined from a randomized controlled trial comparing
experimental and conventional training and from a pilot experimental training study.

Methods. Individuals with gait deficits 1 to 6 months poststroke received up to 40 sessions
of either high-intensity stepping training in variable contexts or conventional lower-intensity
interventions. Analyses focused on kinematic changes during graded treadmill testing before
and following training.

Results. Significant improvements in speed, symmetry, and selected sagittal-plane kinemat-
ics favored experimental training over conventional training, although increases in compen-
satory strategies also were observed. Changes in many kinematic patterns were correlated with
speed changes, and increased compensatory behaviors were associated with both stride length
gains and baseline impairments.

Limitations. Limitations include a small sample size and use of multiple statistical
comparisons.

Conclusions. Improved speeds and selected kinematics were observed following high-
intensity training, although such training also resulted in increased use of compensatory
strategies. Future studies should explore the consequences of utilizing these compensatory
strategies despite the observed functional gains.
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Most people with hemiparesis
poststroke recover some walk-
ing function,1–3 although resid-

ual weakness,4 impaired balance5,6 and
coordination,7,8 and the presence of
spastic behaviors9,10 (including height-
ened stretch reflex excitability and lower
limb synergies11) are thought to contrib-
ute to lasting locomotor dysfunction.
Common gait deficits include reduced
speed and endurance12,13 and abnormal
kinematics (ie, quality), which can
include decreased sagittal-plane excur-
sions,14,15 altered interlimb16,17 and intra-
limb coordination and symmetry,18 and
use of compensatory swing-phase move-
ments7,19,20 (hip hiking and circumduc-
tion). Amelioration of both functional
and kinematic gait deficits is often a
major goal of physical rehabilitation.21

Despite the common presence of these
gait deficits, clinical strategies used to
treat them vary considerably. For exam-
ple, traditional interventions often focus
on reducing impairments and progres-
sion of exercises in preparation for walk-
ing practice (ie, pregait).10,22,23 Thera-
pists also may attempt to “normalize”
gait patterns and minimize practice of
compensatory movements.24–26 These
interventions are often performed at
lower cardiovascular intensities,26,27 as
higher-intensity stepping activities can
exaggerate spastic behaviors28 and may
result in abnormal kinematics.10 Obser-
vational studies suggest that these tradi-
tional strategies are common during
rehabilitation of patients early post-
stroke,21,29 perhaps in an effort to miti-
gate development of abnormal gait pat-
terns.30 However, the efficacy of these
conventional interventions on locomo-
tor function and quality is limited31,32 or
unclear.

Conversely, treatment strategies that
contrast sharply with conventional inter-
ventions have demonstrated some prom-
ise toward improving locomotor func-
tion. Specific training paradigms that
focus on providing a large amount of
practice of difficult33 or variable32,34

stepping tasks at high cardiovascular
intensities,31,35,36 but with minimal atten-
tion to gait quality, can elicit large
improvements in gait speed and endur-
ance32,34 over conventional interven-

tions. A potential concern is that step-
ping practice performed without
attempts to normalize kinematics may
reinforce aberrant gait patterns, although
there are limited data to support this
hypothesis. Rather, available data sug-
gest that high-intensity stepping training
can improve spatiotemporal symme-
try33,34 and intralimb consistency18 with-
out increasing compensatory patterns.37

Previous studies have investigated
changes in gait kinematics following spe-
cific physical interventions in chronic
stroke,18,38–40 although data detailing
alterations in spatiotemporal and joint
kinematics in patients with subacute
stroke following high-intensity stepping
training are very limited.41,42

The purpose of this study was to evaluate
the effects of up to 10 weeks of either
high-intensity stepping training or con-
ventional interventions on gait kinemat-
ics in individuals with subacute stroke.
The effects of these interventions on
locomotor function have been described
previously in pilot34 and randomized32

studies. This investigation represents a
secondary analysis of changes in gait
quality (ie, lower limb kinematics) fol-
lowing these training paradigms. Altera-
tions in spatiotemporal and sagittal- and
frontal-plane joint kinematics during
graded treadmill testing were assessed at
peak speeds at baseline and posttraining,
as well as posttraining speeds matched to
peak baseline speed to account for
speed-related changes. We anticipated
improvements in spatiotemporal symme-
try and sagittal-plane angular excursions
at higher speeds, with minimal increases
in the use of frontal-plane compensatory
patterns (ie, hip abduction or hip hik-
ing). A secondary goal was to identify
relationships between impairments and
gait kinematics that contributed to alter-
ations in peak speed (function) or devel-
opment of compensatory patterns.
Detailing changes in gait quality may pro-
vide insight into the movement strategies
utilized to achieve higher walking speeds
in patients poststroke following specific
training interventions.

Method
Participants
This secondary kinematic analysis was
performed in individuals with single uni-

lateral stroke of 1 to 6 months’ duration
following high-intensity stepping train-
ing or conventional interventions. Kine-
matic data were collected in patients
enrolled in 2 separate studies: a random-
ized controlled trial (RCT)32 comparing
high-intensity stepping training with
conventional strategies focusing on
impairment and activity-based tasks at
lower intensities and a pilot experimen-
tal training study that served as the basis
for the RCT.34

Both studies used similar inclusion crite-
ria, which consisted of: (1) 18 to 75 years
of age and (2) able to walk 10 m over-
ground with at least minimal or moder-
ate physical assistance from a therapist
or without physical assistance, but at
speeds of �0.9 m/s at self-selected walk-
ing speed. Included participants were
allowed to use assistive devices and
below-knee bracing as needed. An addi-
tional specific criterion for this second-
ary analysis was the ability to walk at
least 0.1 m/s on a motorized treadmill
without weight support but with use of a
handrail at baseline and posttraining; this
criterion allowed collection of kinematic
data during testing at the lowest speed
utilized (ie, 0.1 m/s). Exclusion criteria
consisted of previous central or periph-
eral nervous system or orthopedic injury
that may limit independent ambulation,
inability to ambulate independently at
least 45.7 m prior to stroke, uncontrolled
cardiorespiratory disease, and inability to
follow 3-step commands or adhere to
study requirements.

For the RCT, randomization was strati-
fied according to amount of physical
assistance or gait speed (moderate, min-
imal, without assistance �0.5 m/s or
0.5–0.9 m/s), with allocation conceal-
ment using a blocked design (4 partici-
pants per block). For the pilot study,
individuals with either subacute or
chronic (�6 months’ duration) stroke
were enrolled sequentially and received
experimental training, with data for only
the subacute group utilized in the pres-
ent study to ensure consistency of inclu-
sion criteria.

Kinematic data were available from 36
participants (23 who received the exper-
imental intervention, 13 who received
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conventional interventions) who com-
pleted at least 4 weeks of training. Data
were included from 10/12 participants
with subacute stroke from the pilot study
and from 26/34 participants from the
RCT (experimental group, n�13; control
group, n�13), with all others excluded
due to inability to walk �0.1 m/s at base-
line. All participants gave written
informed consent.

Training Interventions
Kinematic data were collected prior to
and following completion of up to forty
1-hour training sessions over 10 weeks
(4–5 sessions/week) of either experi-
mental, high-intensity stepping training
or conventional (control) interventions.

Details of the experimental training have
been described previously (see Hornby
et al32 and Appendix in Holleran
et al34). The goal of experimental train-
ing was to provide continuous stepping
practice in multiple, variable environ-
ments while maintaining the cardiovas-
cular training zone of 70% to 80% of
heart rate (HR) reserve or ratings of per-
ceived exertion (RPEs) of 15 to 17 on the
6–20 Borg scale.43 For individuals taking
�-blockers, the target HR training zone
was lowered by 10 bpm.44 Blood pres-
sure was monitored throughout training;
participants were not trained if resting
blood pressure was greater than 220/110
mm Hg at rest, and training was discon-
tinued each session if blood pressure sur-
passed 240/110 mm Hg.45 Participants
were allowed to use orthotic devices as
deemed appropriate and safe by the
treating therapist (ie, concerns with foot
drop and ankle inversion).

During each 1-hour training session, par-
ticipants performed up to 40 minutes of
stepping, with rest breaks as needed.
During the first week, only forward
treadmill training (speed-dependent
treadmill training) was performed, with
the primary goal of maintaining the tar-
geted HRs or RPEs.46 Limb-swing assis-
tance, body-weight support, and nylon
straps stabilizing the pelvis were pro-
vided as necessary to ensure successful
stepping, as characterized by positive
step lengths, lack of stance-phase limb
collapse, and sagittal- or frontal-plane sta-
bility.34 Training over the remaining

sessions was divided into 10-minute
increments between speed-dependent
treadmill training (described above),
skill-dependent treadmill training, over-
ground training, and stair climbing. Skill-
dependent treadmill training was per-
formed by applying perturbations to
challenge postural stability, propulsion,
and limb swing and included walking in
multiple directions, over inclines and
obstacles, or with weighted vests and leg
weights, with limited handrail use as tol-
erated. Perturbations were applied such
that 2 to 5 different tasks were repeated
within sessions. Difficulty of tasks was
reduced when participants were not suc-
cessful for 3 to 5 consecutive stepping
attempts. Overground training focused
on speed- or skill-dependent locomotor
activities as described, with use of a gait
belt or overhead mobile or rail suspen-
sion system for safety. Stair climbing was
performed over static or rotating stairs
(StairMaster, Vancouver, Washington),
with attempts to use reciprocal gait pat-
terns and progression to higher speeds
and reduced handrail use as possible.

Participants who received conventional
interventions were requested to con-
tinue with current physical therapy as
possible, with details of training activi-
ties extracted from medical records as
available.32 No instructions were pro-
vided to clinical therapists to alter their
practice patterns. Control therapy ses-
sions were supplemented by research
staff in an effort to achieve up to 40
sessions over 10 weeks. Interventions
during supplemented sessions provided
practice of multiple tasks consistent with
published reports of conventional ther-
apy activities,21,31 including targeted
amounts (repetitions) and durations of
practice of activities (mean number of
repetitions [95% confidence intervals])
as follows: active lower extremity exer-
cises (75 [58, 93]), passive or stretching
exercises (12 [9, 16]), transfers (11 [9,
13]), balance activities (27 [19, 35]), gait
(357 [296, 418]), and stairs (3 episodes
[2, 4]). The targeted amount of stepping
activity delivered during supplemental
sessions was augmented based on a sep-
arate observational study that provided
larger amounts of stepping practice (ie,
800–900 steps/session).31 Stepping prac-
tice occurred both on the treadmill and

overground without limitations on cue-
ing and feedback. Training intensity was
targeted at 30% to 40% of HR reserve,
consistent with observational stud-
ies.27,29 The treating research therapists
progressed participants with assistive
devices and bracing as deemed appropri-
ate to progress functional independence.

Outcome Measures
Kinematic data were evaluated during
graded treadmill testing performed on an
instrumented treadmill (Bertec Corp,
Columbus, Ohio), during which partici-
pants began walking at 0.1 m/s with
speed increased by 0.1 m/s every 2 min-
utes. Participants wore a safety harness
in case of loss of balance but were not
provided weight support, and use of
handrails was permitted. Participants
also wore their customized ankle-foot
orthosis (AFO) on their paretic limb if
they typically did so doing community
mobility. Heart rate was evaluated
continuously using a pulse oximeter
(Masimo Corp, Irvine, California), and
the HR and RPE were recorded manually
during the last 30 seconds of each min-
ute. The exercise test was not blinded by
the assessor due to limited personnel,
did not allow rest breaks for participants,
and was terminated using the following
criteria: participants were no longer able
to continue stepping at that speed (ie,
loss of balance), participants stated they
could not continue, or HR reached 85%
of age-predicted HR maximum (ie, sub-
maximal testing).47,48 Peak treadmill
speed was determined as the fastest
speed at which the participant was able
to walk for at least 1 minute.

Kinematic data were evaluated using the
treadmill forces, an 8-camera motion cap-
ture system (Motion Analysis Corp, Santa
Rosa, California), and 32 reflective mark-
ers affixed bilaterally to each partici-
pant’s pelvis and lower limbs (thighs,
shank, and foot) to create a modified
Cleveland Clinic 6-degrees-of-freedom
model. In addition, measurements of
handrail forces were collected during the
graded treadmill test (JR3, Woodland,
California). Data were sampled at 100
Hz, processed using Cortex software
(Motion Analysis Corp), and further ana-
lyzed using custom-designed software in
Visual3D (C-Motion Inc, Germantown,
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Maryland) and Matlab (The MathWorks
Inc, Natick, Massachusetts). Marker and
force data for all walking trials were fil-
tered using a low-pass second-order But-
terworth filter, with a cutoff frequency
of 10 Hz.

Joint excursions and spatiotemporal
measurements were calculated from the
transformation between the respective
model segments. Stance and swing
phases of the gait cycle were identified
bilaterally for all data. Stance was identi-
fied as the period when the vertical
ground reaction force signal crossed a
minimum threshold of 25 N. For
instance, when participants took steps
that crossed both belts, heel-strike was
defined as the maximum anterior posi-
tion of the calcaneal marker and toe-off
was defined as the maximum posterior
position of the metatarsal marker. Kine-
matic measurements were normalized to
percentage of gait cycle, and average
step cycle profiles were created.6

Specific measures of interest were con-
sistent with those of previous studies18,40

and include alterations in spatiotemporal
parameters, sagittal-plane excursions,
and specific frontal-plane hip and pelvic
compensatory movements commonly
utilized in patients poststroke. Compari-
sons were made between the peak tread-
mill speeds achieved at baseline and
posttraining assessments, with further
comparisons between peak baseline
speeds and posttraining speeds matched
to peak baseline speed (posttraining-
match). In cases where peak speed at
baseline was greater than peak speed
after training, posttraining-match com-
parisons were made at the matched base-
line speed. Spatiotemporal metrics were
extracted during stance and swing
phases. Primary measures included peak
gait speed, stride and step lengths,
cadence, single-limb stance time (ex-
pressed as a percentage of the gait
cycle), and step length asymmetry. Step
length asymmetry was calculated as
follows34:

�1��1�
unimpaired step length

impaired step length
��

� 100.

Sagittal-plane metrics included bilateral
total joint range of motion (ROM) for the
ankle, knee, and hip; peak hip and knee
flexion and ankle dorsiflexion during the
swing phase; and peak hip/knee exten-
sion and ankle plantar flexion during
stance. Consistency of intralimb kinemat-
ics was utilized to estimate movement
coordination between the hip and knee
joints and was calculated using the aver-
age coefficient of consistency (ACC).18,49

The ACC utilized a vector coding tech-
nique, which was applied frame by
frame to the hip-knee angle-angle plots.
The change in hip and knee angles from
each frame-to-frame comparison was rep-
resented as a vector, which was averaged
across multiple gait cycles, and the coef-
ficient of correlation for each frame of
the gait cycle was determined. The ACC
was calculated by the mean of the corre-
lations for each frame-to-frame interval;
ACC values close to 1 indicated greater
consistency, with 0 indicating no consis-
tency. Frontal-plane measures, including
peak calcaneal excursion, pelvic tilt, and
hip abduction, also were calculated as
indicators of swing-phase compensatory
strategies during treadmill stepping.18,37

Additional measurements collected at
baseline and posttraining have been
reported previously,32,34 with presenta-
tion of both gait speeds and lower
extremity Fugl-Meyer (FM) scores below.

Data Analysis
Outcomes were assessed for normality
using Kolmogorov-Smirnov tests. All
baseline data between RCT groups were
evaluated for differences (paired com-
parisons). Based on previous overground
data, the primary measure was spatio-
temporal symmetry, including paretic
single-limb stance time and step length
symmetry. Statistical analysis was per-
formed by calculating differences within
the RCT separately from the pilot study.
For the RCT, a 2-way repeated-measures
analysis of variance determined the main
effects of time (baseline versus posttrain-
ing) and time � group (experimental
versus control) interactions, which were
corrected for multiple comparisons
(��.025). For the pilot study, paired
comparisons (t tests) from baseline to
posttraining were made for symmetry
variables (��.025). Secondary analysis

focused on specific joint kinematic
changes from baseline to posttraining
and on changes from baseline to
posttraining-match for symmetry and
sagittal- and frontal-plane kinematics,
with the latter results placed in an appen-
dix. We did not correct for multiple sec-
ondary comparisons, given the lack of
substantial previous data on kinematic
changes following high-intensity training
and potential variability of kinematic out-
comes. Correlation and stepwise multi-
ple linear regression analyses also were
performed to evaluate contributions of
selected significant measures (peak
treadmill speed and FM score) at baseline
and spatiotemporal and kinematic mea-
sures to changes in peak treadmill speeds
and the specific compensatory patterns
of paretic swing-phase hip abduction,
which demonstrated the largest consis-
tent changes (see Results section). We
used IBM SPSS version 21 (IBM Corp,
Armonk, New York) and StatView ver-
sion 5.0.1 (SAS Institute Inc, Cary, North
Carolina) software for statistical analysis.

Role of the Funding Source
Funding for the study was provided by
National Institute on Disability and Reha-
bilitation Research grants H133B031127
and H133B140012 and the Bullock
Foundation.

Results
Screening and enrollment for the RCT
and pilot study have been described pre-
viously (Fig. 1). Demographic and kine-
matic data are reported as mean (� stan-
dard deviation) for the RCT and the pilot
study. For the RCT, 151 screening eval-
uations resulted in enrollment of 33 par-
ticipants. Measurements for clinical out-
comes, including self-selected walking
speed (SSS) and fastest possible speed
(FS), were obtained by blinded assessors,
except for one participant for whom
blinding was not possible. Of this group
(n�32), 26 participants could walk at a
minimum of 0.1 m/s for 1 minute during
the graded treadmill test (n�13 in each
subgroup). For the pilot study, 15 indi-
viduals with subacute stroke were
screened for eligibility, with 12 enrolled
consecutively and 10 able to achieve the
minimum treadmill speed. Combined
demographic data indicated nonsignifi-
cant differences for sex (male/female)
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(experimental group: 16/7 versus con-
trol group: 9/4), age (experimental
group: 54�12 years versus control
group: 61�9.3 years), duration post-
stroke (experimental group: 106�57
days versus control group: 88�41 days),
and lesion location (left/right) (experi-
mental group: 14/9 versus control group:

9/4) (all P values�.05). All but 5/36 par-
ticipants wore AFOs during testing. Only
differences in the proportion of ischemic
versus hemorrhagic stroke were signifi-
cant between experimental (13/13) and
control (11/2) groups (P�.01). At base-
line RCT assessments, no differences
were observed in lower extremity FM

scores (experimental group: 21�3.6 ver-
sus control group: 22�5.2) or walking
overground at self-selected speeds
(experimental group: 0.36�0.24 m/s
versus control group: 0.43�0.22 m/s) or
at fastest possible speeds (experimental
group: 0.51�0.35 m/s versus control
group: 0.58�0.30 m/s). Similar baseline
values were observed in the pilot exper-
imental training group (FM score:
20.9�4.5; SSS: 0.39�0.25 m/s; and FS:
0.70�0.38 m/s).

Gait Kinematics at Peak Speeds
Previous data delineate the changes
in overground locomotor outcomes,
including significant between-group dif-
ferences in gait speed improvements
between RCT groups,32 with similar mag-
nitude gains in the pilot experimental
study.34 During graded treadmill testing,
peak treadmill speeds at baseline or post-
training were, on average, 45% to 52%
greater than overground walking speeds
at SSS, but only 3% to 6% faster than at FS,
and changes in peak speed were corre-
lated to changes in both FS (r�.67) and
SSS (r�.55) (both P values�.01). In the
RCT, spatiotemporal analyses revealed
no baseline differences between training
groups (Tab. 1), although changes post-
training revealed greater gains in peak
speed favoring experimental training
over conventional training (0.48�0.31
versus 0.13�0.17 m/s, respectively;
P�.01). Speed increases were accom-
plished through differences in stride
length (0.36�0.32 versus 0.15�0.15 m,
respectively; P�.01), characterized by

Figure 1.
Flow diagram of enrollment, allocation, and analysis of study sample.

Table 1.
Spatiotemporal Parametersa

Measure

Randomized Controlled Trial Pilot Study

Experimental Group Control Group P Experimental Group

P
(Time)Baseline Posttraining Baseline Posttraining Time

Time �

Group Baseline Posttraining

Speed (m/s) 0.54�0.32 1.0�0.47 0.62�0.31 0.75�0.33 �.01 �.01 0.57�0.36 1.2�0.37 �.01

Cadence (steps/min) 86�21 100�26 88�18 92�17 .02 .14 82�21 107�20 �.01

Stride length (m) 0.75�0.36 1.1�0.36 0.81�0.34 0.96�0.35 �.01 �.01 0.80�0.37 1.3�0.23 �.01

Paretic step length (m) 0.42�0.19 0.57�0.20 0.41�0.18 0.50�0.16 �.01 .29 0.40�0.21 0.65�0.15 �.01

Nonparetic step length (m) 0.34�0.20 0.55�0.18 0.41�0.19 0.46�0.21 �.01 �.01 0.39�0.18 0.65�0.10 �.01

Spatial symmetry (%) 69�35 83�15 74�31 75�39 .22 .28 66�29 81�38 .34

Temporal symmetry (% gait cycle) 27�8.2 33�6.1 28�7.2 29�5.7 �.01 .01 25�4.6 31�3.7 �.01

a Measurements are expressed as mean�standard deviation.
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larger gains in nonparetic (P�.01) versus
paretic (P�.05) step lengths, with
smaller differences in cadence (14�22
versus 3.5�10 steps/min, respectively;
P�.05). Improvements in step-length
symmetry were not different between
groups, although significant between-
group differences were observed in
paretic single-limb stance time (P�.01).
Slightly larger gains in speed (0.59�0.27
m/s), cadence (24�20 steps/min), and
stride length (0.50�0.34 m) (all P val-
ues�.01) were demonstrated in the pilot
data, with additional improvements in
temporal symmetry but not spatial sym-
metry. Differences in spatiotemporal
kinematics were observed without
between-group differences in peak verti-
cal baseline and posttraining handrail
forces (experimental group: l3�6.3 to

11�6.0 kg versus control group: 13�7.3
to 10�5.0 kg).

Analysis of sagittal-plane kinematics in
the RCT revealed no baseline differ-
ences, with specific between-group dif-
ferences following training (Tab. 2). For
the paretic limb, significant improve-
ments were observed only for total hip
ROM (P�.02) (Tab. 3), with no differ-
ences in peak hip flexion or extension
(Tab. 2). In the nonparetic limb, greater
improvements were observed for total
ankle ROM (P�.03), with hip ROM
approaching significance (P�.11).
Changes in the pilot study approximated
those observed in the RCT experimental
group, including increased bilateral hip
ROM and increased swing-phase knee

flexion and ROM (all P values�.05). Eval-
uation of intralimb coordination with the
ACC indicated greater gains favoring
experimental training; a single-subject
example of changes in paretic and non-
paretic limbs is shown in Figure 2. Con-
sistent ACC changes were observed in
the pilot study (Tab. 2).

Frontal-plane compensatory behaviors
were evident in the study sample at base-
line testing (Tab. 3), with no differences
between RCT groups and similar trends
in the pilot study. Following training,
however, significant between-group dif-
ferences were observed between the
experimental and control groups for hip
abduction (2.8�4.0° versus 0.26�2.0°,
respectively; P�.01) and pelvic tilt

Table 2.
Sagittal-Plane Peak Angular Excursions and Kinematic Consistencya

Measure

Randomized Controlled Trial Pilot Study

Experimental Group Control Group P Experimental Group

P
(Time)Baseline Posttraining Baseline Posttraining Time

Time �

Group Baseline Posttraining

Paretic (°)

Ankle 12�9.9 17�12 12�7.5 14�8.7 .01 .09 7.4�6.6 12�11 .07

Dorsiflexion 3.9�5.2 5.2�7.0 6.6�5.2 6.2�6.7 .62 .37 0.36�3.8 2.2�4.4 .22

Plantar flexion –3.1�11 �11�8.0 �5.9�3.8 �7.4�4.1 .07 .19 �7.1�5.9 �9.6�10 .37

Knee 35�10 36�11 38�11 39�15 .47 .81 42�19 52�15 .03

Flexion �40�11 �40�13 �43�13 �42�15 .43 .63 �43�15 �53�21 .02

Extension �4.7�7.4 �3.4�8.5 �7.8�9.4 �5.2�10 .11 .62 �5.9�13 �9.9�7.9 .25

Hip 31�9.0 42�7.3 31�10 34�9.6 �.01 .02 32�10 41�6.0 .03

Flexion 17�13 22�10 26�11 28�9.5 .22 .58 32�8.9 39�13 .04

Extension �11�15 �17�10 �2.7�11 �3.6�11 .17 .31 3.1�12 �0.59�9.2 .45

ACC (au) 0.80�0.15 0.92�0.03 0.85�0.12 0.87�0.10 �.01 .02 0.82�0.11 0.91�0.06 �.01

Nonparetic (°)

Ankle 27�9.3 34�9.4 24�5.5 27�6.1 �.01 .03 11�4.2 15�4.3 .07

Dorsiflexion 13�4.4 12�7.6 11�5.2 11�6.0 .62 .74 4.4�4.3 2.6�2.5 .30

Plantar flexion �14�9.3 �22�9.7 �13�7.9 �16�7.9 �.01 .09 �6.9�6.6 �12�4.0 .03

Knee 58�7.0 60�11 56�5.1 58�4.3 .95 .88 58�6.4 63�7.4 .13

Flexion �64�9.1 �65�11 �64�7.5 �66�9.7 .62 .69 �65�11 �74�4.5 .03

Extension �7.8�6.4 �3.6�5.6 �8.9�4.8 �9.2�5.8 .16 .11 �7.2�11 �12�6.5 .23

Hip 44�10 51�9.0 42�5.7 44�8.2 �.01 .11 39�6.9 51�9.8 �.01

Flexion 25�12 27�7.5 31�8.5 33�8.6 .52 .99 38�10 45�9.7 .15

Extension �17�11 �22�9.9 �8.8�12 �8.6�8.9 .32 .27 �0.82�12 �5.8�9.3 .36

ACC (au) 0.89�0.12 0.96�0.04 0.93�0.09 0.95�0.07 .03 .12 0.91�0.09 0.96�0.05 .13

a Measurements are expressed as mean�standard deviation. ACC�average coefficient of correspondence, au�arbitrary units.
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(1.9�1.9° versus 0.44�1.6°, respective-
ly; P�.04), with nonsignificant differ-
ences in calcaneal excursion (4.4�4.0
versus 1.8�4.3 cm, respectively;
P�.14). Very similar changes in frontal-
plane kinematics were observed in the
pilot study, with statistical significance
only for hip abduction (2.7�5.0°;
P�.01).

Gait Kinematics at Matched
Speeds
Across all kinematic measures in the
RCT, differences in spatiotemporal
patterns comparing baseline and
posttraining-match at similar speeds
demonstrated improvements across both

groups, including decreased cadence
and increased stride length (eTab. 1,
available at ptjournal.apta.org). How-
ever, there were no differences between
training interventions in the RCT for
spatiotemporal or sagittal-plane kine-
matic patterns (eTab. 2, available at
ptjournal.apta.org). Similar gains were
observed in the pilot study, with signifi-
cant improvements only for cadence and
paretic ACC. Changes in frontal-plane
kinematics during the paretic swing
phase were negligible and not different
between RCT groups or in the pilot study
(eTab. 3, available at ptjournal.apta.org).

Relationships Between Altered
Velocity and Gait Kinematics
Correlation and regression analyses
examined potential relationships be-
tween specific kinematics and impair-
ments and changes in peak treadmill
speed (�speed). Gains in peak speed
were not correlated to baseline FM
scores (r��.17, P�.18; Fig. 3A), base-
line peak speed (r��.21, P�.13), or
changes in FM scores (r�.18, P�.17). As
expected, �speed was strongly corre-
lated to changes in cadence (�cadence)
(r�.78) and changes in stride length
(�stride length) (r�.69) (both P val-
ues�.01; Fig. 3B). In contrast, only mod-
erate to low correlations were observed
with changes in nonparetic hip ROM
(r�.65, P�.01) and paretic ankle ROM
(r�.40, P�.01), with no other correla-
tions observed (all r values�.30). Step-
wise multiple linear regression using FM
scores, spatiotemporal parameters, and
angular excursions revealed that
�cadence and �stride length were pre-
dictors of �speed (r2�83; equation 1),
with changes in nonparetic hip ROM
contributing only following removal of
�stride length.

(1) �speed�0.01	�cadence)


0.53	�stride length)
0.08

Similar analyses were used for changes in
hip abduction (�hip abduction), which
was the most consistent compensatory
behavior observed posttraining (ie, low-
est P value). The strongest correlation
observed with �hip abduction was
�stride length (r�.65; Fig. 3C), followed
by �speed (r�.44) (both P values�.01).
The only baseline variable that was
associated with �hip abduction was
baseline speed (r��.35, P�.04), with

Figure 2.
Single-subject examples of paretic (A and B) and nonparetic (C and D) hip-knee angle-angle
plots, demonstrating improvements in consistency of intralimb coordination at baseline and
posttraining and associated gains in average coefficient of consistency values.

Table 3.
Paretic Frontal-Plane Kinematicsa

Measure

Randomized Controlled Trial Pilot Study

Experimental Group Control Group P Experimental Group

P
(Time)Baseline Posttraining Baseline Posttraining Time

Time �

Group Baseline Posttraining

Circumduction (cm) 5.2�3.2 9.4�4.4 6.3�3.9 8.0�6.4 �.01 .14 6.9�2.9 10�6.2 .07

Hip abduction (°) 4.6�2.5 7.5�4.1 3.4�1.6 3.3�1.7 .02 .01 3.7�2.4 6.4�3.6 .02

Pelvic tilt (°) 2.7�1.4 4.5�2.2 3.1�0.96 3.5�1.8 �.01 .04 3.0�2.1 4.0�2.7 .38

a Measurements are expressed as mean�standard deviation.
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baseline FM approaching significance
(r��.30, P�.07; Fig. 3D). Examination
of Figure 3 (C and D) suggests most par-
ticipants had smaller changes in paretic
hip abduction (ie, �5 to 5°), with the
exception of 5 individuals who com-
pleted experimental training (pilot
study, n�3; RCT, n�2; range�8–10°).
Stepwise regression analysis indicated
both �stride length and baseline (BSL)
FM were determinants of increases in
�hip abduction (r2�52; equation 2).

(2) �hip abduction

�7.6	�stride length)

�0.22	BSL FM scores)
4.1

Discussion
The present study delineated changes in
gait kinematics during graded treadmill
testing in individuals with subacute
stroke following high-intensity stepping
training or conventional interventions.
Greater gains in speed following experi-
mental training were characterized by
variable increases in cadence but signifi-
cant differences in stride length, accom-
plished through increased step length
and hip ROM. Slightly greater but incon-
sistent changes were observed in

other sagittal-plane kinematics following
experimental training, with the excep-
tion of paretic-limb ACC values. Surpris-
ingly, however, increases in frontal-plane
compensatory behaviors during the
swing phase also were significant follow-
ing experimental training, and regression
analyses indicated that these changes
were positively correlated with �speed
and �stride lengths and negatively asso-
ciated with baseline FM score and
speeds.

Previous studies detailing changes in gait
kinematics in patients with subacute
stroke following various physical inter-
ventions are limited, particularly follow-
ing high-intensity training paradigms that
do not focus on gait quality. The primary
findings described here suggest that
most kinematic alterations are associated
with increases in speed, and greater
changes in speed and kinematic patterns
changes were evident with experimental
training. The relationship between
changes in stride length and cadence to
speed gains, both within and between
training groups, is consistent with previ-
ous studies.18,50,51 The ability to modu-
late stride length following experimental
training was driven by slightly greater

gains in nonparetic versus paretic step
lengths and trends of increased bilateral
hip ROM, as observed during single-day
treadmill testing at increasing speeds37

or with repeated training.38,39 However,
only changes in paretic single-limb
stance were significant and greater than
published minimal detectable changes
for experimental training,52 whereas spa-
tial symmetry changes were not signifi-
cant.32–34 Specific additional kinematic
changes were more limited, including
paretic ankle ROM as expected given the
use of AFOs, and other sagittal-plane
kinematic changes were inconsistent.
Gains in hip and knee coordination (ie,
ACC) were consistent across both the
RCT and pilot study, as previously
observed following stepping training
that allowed kinematic variability.18,53

The gains in symmetry, hip kinematics,
and ACC values with experimental train-
ing tend to approach kinematic patterns
observed in individuals who are able-
bodied,14 although the lack of differ-
ences at posttraining-match speeds sug-
gests that these changes contribute to or
scale with increases in speed.

Despite selected kinematic improve-
ments, exaggerated use of frontal-plane
compensatory strategies following
experimental training was surprising and
represents a substantial deviation from
“normal” locomotor strategies. The lack
of differences in frontal-plane deviations
from baseline to posttraining-match sug-
gests that these compensatory strategies
are not necessarily reinforced with high-
intensity training but rather utilized to
achieve higher walking speeds. The asso-
ciations between �hip abduction and
�speed or �stride length support this
contention. A previous investigation indi-
cated increased use of frontal-plane strat-
egies in individuals poststroke who
walked overground at faster versus
slower speeds,19 although another study
performed during treadmill walking did
not confirm these observations.37 A mod-
erating factor may be the initial motor
impairments, particularly in a small sam-
ple of patients who reached higher
speeds in this study. Perhaps this latter
group could have benefited from differ-
ent interventions to improve function
without increasing compensatory pat-
terns, although there are limited data to

Figure 3.
Nonsignificant associations were observed between �speed and baseline Fugl-Meyer (FM)
scores (A). In contrast, positive significant correlations were observed for �hip abduction and
�speed and �stride length (B and C), with negative associations with baseline FM scores (D)
and baseline speeds (not shown). RCT�randomized controlled trial.
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understand what those interventions
may be. In a previous study utilizing a
smaller sample of patients with chronic
stroke, kinematic changes observed fol-
lowing training that constrained joint
kinematics using robotic locomotor
devices to changes following training
that did not constrain walking patterns
demonstrated no increase in the use of
compensatory patterns in either group.18

However, gains in speed were more lim-
ited in that study compared with the
changes observed here.

A potential consideration is that the use
of compensatory movement strategies
may be necessary for patients poststroke
who lack sufficient neuromuscular con-
trol (ie, lower FM scores) to achieve
higher walking speeds. The benefits and
drawbacks of providing interventions to
improve function, even with use of com-
pensatory patterns, should be evaluated
with the patient’s impairments and goals
in mind. Various high-intensity training
protocols also have been shown to
improve community mobility,31 peak
aerobic capacity35 and gait economy,31

and quality of life,32,33 whereas the neg-
ative consequences of utilizing compen-
satory behaviors are not as clear. Cer-
tainly, gait aesthetics are a concern to
many patients,54 although data that detail
the contributions of frontal-plane devia-
tions to the development of other impair-
ments, such as musculoskeletal injury or
pain, are insufficient. Gait economy also
may be a concern, although compensa-
tory strategies utilized to walk at higher
speeds with greater symmetry may be
more energetically advantageous.55 Fur-
ther work is necessary to evaluate the
consequences of using these compensa-
tory strategies poststroke and strategies
needed to ameliorate these deficits.

Primary limitations of the present study
include a small sample size and the fact
that the use of multiple analyses of vari-
ance may increase the risk of committing
a type I error. However, previous studies
assessing sagittal- and frontal-plane kine-
matic changes early poststroke following
specific interventions are limited, and
the present data provide initial estimates
of kinematic changes. Although blinding
of kinematic outcomes was not per-
formed, gains in peak speed and symme-

try approximate those obtained during
overground walking using blinded rat-
ers.32,34 Importantly, however, biome-
chanical changes during treadmill testing
cannot necessarily be compared directly
with overground walking, particularly
with use of a rigid handrail during tread-
mill testing, which may allow for larger
changes in speeds versus overground
testing. A further limitation is our inabil-
ity to accurately evaluate kinetic contri-
butions to altered walking patterns,
which may have allowed further explo-
ration of potential mechanisms underly-
ing the improvements or additional com-
pensatory patterns. Such data may be
more readily available in patients with a
higher level of functioning who can con-
trol foot placement during dual-belt
treadmill walking.

In summary, gains in function with
experimental training were character-
ized by improved symmetry and selected
kinematics, with increased use of com-
pensatory frontal-plane deviations in a
subset of patients. Future work should
be directed toward better identifying
those individuals poststroke who will or
will not utilize these compensatory
behaviors and their potential conse-
quences on objective and subjective
patient outcomes, as weighed against
improvements in in locomotor function.
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eTable 1.
Spatiotemporal Parameters–Posttraining-Matcha

Measure

Randomized Controlled Trial Pilot Study

Experimental Group Control Group P Experimental Group

P
(Time)Baseline Posttraining Baseline Posttraining Time

Time �

Group Baseline Posttraining

Speed (m/s) 0.54�0.32 0.62�0.31 0.57�0.36

Cadence (steps/min) 86�21 69�26 88�18 62�39 �.01 .53 82�21 77�20 .01

Stride length (m) 0.72�0.35 0.79�0.35 0.87�0.29 0.96�0.27 �.01 .62 0.80�0.37 0.83�0.35 .10

Paretic step length (m) 0.40�0.19 0.47�0.16 0.43�0.18 0.49�0.15 �.01 .91 0.40�0.21 0.41�0.19 .41

Nonparetic step length (m) 0.32�0.19 0.32�0.23 0.44�0.16 0.47�0.13 .33 .45 0.39�0.18 0.41�0.17 .31

Spatial symmetry (%) 69�35 53�40 74�31 65�39 .09 .61 66�29 76�22 .35

Temporal symmetry (% gait cycle) 26�8.1 26�5.2 29�6.4 29�6.0 .58 .82 25�4.6 25�4.9 .25

a Measurements are expressed as mean�standard deviation.

eTable 2.
Sagittal-Plane Peak Range of Motion and Kinematic Consistency–Posttraining-Matcha

Measure

Randomized Controlled Trial Pilot Study

Experimental Group Control Group P Experimental Group

P
(Time)Baseline Posttraining Baseline Posttraining Time

Time �

Group Baseline Posttraining

Paretic (°)

Ankle 12�9.9 14�9.5 13�7.6 13�8.9 .42 .34 7.4�6.6 8.2�6.6 .29

Dorsiflexion 3.9�5.2 4.9�6.2 6.6�5.2 6.0�7.0 .83 .44 0.36�3.8 2.0�4.3 .30

Plantar flexion �3.1�11 9.1�5.9 �5.9�3.8 �6.9�3.7 .29 .30 �7.1�5.9 �6.3�4.1 .66

Knee 35�10 35�13 40�10 40�13 .61 .93 42�19 47�15 .19

Flexion �40�11 �37�13 �43�13 �44�12 .16 .96 �43�15 �44�23 .86

Extension �4.7�7.4 �2.9�6.6 �7.8�9.4 �5.0�8.2 .31 .67 �5.9�13 �4.3�12 .68

Hip 31�9.0 32�6.9 32�11 32�9.4 .66 .78 32�10 32�13 .98

Flexion 17�13 14�12 26�11 28�8.8 .87 .72 32�8.9 32�8.9 .69

Extension �11�15 �17�13 �2.7�11 �4.1�9.8 .63 .64 3.1�12 2.3�8.7 .82

ACC (au) 0.80�0.15 0.86�0.12 0.85�0.12 0.75�0.34 .61 .13 0.82�0.11 0.87�0.12 �.01

Nonparetic (°)

Ankle 27�9.3 28�9.2 25�4.1 27�5.6 .12 .57 11�4.2 11�3.7 .78

Dorsiflexion 13�4.4 12�7.3 11�5.2 11�6.3 .70 .71 4.4�4.3 0.62�5.0 .09

Plantar flexion �14�9.3 �16�9.2 �13�7.9 �16�7.0 .17 .88 �6.9�6.6 �10�7.4 .24

Knee 58�7.0 59�9.3 57�5.4 56�5.9 .74 .33 58�6.4 58�8.7 .77

Flexion �64�9.1 �63�12 �64�7.5 �65�8.0 .61 .62 �65�11 �69�6.4 .35

Extension �7.8�6.4 �3.6�8.6 �8.9�4.8 �9.1�6.3 .26 .10 �7.2�11 �10�6.5 .40

Hip 44�10 44�7.8 41�5.4 40�7.8 .77 .60 39�6.9 40�7.4 .29

Flexion 25�12 22�13 31�8.5 32�9.3 .97 .62 38�10 38�11 .98

Extension �17�11 �21�12 �8.8�12 �8.3�9.2 .32 .27 �0.82�12 �2.2�9.4 .73

ACC (au) 0.82�0.27 0.86�0.26 0.93�0.09 0.79�0.36 .27 .08 0.91�0.09 0.93�0.06 .10

a Measurements are expressed as mean�standard deviation. ACC�average coefficient of correspondence, au�arbitrary units.
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eTable 3.
Paretic Frontal-Plane Kinematics–Posttraining-Matcha

Measure

Randomized Controlled Trial Pilot Study

Experimental Group Control Group P Experimental Group

P
(Time)Baseline Posttraining Baseline Posttraining Time

Time �

Group Baseline Posttraining

Circumduction (cm) 5.2�3.2 7.2�5.1 6.3�3.9 6.9�6.2 .19 .45 6.9�2.9 6.5�2.3 .37

Hip abduction (°) 4.6�2.5 4.5�2.8 3.4�1.6 2.9�1.4 .42 .63 3.7�2.4 3.7�2.0 .97

Pelvic tilt (°) 2.7�1.4 3.9�2.3 3.1�0.96 3.0�1.8 .12 .69 3.0�2.1 3.7�2.9 .25

a Measurements are expressed as mean�standard deviation.
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