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ABSTRACT

Treadmill training with harness support is a promising, task-oriented approach to
restoring locomotor function in individuals with post-stroke hemiparesis, but a scientific
basis for the proper selection of training parameters is needed. The goa of this
dissertation is to provide a biomechanical basis for the selection of training parameters
(i.e., body weight support, treadmill speed, support stiffness, and handrail hold) to
improve the gait pattern practiced by hemiparetic individuals during treadmill training.

By comparing gait characteristics of hemiparetic and non-disabled individuals at
matched treadmill speeds, non-speed-related gait deviations associated with post-stroke
hemiparesis were identified. In the hemiparetic subjects, leg kinetic energy at toe-off in
the paretic limb was reduced, resulting in increased percentage swing time and reduced
peak knee flexion during swing, consistent with inadequate leg propulsion by the
plantarflexors or hip flexors during swing initiation. Energy cost associated with raising
the trunk during pre-swing and swing of the paretic limb was exaggerated, consistent
with compensatory pelvic hiking to clear the paretic limb with reduced knee flexion. Leg
kinetic energy at toe-off in the non-paretic limb was exaggerated, resulting in reduced
swing time, consistent with weakness or poor balance during single limb support on the
paretic limb.

The adjustment of each training parameter during treadmill walking in the
hemiparetic subjects was found to improve a specific set of the gait deviations identified.
With increased body weight support or the addition of handrail hold, the exaggerated leg
kinetic energy at toe-off and reduced swing time in the non-paretic limb were improved,
resulting in increased single limb support time on the paretic limb. With increased
treadmill speed, the reduced leg kinetic energy at toe-off in the paretic limb was
improved but remained low relative to values in the non-paretic limb. With increased

support stiffness, the exaggerated energy cost associated with raising the trunk was



improved. We conclude that the proper selection of training parameters can improve the
gait pattern practiced by individuals with post-stroke hemiparesis during treadmill
training. These actions, ostensibly, may improve treatment outcome.
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INTRODUCTION

Stroke survivors are often left with neurological and functional deficits, including
hemiparesis, which impair their ability to wak. Approximately a half a million
Americans suffer a stroke each year with the estimated number of stroke survivors close
to 3 million (Post-Stroke Rehabilitation, 1995). Approximately, two-thirds of acute
hospitalized stroke patients cannot walk independently (Jorgensen et al., 1995). Of those
individuals who recover their ability to walk, many are still disabled by slow walking
speed and limited endurance, which restrict their independent mobility at home and in the
community.

Treadmill training with harness support is a promising, task-oriented approach to
restoring locomotor function in individuals with post-stroke hemiparesis. With the
assistance of the harness and treadmill, many hemiparetic individuals are able to walk
with more normal gait kinematics and EMG timing (Hesse et al., 1999) and improved
symmetry (Hesse et al., 1999; Hassid et al., 1997). Manual assistance is typically
provided by one or more therapists to further guide the trunk and legs through a normal
gait trgjectory. After treadmill training, both sub-acute patients and individuals with
chronic hemiparesis have demonstrated improved locomotor ability overground, as
reflected by improved ambulatory status and increased walking speed (Hesse et al.,
1995g; Visintin et al., 1998; Sullivan et al., 2002).

Treadmill training with harness support is believed to be effective in hemiparetic
individuals, because it provides task-specific training (Hesse, 1999; Shepherd and Carr,
1999) that optimizes the sensory inputs facilitating spina and supraspinal locomotor
networks (Dobkin, 1999). Moreover, training parameters, such as level of body weight
support and treadmill speed, can be adjusted to facilitate the gait pattern and

accommodate for improvement in locomotor ability. The appropriate selection of training



parameters and use of manual assistance is believed to be important to maximize the
effectiveness of the technique (Hesse, 1999; Dobkin, 1999).

However, currently, there is not an objective basis for the selection of training
parameters for hemiparetic individuals. Indeed, training approaches used by
experimenters vary widely and are often in conflict (Gardner et al., 1998; Dobkin, 1999;
Hesse et al., 1995a; Seif-Naraghi and Herman, 1999; Visintin et al., 1998; Miller et al.,
2002). Considerable latitude exists in the application of treadmill training, because
individuals are able to walk at different settings of training parameters and with variable
degrees of manua assistance during training sessions. Experimenters attempt to adjust
training parameters and manual assistance from session to session, and even within a
session, based on the visual appearance of gait kinematics and the perceived force profile
of manual assistance being provided. Further complicating the issue, different methods of
body weight support have been used (i.e., support with arigid cable, compliant springs,
pneumatic lift, etc.), which allow different degrees of trunk motion. As the rehabilitation
potential of treadmill training is more extensively studied in hemiparetic individuas, a
scientific basis for the proper selection of training parameters is needed.

The goal of this dissertation is to provide a biomechanical basis for the selection
of training parameters for individuals with post-stroke hemiparesis (see Figure 1). The
facilitation of an improved gait pattern during treadmill walking, as defined by a
reduction in gait deviations associated with hemiparesis, can be used as arationale for the
selection of training parameters. However, many characteristics of hemiparetic gait are
likely a consequence of slow walking speed and may not be associated with factors that
might limit gait performance. By comparing gait characteristics of hemiparetic and non-
disabled subjects walking at matched speeds on atreadmill, Study 1 identifies non-speed-
related gait deviations, which are more likely associated with impairment, resulting from
hemiparesis, and related compensatory strategies. Study 2 assesses how significant gait
deviations associated with hemiparesis can be improved during treadmill walking with
the proper selection of training parameters (i.e., body weight support, treadmill speed,
support stiffness, and handrail hold). The two studies provide a scientific rationale based
on biomechanics for the proper selection of parameters during treadmill training in

hemiparetic individuals.



Study1
Hemiparetic —» Compare treadmill «—— Non-Disabled
Subjects walking at Controls
matched speeds

|

Non-speed-related
gait deviations

Treadmill i Support

speed / stiffness
\ Study 2

Body weight —» Assess potential of <€—— Handrail
support training parameters to hold
reduce gait deviations

|

SCIENTIFIC BASIS

Figure 1. Development of a scientific basisfor selection of training parameters for
individuals with post-stroke hemiparesis. In Study 1, gait characteristics in hemiparetic
subjects and non-disabled controls are compared at matched treadmill speeds to identify
non-speed-related gait deviations associated with hemiparesis. In Study 2, the potential
of training parameters (i.e., level of body weight support, treadmill speed, support
stiffness, and handrail hold) to reduce the identified gait deviations during treadmill
walking is assessed.



Study 1 Non-speed-related gait differences between
individuals with post-stroke hemiparesisand

non-disabled controls

Abstract

Treadmill walking was used to assess the non-speed-related gait differences
between six individuals with post-stroke hemiparesis and six non-disabled, heathy
controls. The treadmill allowed the collection of kinematic and insole pressure data from
multiple, steady state gait cycles of subjects walking at matched speeds that were
comfortable for the hemiparetic subjects (0.13-0.45 m/s). At matched speeds, a large set
of gait differences between the hemiparetic and non-disabled subjects was consistent with
impaired swing initiation in the paretic limb (i.e., inadequate acceleration of the leg
during pre-swing, increased percentage swing time, and reduced knee flexion at toe-off
and mid-swing in the paretic limb) and related compensatory strategies (i.e., pelvic hiking
and swing-phase acceleration and circumduction of the paretic limb). Exaggerated
positive work associated with raising the trunk during pre-swing and swing of the paretic
limb, consistent with pelvic hiking, contributed to increased mechanical energetic cost
during walking in the hemiparetic subjects. A second set of gait differences was
consistent with impaired single limb support on the paretic limb (i.e., shortened support
time on the paretic limb) and related compensatory strategies (i.e., exaggerated
acceleration of the non-paretic limb during pre-swing to shorten its swing time). Other
significant gait differences included asymmetry in step length and increased step width.
Stride length and joint angular excursions at the hip and ankle were comparable in the
speed-matched groups. The comparison of gait characteristics in hemiparetic and non-
disabled subjects walking at matched treadmill speeds was useful in identifying non-
speed-related gait differences that are likely associated with impairment, resulting from
hemiparesis, and related compensatory strategies.

G. Chen, C. Patten, D.H. Kothari, F.E. Zgjac. Submitted to Gait & Posture, 2003



1. Introduction

Stroke survivors are often left with neurological and functional deficits, including
hemiparesis, which impair their ability to walk. Approximately two-thirds of acute
hospitalized stroke patients cannot walk independently (Jorgensen et al., 1995). Of those
individuals who recover their ability to walk, many are still disabled by slow walking
speed and limited endurance. In addition, gait in individuals with post-stroke hemiparesis
is characterized by reduced cadence, stride length, and joint angular excursions (von
Schroeder et al., 1995; Wall and Ashburn, 1979; Dean et al., 2000); asymmetry in
temporal, spatial, kinematic, and kinetic gait variables (Brandstater et al., 1983; Roth et
al., 1997; Kim and Eng, 2003; Wall and Turnbull, 1986); and increased mechanical
energetic cost (Olney et al., 1986; lida and Yamamuro, 1987). The correction of these
gait deviations has been a focus of gait rehabilitation, since it may improve locomotor
function in hemiparetic individuals. However, many of these gait deviations are likely a
consequence of slow walking speed and may not be associated with impairment or
compensatory strategies.

In both non-disabled and hemiparetic individuals, gait parameters change with
walking speed. When non-disabled individuals walk at ower than normal speeds, they
exhibit reduced cadence, stride length, and joint angular excursions (Andriacchi et al.,
1977; Murray et al., 1984; Lehmann et al., 1987). In hemiparetic individuals, many
temporal, kinematic, and kinetic gait variables are highly correlated with self-selected
walking speed (Olney et al., 1994; Roth et al., 1997; Wagenaar and Beek, 1992; Kim and
Eng, 2003). Even though many investigators have interpreted these correlations to
indicate the variables importance in determining gait speed in hemiparetic individuals
(Olney et al., 1994; Roth et al., 1997; Wagenaar and Beek, 1992; Kim and Eng, 2003), it
may be that these variables are speed-dependent, as in non-disabled individuals.
Regardless, speed-dependency of gait variables in hemiparetic individuals may be
partially attributed to differences in level of impairment between individuals (e.g., less
impaired individuals tend to be more symmetrical and have faster self-selected walking
speeds), while speed-dependency in non-disabled individual s are presumably attributed to
altered strategies that are required to walk at slower speeds.



The comparison of gait characteristics in hemiparetic and non-disabled
individuals walking at matched speeds may assist in identifying non-speed-related gait
differences that are more likely associated with impairment, resulting from hemiparesis,
and related compensatory strategies. Because gait speed in hemiparetic individuas is
significantly slower than normal, some characteristics of hemiparetic gait may be a
consequence of marked differences in speed. However, other characteristics may not be
speed-related and, instead, result from a combination of the pathology and related
compensatory strategies to accommodate for altered physiologic function. Using speed-
matched data from non-disabled controls, gait deviations in both the paretic and non-
paretic limbs can be identified. For example, asymmetry in stance/swing time in
hemiparetic individuals has been attributed to prolonged swing time of the paretic limb
(e.g., due to inadequate acceleration of the limb during pre-swing) (Lehmann et al., 1987;
Olney and Richards, 1996) and/or shortened swing time of the non-paretic limb (e.g., due
to weakness or poor balance during single limb support on the paretic limb) (Olney et al.,
1994; Roth et al., 1997; Wagenaar and Beek, 1992; Kim and Eng, 2003). By comparing
swing times and leg kinetic energies at toe-off in the paretic and non-paretic limbs to
values in non-disabled controls at matched speeds, unequivocal support for one or both
viewpoints may be obtained.

Treadmill walking facilitates the collection of biomechanica data from
hemiparetic and non-disabled subjects walking at matched speeds. The slow walking
speeds of hemiparetic individuals are very unnatural for non-disabled individuals and
difficult to achieve with steady cadences overground. Since walking at a prescribed speed
on the treadmill only requires that subjects maintain their global position (i.e., relative to
the room and handrails), the sensory cues provide strong feedback on proper speed,
making it easier for hemiparetic and non-disabled subjects to walk at matched speeds
with steady cadences. Since subjects do not advance in global space, a stationary motion
camera setup can collect kinematic data over multiple gait cycles. Moreover, assuming
the treadmill surface moves at a constant velocity (i.e., no slippage of the belt or
deceleration of the motor), treadmill walking is mechanically equivalent to overground
walking, given that air resistance is negligible (Ingen Schenau, 1980). These assumptions
should be valid, especially at the slow walking speeds of hemiparetic individuals.



In this pilot study, we compared the gait of six individuals with post-stroke
hemiparesis and six non-disabled controls while they walked on a treadmill at matched
Speeds that were comfortable for the hemiparetic subjects. We hypothesized that 1) a
large set of gait differences will be consistent with impaired swing initiation and single
limb support in the paretic limb and related compensatory strategies, and 2) swing time
asymmetry is attributed to both increased percentage swing time in the paretic limb and
reduced swing time in the non-paretic limb.

2. Methods

2.1 Subjects

Six individuals with a clinical presentation of a single cerebrovascular accident
and resultant hemiparesis were selected from the VA Palo Alto Heath Care System
outpatient population. Inclusion criteria for this study were 1) clinical presentation of a
single stroke at least six months prior to study, 2) ability to walk independently
overground with use of an ankle foot orthosis (AFO) or assistive device, and 3) ability to
advance the paretic limb independently while walking on a treadmill. Subjects were
included independent of side of hemiparesis. Informed consent was obtained from all
subjects. All procedures were approved by the Stanford University Human Subjects
Committee. Each subject’s lower extremity functional motor level was quantified using
the Fugl-Meyer Assessment of motor function (Fugl-Meyer et al., 1975). Six non-
disabled individuals were recruited to serve as gender, age (within £ 10 years), height
(within £ 6 cm), and weight (within £ 12 kg) matched controls for the hemiparetic
subjects. The non-disabled controls exhibited normal joint range of motion and muscle
strength and had no apparent gait abnormalities. Subject characteristics are presented in
Table 1, ordered by the hemiparetic subjects comfortable walking speeds on the
treadmill.



Table 1: Hemiparetic (H1-6) and Non-Disabled (N1-6) Subject Characteristics

Subject No. H1L/N1 H2/N2 H3/N3 H4/N4 H5/N5 H6/N6 Mean (SD)
Gender M/M M/M F/F M/M F/F F/F

Age (yrs) 52/60 66/60 64/67 68/72 56/58 56/49 60(7)/61(8)
Height (cm) 170/176 | 175/172 | 161/161 | 158/159 | 167/161 | 169/163 | 167(6)/165(7)
Weight (kg) 84/94 77/66 66/55 66/66 54/54 54/52 67(12)/64(12)
SSWS (cm/s) 22/111 | 33/138 | 59/149 | 72/113 | 56/146 | 77/147 | 53(22)/134(17)
CTS (cm/s) 13/13 31/31 36/36 36/36 45/45 45/45 34(12)/34(12)
Time post-stroke

(months) 28 20 45 122 8 40 44 (41)
Affected side R R L L R L

LE Fugl-Meyer

(max=34) 16 20 16 24 27 22 21 (4
Assistive AFO AFO AFO

device(s) cane cane cane cane

Individual characteristics and group means and standard deviations (SD).
Abbreviations: LE, lower extremity; AFO, ankle-foot orthosis, SSWS, self-selected overground walking
speed; CTS, comfortable treadmill speed.

2.2 Instrumentation

Subjects wore a Medical harness (Robertson Mountaineering, Henderson, NV)
attached to an overhead support as they walked on a Rehabilitation treadmill (Biodex
Medical Systems, Shirley, NY). During treadmill walking, the harness did not provide
body weight support but served as a safety catch if subjects were to fall. Pedar insole
pressure sensors (Novel, Munich, Germany) were placed inside the subjects shoes to
estimate the vertical ground reaction force and center of pressure. For subjects who wore
an AFO, the sensors were placed inside the AFO.

Bilateral kinematics were captured at 50 Hz using a Qualisys Motion Analysis
System (Qualisys Inc., East Windsor, CT), incorporating five digital ProReflex cameras.
Eight clusters of three reflective markers were located on the upper trunk and pelvis and
right and left thighs, shanks, and feet and calibrated to anatomical reference points to
define each segment’s position and orientation. A voltage signal coinciding with each
camera exposure initialization was used to synchronize the insole pressure readings.



2.3 Protocol

Hemiparetic subjects and non-disabled controls walked on the treadmill at speeds
comfortable for the hemiparetic subjects (range 13 to 45 cm/s, Table 1), as determined
during single pre-sessions where hemiparetic subjects were familiarized to treadmill
walking. Hemiparetic subjects who normally wore an AFO walked with the AFO on the
treadmill. All subjects were asked to hold onto the handrails as the treadmill belt
accelerated and release hand hold once the prescribed speed was reached. After subjects
achieved steady state without handrail hold, data was collected for 20 seconds. Two
subjects failed to walk for 20 seconds without handrail hold, but data for at least five
complete gait cycles were collected from them.

2.4 Datareduction and analysis

The raw kinematic data, consisting of marker cluster coordinates, were post-
processed in MARey (Center for Locomotion Studies, Penn State University, State
College, Pennsylvania) to obtain knee flexion and ankle dorsiflexion angles; joint center
trgectories of the hip, knee, and ankle; and anatomical trgectories of the acromion
processes and tip of the second toe and heel of each foot. The joint center and anatomical
trajectories were fitted to a 7-segment inertial model of each subject, consisting of atrunk
(including the mass of the head and arms), two thighs, two shanks, and two feet
(including the mass of the shoes), based on data collected by Dempster et al. (1955). Hip
flexion/extension angle was defined to be the angle between the axes of the femur and
trunk in the sagittal plane, which was defined by the mid-line between the hip joint
centers and acromion processes. A measure of limb circumduction during swing was
defined as the peak lateral displacement of the foot center of mass during swing relative
to itslateral position during stance.

The post-processed kinematic data were interpolated from 50 to 100 Hz; filtered
using a second-order Butterworth, low-pass filter (fc = 6 Hz); and differentiated to obtain
segment linear and angular velocities. The kinetic (KE), potential (PEG), and mechanical
(ME = KE + PEG) energies of the segments were then obtained from the segments



positions and velocities (Winter, 1979). Kinetic, potential, and mechanical energetic cost
was defined as the summed positive increments in these energies during a gait interval or
stride (Cavagna et al., 1976) (see Figure 1). For visual inspection, the kinematic and
energetic gait trajectories were normalized to percent gait cycle, beginning and ending

with initial contact of each foot, and ensemble averaged over the gait cycles collected.

Figure 1. Kinetic energy (KE), potential
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Percent recovery in mechanical energy during a stride, through mirrored
exchanges between kinetic and potential energies, was quantified using Eq. 1, modified
from Cavagnaet al. (1976):

M ECOSt (1)
+ PEG_,

Percent Recovery =100| 1 —
KE

cost

In words, if the rises and fals in kinetic and potential energies during a gait cycle are

anti-phased and cancel such that mechanical energetic cost is significantly lower than the

10



sum of kinetic and potential energetic cost, percent recovery is high (e.g., 60-70% in non-
disabled individuals walking at normal speeds) (Cavagnaet al., 1976).

The periods of stance and swing of each limb were determined using a threshold
on the vertical ground reaction force (F > 35 N), as estimated by the insole pressure data
(interpolated from 50 to 100 Hz). The ground reaction force center of pressure during
loading response and pre-swing of each limb was defined as the weighted-average center
of pressure during these phases of double limb support. Step length was defined as the
forward distance between initial contact of one foot and the previous initial contact of the
other foot.

Asymmetry in swing time was quantified using a modified version of an index
(EQ. 2) proposed by Robinson et a. (1987):

100 -V ,
Asymmetry (0/0) _ (Vparetlc non— pareuc)
max(lvpafeﬁc '|Vn0n— paretic )

)

where V paeic iS the value of a gait parameter recorded for the paretic limb, and V non-paretic
is the corresponding value for the non-paretic limb. The magnitude of the index
represents the degree of asymmetry, and the sign indicates the direction of asymmetry.
An index of zero indicates perfect symmetry. A positive index indicates a larger value of
the gait parameter for the paretic limb, while a negative index indicates a larger value for
the non-paretic limb. Since the direction of asymmetry was not always consistent across
subjects in the hemiparetic and non-disabled groups, the value of the index (Asymmetry
in Table 2) aswell as its magnitude (Asymmetry Magnitude in Table 2) were considered.

2.5 Statistics

The joint-kinematic and segmental-energetic trajectories and temporal-spatial gait
variables in the hemiparetic and non-disabled subjects were visually examined for
differences between speed-matched pairs. Because of the small sample size in this pilot
study, full statistical analyses on the data were not appropriate. However, consistencies
were tested using a Wilcoxon signed-rank test (significance set at p < 0.10). Withn =6
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speed-matched pairs, the signed-rank test was significant at p < 0.10 only when either all
6 differences were in the same direction (p = 0.03), or 5 out of 6 differences were in the
same direction with the non-conforming difference being the smallest (p = 0.06) or
second smallest in magnitude (p = 0.09). Thus, each of these three cases indicated strong

and consistent differences between groups.

3. Results

3.1 Temporal and spatial gait variables

Table 2 presents the group means for temporal and spatial gait variables for the
hemiparetic subjects and non-disabled controls. Walking speeds were nearly identical
between groups and for each speed-matched pair. Cadence, stride time, and stride length
were not appreciably different between groups. Step width was greater in the hemiparetic
group (p=0.06). Percentage swing time of the paretic limb was increased relative to
values in side-matched limbs in non-disabled controls (p=0.06, see aso Figure 2), while
swing time of the non-paretic limb was reduced (p=0.06, see also Figure 2). As a result,
swing time asymmetry was much greater in the hemiparetic group (p=0.03, see aso
Figure 2). Step lengths and step length asymmetry were not statistically different between
groups. However, this occurred because the direction of asymmetry was not consistent
across the hemiparetic subjects. The magnitude of step length asymmetry was
significantly greater in the hemiparetic group (p=0.09). The ground reaction force center
of pressure during loading response of the paretic limb was more anterior than values in
non-disabled controls (p=0.06).
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Table 2: Temporal and Spatial Gait Variables

Hemiparetic Non-Disabled p-value
Gait cycles collected 10.0(3.8) 11.5(3.3)
Speed (cm/s) 34.6 (11.7) 34.4(11.7)
Cadence (steps/min) 83.4(12.8) 78.9 (21.7)
Stride time (s) 1.47 (0.21) 1.63 (0.50)
Stride length (cm) 52.3(22.0) 53.3(18.8)
Step width (cm) 17.3 (5.9 115 (2.2) 0.06
Swing time (% gait cycle)
Paretic limb 39.8 (4.6) 32.2(10.3) 0.06
Non-paretic limb 215 (4.5) 31.4 (8.4 0.06
Asymmetry (%) 43.4 (16.5) -0.1(11.3) 0.03
Asymmetry magnitude (%) 43.4 (16.5) 6.7 (8.5) 0.03
Step length (cm)
Paretic limb 29.8 (12.2) 27.8(10.6)
Non-paretic limb 22.4(14.4) 25.4 (8.4)
Asymmetry (%) 27.4 (56.3) 6.2 (11.6)
Asymmetry magnitude (%) 48.0 (36.1) 11.3(5.2) 0.09
GRF A-P center of pressure
L oading response (% insole length)
Paretic limb 50.6 (14.7) 36.3(14.1) 0.06
Non-paretic limb 37.9(8.3) 34.9 (11.49)
Pre-swing (% insole length)
Paretic limb 69.6 (4.3 71.4(7.7)
Non-paretic limb 70.3(8.1) 71.5(4.1)

Group means and standard deviations (in parentheses).
Paretic and non-paretic limb variables are side-matched in non-disabled controls.
Abbreviations: GRF, ground reaction force, A-P, anterior-posterior.
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