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ABSTRACT
Purpose: The most often stated goal by persons with stroke is improved walking function,
therefore it is important to understand the biomechanical mechanisms o f gait and the factors
that may improve its performance. The purpose o f this study was to 1) describe threedimensional (3-D) gait patterns, 2) examine the relationship between gait speed and
kinematic/kinetic variables and 3) determine the effect o f maximal strength training on
walking performance, i n addition to muscle strength and health-related quality o f life, i n
chronic stroke survivors.
M e t h o d s : Twenty individuals with chronic stroke (61.2 ± 8.4 years) were randomized into
two six week (three times a week) training programs on the basis o f age, sex, and time since
onset o f stroke (stratified randomization). A n optoelectronic system and forceplates were
used to generate 3-D kinematic and kinetic profiles during walking. The experimental group
undertook maximal concentric isokinetic strength training o f the paretic lower limb flexors
and extensors with the use o f the K i n - C o r n dynamometer. The control group received
passive range o f motion exercises using the same instrument. The Mann-Whitney L T e s t was
used to compare the changes i n score (posttraining-baseline) between the control and
experimental groups: composite lower extremity strength score, walking speed (level and
stair-walking) and health-related quality o f life measure (SF-36). Correlations were used to
assess the relationship between gait speed and biomechanical gait variables.
Results: Twenty-five kinematic and twenty-five kinetic patterns were identified across three
joints (hip, knee, ankle), three planes and two sides among the 20 participants. Kinetic, more
so than kinematic variables were correlated with gait speed, particularly i n the sagittal and
frontal planes for both the paretic and non-paretic sides. N o differences i n the change o f
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walking speed or SF-36 scores was found between groups despite the trend (p = 0.06)
towards greater strength improvement i n the experimental group following training.
Conclusions: Strength training o f the flexors/extensors o f the paretic limb did not result i n
improvements i n walking performance or health-related quality o f life. The results o f the
biomechanical gait analysis suggest that i n addition to these muscle groups, training
programs that include hip abductors and the non-paretic limb may improve gait performance.
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Chapter 1

Introduction
Stroke refers to neurological signs and symptoms resulting from any damage to brain
or central nervous system structures caused by abnormalities o f the blood supply. A
universally accepted definition for stroke is "acute neurologic dysfunction o f vascular
origin.. .with symptoms and signs corresponding to the involvement o f focal areas o f the
brain" (World Health Organization, 1989). Stroke is the third leading cause o f death and a
major cause o f disability for those that survive (Mayo et al., 1994). It is estimated that 35 000
Canadians (Mayo et al., 1996) and 500 000 Americans (American Heart Association, 2000)
experience a new stroke each year. The incidence increases dramatically with increasing age;
it more than doubles i n each successive decade for individuals over the age o f 55 (American
Heart Association, 2000). Improved survival rates o f stroke victims and the recent growth i n
elderly population have led to an increase i n the prevalence o f stroke (Petrasovits and Nair,
1994), which is estimated to be 300 000 i n Canada (Heart and Stroke Foundation, 2000) and
4 500 000 i n the United States (American Heart Association, 2000). Consequently, the
absolute number o f persons living with stroke-related disability is increasing each year.
Disablement has been conceptualized by the W o r l d Health Organization (2000) i n
terms o f impairments (problems i n body function or structure), activity limitations
(difficulties i n executing tasks), and participation restrictions (problems with involvement i n
life situations). Impairments following stroke involve motor, sensory, visuoperceptual, and
cognitive systems. Examples o f common activity limitations include difficulties with tasks
such as rising from a chair, level walking, stair walking, and other activities o f daily living.
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These impairments and activity limitations may result i n significant participation restrictions
for the person with stroke (Dombovy et al., 1986; M a y o et al., 1999).
M a n y studies have examined the course o f recovery following stroke. Although the
greatest recovery post-stroke occurs within the first three to six months o f stroke (Dombovy
et al., 1987; Wade & Langton Hewer, 1987), both neurological and functional recovery can
occur over a more prolonged period o f time (Aguilar, 1969; Andrews et al., 1981; D o m b o v y
et al., 1987; Ferucci et al., 1993; Tangeman et al., 1990). A s Speach & D o m b o v y (1995)
pointed out, "functional recovery may occur over the span o f a stroke patient's lifetime".
More importantly, long term inactivity caused by the lack o f functional independence may
lead to further declines i n function (Wade, 1992). These i n turn contribute to a decrease i n
overall quality o f life (Ahlsio et al., 1984). Clearly, it is important to determine the types o f
training that may enhance recovery and prevent further decline due to inactivity for chronic
stroke survivors.
One o f the first questions asked by someone after a stroke relates to walking (Mayo et
al., 1991), and it has been reported to be the most frequently stated goal by individuals with
stroke (Bohannon et al., 1988). Although most stroke survivors regain the ability to walk,
only a small percentage (18-25%) attain a walking speed that is required for community
activities (Mizrahi et al., 1982; Perry et al., 1995; Wade & Langton-Hewer, 1987).
Consequently, understanding the problem o f gait i n order to address this problem effectively
is important i n the rehabilitation o f stroke survivors. W i t h recent developments i n
technology, modern gait analysis has provided insight into the biomechanical requirements i n
able-bodied gait. However, the biomechanical analyses o f hemiparetic gait following stroke
are still scarce. Thus, the first objective o f the present study was to analyze the three-
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dimensional kinematic and kinetic characteristics o f gait in individuals with stroke and to
explore the relationship between these characteristics and gait performance. A greater
understanding o f the mechanisms underlying the gait patterns observed i n persons w i t h
stroke w o u l d help guide assessment and intervention strategies that may be effective i n
retraining gait.
There are several treatment strategies that are employed by physical therapists to
enhance walking ability i n the rehabilitation o f individuals with stroke. Shumway-Cook &
Woollacott (1995) categorize therapeutic strategies into treatments aimed at the impairment
level, the strategy level, and the functional level. Examples o f treatments aimed at the
impairment level are to strengthen weak muscle groups and to enhance or inhibit muscle
activity b y the use o f sensory stimulation techniques. A t the strategy level, the goal is to
assist the individual develop strategies that are effective i n meeting the postural demands o f
functional tasks (e.g. to facilitate toe clearance using an orthosis around the ankle during gait
training). A n d at the functional level, the focus is on practicing the task i n a variety o f
contexts (e.g. to increase adaptability o f gait by experiencing walking on different surfaces)
(Shumway-Cook & Woollacott, 1995).
A t the impairment level, much emphasis has been directed towards developing
therapeutic techniques to alter 'abnormal' muscle tone rather than to improve muscle strength
because it was traditionally believed that strength training played only a minor part i n
neurorehabilitation (Bobath, 1978). Furthermore, resisted movement especially when
performed by isolated muscle groups was believed to enhance spasticity and reinforce
abnormal movement which was undesirable (Bobath, 1978). M o r e recently, however, there
has been increasing evidence that muscle weakness is more disabling than the changes i n
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muscle tone (Burke, 1988; Landau, 1988) and that strength training can have positive effects
on function i n individuals with cerebral lesions (Damiano et al., 1995; Horvat, 1987; Sharp
andBrouwer, 1997).
Muscle weakness, defined as the inability to generate normal levels o f muscle force,
may occur post-stroke as a result o f alterations i n the physiology o f both the motoneuron and
the muscle components o f motor units. M c C o m a s et al. (1973) reported a reduction i n the
number o f functioning motor units by half between the second and sixth month after stroke
and attributed this change to the transsynaptic changes i n motoneurons following
degeneration o f corticospinal fibres. A decrease i n motor unit firing rates has also been
suggested as a cause o f muscle weakness (Rosenfalck & Andreassen, 1980). This observation
was supported by Tang & Rymer (1981) who found that paretic muscles exhibited higher
levels o f E M G activity per unit o f muscle force, implying that in order to achieve a given
force level, additional motor units have to be recruited since the motor unit firing rate is
reduced. Another possible cause o f muscle weakness is muscle atrophy. There is evidence
that type II or fast twitch fibers are selectively atrophied i n individuals with hemiparesis
(Dietz et al., 1986). In addition, it is well known that inactivity leads to secondary atrophy
(MacDougall et al., 1980; Rutherford et al., 1990) and this may further contribute to muscle
weakness post-stroke.
In healthy adults, muscle fiber hypertrophy and neural adaptations have been reported
as a result o f strength training (Hakkinen & K o m i , 1983; Moritani & deVries, 1980;
Rutherford & Jones, 1986). It seems reasonable to assume that strength training would also
be beneficial i n individuals with stroke in order to offset the physiological changes reported
and prevent further decline due to disuse. The recovered strength i n turn could enhance
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physical performance. In fact, previous studies on strength training i n persons with stroke
have shown promising results on functional performance both i n the acute and chronic stages
o f the disease (Engardt et a l , 1995; K a r i m i , 1996; Sharp & Brouwer, 1997; Wilder & Sykes,
1982). However, the benefit o f isokinetic strength training alone over other factors o f the
training programs (e.g. maturation, attention from the therapist, etc) remains unclear. Thus,
the second objective o f this study was to examine the effectiveness o f a strengthening
program on muscle strength and walking function as well as health-related quality o f life i n
chronic stroke survivors through a double-blind controlled trial.
The following questions were addressed in the present study:
1. D o the three-dimensional (sagittal, frontal and transverse planes) kinematic (joint angular
displacement) and kinetic (joint moment and power) patterns o f the hip, knee and ankle
joints during gait demonstrate characteristic patterns i n persons with chronic stroke?
2. Is gait speed related to the magnitudes o f joint angle range, peak joint moment, peak joint
power and work over the stride for the hip, knee and ankle joints in the three planes
(sagittal, frontal and transverse) during the gait o f persons with chronic stroke?
3. C a n strength training change the strength o f flexors and extensors o f the hip, knee and
ankle joints i n persons with chronic stroke?
4. I f so, what are the effects on walking performance (e.g. gait speed, stair climbing speed)
and health-related quality o f life as measured by the SF-36 i n persons with chronic
stroke?
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Chapter 2: ABSTRACT

Inter-subject Comparison of Three-dimensional Kinetic and Kinematic
Gait Analysis in Persons with Stroke
Purpose: Kinematic and kinetic gait analysis i n persons with stroke can help understand the
mechanisms underlying the common gait deviations observed i n individuals with stroke. In
addition, identifying the kinematic and kinetic variables that are related to speed may provide
further insight into the gait performance o f these individuals. The purpose o f this study was
to 1) identify predominant kinematic and kinetic gait patterns and 2) examine the relationship
between gait speed and magnitudes o f the three-dimensional (3-D) joint excursions, moments
and powers.
Methods: Twenty individuals with chronic stroke (age: 61.2 ± 8.4 years) were instructed to
walk at their self-selected speed. Movement o f the body segments, tracked with an
optoelectronic system, was combined with ground reaction forces to generate 3-D kinematic
and kinetic lower extremity joint profiles. Pearson product correlations were used to assess
the relationship between gait speed and selected kinematic and kinetic variables.
Results: Twenty-five kinematic and twenty-five kinetic patterns were identified across three
joints (hip, knee, ankle), three planes and two sides among the 20 participants. Kinetic
variables, more so than kinematic variables, were highly (r>0.70) correlated with gait speed,
particularly the bilateral hip, knee and ankle power, the paretic hip flexor moment and the
non-paretic ankle plantarflexor moment variables i n the sagittal plane, and bilateral hip
power variables i n the frontal plane. For some o f these variables, correlations were higher for
the non-paretic side.
Conclusions: Inter-subject variability is evident i n the 3-D kinematic and kinetic gait profiles
i n persons with stroke. A significant relationship exists between gait speed and variables i n
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all planes o f both the paretic and non-paretic limbs suggesting that intervention aimed at
improving function o f both limbs and including non-sagittal muscle groups such as hip
abductors may improve gait performance.
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2.1 I N T R O D U C T I O N

The most often stated goal by persons with stroke is improved walking function
(Bohannon et al., 1991), therefore retraining o f walking is a major goal i n the rehabilitation
o f persons with stroke. Although 65% to 85% o f stroke survivors learn to walk independently
by six months post stroke (Wade et al., 1987), only 18-25% attain normal walking speed
(Mizrahi et al., 1982; Perry et al., 1995; Wade & Langton-Hewer, 1987). A s a result, the
person's ability to participate i n community activities is compromised (Gresham et al., 1979).
Stroke results i n sensorimotor impairments affecting mainly the side o f the body contralateral
to the lesion although some minor effects have been recognized on the ipsilateral limbs
(Bohannon & Andrews, 1995; Desrosiers et al., 1996; Sjostrom et al., 1980). The gait pattern
o f persons with stroke, known as hemiparetic gait, is a result o f a number o f factors. Possible
factors contributing to the gait abnormalities observed i n individuals with stroke include
muscle weakness (Bohannon, 1986; Nadeau et al., 1999; Nakamura et al., 1985), abnormal
muscle activation patterns (Knutsson & Richards, 1979), and spasticity, i n addition to
disturbed sensation, impaired postural control, disturbed cognition, or neglect.
Quantitative gait analysis using computer-assisted motion and force analyses is
recognized as a useful tool i n the assessment o f gait and has been widely used i n the analysis
o f able-bodied gait. However, data on hemiparetic gait following stroke are still scarce
especially i n regards to the analysis o f kinetics (e.g. mechanical joint forces and powers).
Understanding the mechanisms underlying the gait patterns seen i n persons with stroke
would help guide assessment and treatment strategies as well as monitor progress when
retraining gait. A s the disturbed motor control following stroke depends on the size, location
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and severity o f the lesion along with the manner o f compensation employed by each person
(Perry, 1969), one might expect to see many variations i n the gait patterns displayed by
individuals with stroke.

2.1.1 Temporal and 2-D kinematic characteristics of gait in individuals with stroke
Several investigations have documented differences i n the temporal, kinematic and
kinetic variables between able-bodied and hemiparetic gait. The majority o f these studies
have been confined to two-dimensional analyses and limited to the assessment o f the paretic
limb (i.e. the side contralateral to the lesion). Relative to age-matched normal values,
hemiparetic gait is generally characterized by a decrease i n self-selected speed, cadence, and
stride length, and an increase i n stance phase duration bilaterally accompanied by an increase
in double support duration (Brandstater et al., 1983; Turnbull et al., 1995; von Schroeder et
al., 1995).
Two-dimensional kinematic analysis has revealed a general decrease i n sagittal joint
angles o f the paretic lower extremity in individuals with stroke. The following characteristics
have been reported relative to values o f healthy adults walking at self-selected speeds: 1) at
initial contact, there is decreased hip flexion, increased or decreased knee flexion and
increased ankle plantarflexion, 2) at toe-off, there is increased hip flexion, decreased knee
flexion and decreased ankle plantarflexion, 3) at mid-swing, there is decreased hip flexion,
knee flexion and ankle dorsiflexion (Burdett et al., 1988; Lehman et al., 1987; Olney et al.,
1991). Inter-subject variability i n the sagittal kinematic patterns has been identified by
Kramers de Quervain et al. (1996) who described four coupling patterns o f knee and ankle
motion during the stance phase o f hemiparetic gait: 1) the extension thrust pattern
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(characterized by an extension thrust o f the knee with increased plantarflexion at the ankle),
2) the stiff-knee pattern (where the knee remained stiff in flexion and the ankle neutral or i n
slight plantarflexion), 3) the buckling-knee pattern (characterized by increased knee flexion
and dorsiflexion), and 4) the normal knee pattern. O n the non-paretic side, Olney et al.
(1991) found that joint angles were greater than that o f the paretic side, however, values were
reduced when compared to reported values o f able-bodied persons walking at slow speeds.

2.1.2 2-D kinetic analysis of gait in individuals with stroke
In addition to temporal and kinematic descriptions, the study o f the kinetics o f gait
(joint moments, power and work) can provide further insight into the factors underlying the
deficits o f hemiparetic gait. Moments o f force are the net result o f muscular, ligament and
friction forces acting to alter the angular rotation o f a joint (Winter, 1991). Mechanical power
is the product o f the joint moment o f force and joint angular velocity, and the work
performed by a muscle group is calculated by mathematic integration o f the power curve.
These analyses help understand the role o f muscles that produce the movement patterns we
observe, i.e. they help determine the motor patterns that are the cause o f observed
pathological gait profiles (Winter, 1981). Thus for the clinician, kinetic information is o f
particular interest.
However, kinetic analyses o f hemiparetic gait have been scarce. Lehman et al. (1987)
compared the knee moments o f persons with stroke to those o f healthy individuals walking at
comparable slow speeds and reported a greater knee flexor moment (although not statistically
significant) on the paretic side i n six out o f seven participants with stroke during gait. The
authors (Lehman et al., 1987) suggested that this flexor moment countered the anterior
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orientation o f the vertical force line i n relation to the knee joint center. Olney et al. (1991),
one o f the few groups to assess both the paretic and non-paretic limbs, reported that i n the
sagittal plane, hemiparetic gait power profiles were similar i n shape to normal profiles on
both sides but with lower amplitudes compared to reported values o f healthy young subjects
walking at slow speeds. They found that 40% o f the total positive work i n the sagittal plane
was performed by the paretic limb, thereby challenging the notion that improvement after
stroke is only a result o f increased use o f the non-paretic side.

2.1.3

3 - D k i n e m a t i c a n d kinetic analysis of gait in individuals with

stroke

In normal gait, three-dimensional (3-D) gait analysis has proven to be useful i n
understanding the mechanisms o f gait as a large amount o f work is also done i n planes other
than the sagittal plane. Mechanical work analysis has revealed that although the major
portion o f work during walking i n able-bodied persons was performed i n the sagittal plane
(82%) o f the total work), a substantial amount o f work is done i n the frontal plane especially
by the hip (10% o f the total work) (Eng & Winter, 1995). It is possible that persons with
stroke who often present with generalized weakness and poor balance could show a relative
increase i n work i n planes other than the sagittal when compared to healthy adults.
Few studies have included 3-D analyses o f hemiparetic gait and among these, only
two studies have explored the kinetic aspect o f the analysis. K u a n et al. (1999) reported the
following kinematic characteristics i n the gait o f persons with stroke on their paretic side
relative to values o f age-matched healthy persons walking at their self-selected speed: 1) an
increase i n hip abduction and external rotation throughout the gait cycle, 2) a slight increase
in knee valgus i n mid-stance and reduced knee varus i n swing, and 3) increased ankle
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inversion and outward foot progression angle (abduction) throughout the gait cycle. In
addition, Kerrigan et al. (2000) quantified hip hiking and circumduction and found that
individuals with stroke had a tendency to elevate the pelvis on the paretic side during swing
resulting i n increased abduction o f the non-paretic hip. Individuals with stroke also
circumducted the paretic limb by increasing the frontal thigh angle during swing when
compared to healthy controls walking at their self-selected speed (Kerrigan et al., 2000).
To date, no study has extended kinetic analysis o f hemiparetic gait i n the frontal and
transverse planes with the exception o f Voigt & Sinkjaer (2000) who explored the frontal hip
joint i n persons with foot-drop following stroke and Kerrigan et al. (1999) who examined
only the non-paretic limb. Kerrigan et al. (1999) found that the moment and power patterns
o f the non-paretic limb were similar i n shape to normal profiles and the peak torques and
powers were either reduced or the same compared with controls walking at their self-selected
speeds. V o i g t & Sinkjaer (2000) found the paretic and non-paretic hips to have similar
profiles i n the frontal plane, but the paretic hip generated less work. Clearly, the 3-D
biomechanical analysis o f gait i n individuals with stroke warrants further investigation.

2.1.4 Relationship between walking speed and gait variables
Walking speed has been found to influence the patterns and magnitudes o f gait
variables such as joint angles, maximum joint moments and powers i n able-bodied gait
(Andriacchi & Strickland, 1985; Chen et al., 1997; Vardaxis et a l , 1998). Similarly, i n
hemiparetic gait, the degree o f the kinematic and kinetic deficits were found to relate to gait
speed for both limbs (Knutsson, 1981; Kramers de Quervain et al., 1996; Lehman et al.,
1987; Olney et al., 1991). Thus, i n order to investigate the kinematic and kinetic factors
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contributing to gait performance, Olney et al. (1994) correlated sagittal gait variables with
gait speed i n individuals with stroke and found that the most correlated variables included
maximum hip flexion moment, maximum hip and ankle power generation, and m i n i m u m (i.e.
peak absorption) knee power on the paretic side along with maximum ankle power
generation on the non-paretic side. N o information is available concerning the association
between the frontal or transverse gait variables and gait speed.
A major limitation o f previous studies (Kerrigan et al., 1999; K u a n et al., 1999; Olney
et al., 1991) o f kinematic and kinetic gait profiles i n individuals with stroke is that they have
interpreted the findings based on a single average profile o f all subjects. Following stroke,
the type o f disturbed motor control may vary, therefore one might expect to see variations i n
strategies used for walking. For example, Knutsson & Richards (1979) found three types o f
muscle activation patterns in hemiparetic gait. Information on the different strategies
employed by each person is lost when presenting average profiles o f all subjects. The lack o f
information on the 3-D kinematic and kinetic characteristics, particularly o f inter-subject
strategies, led to the following purposes: 1) identify predominant gait patterns i n persons with
stroke by quantifying the 3-D kinematic and kinetic characteristics and 2) examine the
relationship between gait speed and magnitudes o f the 3-D joint excursions, moments and
powers.
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2.2

2.2.1

METHODS

Participants
The study was approved by the local university's Research Ethics Board and the

hospital Research Advisory and Review Committee. Twenty community-dwelling stroke
survivors, who had residual unilateral weakness, were recruited on a volunteer basis.
To be included i n the study, participants had to be able to walk independently without
orthoses for a m i n i m u m o f 40 metres (with rest intervals) with or without assistive device,
have a history o f a single cerebrovascular accident o f at least six months prior to participating
in the study, and be able to follow instructions. Participants were excluded i f they had
significant musculo-skeletal problems due to conditions other than stroke. Informed consent
(Appendix I) was obtained from each participant. A l s o , a letter was sent to each participant's
physician (Appendix II), who was later contacted by phone to ensure the inclusion and
exclusion criteria were met prior to the beginning o f the study.
Demographic data collected from all participants included age, sex, time since the
onset o f stroke, the paretic side, degree o f resistance to passive movement i n the knee
extensors and ankle plantarflexors, stage level o f the paretic lower extremity and foot on the
Chedoke-McMaster Stroke Assessment (Gowland et al., 1995) (Appendix III), use o f
orthoses and mobility aids. The characteristics o f the participants are summarized i n Table 1.
Resistance to passive movement was evaluated while passively flexing and extending the
limb as described by Ashworth (1964) while participants were i n a supine position and
graded on an ordinal scale from zero to five based on the Modified Ashworth Scale
(Bohannon & Smith, 1987) (Appendix I V ) .
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2.2.2 Instrumentation & Procedure
Participants were asked to walk wearing their shoes without the use o f an orthosis at
their "most comfortable speed" (i.e. self-selected speed) using their usual assistive device
along an 8-meter walkway over three force plates. Participants were instructed to walk
straight ahead towards the camera and avoid targeting the force plates (Appendix V ) . Five
"appropriate" trials were collected for each limb. A trial was considered "appropriate" i f one
foot landed on a force plate i n its entirety. Rest periods were provided as deemed necessary
by the participants.
A n optoelectronic sensor (Optotrak, Northern Digital) was used to track the infrared
emitting diodes (IREDs) attached to the participant's lower body. In this camera set-up, the
error o f locating the coordinates o f an I R E D i n space was 0.9 m m i n the anterior/posterior (x)
direction, 0.45 m m i n the up/down (y) direction and 0.45 m m i n the medial/lateral (z)
direction. I R E D s were attached to the participant's pelvis and lower extremities to generate a
3-D model o f the lower body (Appendix V I ) . Three non-collinear markers were used to track
each body segment and with the use o f custom software, euler angles (an x-y-z rotation
sequence) were then calculated. The transformation matrix between the external marker
reference system and the principal axes o f each body segment was defined by the use o f a
standing posture o f the participant. Joint angles were described as the motion o f the distal
segment relative to the proximal segment. The 3-D location o f the joints were calculated as i n
E n g & Winter (1995). Data was sampled at 60 H z and filtered using a fourth-order
Butterworth, zero-lag, low-pass cut-off at 6 H z . Temporal-distance variables (e.g. gait
velocity, cadence, stride length) were determined using the distance covered by the markers
and the corresponding elapsed time during each gait cycle.
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Ground reaction forces were collected using three Bertec force plates embedded i n
the ground along the plane o f progression. Forceplate data were sampled at 600 H z . A 3-D
inverse dynamic solution (Bresler and Frankel, 1950) was performed beginning with the
most distal joint to estimate the forces and moments at the joints. Mechanical power o f the
three joints (hip, knee, and ankle) was calculated from the dot product o f the joint angular
velocities and joint moments o f force transformed i n the global reference system (Robertson
& Winter, 1980). Power bursts were labeled according to E n g & Winter (1995); the first
letter refers to the joint, the number refers to the sequence o f the bursts i n that joint and the
second letter denotes the plane (e.g. A l - S refers to the first ankle burst i n the sagittal plane).
Work was calculated by the time integration o f the power curves over one stride for each
power phase. The total muscle work over the stride was the sum o f the positive work and the
absolute value o f the negative work.
Joint angle, moment, and power profiles were normalized on a time base o f 60%
stance, 40% swing o f the gait cycle and were ensemble-averaged across trials for each
participant (for each o f the three joints o f the two limbs). Ensemble-averaging across
participants was not performed i n order to identify differences i n motor patterns.

2.2.3 Data Analysis
Descriptive statistics (mean, range, standard deviation) were calculated for
participants' characteristics, temporal-distance variables, joint angle ranges, and maximum
joint moments and powers. The frequency o f occurrence o f the kinematic and kinetic patterns
in the three joints o f the lower limbs were tabulated. Patterns were determined based on the
shape and direction o f the curves regardless o f magnitudes. To determine the influence o f
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gait speed on patterns, participants were divided into ten "slow" and ten "fast" walkers with
the median value separating the two groups. Then the frequency of patterns were compared
between the two groups. The correlation between gait variables and gait speed was
established using Pearson product moment correlation (r). The significance level selected for
this study was /?<0.05, two-tailed test.
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2.3 R E S U L T S

The mean age o f the participants (61 years) (Table 1) was lower than that reported for
the general population o f individuals with stroke (73 years) (Brown et al., 1996). However,
this may be due to the inclusion criteria that all participants had to be able to walk
independently. O n the American Heart Association Stroke Functional Classification L e v e l
(Kelly-Hayes et al., 1998), the stroke severity o f the participants in this study would be
considered I to II. Temporal and distance characteristics o f gait for the groups are presented
i n Table 2. The mean gait speed o f the participants i n this study (0.45 m/sec) was much
slower than the speed o f healthy elderly participants (0.9-1.5 m/sec) in other studies (Bendall
et al., 1989; Himann et al., 1988; Murray et al., 1969) and corresponds approximately to the
mean velocity o f stroke survivors i n the medium speed group (mean 0.41 m/sec) i n Olney et
al.'s (1991) study. The median gait speed value i n the present study was 0.41 which was used
to separate the participants into "slow" (mean 0.3 ± 0.07m/sec) and "fast" (0.6 ± 0.27 m/sec)
walking groups. Only two participants' self-selected speed exceeded 1 m/sec. This reduced
speed was due to a decrease i n both cadence (74 steps/min) and stride length (0.73 m) when
compared with values reported for the healthy elderly (cadence: 100-105 steps/min, stride
length: 1-1.4 m) (Himann et al., 1988). Relative to the non-paretic side, there was a decrease
i n stance time and an increase in swing time accompanied by a greater step length on the
paretic side.
Several characteristic kinematic and kinetic patterns were identified. The seven
participants who used a cane during the gait assessment were evenly distributed across the
two groups (i.e. "slow" and "fast" walkers), cane use did not show any trends i n patterns
observed. Kinetic analysis was done with 19 participants' data for each limb due to
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Table 1: Characteristics of the participants (N = 20)

Age (yr)
Mass (kg)
Height (cm)
Time since stroke (yr)

Mean

SD

Range

61.15
76.24
170.64
4.03

8.38
13.8
12.09
2.56

52-82
52-99.4
143-188
1.5-10

Type o f stroke (Ischemic/Hemorrhagic/Unknown)
Gender ( M / F )
Involved side (Right/Left)
Dominance (Right/Left)
M o b i l i t y aid (Cane/None)
Chedoke-McMaster (stage range)
Modified Ashworth Scale (grade range)
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11/7/2
14/6
1119
17/3
7/13
3-6
0-2

Table 2: Mean, standard deviation and range of temporal-distance characteristics of
gait (N = 20).
Variable

Mean

SD

Range

Speed (m/sec)
Cadence (steps/min)
Stride Length (m)

0.45
74.2
0.71

0.25
20.6
0.25

0.20-1.10
38.2-111.2
0.34-1.30

Paretic
Mean

SD

Non-paretic
Mean
SD

1.13
0.65
0.37

0.44
0.16
0.15

1.33
0.41
0.34

Stance time (sec)
Swing time (sec)
Step length (m)
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0.51
0.1
0.12

insufficient forceplate trials for one participant. In the following sections, descriptions of
hemiparetic gait characteristics are compared with normal 3-D profiles described in the
literature for healthy young adults (Apkarian et al., 1989; Eng & Winter, 1995; Winter, 1991;
Winter et al., 1995). Patterns are labeled as "N", " A " or " B " for joint angle and moment
patterns. The pattern that most closely resembled the normal pattern described in the
literature was labeled as pattern N, patterns A and B are deviations from the normal pattern
with A being the more frequently occurring pattern. Power profiles are described in relation
to their association with each moment pattern.

2.3.1 Kinematic characteristics
Kinematic patterns were generally more consistent across participants (i.e. low
number of identified patterns) in the sagittal plane compared to frontal and transverse planes
and more consistent proximally at the hip joint than the knee and ankle joints. The sagittal
joint excursion over the stride was greater in the non-paretic limb by 20%, 48% and 39% for
the hip, knee and ankle joints respectively, compared to the paretic limb (Table 3). This trend
was not evident in the other planes. In contrast, in the frontal ankle joint profiles, the paretic
limb showed a greater angle range than the non-paretic limb (5° difference corresponding to
a 65% increase). In addition, the frontal knee and transverse hip ranges were similar for the
paretic and non-paretic limbs.
As expected, the joint excursion was greatest in the sagittal plane, given that the goal
of gait is to move the body forward in the plane of progression. Generally, the joint excursion
in the transverse plane was greater than in the frontal plane for each joint. Among joints,
there was a tendency for the hip joint to show the greatest range in all three planes except in
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Table 3: Mean ± standard deviation of the joint angle ranges* (degrees) over the stride
(N = 20).

Plane

Joint

Paretic

Non-paretic

Sagittal

Hip
Knee
Ankle

34.6 ±19.1
33.7 ±21.3
17.7 ±5.1

41.1 ±8.1
49.8 ±8.0
24.6 ±8.0

Frontal

Hip
Knee
Ankle

10.7 ±5.0
7.8 ±4.5
13.6 ±6.2

12.0 ±4.8
8.0 ±3.9
9.0 ±3.0

Transverse

Hip
Knee
Ankle

17.8 ±9.5
10.0 ±6.2
11.2 ± 5.4

17.3 ±8.0
12.9 ±6.8
13.1 ±4.8

* Joint angle range = maximum - minimum joint angle values
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the sagittal plane for the non-paretic side where the knee demonstrated a greater range (Table
3, Figures 1-3).

2.3.1.1 Hip

Representative time-normalized joint angle profiles of both the paretic and nonparetic hips in all three planes are illustrated in Figure 1. The profiles are intra-subject
averages (n = 5 trials) which best represented the predominant patterns observed across the
20 participants. In the sagittal plane, both the paretic and non-paretic limbs (20/20
participants) showed a similar joint angle pattern (pattern N) which was similar to the pattern
found in able-bodied walking (Winter, 1991): a) During weight acceptance and mid-stance,
the hip extended (27° on the paretic side and 36° on the non-paretic side) as the body moved
progressively forward of the new leading limb, b) at 45 to 55% of stride, peak extension was
reached which coincided with the time when the contralateral foot contacted the ground, c)
during propulsion, the hip began to flex in preparation for swing (35° on the paretic side and
41° on the non-paretic side) and d) maximum flexion was reached in mid swing to clear the
foot from the ground. Note, although the magnitudes are different between the paretic and
non-paretic limbs (Table 3), they are both labeled as "pattern N " since the shape and
direction of movement are similar.
In the frontal plane, two patterns were identified for the paretic hip and one for the
non-paretic side. Pattern N, identified in both the paretic (8/20) and non-paretic (16/20) hips,
resembled the pattern found in able-bodied gait (Kuan et al., 1999; Winter et al., 1995): a)
During weight acceptance, the hip adducted slightly (5-6°) as the trunk/pelvis transferred
laterally over the leading limb, b) at 40 to 50% of stride, the hip abducted (10-11°) as the
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Pattern frequency:
Paretic side
Pattern
Plane
Sagittal
N
N
Frontal
A
other
Transverse A
other

Total
20
8
9
3
15
5

Slow
10
5
3
2
7
3

Fast
10
3
6
1
8
2

+

Non-paretic side
Plane
Pattern
Sagittal
N
Frontal
N
other
Transverse N
B
other

Total
20
16
4
8
10
2

Slow'
10
7
3
3
4
3

Fast*
10
9
1
5
4
1

Figure 1. Representative hip joint angle (degrees) profiles in the sagittal, frontal, and

transverse planes. The profiles are intrasubject averages (n = 5 trials) which best represent
the predominant patterns observed across the 20 participants (note: illustrated profiles do not
represent profiles from the same participant). Patterns were determined based on the shape of
the curves regardless of magnitudes and identified as N (i.e. closest to "normal" patterns), A,
or B; each letter representing one pattern found in either or both the paretic and non-paretic
sides. Solid line: pattern N ; dashed line: pattern A; dark solid line: pattern B. The table above
illustrates the occurring frequency (i.e. number of subjects exhibiting the pattern) of each
pattern.
Abbreviations: Flexion (Flex), Adduction (Add), Internal Rotation (7.R)
% Stride**: 60% represents toe-off. Total* = to^tal frequency, Slow = frequency among
"slow" walkers (below the median speed), Fast = frequency among "fast" walkers (above
the median speed).
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Pattern frequency:
Paretic side
Plane
Pattern
Sagittal
N
A
Frontal
N
other
Transverse A
B
other

Total
10
10
14
6
11
5
4

% Stride

Slow'
4
6
5
5
4
3
3

Non-paretic side
Plane
Pattern
Sagittal
N
A
Frontal
N
A
Transverse A
other

Fast
6
4
9
1
7
2
1

4

Total
15
5
9
11
17
3

Slow'
6
4
2
8
7
3

Fast
9
1
7
3
10
0

Figure 2. Representative knee joint angle (degrees) profiles in the sagittal, frontal, and

transverse planes. The profiles are intrasubject averages (n = 5 trials) which best represent
the predominant patterns observed across the 20 participants. Solid line: pattern N ; dashed
line: pattern A; dark solid line: pattern B.
Abbreviations: Flexion (Flex)y\dduction (Add), Internal Rotation (IR)
Total = tota^l frequency, Slow = frequency among "slow" walkers (below the median
speed), Fast = frequency among "fast" walkers (above the median speed).
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4

Paretic

Non-paretic

Pattern frequency:
Paretic side

Non-paretic side

Plane

Pattern

Total

Slow

Plane

Pattern

Total

Slow

Sagittal

N

8

5

3

Sagittal

N

20

10

10

A

12

Frontal

N

19

5

7

Frontal

N

19

10

9

10

9

other

1

0

1

other

1

N

1
9**

0

Transverse

6

3

N

10**

5

5

other

10

5

5

other

12

4

8

1

Fast

4

Transverse

1

Fast

1

Figure 3. Representative ankle joint angle (degrees) profiles in the sagittal, frontal, and
transverse planes. The profiles are intrasubject averages (n = 5 trials) which best represent
the predominant patterns observed across the 20 participants. Solid line: pattern N ; dashed
line: pattern A .

Abbreviations: Dorsiflexion (Ej>F), Inversion (Inv), Adduction (Add)
Total = total frequency, Slow = frequency among "slow" walkers (below the median
speed), Fast = frequency among "fast" walkers (above the median speed).
**During propulsion, 15 participants internally rotated their ankle on the paretic side and all
20 on the non-paretic side.
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trailing limb moved forward and away from the support limb, c) at toe-off, maximum
abduction was reached as the weight was transferred forward and away from the ipsilateral
support limb and d) during swing, the hip adducted to bring the swinging limb under the
body to optimize the pendular motion of the limb. On the paretic side, another common
pattern (pattern A) was identified in 9 participants. Pattern A differed from pattern N during
the swing phase in that it showed a plateau in abduction or another abduction peak at 75 to
85% of stride, possibly reflecting hip circumduction to clear the limb given the reduction in
the sagittal joint angles. The remaining participants showed highly variable patterns.
In the transverse plane, three common patterns were identified. Pattern N , found on
the non-paretic side only (8/20), was similar to the normal pattern: a) From weight
acceptance to 45 to 55% of stride, the hip internally rotated by a mean of 6° possibly as a
result of the forward progression of the contralateral limb which brings the contralateral side
of the pelvis forward. The external rotation motion of the ipsilateral side of the pelvis on the
fixed ipsilateral limb would present as hip internal rotation, b) During propulsion, the hip
externally rotated by 18° reaching maximum at 70 to 80% of stride. This motion was a result
of the advancement of the ipsilateral limb which brings the ipsilateral side of the pelvis
forward. Consequently, an internal rotation of the ipsilateral side of the pelvis presents as hip
external rotation. Another pattern found on the non-paretic side was pattern B which differed
from pattern N during early and mid stance: predominant external rotation (6°) during the
first half of stance moving into internal rotation in mid stance (10/20). On the paretic side,
the predominant pattern (pattern A) was similar to pattern N during the stance phase but
differed in swing where another external rotation peak was found in mid-swing (15/20).
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2.3.1.2 Knee

The 3-D representative knee angle profiles are illustrated in Figure 2. In the sagittal
plane, two patterns were identified on both the paretic and non-paretic sides. Pattern N was
similar to the typical pattern of a) slight knee flexion at weight acceptance as a shock
absorber, followed by b) extension (12-13°) during mid stance, then c) a large flexion (33°
and 50° on the paretic and non-paretic sides respectively) reaching its peak in early swing to
clear the foot. Pattern A (10/20 on the paretic side, 5/20 on the non-paretic side) altered from
pattern N during weight acceptance: the typical knee flexion pattern at weight acceptance
was replaced by an abrupt knee extension pattern (10/20 and 5/20 on the paretic and nonparetic limbs respectively). This pattern may be similar to the "extension thrust pattern"
described by Kramers de Quervain et al. (1996). This extension thrust pattern reported in
Kramers de Quervain et al.'s (1996) study was accompanied by a lack of electromyographic
activity in the quadriceps, suggesting that a lack of eccentric control of the quadriceps may
be the cause of this pattern. Alternatively, this early knee extension could be the result of the
limb contacting the ground in an exaggerated flexed knee position and thus further knee
flexion is not required. This latter reason may be a more plausible explanation for the
occurrence of this pattern on the non-paretic side.
Reports on frontal plane knee kinematics in healthy adults have been inconsistent in
the literature; Apkarian et al. (1989) and Winter et al. (1995) found that their five participants
abducted their knee during propulsion whereas Kuan et al. (1999) reported adduction during
propulsion. In the present study, a pattern was labeled as N based on the findings of Kuan et
al. (1999): a) during weight acceptance, the knee abducted slightly (6° and 4° on the paretic
and non-paretic sides respectively), b) during propulsion, the knee adducted (9° and 8°) and
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c) reached its maximum in mid swing. The other 6 participants exhibited highly variable
patterns on the paretic side. On the non-paretic side, eleven participants displayed a pattern
(pattern A) that altered from the former pattern during propulsion and swing: rather than
adduction, there was a large abduction component that peaked in early swing similar to the
patterns described by Apkarian et al. (1989) and Winter et al. (1995):
In the transverse plane, the mostfrequentlyoccurring pattern on both sides was
pattern A: a) slight external rotation (6°-7°) at weight acceptance, followed by b) a large
internal rotation (12°-14°) during propulsion until early swing. Another pattern was
identified in 5 participants on their paretic knee (pattern B) which showed reversed motions
from pattern A: a) slight internal rotation (3°) at weight acceptance rather than external
rotation, followed by b) external rotation (6°) during propulsion instead of the internal
rotation motion found in pattern A. Variation in patterns have also been reported in healthy
adults; Apkarian et al. (1989) reported different patterns in each one of their three subjects.
Hence, there does not appear to be consensus on an existing pattern N reported in the
literature.

2.3.1.3 Ankle

The 3-D representative ankle angle profiles are illustrated in Figure 3. In the sagittal
plane, the typical ankle joint angle pattern found in able-bodied gait (Winter, 1991) was
identified on both the paretic and non-paretic sides (pattern N): a) small plantarflexion at
weight acceptance to lower the foot to the floor, b) dorsiflexion in mid stance as the leg
rotates over the foot, c) plantarflexion during propulsion, followed by d) dorsiflexion in
swing to clear the foot. Pattern A, identified on the paretic side, deviated from the normal
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pattern during weight acceptance: there was an absence of the normal plantarflexion
component at weight acceptance (12/20) possibly as a result of forefoot landing (i.e.
plantarflexed position). In addition, these participants did not dorsiflex their ankle during
swing to clear the foot from the ground.
In the frontal plane, as in normal profiles, both the paretic (19/20) and non-paretic
(19/20) ankles a) everted (7-10°) at weight acceptance as a loading response until mid to late
stance as the weight transferred over the ipsilateral planted foot, b) The motion reversed into
inversion (9-14°) during propulsion and c) reached maximum inversion at toe-off or early
swing (pattern N).
During weight acceptance and mid stance in the transverse plane, 9 and 10
participants exhibited a pattern of a) abduction (6-7° toe-out) in the paretic and non-paretic
ankles respectively (pattern N), while the rest showed highly variable patterns, b) During
propulsion, the ankle (15/20 and 20/20 on the paretic and non-paretic sides respectively)
moved into adduction (by 11-12°) possibly as a result of the heel lifting off from the floor
and moving laterally on the planted forefoot, c) Peak adduction occurred at 60-70% of stride.
This pattern of abduction followed by adduction is similar to the normal profiles reported by
Apkarian et al. (1989) and Winter et al. (1995).

2.3.2 Joint moments & powers
The magnitudes of the joint moments and powers were generally lower on the paretic
side when compared to the non-paretic side in all three planes; 11 of the 15 and 17 of the 18
of the peak means for the moments and powers, respectively, were greater for the non-paretic
side. Of the mean comparisons in which the paretic side was greater, the peak knee flexor
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moment presented the greatest difference as the paretic side was 150% o f the non-paretic
value (Tables 4, Figures 4, 6, 8). Generally, the sagittal paretic mean moments were 20-50%
o f the non-paretic side. In addition, i n the frontal plane the mean hip abductor moment for the
paretic side was 73% o f the value for the non-paretic side. Transverse plane moments were
very small; less than 0.07 N m / k g on the paretic side and less than 0.15 N m / k g on the nonparetic side. The largest moment on the non-paretic side was by the ankle plantarflexors
while on the paretic side it was by the hip abductors.
For power variables, the largest generation burst on the paretic side was found at the
hip corresponding to H 3 - S phase during pull-off. O n the non-paretic side, the largest
generation was at the ankle (A2-S) during push-off. The largest absorption burst was at the
knee i n the sagittal plane for both lower extremities. In general, peak powers were decreased
on the paretic side compared to the non-paretic side especially the sagittal ankle generation
(mean power for the paretic side was 24% o f the non-paretic side), the sagittal knee
absorption (42%) and the frontal hip generation (55%) (Table 5, Figures 5, 7, 9). O n average,
transverse plane powers were very small; less than 0.06 W / k g on the paretic side and less
than 0.09 W / k g on the non-paretic side.

2.3.2.1 Hip
Representative 3-D hip moment and power patterns are illustrated i n Figures 4 and 5.
In the sagittal plane, the moment pattern was similar to that o f normal gait (Eng & Winter,
1995) for both the paretic and non-paretic limbs. There was a) an extensor moment during
the first half o f stance to provide a "push-from-behind" as the trunk moved forward, b) a
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Table 4: Mean ± standard deviation of moment variables (Nm/kg) over the stride (N =
19).

Plane

Moment variable

Paretic

Non-paretic

Sagittal

Maximum hip extension
Maximum hip flexion
Maximum knee extension
Maximum knee flexion
Maximum ankle plantarflexion

0.33
0.32
0.24
0.30
0.64

±0.17
± 0.21
± 0.26
±0.20
± 0.22

0.60
0.41
0.44
0.20
1.10

Frontal

Maximum hip abduction
Maximum knee abduction
Maximum knee adduction
Maximum ankle inversion

0.68
0.24
0.07
0.17

± 0.23
±0.17
± 0.07
±0.13

0.93 ± 0.23
0.30 ±0.15
0.05 ± 0.04
0.17± 0.11

Transverse

Maximum hip IR
Maximum hip ER
Maximum knee IR
Maximum knee ER
Maximum ankle abduction
Maximum ankle adduction

0.06
0.07
0.05
0.04
0.05
0.04

±
±
±
±
±
±

0.10
0.15
0.06
0.09
0.11
0.03

0.04
0.03
0.03
0.02
0.05
0.04

Abbreviations: Internal Rotation (IR), External Rotation (ER)
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± 0.25
± 0.23
± 0.26
±0.12
±0.25

±0.05
±0.06
± 0.04
± 0.04
±0.04
± 0.02

Table 5: Mean ± standard deviation of power variables (W/kg) over the stride (N = 19).

Plane

Power variable

Paretic

Sagittal

Maximum hip gen
Maximum hip abs
Maximum knee gen
Maximum knee abs
Maximum ankle gen
Maximum ankle abs

0.50
0.19
0.19
0.31
0.40
0.21

±
±
±
±
±
±

0.64
0.16
0.15
0.37
0.43
0.15

0.61
0.25
0.30
0.73
1.64
0.43

±
±
±
±
±
±

0.27
0.16
0.21
0.53
1.19
0.26

Frontal

Maximum hip gen
Maximum hip abs
Maximum knee gen
Maximum knee abs
Maximum ankle gen
Maximum ankle abs

0.22
0.19
0.07
0.05
0.11
0.05

±
±
±
±
±
±

0.28
0.15
0.07
0.05
0.16
0.04

0.40
0.28
0.07
0.08
0.13
0.08

±
±
±
±
±
±

0.32
0.26
0.06
0.08
0.16
0.13

Transverse

Maximum hip gen
Maximum hip abs
Maximum knee gen
Maximum knee abs
Maximum ankle gen
Maximum ankle abs

0.05
0.06
0.01
0.02
0.01
0.02

±
±
±
±
±
±

0.05
0.05
0.01
0.05
0.01
0.02

0.06
0.09
0.05
0.03
0.02
0.03

±
±
±
±
±
±

0.05
0.10
0.07
0.04
0.01
0.02

Abbreviations:

Generation (gen), Absorption (abs)
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Non-paretic
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Patternfrequencyof moments and powers:
Paretic side
Non-paretic side
Pattern I Total I Slow I Fast
Plane
Pattern Total Slow Fast
Plane
Sagittal
N
19
10
9
Sagittal
N
19
9
10
N
7
5
2
other
1
1
0
Frontal
Frontal
A
13
5
8
N
20
10
10
Transverse N
20
9
10
Transverse N
19
9
10
other
1
1
0
other
1
1
0
Abbreviations: Extension (Exf|, Abduction (Abd), External Rotation (ER)
Total = totalfrequency,Slow =frequencyamong "slow" walkers (below the median
speed), Fast =frequencyamong "fast" walkers (above the median speed).
Note: N = 19 (paretic side data on 10 "slow" & 9 "fast" walkers, and non-paretic side data on
9 "slow" & 10 "fast" walkers) for kinetic variables.
1

Figures 4 and 5. Representative hip moment (Nm/kg) and power (W/kg) profiles in the
sagittal, frontal, and transverse planes. The profiles are intrasubject averages (n = 5 trials)
which best represent the predominant patterns observed across the 19 participants. Solid line:
pattern N; dashed line: pattern A.
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39

Pattern frequency o f moments and powers:
Paretic side
Non-paretic side
Plane
Pattern Total
Slow
Fast
Plane
Pattern Total
Slow
Sagittal
N
8
Sagittal
N
16
A
11
other
3
N
Frontal
7
N
Frontal
13
A
A
8
6
N
other
4
Transverse
18
Transverse N
8
other
1
A
10
1
other
Abbreviations: Extension (Ext), Abduction (Abd), External Rotation ( E R )
Total
total frequency, Slow = frequency among "slow" walkers (below the median
speed), Fast = frequency among "fast" walkers (above the median speed).

Fast

Figures 6 and 7. Representative knee moment (Nm/kg) and power (W/kg) profiles in the
sagittal, frontal, and transverse planes. The profiles are intrasubject averages (n = 5 trials)
which best represent the predominant patterns observed across the 19 participants. Solid line:
pattern N ; dashed line: pattern A .
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80

100

Pattern frequency o f moments and powers:
Paretic side
Non-paretic side
Pattern Total
Slow
Fast
Plane
Plane
Pattern Total
Slow
FastitA
Sagittal
19
10
Sagittal
N
19
10
Frontal
N
19
10
Frontal
N
19
10
Transverse N
8
6
N
17
8
Transverse
2
A
2
6
other
B
1
3
other
2
1
Abbreviations: Plantarflexion (PF), Eversion (Ev), Abduction (Abd)
Total = total frequency, Slow = frequency among "slow" walkers (below the median
speed), Fast = frequency among "fast" walkers (above the median speed).

Figures 8 and 9. Representative ankle moment (Nm/kg) and power (W/kg) profiles in
the sagittal, frontal, and transverse planes. The profiles are intrasubject averages (n = 5
trials) which best represent the predominant patterns observed across the 19 participants.
Solid line: pattern N; dashed line: pattern A , dark solid line: pattern B .
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reversal into a flexor moment in mid stance to control the backward rotating thigh and then to
provide pull-off of the lower limb in swing, and c) a slight extensor moment in terminal
swing for backward acceleration of the thigh prior to initial contact (pattern N).
The associated power profiles demonstrate that the three sagittal plane power phases
seen in able-bodied gait were also found in the gait of individuals with stroke but with a
decrease in amplitude especially on the paretic side (Table 5). Note that power profiles are
described in relation to their association with each moment pattern (i.e. moment pattern N , A,
or B). There was a) an Hl-S generation phase by the hip extensors during the first half of
stance, which normally contributes to forward propulsion, and was relatively low on the
paretic side, b) an H2-S absorption during mid stance that normally controls thigh extension
as the center of mass moves forward of the support limb which was either low or absent on
the paretic side possibly as a consequence of the lack of hip extension during the first half of
stance, and c) an H3-S generation phase by hip flexors during pull-off but generally lower in
amplitude compared to normal values.
In the frontal plane, there was a hip abductor moment throughout stance for both the
paretic and non-paretic limbs (pattern N) to balance the body mass medial to the stance hip as
in normal gait (Eng & Winter, 1995). The hip abductors a) absorbed energy (Hl-F) to control
the degree of pelvic drop on the contralateral side during weight acceptance, b) generated
energy (H2-F) to raise the pelvis on the contralateral side during single support to prevent a
Trendelenburg sign and c) generated energy (H3-F) during,propulsion to transfer the
pelvis/trunk over the new leading limb. In addition, 12 of 19 participants showed an
additional abductor moment at toe-off into early swing on the paretic hip (pattern A).This
additional abductor moment was associated with a positive power burst (labeled as H4-F)
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possibly as a result o f the hip abductors attempting to clear the foot from the ground to
compensate for the insufficient hip and knee flexion and ankle dorsiflexion.
M o s t participants exhibited a similar hip moment pattern on both sides i n the
transverse plane (pattern N ) : a) an initial external rotator moment during the first half o f
stance followed by b) an internal rotator moment similar to the pattern found i n able-bodied
gait described by E n g & Winter (1995). The associated transverse plane power profiles also
resembled the normal profile (Eng & Winter, 1995): a) a small absorption phase occurred
early i n stance ( H l - T ) as a result o f the external rotators controlling the hip internal rotation
which accompanied forward motion o f the contralateral side o f the pelvis and b) a larger
absorption burst occurred during push-off (H2-T) when the internal rotators eccentrically
controlled hip external rotation caused by the weight transference over to the contralateral
limb while the ipsilateral foot was planted on the floor.

2.3.2.2 Knee
Representative 3-D knee moment and power profiles are illustrated i n Figures 6 and
7. The patterns found i n able-bodied gait as reported by E n g & Winter (1995) were also
found i n our participants i n all planes with the exception o f a few characteristics. The sagittal
knee moment pattern found i n able-bodied gait consists o f a) extensor moment at weight
acceptance to provide shock absorption and then to assist knee extension as the center o f
mass is moved forward, b) flexor moment i n mid-stance reversing into extensor moment
during propulsion to control the collapsing knee resulting from the propulsive forces o f ankle
push-off and c) flexor moment i n the latter half o f swing to decelerate the swinging limb.
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This normal pattern was exhibited by 16 participants on their non-paretic side, however only
eight participants showed that same pattern on their paretic knee (pattern N).
The power profile associated with this knee moment pattern (pattern N) showed the
typical a) Kl-S absorption burst from the extensors at weight acceptance for shock
absorption, b) K2-S (extensor) generation in mid-stance to increase the height of the center of
mass as it moves forward and facilitate foot clearance on the contralateral side, c) K3-S
(extensor) absorption during propulsion to control the collapsing knee caused by the ankle
push-off and hip pull-off forces and d) K4-S (flexor) absorption in late swing to decelerate
the swinging limb. The Kl-S and K4-S absorption bursts were low or absent in many on both
sides suggesting a lack in shock absorption during weight acceptance and lack of energy
absorption from the swinging limb prior to initial contact.
On the paretic side, the most common knee moment pattern was a flexor pattern
throughout most of stance (pattern A) (11/19). This pattern was also associated with the
kinematic knee extension thrust pattern in eight participants. These individuals extended (or
hyperextended) their knee at weight acceptance, during which time there was a flexor
moment. Therefore a) the corresponding Kl-S power phase represented the negative work
done by the flexors attempting to eccentrically control the abrupt knee extension, b) the K2-S
phase occurred later in stance than commonly seen in able-bodied gait and represented the
positive work done by the flexors (instead of extensors as commonly seen in normal gait)
attempting to flex the extended knee in preparation for swing, and c) the K3-S (extensor
absorption burst) was absent in this group possibly due to the weak push-off by the ankle
plantarflexors and pull-off by the hip flexors which normally would collapse the knee. Note
that although the kinematic knee extension thrust pattern was also observed on the non45

paretic knee (5/20), the associated kinetic patterns differed from the patterns found on the
paretic side, i.e. the knee extension was the result of the positive power (K2-S) generated by
the knee extensors, not flexors.
In the frontal plane, as in able-bodied gait (Eng & Winter, 1995), there was an
abductor moment throughout stance on both sides (pattern N) which countered the
gravitational adductor stress caused by the center of mass medial to the ipsilateral knee via
passive structures (e.g. iliotibial band, tensor fascia latae or lateral ligaments) resulting in a)
Kl-F generation phase in early stance and b) K2-F absorption phase during propulsion. In
addition, a knee adductor moment just prior to toe-off (pattern A) was found in 8 and 6
participants on their paretic and non-paretic limbs respectively which resulted in a power
generation phase during propulsion.
Similar to able-bodied knee transverse moment profiles, participants in this study also
exhibited a) an external rotator moment for the first half of stance followed by b) an internal
rotator moment in the latter half of stance on both the paretic and non-paretic sides (pattern
N). Another common transverse moment pattern found on the paretic knee was an internal
rotator moment pattern throughout stance (pattern A). Transverse knee powers were low and
highly variable on both sides. One consistent characteristic was a push-off generation burst
(labeled as K3-T) by the internal rotators as found by Allard et al. (1996) in able-bodied
persons.

2.3.2.3 Ankle

Ankle moment patterns were relatively consistent across participants in the sagittal
and frontal planes (Figure 8). The dominant plantarflexor moment in stance found in able-
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bodied gait (Eng & Winter, 1995) was also identified in the gait of all our participants on
both sides. However, the small dorsiflexor moment that normally helps lower the foot at
initial contact was only present on the non-paretic side (pattern N), while the plantarflexor
moment was initiated early in stance in the paretic limb (pattern A). The associated power
profiles (Figure 9) displayed both the a) negative Al-S burst as a result of eccentric work
from the plantarflexors controlling the forward rotation of the leg over the foot and b)
positive A2-S burst corresponding to the push-off power provided by the concentric work of
the plantarflexors. These power phases were exhibited by both the paretic and non-paretic
limbs, however, the amplitude of the positive A2-S burst by the plantarflexors during
propulsion was low especially on the paretic side (70% lower compared to the non-paretic
side) (Table 5).
Thefrontalankle moment pattern consisted of an invertor moment throughout stance
for both the paretic and non-paretic limbs (pattern N). This pattern was similar to the pattern
reported by Allard et al. (1996) and Apkarian et al. (1989) in able-bodied gait, as opposed to
the evertor or evertor-invertor-evertor patterns described by others (Eng & Winter, 1995;
Kadaba et al., 1989, McKinnon & Winter, 1993). Thefrontalpower profiles found in most of
our participants (18 and 13 participants for the paretic and non-paretic sides respectively)
resembled the pattern found by Allard et al. (1996) in healthy young adults: a) an absorption
burst (Al-F) in early stance as the invertors eccentrically controlled eversion of the foot as a
loading response followed by b) a generation burst (A2-F) resultingfromthe invertors
concentrically contracting to assist with propulsion. As propulsion on the paretic side often
occurs after the weight is transferred to the non-paretic side in persons with stroke, it is
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possible that the inverters generated the A2-F power burst in an attempt to lift the foot and
compensate for the weak dorsiflexors.
Patterns were variable in the transverse plane for the ankle. Pattern N, similar to the
normal pattern (Eng & Winter, 1995), was exhibited by 17 participants on their non-paretic
ankle and by eight participants on their paretic side: abductor moment through most of
stance. This pattern was associated with a consistent absorption burst (not labeled) by the
abductors during push-off. Power phases in able-bodied gait have also been reported as low
and highly variable (Eng & Winter, 1995). Two other moment patterns were identified in the
paretic ankle: an adductor moment early in stance followed by an abductor moment in late
stance (pattern A) and an adductor pattern throughout stance (pattern B).

2.3.3 M e c h a n i c a l w o r k

Relative to reported normal self-paced gait values (Eng & Winter, 1995), there was a
decrease in the total work done by both limbs (Table 6-7). Sagittal work was much reduced
relative to normal values (25% and 75% of normal values on the paretic and non-paretic
sides respectively). Although to a lesser extent, the work done in the frontal plane was also
reduced on the paretic side. These reductions in work were expected as the mean gait speed
of our participants was slow compared to that of healthy adults. In the transverse, however,
work values were comparable between sides and to normal values.
The paretic limb performed 33% of the total work (across all 3 joints and 3 planes) as
opposed to 67% done by the non-paretic side. The main difference in the amount of work
done between the two limbs was in the sagittal plane (50% less on the paretic side), and least
in the transverse plane. There was a marked reduction of positive work done by the sagittal
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Table 6. Mean and standard deviation of work (J/kg) over the stride (N = 19).

Sagittal

Paretic

gen
Hip

Knee

abs

Frontal
gen

abs

Total

Transverse
gen

abs

gen

abs

Total

Mean

0.143 0.037 0.051 0.045 0.010 0.015 0.205 0.097 0.302

SD

0.110

Mean

0.046 0.074 0.016 0.008 0.004 0.004 0.066 0.086 0.152

SD

0.032

Ankle Mean
SD

0.042
0.071

0.011

0.032
0.008

0.007
0.003

0.012
0.005

0.054 0.069 0.018 0.015 0.004 0.004 0.076 0.088 0.164
0.044

0.033

0.423

Total

Non-paretic

0.038

Sagittal
gen

abs

0.025

0.010

0.004

0.154

Frontal
gen

0.003

0.041

abs

Transverse
gen

abs

Total
gen

abs

Total

Hip

Mean
SD

0.228 0.060 0.103 0.064 0.012 0.020 0.343 0.144 0.488

Knee

Mean

0.066 0.189 0.015 0.018 0.011 0.003 0.092 0.211 0.302

SD

0.059

Ankle Mean
SD

0.088

0.051
0.109

0.053
0.020

0.049
0.019

0.007
0.008

0.015
0.003

0.235 0.141 0.021 0.017 0.005 0.006 0.261 0.164 0.425
0.150

0.061

0.919

Total

0.020

0.015

0.004

0.239

0.005

0.057

Normal values from E n g & Winter (1995) at mean gait speed o f 1.6 m/sec
Sagittal

Hip

Mean

Frontal

gen

abs

gen

abs

0.48

0.14

0.092 0.10

0.11
0.42

Transverse
gen

abs

Total
gen

abs

Total

0.009 0.022 0.58

0.26

0.84

0.35

0.035 0.026 0.008 0.015 0.15

0.39

0.54

0.10

0.015 0.014 0.005 0.006 0.44

0.12

0.56

SD

Knee Mean
SD

Ankle Mean
SD
Total

1.6

0.282

Abbreviations: Generation (gen), Absorption (abs)

49

0.065

Table 7. Percentage work (%) of the total lower limb work over one stride (N = 19).

Paretic
Mean
SD
Knee Mean
SD
Ankle Mean
SD
Total
Hip

Non-paretic
Mean
SD
Knee Mean
SD
Ankle Mean
SD
Total
Hip

Sagittal
gen
abs

Frontal
gen
abs

Transverse
gen
abs

gen

21.8

5.5

1.8

31.8

15.5

47.3

9.5

5.7

8.2
3.3
2.8

11.2

12.8

24.0

4.9

4.7

12.4

16.3

28.7

7.8
8.6
6.3

10.7
12.8

7.2
67.2

Sagittal
gen
abs
19.4

5.8

5.7

5.1
4.4
14.8

5.1

5.6

5.2

3.6
75.2

18.5

11.6

7.6

4.2

1.5

3.1
4.0

2.3

1.1

1.4

1.4

0.7

0.7

1.1

0.6

0.9

1.9

0.6

2.7

0.7

0.8

7.0

Frontal
gen
abs

Transverse
gen
abs

9.0

5.3

4.5

3.0

0.7

0.9

0.3

1.6

0.6

0.3

1.5

1.8

1.5
1.3

1.7
0.7
20.1

Normal values from Eng & Winter (1995) at mean
Sagittal
Frontal
gen
abs gen abs
Hip
24.7
7
5
5.0
Mean
SD
Knee Mean
5.6
18.0
1.8
1.3
SD
Ankle Mean
21
5.2
0.8
0.7
SD
82
15
Total
Abbreviations: Generation (gen), Absorption (abs)
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Total

0.7

25.8

1.2

Total
abs

1.1

1.5

1.0

0.4
0.4

0.6
0.4

gen

Total
abs

Total

29.5

11.9

41.4

7.8

16.6

24.4

20.7

13.4

34.2

4.8

gait speed of 1.6 m/sec
Transverse
Total
gen abs
gen abs

Total

0.5

1.1

30

13.4

43.3

0.4

0.8

7.7

20

27.8

0.3

0.3

23

6

28.9

3

ankle and negative work by the sagittal knee on the paretic side suggesting that the major
deficits are the lack o f push-off generation by the ankle plantarflexors and lack o f eccentric
control by the knee extensors.

2.3.4 Correlations between speed and gait variables
There was a general trend for the faster walkers to exhibit the kinematic and kinetic
patterns closest to the ones found i n able-bodied gait. However, this trend was not seen i n the
frontal hip profiles where the second pattern (prolonged abduction into swing) was more
predominant among "fast" walkers (Figures 1 and 4).
Correlational analysis revealed that magnitudes o f joint excursions, maximum
moments and powers on the paretic side are most closely related to gait speed i n the plane o f
progression, i.e. the sagittal plane, than i n the frontal or transverse planes (Tables 8-10). O n
the paretic side, among kinematic variables, sagittal and transverse hip and knee joint angle
ranges were significantly correlated with speed (r = 0.50-0.62) with the strongest correlation
at the sagittal hip (r = 0.62). Whereas on the non-paretic side, the sagittal ankle together with
frontal hip and knee angle ranges were correlated (r = 0.64-0.74) with the strongest
correlation at the frontal knee. Only two o f the fourteen moment variables measured
correlated with gait speed on the paretic side: maximum hip flexor (r = 0.83) and maximum
hip external rotator (r = 0.70) moments. O n the non-paretic side, however, maximum hip
extensor and flexor moments as well as hip and knee internal rotator moments and ankle
plantarflexor moment were related to speed (r = 0.63-0.78).

Power variables were more closely related to speed than joint angle or moment
variables. A l l variables except maximum knee power generation on the non-paretic side were
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T a b l e 8: Pearson product moment correlation (r) between gait speed (m/sec) a n d joint
angle range (degrees) over the stride (N = 20).

Plane

Joint

Paretic

Non-paretic

Sagittal

Hip range
Knee range
Ankle range

0.62**
0.52*
0.32

0.15
0.30
0.65**

Frontal

Hip range
Knee range
Ankle range

0.41
0.34
-0.21

0.64**
0.74**
0.43

Transverse

Hip range
Knee range
Ankle range

0.59**
0.50*
0.23

0.37
0.14
0.32

** Correlation is significant at the 0.01 level (2-tailed).
Correlation is significant at the 0.05 level (2-tailed).
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Table 9: Pearson product moment correlation (r) between gait speed (m/sec) and
moment variables (Nm/kg) over the stride (N = 19).

Plane

Moment variable

Paretic

Non-paretic

Sagittal

Maximum hip extension
Maximum hip flexion
Maximum knee extension
Maximum knee flexion
Maximum ankle plantarflexion

0.07
0.83**
0.04
0.09
0.44

0.65**
0.63**
0.25
0.14
0.78**

Frontal

Maximum hip abduction
Maximum knee abduction
Maximum knee adduction
Maximum ankle inversion

-0.01
-0.23
-0.04
0.09

-0.02
0.17
-0.13
0.24

Transverse

Maximum hip IR
Maximum hip ER
Maximum knee IR
Maximum knee ER
Maximum ankle abduction

0.08
0.70**
-0.13
-0.24
-0.31

0.69**
0.39
0.74**
0.22
0.28

** Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).
Abbreviations: Internal Rotation (IR), External Rotation (ER)
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Table 10: Pearson product moment correlation (r) between gait speed (m/sec) and
power variables (W/kg) over the stride (N = 19).

Plane

Power variable

Paretic

Non-paretic

Sagittal

Maximum hip gen
Maximum hip abs
Maximum knee gen
Maximum knee abs
Maximum ankle gen
Maximum ankle abs

0.88**
0.46*
0.49*
0.85**
0.71**
0.85**

0.75**
0.47*
-0.01
0.91**
0.95**
0.83**

Frontal

Maximum hip gen
Maximum hip abs
Maximum knee gen
Maximum knee abs
Maximum ankle gen
Maximum ankle abs

0.81**
0.58**
0.33
0.11
0.41
0.16

0.83**
0.51*
0.29
0.25
0.44
0.76**

Transverse

Maximum hip gen
Maximum hip abs
Maximum knee gen
Maximum knee abs
Maximum ankle gen
Maximum ankle abs

-0.02
0.63**
0.58**
-0.10
-0.10
-0.06

0.19
0.74**
0.21
0.13
0.29
-0.09

** Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).
Abbreviations: Generation (gen), Absorption (abs)
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significantly correlated with speed on both sides i n the sagittal plane (r = 0.46-0.95).
Interestingly, the strongest correlation was at the hip (generation) on the paretic side (r =
0.88) and at the ankle (generation) on the non-paretic side (r = 0.95). Frontal hip power
variables were associated with speed on both sides (r = 0.51-0.83) as was the m a x i m u m
ankle power absorption on the non-paretic side (r = 0.76). In the transverse plane, the
maximum hip power absorption was related on both sides (r = 0.63-0.74) as w e l l as the
maximum knee power generation on the paretic side (r = 0.58). Contrary to expectations,
when comparing the two sides o f the body, correlations were generally higher on the nonparetic limb than on the paretic limb.
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2.4 DISCUSSION

The purpose of this study was to identify typical patterns in the gait of individuals
with stroke and explore the relationship between these patterns and gait speed. In addition,
the correlation between gait speed and the magnitudes of selected gait variables was
examined. Although stereotyped patterns were identified, inter-subject variability in patterns
was evident in all planes for both lower extremities.

2.4.1 Inter-subject variability in patterns
Several kinematic and kinetic patterns were identified across participants in this
study. Inter-subject variability was greater in the kinetic profiles than the kinematic profiles,
on the paretic side where 16 different moment patterns were identified in the three joints
across the three planes. The number of kinematic patterns identified in the two limbs were
similar (12 and 13 patterns in the non-paretic and paretic limbs respectively, across the three
planes), however, a greater number of kinetic patterns were identified on the paretic side
compared to the non-paretic side. Given that kinetic patterns are the cause of kinematic
outcomes, our results suggest that some stroke survivors may use different strategies to
achieve similar observable outcomes. For example, at the knee in the sagittal plane, two
different kinetic patterns on the paretic (flexor moment) and non-paretic (extensor moment)
sides were associated with the same kinematic pattern (knee extension thrust pattern). This
emphasizes the importance of kinetic analysis in understanding the underlying mechanisms
of the kinematic observations, which may be important in determining treatment approaches
for gait training.
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As expected, the number of different identifiable patterns was lowest in the plane of
progression, i.e. the sagittal plane, and greatest in the transverse plane. Inter-subject
variability in the frontal and transverse planes seems to also exist in able-bodied gait. For
example, in the transverse plane, Eng & Winter (1995) reported a hip external rotator
moment in the first half of stance followed by an internal rotator moment in the latter half of
stance while Kadaba et al. (1989) found the opposite. Given that these previous studies
generally reported a single pattern across all subjects, it is unlikely that different populations
of healthy young subjects could contrast so starkly in their walking pattern. It is likely that
some of the differences in the patterns reported between studies may be due to
methodological differences in the link segment model, i.e. differences in the mathematical
calculation of the 3-D joint angles. The specific order of the sequential rotations, the
projections of the principal axes on the segments and the exact location of the joint centre
may all lead to variability in the results between studies (Eng & Winter, 1995; Fioretti et al.,
1997). Therefore, comparisons of gait patterns in individuals with stroke should ideally be
made with data collected within the same laboratory with able-bodied persons as controls. In
our study, the inter-subject pattern variability was not due to the link segment model
differences as the same model and kinematic and kinetic algorithms were used for all
participants.
The clinical significance of the variability in patterns found in persons with stroke is
that treatment approaches should be individualized depending on the specific deficits found
in each individual. Other studies have also identified different kinematic (Kramers de
Quervain, 1996) and electromyographic (Knutsson & Richards, 1979) gait patterns within a
single group of persons with stroke. Kramers de Quervain (1996) described four coupling
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patterns of knee and ankle motion during stance and Knutsson & Richards (1979) described
three types of abnormal muscle activation patterns during gait following stroke. Depending
on the type of disturbed motor control presented by the individual person, the choice of
therapeutic procedures should vary to address the specific aspects of the locomotor
disturbance. Another implication of the inter-subject variability found in the gait patterns is
that when presenting gait profiles of individuals with stroke, the profiles should not be
averaged across subjects as valuable information regarding different strategies used may be
lost.

2.4.2 Correlation between gait speed and kinematic/kinetic variables
Self-selected gait speed has been recognized as a valid measure of gait performance,
sensitive enough to reflect both functional and physiological changes (Richards et al., 1995)
and reliable for studying locomotor performance (Olney et al., 1979). Gait speed is also
positively related to the muscle strength of the paretic and non-paretic lower limbs in
individuals with stroke (Bohannon, 1986; Bohannon &Walsh, 1992; Nadeau et al., 1999;
K i m & Eng, in review). Identifying the variables that closely relate to gait speed may
provide a focus of intervention aimed at improving gait performance.
Among the selected variables, power variables related more closely to gait speed than
joint angle or moment variables suggesting that power variables are more indicative of gait
performance in persons with stroke. Supporting our findings, Olney et al. (1994) also
reported higher correlations for power variables than joint angle or moment variables in the
gait of individuals with stroke. In able-bodied gait, joint angles particularly of the sagittal hip
motion have been shown to strongly correlate with speed (Crowinshield et al., 1978) as
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increasing the flexion/extension angle would increase the step length and thereby increase
gait speed. In hemiparetic gait however, this relationship between speed and hip range is only
moderate on the paretic side (r = 0.62 in the present study, r = 0.32-0.61 in Olney et al.,
1994) and insignificant on the non-paretic side possibly due to differences in patterns and
motor strategies between individuals. For example, the pattern of prolonged hip abduction in
swing (hip circumduction) was more predominant among faster walkers suggesting that they
are able to walk faster with compensatory mechanisms rather than by increasing the sagittal
hip angle as would normally occur in able-bodied gait. Thus, our results suggest that among
persons with stroke, faster walkers may use different motor strategies compared to slower
walkers.
In general, variables were more significantly related to speed in the sagittal plane than
in the frontal or transverse planes. The high correlation coefficients found in the sagittal
plane concur with the results by Olney et al. (1994) and emphasize the importance of muscle
function in this plane. For example, in our study, the important role of hip flexors during
pull-off is reflected by the high correlations between speed and a) maximum hip power
(generation) on both sides, b) maximum hip flexor moment on both sides, and c) hip range on
the paretic side. Similarly, the strong correlations found between ankle powers and speed on
both sides confirm the importance of ankle plantarflexors to generate push-off as well as to
absorb power during the stance phase of gait when the stance leg normally rotates over the
foot.
Consistent with Olney et al.'s (1994) findings, the maximum knee absorption power
(K3-S), which represents the work of the quadriceps to eccentrically control the flexing knee
during propulsion, was highly correlated with gait speed on both sides. Our results indicate
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that the slower walkers did not require this eccentric control from the quadriceps as the weak
ankle push-off /hip pull-off mechanism did not result in the forces that normally would
collapse the knee. Interestingly, the maximum knee generation power (K2-S) was
significantly, although moderately, correlated with speed on the paretic side. Given that
eleven of our participants displayed a flexor moment during the occurrence of K2-S, the
significant association between peak K2-S and speed suggests that the ability to actively flex
the knee from the extended (or hyperextended) position during mid or late stance in
preparation for swing may be an important compensatory mechanism in some individuals
with stroke. Consistent with this finding, Kim & Eng (in review) found that the strength of
the knee flexors measured by the maximum isokinetic torque was significantly correlated
with gait speed.
In the frontal plane, the importance of the hip abductors in controlling the lateral
pelvic displacement is reflected by the significant correlations found between maximum
frontal hip powers and speed on both sides. The eccentric (Hl-F) control of the lateral pelvic
drop and concentric (H3-F) work to raise the pelvis on the contralateral side by the ipsilateral
abductors is likely important in increasing the contralateral step length and consequently, the
gait speed.

2.4.3 Major deviations from normal profiles
Except for a few variables, magnitudes were lower on the paretic side compared to
that of the non-paretic side. Although this difference was more predominant in the sagittal
plane, it was also evident in the other planes. Two thirds of the total sagittal work and 60% of
the total frontal plane work was done by the non-paretic side. These findings suggest that the
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non-paretic limb performs a larger proportion o f the work necessary for forward progression
and also for body support and balance i n the frontal plane. Contrary to our findings, Olney et
al. (1991) found that 40% o f the total positive work i n the sagittal plane was performed by
the paretic limb i n stroke survivors walking at speeds that were comparable to those o f our
participants. Differences i n findings may be reflective o f differences i n the level o f motor
impairment between participants in the two studies. However, no impairment measures were
included i n Olney et al.'s (1991) study, therefore this assumption cannot be confirmed.
O n the paretic side, the major kinematic deviations included a general decrease i n
sagittal joint angle range in all three joints, decreased ankle dorsiflexion and prolonged hip
abduction during swing, decreased dorsiflexion at initial contact and lack o f knee flexion
during weight acceptance compared to the non-paretic side. The reduced sagittal joint angle
range was accompanied by a decrease in joint moments, power and work at the hip, knee and
ankle except for knee flexor moment which was greater on the paretic side when compared to
the non-paretic limb. In the frontal plane, prolonged hip abduction i n swing was associated
with a fourth power burst (H4-F) not normally found i n able-bodied gait.
These movement pattern deviations may be the direct or compensatory result o f one
or several sensorimotor impairments following stroke. Possible causes include muscle
weakness, abnormal muscle activation patterns, contractures, spasticity, disturbed sensation
and poor balance (Dettman et al., 1987; Knutsson & Richards, 1979; Lehman et al., 1987;
Morris et al., 1992; Peat, 1976; Perry, 1992; Simon et al., 1978). For example, weakness i n
the hip flexors and ankle plantarflexors would limit the amount o f pull-off/push-off force
during propulsion reflected by the decrease i n H3-S and A 2 - S power bursts, and hip flexor
and ankle plantarflexor moments. Similarly, weakness i n the ankle dorsiflexors or
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plantarflexor contractures could limit ankle dorsiflexion in swing which in turn limits foot
clearance. The prolonged hip abduction in swing identified in half of our participants may be
a compensation for this lack of dorsiflexion and the insufficient flexion at the hip and knee
required to clear the ground. Also, impaired balance and/or weakness in the hip abductors
may limit the ability to weight shift laterally (Goldie et al., 1996) and this may be reflected
by the reduced hip abductor moment.
Another common deviation identified was a lack of knee flexion during weight
acceptance. The motor impairment associated with this deviation may be weakness in the
knee extensors which would normally control the knee flexion as a shock-absorbing
mechanism during the loading response. Without this shock-absorbing mechanism the knee
may thrust into extension and cause hyperextension of the knee. Spasticity of the ankle
plantarflexors, although low in our participants, may also cause the knee to hyperextend
during stance. These individuals also displayed a positive power burst (K2-S) later in stance
than normally seen in able-bodied gait and represented the work performed by the knee
flexors attempting to flex the hyperextended knee in preparation for swing. The knee flexor
work observed in these participants during stance was likely a compensatory mechanism for
the knee hyperextension or alternatively, the lack of push-off by the ankle plantarflexors.

2.4.4 Contribution of the non-paretic limb
It has been suggested that persons with stroke may use their non-paretic limb to
compensate for the deficits on the paretic side and thus improve gait performance (McDowell
& Louis, 1971). However, the high correlations found between gait speed and selected gait
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variables of both the paretic and non-paretic limbs suggest that individuals with stroke are
not able to fully compensate with the non-paretic limb and increase their gait speed.
Given that the correlations were in many cases higher on the non-paretic side, it does
suggest that the performance of the non-paretic limb itself is an important contributing factor
of speed. In addition, gait deviations were also identified on the non-paretic side (e.g. the
knee extension thrust pattern). A plausible explanation for the high correlations and gait
deviations found on the non-paretic limb may be that motor impairments are also apparent in
the non-paretic limb. This hypothesis is supported by previous reports that weakness is
bilateral following stroke (Bohannon & Andrews, 1995; Sjostrom et al., 1980) and that the
muscle strength of the non-paretic limb is highly correlated with gait speed (Kim & Eng, in
review; Suzuki et al., 1990). In addition, the ability to transfer the body weight onto the nonparetic leg has been shown to be decreased in individuals with stroke compared to healthy
controls (Goldie et al., 1996). Thus, the function of the non-paretic limb should not be
overlooked in the assessment and planning of intervention techniques aimed at improving
gait performance.

2.4.5 Contribution of the non-sagittal planes
Although sagittal plane analyses of gait provide useful information regarding the
mechanisms underlying the appearance of gait in persons with stroke (Olney et al., 1991),
analyses of other planes should not be neglected as they may provide valuable information
concerning the strategies used by each individual to accomplish the task of walking. A
number of kinematic and kinetic deviations from the normal profiles have been identified in
the frontal and transverse planes for both the paretic and non-paretic limbs, possibly as a
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result of motor deficits in the lower limb (e.g. decreased frontal hip power) or compensations
for the deficits (e.g. hip circumduction).
The contribution of the muscle work in the frontal plane is an important one as the hip
abductors/adductors are dominant in controlling the medio-lateral balance of the whole body
about the base of support (Jian et al., 1993; McKinnon & Winter, 1993). Our results indicate
that although the deficits of the paretic limb relative to the non-paretic limb are larger in the
sagittal plane, the deficits are also apparent in the frontal plane in hemiparetic gait following
stroke. When compared to normal values (Eng & Winter, 1995), the work performed in the
frontal plane by the non-paretic limb was of comparable amount, but the work done by the
paretic limb was only about 60% of the normal values. These findings suggest that the ability
to control medio-lateral balance is essential in order to gain the ability to walk. In addition,
the frontal hip power was strongly correlated with gait speed indicating that an improved
frontal balance control may improve gait performance.

2.4.6 C l i n i c a l implications

The results of this study indicate that 3-D analysis of gait in persons with stroke may
be a useful tool in identifying deficits and compensatory actions which may help guide
treatment approaches aimed at improving gait performance. Particularly, the analysis of the
kinetic patterns is important in identifying the underlying mechanisms of the kinematic
deviations we observe.
The inter-subject variability in the kinematic and kinetic patterns identified in this
study implies that individuals with stroke may use different strategies to achieve the goal of
walking. Thus treatment approaches need to be individualized depending on the type of
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motor strategy used by each individual. Olney et al. (1988) presented some guidelines for
treatment of gait in individuals with stroke based on the biomechanical analysis of each
person and discussed the advantages and limitations of this type of intervention.
Experimental studies are needed to assess the effects of this suggested treatment approach.
Correlational analyses revealed some important gait variables that closely relate to
self-selected gait speed which is recognized as a good indicator of overall gait performance.
The results suggest that treatment interventions directed at increasing the sagittal hip, knee
and ankle power and frontal hip power, e.g. concentric strengthening of the hip flexors and
ankle plantarflexors and concentric/eccentric strengthening of the hip abductors, may be of
particular benefit during the gait training of stroke survivors. The contribution of the nonparetic limb in the performance of walking in stroke survivors is noteworthy. The strong
correlations found between the non-paretic gait variables and speed imply that interventions
aimed at improving the function of the non-paretic limb may lead to improvements in gait
performance. However, since correlation studies do not infer causation, further research is
needed to confirm these hypotheses.

2.4.7 Limitations
A n important limitation of this study is the small sample size which limits the
generalizability of the results to the general stroke population. In addition, the small sample
size may have limited the strength of the associations between gait speed and selected gait
variables.
Another limitation of the study is that comparisons of gait patterns were made with
normal data on young healthy persons walking at their self-selected speeds reported in the
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literature. G i v e n that gait profiles can be influenced by age and gait speed (Crowinshield et
al., 1978), it would be ideal to analyze the gait profiles presented by our participants relative
to the gait o f healthy elderly controls walking at speeds that are comparable to those o f our
participants. However, no normal data is currently available on the 3-D kinematics and
kinetics o f able-bodied gait i n the elderly. In addition, forcing a very slow speed on a healthy
person's gait could result i n gait patterns that may deviate from the normal profiles.
Correlational analyses included only the kinematic and kinetic variables o f gait
without taking into account other factors that may affect gait speed. F o r example, faster
walking may require greater balance control due to the higher acceleration o f the top heavy
head, arms and trunk mass balanced over the hip joint (Winter, 1995).
Gait assessment was done in a gait laboratory and not i n a natural environment.
K a r i m i (1996) found that the speed at which their participants walked i n the gait laboratory
differed from that obtained i n a more natural setting. It is possible that the unfamiliar
environment o f the laboratory affected the gait pattern and speed o f our participants.
However, participants were instructed to walk i n a natural manner and practice trials were
incorporated before the actual testing.
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Chapter 3: ABSTRACT

Effects of Strength Training on Walking and Health-Related Quality of
Life: A Double-blind Controlled Clinical Trial
Purpose: A common motor impairment following stroke is muscle weakness which has been
shown to relate to walking performance. The purpose of this study was to determine the
effect of maximal isokinetic strength training on walking performance, in addition to muscle
strength and health-related quality of life, in chronic stroke survivors.
Methods: Twenty participants (61.2 ± 8.4 years) with chronic stroke were randomized into
two groups on the basis of age, sex, and time since onset of stroke (stratified randomization).
Both groups participated in a training program three times a week for six weeks. The
experimental group undertook maximal concentric isokinetic strength training of the lower
extremity flexors and extensors whereas the control group received passive range of motion
exercises of the paretic lower limb with the use of the Kin-Corn dynamometer. The MannWhitney U Test was used to compare the changes in score (posttraining-baseline) between
the control and experimental groups for the following outcome measures: composite lower
extremity strength score, walking speed (level and stair-walking) and health-related quality
of life measure (SF-36 physical and mental health scales).
Results: Although there was an overall training effect on strength and walking speed for both
groups, no differences in the improvement of walking speed were detected between groups
despite the trend (p = 0.06) towards greater strength improvement in the experimental group.
No changes in SF-36 scores were found in either group.
Conclusions: Despite previous reports of high correlations between strength and walking
performance, intervention aimed at increasing strength did not induce improvements in
walking. The results of this study stress the importance of controlled clinical trials in
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determining the effect of specific treatment approaches. Strength training in conjunction with
other task-related training may be indicated.
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3.1 I N T R O D U C T I O N

Stroke, defined as an "acute neurologic dysfunction of vascular origin.. .with
symptoms and signs corresponding to the involvement of focal areas of the brain" (World
Health Organization, 1989), is one of the leading causes of disability. In Canada, it is
estimated that 35 000 persons experience a stroke each year (Mayo et al., 1996). Although
the incidence is decreasing, the prevalence of stroke in Canadian society has increased due to
the growth in elderly population and improved survival rates of stroke victims (Petrasovits
and Nair, 1994). A large proportion of these stroke survivors is left with significant
impairments and disabilities (Dombovy et al., 1986; Mayo et al., 1999).
Functional abilities such as level-walking and stair-walking are often compromised
following stroke and are generally described as slow and asymmetric (Bohannon & Walsh,
1991; Hesse et al., 1994; Turnbull et al., 1995; von Schroeder et al., 1995). Several studies
have reported mean ranges for walking speeds of stroke survivors to be between 0.3 to 0.8
m/s for self-selected speed (Brandstater et al., 1983; Nadeau et al., 1999; Roth et al., 1997;
vonSchroeder et al., 1995) and 0.7 to 1.1 m/s for maximum safe speed (Nadeau et al., 1999;
Nakamura et al., 1985; Suzuki et al., 1999). The walking speed required to cross a street
within the time allowed by a traffic signal was found to be 1.2 m/s (Lerner-Frankiel et al.,
1986). That is, even individuals among the highest functioning group of stroke survivors will
be limited in community activities. In addition, walking up stairs has also been reported as
slow following stroke (45 to 51 stairs/min) (Sharp & Brouwer, 1997; Texeira-Salmela et al.,
1999) compared to healthy adults (114 stairs/min) (Olney et al., 1979).
In a study on rehabilitation goals, Bohannon et al. (1988) found that walking function
was the most frequently mentioned goal by individuals with stroke and sometimes it was the
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only one mentioned. For this reason, gait retraining is commonly the primary focus i n the
rehabilitation o f stroke survivors. Despite this effort to regain optimal walking function
during the first six months o f rehabilitation, many stroke survivors are left with significant
limitations i n community activities (Duncan, 1994; Gresham et al., 1979) possibly due to the
slowness o f their walking or alternatively their lack o f endurance (Mayo et al., 1999). G i v e n
the important role o f walking to independence and the continuing problem o f gait i n the
chronic stroke survivor, it is important to determine the type o f training that is most effective
i n addressing this important aspect o f mobility.
Besides a decline i n activity level, post-stroke survivors also report a decrease i n
quality o f life (Ahlsio et al., 1984). Depression, anxiety, physical dependency and inability to
return to work are some o f the factors contributing to diminished quality o f life after stroke
(Ahlsio et a l , 1984; N i e m i et al., 1988; Viitanen et al., 1988). Ahlsio et al. (1984) reported
that impairment o f motor function and walking often limited opportunities for leisure or
social functions i n stroke survivors, thereby affecting overall quality o f life. It has been
suggested that interventions aimed at improving function may lead to improved quality o f
life i n individuals with stroke (Teixeira-Salmela et al., 1999).
A common motor impairment following stroke is muscle weakness (Adams et al.,
1990; Canning et al., 1999; Chan, 1986), possibly as a result o f a decrease i n number o f
motor units (McComas et al., 1973), disrupted recruitment order o f motor units (Grimby &
Hannerz, 1973), decrease i n motor unit firing rates (Rosenfalck & Andreassen, 1980), or
muscle atrophy following disuse (McComas, 1994). Characteristics o f muscle strength
following stroke include a reduction i n isometric and isokinetic torque generation (Andrews,
2000; Bohannon & Smith, 1987a; Nadeau et al., 1997; Sharp and Brouwer, 1997) i n addition
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to a slowness to generate torque (Canning et al., 1999). The severity of isometric and
isokinetic torque reduction in stroke survivors has been shown to relate to the performance of
several functional tasks such as transfers (Bohannon, 1988), standing (Bohannon, 1987a),
level-walking (Bohannon, 1986 & 1987b; Nadeau et al., 1997; Nakamura et al., 1985;
Nakamura et al., 1988) and stair-walking (Bohannon & Walsh, 1991) suggesting that
strength training could lead to improved functional performance.
In the past, strength testing and training in persons with spasticity have been
controversial issues. Bobath (1978) advocated that decreased muscle power was not due to
weakness but to the opposition of spastic antagonists. In addition, muscle strengthening was
not recommended as it was thought to increase spasticity and reinforce abnormal movement
(Bobath, 1978). Recent studies, however, have shown that strength testing can be done
reliably in individuals with spasticity (Bohannon & Andrews, 1987; Eng et al., in press;
Tripp & Harris, 1991) and that strength training is not associated with increases in spasticity
(Damiano et al., 1995; Horvat, 1987; Sharp and Brouwer, 1997).
Several promising studies have suggested that lower extremity strength training can
improve functional performance in addition to self-perceived health in individuals with
stroke (Dean et al., 2000; Duncan et al., 1998; Engardt et al., 1995; Karimi, 1996; Sharp &
Brouwer, 1997; Teixeira-Salmela et al., 1999; Wilder & Sykes, 1982). Many of these studies
have combined strength training with other types of training; only a few have investigated the
functional gains achieved by strength training alone. Maximal isokinetic strengthening of the
knee musculature has been found to significantly improve sit-to-stand and walking
performance in stroke survivors (Engardt et al., 1995; Sharp & Brouwer, 1997). Furthermore,
combined bilateral isokinetic training using the kinetron (Wilder & Sykes, 1982) as well as
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training o f isolated flexor and extensor muscle groups o f the paretic lower extremity (Karimi,
1996) have also been reported to improve walking performance.
These studies suggest that strength training can be done with positive effects on
function i n persons with stroke. However, they could be criticized for their study design. The
lack o f a control group i n these studies poses some validity questions. The reported changes
in performance could be attributed to several factors other than strengthening, e.g., joint
mobility, maturation effects, testing effects, or simply the attention from a therapist two to
three times a week. One study that has included a control group (Glasser, 1986) found
improvements i n gait performance i n all participants but no significant differences between
the two groups. The sample for the study was a group o f acute stroke survivors, therefore, the
control group was receiving therapeutic exercises and gait training while the experimental
group received the same treatment in addition to isokinetic strengthening o f bilateral lower
extremities using a kinetron. Although a control group was included, the type o f design used
provided a comparison between two intervention strategies for gait training rather than a
direct assessment o f strength training effects on gait.
In the present study, because we targeted chronic stroke survivors, we were able to
institute a double-blind controlled trial where the control group did not receive treatment
other than to minimize the effects o f variables that might threaten the internal validity o f the
study. Apart from the added resistance i n the experimental group, the two groups followed
the same activities, i.e. they both attended the exercise sessions three times a week for six
weeks, undertook the same warm-up and cool-down routine, and experienced the same joint
mobility through a specified range o f motion for three sets o f ten repetitions i n each joint o f
the paretic lower limb.
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The purpose of the study was to determine the effect of six weeks of maximal
isokinetic strength training on strength, walking (level-walking and stair-walking), and
health-related quality of life in chronic stroke survivors. The following null hypotheses were
tested: Following a 6-week training program, there will be no differences between the
experimental and control groups for change scores (post-training - baseline scores) of
1) lower extremity muscle (hip, knee and ankle flexors and extensors) strength as measured
by the isokinetic dynamometer, 2) walking performance as measured by the speed of level
and stair walking and 3) health-related quality of life as measured by the Short Form 36 (SF36) physical and mental health summary scales.
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3.2 M E T H O D S

3.2.1 Participants

The study was approved by the local university's Research Ethics Board and the
hospital Research Advisory and Review Committee. Twenty community-dwelling stroke
survivors, who had residual unilateral weakness, were recruited on a volunteer basis.
Participants were recruited in various ways: recruitment notices (Appendix VII) were posted
in all community centres and hospitals of the Lower Mainland, letters were sent to previous
patients at the local Rehab Centre (within the past 5 years) inviting them to participate
(Appendix VIII), and introductory presentations were given by the investigator to members
of seven different stroke clubs in the Lower Mainland.
The inclusion criteria were as follows: 1) have a history of a single cerebrovascular
accident of at least six months prior to participating in the study, 2) able to walk
independently for a minimum of 40 metres (with rest intervals) with or without assistive
device, 3) achieve a minimum of stage 3 for the leg and foot on the Chedoke-McMaster
Stroke Assessment, 4) have an activity tolerance of 45 minutes with rest intervals, and 5) not
participating in any formal therapy program.
Participants were excluded if they: 1) had comprehensive aphasia, 2) were not
medically stable (i.e., have uncontrolled hypertension, arrhythmia, congestive heart failure,
or unstable cardiovascular status), or 3) had significant musculo-skeletal problems due to
conditions other than stroke. Informed consent (Appendix I) was obtained from each
participant. Also, a letter (Appendix II) was sent to the each participant's physician, who was
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later contacted by phone to ensure the inclusion and exclusion criteria were met prior to the
beginning of the study.
Demographic data collected from all participants included age, sex, time since the
onset of stroke, type of stroke, the affected (paretic) side, degree of resistance to passive
movement in the knee extensors and ankle plantarflexors, stage level on the ChedokeMcMaster Stroke Assessment for the foot and leg (Gowland et al., 1995) (Appendix III), and
use of mobility aids. The characteristics of each participant and of each group are presented
in Tables 1 and 2 respectively. Resistance to passive movement was evaluated while
passively flexing and extending the limb as described by Ashworth (1964) while participants
were in a supine position and graded on an ordinal scale from zero to five based on the
Modified Ashworth Scale (MAS) (Bohannon & Smith, 1987b). See Appendix IV for
description of the MAS.

3.2.2 Design

For group assignment, stratified randomization was chosen based on three
confounders that could potentially impact the response to treatment (Domholdt, 1993; Tate et
al., 1999). Participants were stratified on the basis of sex (male, female), age (low: 50-59
years, high: 60 years or above), and the time since onset of stroke (low: 6 months-2 years,
high: above 2 years) before randomly assigning them to the treatment and control groups.
Participants had no knowledge of which training program they were involved; they were
aware that they were involved in one of the two different "leg training" programs (see
consent form in Appendix I). One researcher undertook all randomization and stratification
procedures and training sessions, while another researcher undertook all assessment
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evaluations without knowledge o f the participants' grouping i n order to achieve researcher
blinding.
A control group was included to control for effects due to maturation, testing,
attention from a therapist, stretching exercises during warm-up/cool-down, and joint mobility
during exercises. A double-blind design was chosen to control effects due to participant
expectations and researcher expectations.

3.2.3 O u t c o m e Measures
The outcome measures (measures o f lower extremity muscle strength, level-walking
and stair-walking performance, and health-related quality o f life) were undertaken 2-4 days
before and 2-4 days after the intervention for both groups.

3.2.3.1 Isokinetic Strength ofLower Extremities
The K i n - C o m Isokinetic Dynamometer (Chattanooga Group Inc., T N ) was used to
measure the strength o f hip flexors/extensors, knee flexors/extensors, and ankle dorsiflexors/
plantarflexors bilaterally. These muscle groups were selected because o f their important role
i n walking; E n g & Winter (1995) reported that the flexion/extension moments o f the hip,
knee and ankle accounted for 82% o f the total work over a stride as opposed to 15% and 3%
in the frontal and transverse planes respectively. The K i n - C o m has been shown to be
accurate for position, velocity, and force (Farrell & Richards, 1986; Mayhew et al., 1994).
The calibration o f the instrument was tested prior to the study with known weights and was
accurate to within ± 1 N . A l l participants had a practice session 2-4 days before the actual
testing day to reduce the learning effect as recommended by E n g et al. (in press).
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An angular velocity of 60% was initiated for the isokinetic strength assessment. This
velocity was selected because the majority of our participants had difficulty generating faster
movements. If a participant was not able to achieve an angular velocity of 60%, 30% was
used for that specific joint for both limbs during all testing and training sessions.
Preloads were determined during the practice cycles for each participant, joint and
direction of motion, and were set at a minimum of 50% of the peak torque values. Three
submaximal cycles and one maximal cycle were completed as practice on the Kin-Com as
per Kramer's (1990) protocol. Participants were asked to "push or pull as hard as possible"
throughout their available range of motion (as assessed by their active range on the paretic
side) for four to six repetitions so that consistency of the force-angle profile was found across
three repetitions. The testing range of motion was consistent for all testing within each
participant. Body positioning and stabilization is documented in Appendix IX. This protocol
has been shown to be reliable in stroke survivors with intraclass correlation coefficients >
0.88 for average torque values (Eng et al., in press).
The three torque-angle curves of each set of contractions were ensembled to obtain a
mean curve and average torque over the range was extracted from this single curve. Since
this torque value is derived from three trials, it is most correctly denoted as "mean average
torque", however, the simpler term of "average torque" is used in this paper. All torque
values were corrected for the effect of gravity on the lower extremity segment and the effect
of gravity on the cuff of the dynamometer. This gravity-correction procedure has been shown
to be accurate (Finucane et al., 1994). Average torque values were normalized to body mass
(Nm/kg).
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3.2.3.2 Level-walking Performance
Instrumentation and data collection procedures for gait assessment have been
described in chapter 2. Temporal variables used in this study as outcome measures include:
gait speed at self-selected and maximal speeds, and cadence and stride length at self-selected
speeds. Gait speed has been recognized as an indicator of gait performance (Andriacchi et al.,
1977), sensitive enough to reflect physiological and functional changes (Richards et al.,
1995) and has been shown to be a reliable measure (Olney et al., 1979). To understand the
kinematic and kinetic mechanisms underlying the changes in the temporal measures, angle
ranges, maximum moments, maximum powers and total work performed during gait at selfselected speeds were also included. Only the sagittal plane variables of the paretic lower limb
were analyzed as they were the most relevant to the muscle groups addressed in the training
program. Furthermore, these variables were selected because of their significant correlations
with gait speed in stroke survivors (see chapter 2).

3.2.3.3 Stair-walking Performance
Participants were asked to climb up four 18cm-steps at their "most comfortable
speed" (i.e. self-selected speed) employing their usual pattern of foot placement and hand
support and then "safely as fast as possible" (i.e. maximum speed). The average time of
ascent over two trials was calculated for each testing condition (i.e. self-paced and maximum
pace) and converted to stairs per minute. This protocol has been described elsewhere (Olney
et al., 1979) and has been shown to be reliable with a reliability coefficient of 0.90 with
healthy adults.
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3.2.3.4 Health-related Quality of Life

Health-related quality of life (HRQoL) was measured with the use of the SF-36
physical (PCS) and mental (MCS) health summary scales (Ware et al., 1994). The PCS and
MCS were developedfromthe SF-36 health survey (Ware et al., 1993) as summary measures
of the physical and mental health. The SF-36 measures eight health attributes: physical
functioning, role limitations due to physical health, role limitations due to emotional
problems, energy and fatigue, emotional well-being, social functioning, pain, and general
health (Appendix X). These eight subscales were aggregated into two summary measures
(PCS and MCS) based on a factor analysis of subscale scores in a U.S. general population
sample (Ware et al., 1994). In this study, the two summary scales were used as outcome
measure for HRQoL. Both the SF-36 PCS and MCS have been shown to be reliable in
general populations as well as in patient subgroups with a reliability coefficient (Cronbach's
coefficient alpha) ranging from 0.84 to 0.94 (Ware et al., 1994). The SF-36 survey has also
been shown to be a valid measure of physical and mental health after stroke (Anderson et al.,
1996).

3.2.4 Intervention

3.2.4.1 Experimental Group

The training program consisted of three 45-minute-sessions per week for six
consecutive weeks for a total of 18 sessions. Each session began with a five-minute gentle
warm-up, followed by five minutes of mild stretching exercises of the paretic lower
extremity (Appendix XI). Strength training was done with the use of the Kin-Corn
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dynamometer. Three sets o f ten repetitions o f maximal effort concentric hip
flexion/extension, knee flexion/extension, and ankle dorsiflexion/plantarflexion o f the paretic
limb were performed for approximately 30 minutes. Strength training was done i n the same
positions, same angular velocities and through the same range o f motion as the testing
protocol. Rest breaks were provided as deemed necessary by the participants. The training
program ended with a 5-minute cool-down consisting o f stretching exercises. During the
training sessions, heart rate and blood pressure were continuously monitored and recorded.

3.2.4.2 Control Group
The control group followed the same program as the experimental group except that
the isokinetic exercises were replaced by passive range o f motion exercises with the use o f
the K i n - C o r n dynamometer. The exercise protocol was consistent with the testing protocol
(i.e. same positioning, angular velocities and range o f motion). Participants were instructed to
relax the limb as it was moved into flexion and extension by the dynamometer. Three sets o f
ten repetitions were performed for each joint o f the paretic lower extremity.

3.2.5 D a t a A n a l y s i s
Descriptive statistics were performed for participants' characteristics and all outcome
measures at baseline and post-training for each group. A composite'score o f percent strength
improvement for the paretic and non-paretic limbs was calculated for each participant. The
percent strength improvement ([a-b]/b where a is the post-training torque measure and b is
the baseline torque measure) was calculated for each o f the six muscle groups and then
summated to provide an overall composite lower extremity percent strength improvement for
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each participant. Percent improvement for each muscle group, as opposed to absolute change
in average torque values, was used to account for differences i n relative force-generating
capacity o f different muscle groups as well as differences i n baseline status between
participants. A mean composite strength improvement score was calculated each for the
control group and the experimental group. Due to the small sample size, a nonparametric test
was used for comparisons between groups. The Mann-Whitney U Test for two independent
samples was used to compare differences between the control and experimental groups for a)
baseline outcome measures and b) change scores (or composite scores i n the case o f strength
changes) for each outcome measure. In addition, the kinematic (joint angles) and kinetic
(joint moments, powers and work) variables o f gait were compared for the pooled group ( N
= 20) between baseline and post-training measures using the W i l c o x o n Signed Rank Test for
two related samples. A significant level o f p < 0.05 (two-tailed) was selected for all statistical
tests.
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3.3 RESULTS

3.3.1 Baseline Performance
3.3.1.1 Participant characteristics
Twenty participants, ten i n each group, completed the training program. A l l
participants attended all 18 sessions o f training (make-up training sessions were held within
the same week o f missed sessions i n case o f statutory holidays) and none dropped out from
the study. The characteristics o f each participant are presented i n Table 1. N o significant
differences (p>0.05) i n participant demographics (age, time since the onset o f stroke, height,
mass) were found between the experimental and control groups (Table 2). Levels o f
increased muscle tone and recovery stage, as measured by the M A S and the ChedokeMcMaster Stroke Assessment respectively, were also o f comparable ranges i n the two groups
(Table 2).

3.3.1.2 Muscle strength
The joint range o f motion used during the isokinetic tests was similar i n the two
groups with a mean o f 54° for the hip, 60° for the knee, and 23° for the ankle (Table 3). A l l
twenty participants were able to complete the isokinetic strength test at an angular velocity o f
60°/s bilaterally at the hip. Six participants (three participants i n each group) could not
complete the test at 60°/s at the knee and were tested bilaterally at 30°/s. A t the ankle, only
two participants (one participant i n each group) completed the test at 60°/s while the
remaining eighteen were tested at 30°/s bilaterally.
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Table 1: Characteristics of each participant (N = 20).

Code Group Sex Age Time since Paretic Height Mass

SG09

E
E
E
E
E
E
C
C

SG10

c

SG11

c

SG13

c

SG14

c

SG15

SG19

E
E
E
C

SG20

c

M
F
M
M
F
M
F
M
M
M
M
F
M
M
M
M
F

SG21

c

M

SG02
SG03
SG04
SG05
SG06
SG07
SG08

SG16
SG18

(yr)

stroke (yr)

Side

(cm)

(kg)

60
52
60
82
59
53
52
55
65
59
62
69
55
54
57
58
76
55
68
72

2
9
9
10
1.5
5
3.5
4
2
3.5
5
3
1.5
4.5
3.5
1.5
2.5
2
4.5
3

Right
Right
Left
Left
Left
Left
Right
Right
Right
Right
Left
Left
Left
Left
Right
Left
Right
Right
Right
Right

188
153
178
171.5
158
159
178
164.5
164
178
177
161.5
182
165
184
181
164
183
180.3
143

86.3
64
81
72.8
67.3
58.5
85
78.5
81.6
84.5
99.4
59
93.8
69.6
84.3
96
54
75
82.1
52

MAS

CM-Stage

Ankle Knee Foot Leg

1
1
1
1
1+
1+
1
0
1
0
1+
2
1
1+
1+
1+
1
1
1
1

1+
1+
1
2
1
0
1
1
0
0
0
1+
0
0
0
0
0
0
0
0

3
3
5
4
4
3
3
3
3
3
5
3
3
3
3
3
4
3
3
5

4
5
6
5
5
5
5
4
5
5
6
4
3
5
4
3
5
5
5
5

Mobility
Aid

quad cane
none
none
none
none
std cane
none
none
std cane
none
none
std cane
std cane
none
none
std cane
std cane
none
none
none

M
SG24
E
F
AbbreviationsControl (C), Experimental (E), Female (F), M a l e ( M ) , Modified Ashworth
SG22

c

Scale ( M A S ) , Chedoke-McMaster stage (CM-stage), Standard cane (std cane).

88

Table 2: Characteristics of the participants in the experimental and control groups (N =
10 per group).

A g e (yrs)
Mass (kg)
Height (cm)
Time since stroke (yrs)
t

Experimental
Mean
SD

Control
Mean

SD

60.4
73.0
168.2
4.90

61.9
79.5
173.1
3.15

7.5
14.3
8.5
1.16

Type o f stroke (Ischemic/Hemorrhagic/
Unspecified)
Gender (M/F.)
Paretic side (Right/Left)
Dominance (Right/Left)
M o b i l i t y aid (Cane/None)
Chedoke-McMaster (stage range)
Modified Ashworth Scale (grade range)

9.5
13.2
14.9
3.28

Experimental
6/4/0
7/3
4/6
9/1
3/7
3-6
0-2

Control
5/3/2
7/3
7/3
8/2
4/6
3-6
0-2

Mann-Whitney U Test result was not significant (p>0.3) between the experimental and
control groups
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Table 3: Mean angle values for each movement (N = 10 per group).

Start position for
extension/plantarflexion motion
= E n d position for
flexion/dorsiflexion motion
E n d position for
extension/plantarflexion motion
= Start position for
flexion/dorsiflexion motion
Range o f motion

Ankle

Knee

Hip

E:

10.0° (3.3)

E:

74.3° (5.0)

E:

93.0° (6.7)

C:

9.8° (0.6)

C:

77.0° (3.5)

C:

95.0° (5.8)

E:

33.0° (3.5)

E:

16.4° (3.3)

E:

39.3° (2.5)

C:

32.5° (3.5)

C:

14.5° (1.6)

C:

40.0° (2.4)

E:

23.0° (5.4)

E:

57.9° (6.4)

E:

53.7° (8.0)

C:

22.7° (3.4)

C:

62.5° (4.2)

C:

55.0° (5.8)

H i p : 0° = neutral position (pelvis and thigh segment aligned) with positive value indicating
increasing flexion; Knee: 0° = neutral position (thigh and shank segment aligned) with
positive value indicating increasing flexion; Ankle: 0°= neutral position (foot segment
perpendicular to shank segment) with positive value indicating increasing plantarflexion.
Standard deviation i n parentheses.
Abbreviations: Experimental group (E), Control group (C)
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There were no significant differences (p>0.05) i n any o f the baseline average torque
values between the two groups (Table 4). A s expected, average torque values were lower on
the paretic side compared to the non-paretic side i n all participants (Figure 1). The strength o f
the paretic limb relative to that o f the non-paretic limb (i.e. paretic/non-paretic ratio) ranged
between 0.19-0.78 i n the experimental group and 0.23-0.89 i n the control group. Generally,
distal muscle groups were more affected (i.e. greater deficit relative to the non-paretic side)
than proximal muscle groups and flexors more affected than extensors except at the ankle
joint where the plantarflexors were more affected than the dorsiflexors.

3.3. J.3 Level-walking, Stair-walking, and HRQoL
All twenty participants were community ambulators; three and four participants i n the
experimental and control groups respectively used canes for walking. F o r stair climbing, all
participants but one used the handrail on the non-paretic side for assistance and five and two
participants i n the experimental and control groups respectively used a "step to" pattern
instead o f a "step through" pattern to ascend the stairs.
There were no significant differences (p>0.05) i n baseline measures o f walking
performance between the two groups (Table 5) indicating a similarity i n functional level
across groups. Gait speed was slow for both groups (0.45-0.46 m/s) compared to reported
values for the healthy elderly (1.2-1.5 m/s) (Himann et al., 1988; Murray et al., 1969), with a
57% and 5 1 % increase from self-selected to maximal speed walking i n the experimental and
control groups respectively. Similarly, stair climbing speed increased by 32% and 38% from
self-selected to maximal speeds i n the experimental and control groups respectively (Figure
2). The low speeds o f level-walking i n all participants were accompanied by low values i n
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Table 4: Baseline average torque (Nm/kg) of each muscle group in the experimental and
control groups (N = 10 per group) and the p value for test of baseline differences.

Hip Extension
Paretic
Non-paretic
Hip Flexion
Paretic
Non-paretic
Knee Extension
Paretic
Non-paretic
Knee Flexion
Paretic
Non-paretic
Ankle Plantarflexion
Paretic
Non-paretic
Ankle Dorsiflexion
Paretic
Non-paretic

Experimental Group

Control Group

p value

0.67 ± 0.46
0.79 ± 0.42

0.87 ± 0.49
0.94 ± 0 . 3 2

0.33
0.36

0.45 ± 0.20
0.71 ± 0.28

0.47 ± 0 . 1 6
0.75 ± 0 . 1 6

0.88
0.82

0.45 ± 0 . 3 1
1.08 ± 0 . 3 6

0.64 ± 0.32
1.27 ± 0 . 4 5

0.08
0.26

0.11 ± 0 . 1 1
0.48 ± 0.22

0.14±0.13
0.52 ± 0 . 1 9

0.71
0.55

0.17±0.15
0.96 ± 0 . 3 4

0.20 ± 0 . 1 4
0.91 ± 0 . 2 4

0.36
0.55

0.15 ± 0 . 1 5
0.50 ± 0 . 1 6

0.15 ± 0 . 1 2
0.48 ± 0.09

0.65
0.71

Values reported as mean ± one standard deviation
Comparisons between the experimental and control groups are by Mann-Whitney U Test
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Table 5: Walking performance and SF-36 scores at baseline and post-training in the
experimental and control groups (N = 10 per group).

Baseline

Post-training

Experimental
Control

0.45 ± 0.25
0.46 ± 0.25

0.49 ± 0.20
0.55 ± 0.29

Experimental
Control
Cadence (steps/min)
Experimental
Control

0.70 ± 0.37
0.68 ± 0.34

0.74 ±0.33
0.75 ±0.36

79.21 ± 19.49
68.65 ±21.40

81.73 ± 18.53
74.25 ±21.45

Experimental
Control

0.68 ± 0.30
0.77 ± 0.20

0.72 ± 0.23
0.84 ± 0.22

Experimental
Control

0.65 ± 0.27
0.61 ±0.19

0.65 ± 0.21
0.69 ± 0.22

0.84 ±0.31
0.82 ± 0.21

0.87 ±0.30
0.90 ± 0.26

38.6 ±6.7
40.6 ± 7.0

39.9 ±8.1
39.8 ± 7.5

50.1 ± 13.4
55.6 ± 7.3

51.8 ± 13.4
54.5 ± 9.6

Self-selected gait speed (m/sec)
Maximal gait speed (m/sec)

Stride length (m)

Self-selected stair climbing speed (stairs/sec)
Maximal stair climbing speed (stairs/sec)

Experimental
Control
SF-36 (physical health)
Experimental
Control
SF-36 (mental health)
Experimental
Control

Values reported as mean ± one standard deviation
No significant (p>0.2) differences between the experimental and control groups in baseline
measures (comparisons were made by Mann-Whitney U Test)
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• Paretic
• Non-paretic

hip
extension

knee
extension

knee
flexion

ankle
ankle
plantarflexion dorsiflexion

Figure 1. Mean and one standard error of baseline average torque values (Nm/kg) of
the paretic and non-paretic lower extremities for all participants (N = 20).
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Figure 2. Mean and one standard error of baseline measures of gait speed (m/sec) and
stair climbing speed (stairs/sec) for all participants (N = 20).
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angle ranges, power variables and work done at all the three joints o f the paretic lower limb
(Table 6) relative to reported values i n the healthy elderly walking at self-selected speeds
(Winter, 1991).
N o significant differences were found i n SF-36 P C S or M C S scores between groups
at baseline (Table 5). In the experimental group, 7 and 5 participants reported lower than
norm-referenced values based on the general U . S . population o f age 65 and over ( P C S =
41.3, M C S = 51.8) (Ware, 1995), whereas i n the control group, 5 and 3 participants reported
lower values than expected i h the P C S and M C S respectively.

3.3.2

Training

Effects

3.3.2.1 Muscle Strength
For both the experimental and control groups, the means for the individual muscle
groups were higher post-training than at baseline except for the hip extensors. Differences i n
composite scores o f strength improvement between groups did not reach statistical
significance at the 0.05 level for the paretic and non-paretic limbs; however, there was a
trend for the experimental group to show greater improvements than the control group on the
paretic side (p = 0.06) (Table 7). In the experimental group, average torque changes i n the
paretic limb represented 7% to 155% improvements i n strength whereas i n the control group,
strength improvements were in the range o f 1% to 58%. The experimental group showed
greater improvements i n strength over the control group i n all o f the muscle groups tested.
Figure 3 summarizes mean percentage changes i n average torque o f each muscle group on
the paretic side i n the experimental and control groups.
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T a b l e 6: M e a n joint angle range (degrees), moment (Nm/kg), power (W/kg) and w o r k
(J/kg) over the stride on the paretic lower limb at baseline and post-training in all
participants ( N = 20).

Variable

Baseline

Post-training

p value

H i p range

34.6 ± 19.1
33.7 ±21.3
17.7 ±5.1

37.1 ± 14.2
36.0 ± 17.4
21.3 ±6.5

0.29
0.07
0.02*

0.33 ±0.17
0.32 ±0.21
0.29 ±0.21
0.22 ± 0.25
0.64 ± 0.22

0.41 ±0.19
0.37 ± 0.24
0.26 ± 0.24
0.24 ± 0.21
0.69 ± 0.21

0.13
0.12
0.51
0.67
0.24

0.50 ± 0.64
0.19 ±0.16
0.19 ±0.15
0.31 ±0.37
0.40 ± 0.43
0.21 ±0.15

0.62 ± 0.62
0.21 ±0.19
0.24 ±0.16
0.41 ± 0.49
0.48 ± 0.47
0.26 ±0.16

0.01*
0.39
0.08
0.02*
0.08
0.11

0.18 ±0.13
0.12 ±0.09
0.12 ±0.07

0.23 ±0.16
0.13 ±0.09
0.13 ±0.06

0.00**
0.38
0.40

Knee range
A n k l e range
M a x . hip ext moment
M a x . hip flex moment
M a x . knee ext moment
M a x . knee flex moment
M a x . ankle p f moment
M a x . hip power gen
M a x . hip power abs
M a x . knee power gen
M a x . knee power abs
M a x . ankle power gen
M a x . ankle power abs
T o t a l hip work^
T o t a l knee w o r k
T o t a l ankle w o r k

Values reported as mean ± one standard deviation
Total work is the sum of the positive and negative work done at the joint in the sagittal
plane.
Comparisons between baseline and post-training measures are by Wilcoxon Signed Rank
Test
* indicates significance at/><0.05
** indicates significance at/»<0.01
Abbreviations: Maximum (max), Extension (ext), Flexion (flex), Plantarflexion (pf),
Generation (gen), Absorption (abs)
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Table 7: Composite scores* of strength improvement in the experimental and control
groups (N = 10 per group) and the associated p value for test of differences.

Side
Paretic
Non-paretic

Experimental Group
5 0 7 ± 559
57 ± 8 9

Control Group
142±193
23 ± 7 0

p value
0.06
0.41

* Composite scores calculated as the sum of the percent improvement ([posttestpretesfj/pretest) of all six muscle groups.
Values reported as mean ± one standard deviation
Comparisons between the scores of the experimental and control groups are by MannWhitney U Test
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hip
extension

hip
flexion

knee
extension

knee
flexion

ankle
ankle
plantarflexion dorsiflexion

Figure 3: Mean and one standard error of percentage change in average torque
(Nm/kg) of each muscle group on the paretic side in the experimental and control
groups (N = 10 per group) following 6 weeks of training.

3.3.2.2 Walking

Performance

There were no group differences i n change scores for any o f the walking performance
measures (gait speed, cadence, stride length, and stair climbing speed) between baseline and
post-training (Table 8). N o changes i n hand placement or step patterns were observed i n
either group during stair ascent except for one participant i n the experimental group, who
changed from a "step to" to a "step through" pattern.
Pooling data across groups revealed an increase i n the mean o f all measured temporal
variables o f walking (level and stair walking) post-training (6% to 17% improvements)
(Figure 4). A s differences i n change scores o f level-walking performance between groups
were not significant, the two groups' data were pooled for the analysis o f changes i n
kinematic and kinetic variables o f gait following training. The improvement i n temporal
walking performance o f all participants was accompanied by a significant (p<0.05) increase
i n ankle range, maximum hip power generation, maximum knee power absorption, and total
hip work during gait (Table 6). When examining the power curves, the maximum hip power
occurred during the pull-off phase o f gait and corresponded to the H 3 phase generated by the
hip flexors. The maximum power absorbed by the knee occurred during propulsion and
corresponded to the K 3 phase absorbed by the knee extensors controlling the collapse o f the
knee that resulted from the ankle push-off and hip pull-off forces. The increase i n ankle range
was likely a result o f the increase (p = 0.08) i n ankle power generated during push-off (A2).
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Table 8: Mean change scores in walking performance and SF-36 for the experimental
and control groups (N = 10 per group) and the p values for test of differences in change
score.

Experimental Group

Control Group

p value

Self-selected gait speed (m/sec)

0.04 ± 0 . 1 3

0.09 ± 0.07

0.29

M a x i m a l gait speed (m/sec)

0.05 ± 0.09

0.07 ± 0.08

0.65

Cadence (steps/min)

2.53 ± 6 . 5 9

5.60 ± 5 . 5 0

0.26

Stride length (m)

0.03 ± 0 . 1 3

0.07 ± 0 . 1 1

0.41

Self-selected
stair climbing speed (stairs/sec)

0.00 ± 0 . 1 2

0.08 ± 0.06

0.17

Maximal
stair climbing speed (stairs/sec)

0.03 ± 0.08

0.08 ± 0 . 1 0

0.26

SF-36 (physical health)

0.74 ± 7 . 1 5

-0.73 ± 5 . 8 1

0.55

SF-36 (mental health)

1.73 ± 7 . 3 4

-1.07 ± 10.13

0.60

Values reported as mean ± one standard deviation
Comparisons between the experimental and control groups are by Mann-Whitney U Test
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Figure 4: Mean and one standard error of baseline and post-training measures of
speed (m/sec) and stair climbing speed (stairs/sec) for all participants (N = 20).
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3.3.2.3 HRQoL
There were no significant differences i n the change scores o f both the physical and
mental health components o f the SF-36 between the two groups (Table 8). The reported
values post-training remained very close to baseline values i n both groups (Table 5, Figure
5).

Figure 5: Mean and one standard error of baseline and post-training measures of SF-36
scores (including the eight subscales and summary scores) for all participants (N = 20).
Abbreviations: Physical functioning (PF), Role-Physical (RP), B o d i l y pain (BP), General
health ( G H ) , Vitality ( V T ) , Social functioning (SF), Role-Emotional (RE), Mental health
( M H ) , Physical component summary scale (PCS), Mental component summary scale ( M C S ) .
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3.4 D I S C U S S I O N

This is the first double-blind controlled trial to directly assess the effects o f isokinetic
strength training i n stroke survivors. The main finding o f this study was that there was a
trend for the experimental group to show greater strength improvements than the control
group following six weeks o f strength training, however, no group differences were found
over time i n walking function or H R Q o L i n this group o f chronic stroke survivors. In the
following sections, training effects are described as "overall effects" (i.e. effects o f training
across both groups) and "strength training effects" (i.e. effects o f training i n the experimental
group relative to the control group).

3.4.1 O v e r a l l T r a i n i n g Effects
There was an overall improvement i n strength and walking function post-training i n
all participants regardless o f grouping. Observed improvements i n muscle strength i n all
participants grouped together ranged between 4% to 101% on the paretic side which exceed
the learning effects (<10%) reported by E n g et al (in press) from test-retest measures o f
strength. G i v e n that our participants had a practice session prior to the baseline test and the
high reliability o f average torque measures reported i n stroke survivors (Eng et al., i n press;
Tripp & Harris, 1991), the improvements observed i n this study were likely training effects
rather than testing effects. Note that on the non-paretic side however, changes i n strength
post-training (4-13%) were within the learning effect range as reported by E n g et al. (in
press). Improvements i n walking performance (i.e. gait and stair climbing speed) ranged
between 6% to 17% across the two groups. These gains are comparable to, i f not greater
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than, gains reported i n other studies o f isokinetic strength training i n stroke survivors
(Engardt et al., 1995; K a r i m i , 1996; Sharp & Brouwer, 1997).
A s the mean values i n strength and walking performance for both the experimental
and control groups were higher post-training compared to baseline, the possibility that simply
attending and participating i n a structured program three times a week is enough to induce
strength and functional changes cannot be ruled out from the present study. Involvement o f a
third group consisting o f only baseline and post-training testing without a regular program
would have been necessary to discount this hypothesis. For functional changes, this
hypothesis seems reasonable as participants were required to get out o f their homes and
travel to the rehabilitation centre three times a week for six weeks which may have increased
their walking activity. However, this possibility seems unlikely i n the case o f strength
changes since only the paretic side, and not the non-paretic side, showed improvements posttraining. Consequently, the training programs o f both the experimental and control groups
seem to have influenced the results i n strength. What aspects o f the training program resulted
in strength improvements for the paretic limb? Certainly the experimental group benefited
from the isokinetic strength training. However, for the control group, perhaps the passive
range o f motion and 5 to 10 minutes o f stretching exercises had an effect on their ability to
generate force. It is possible that six weeks o f passive lower limb movements enhanced
learning o f the motor task involved i n isokinetic strength testing. Passive movements i n acute
stroke survivors have been shown to elicit brain activation patterns that were similar to the
patterns seen during active movements i n individuals with stroke who had substantial motor
recovery (Nelles et al., 1999). In addition, by watching the limb being moved by the
dynamometer, participants i n the control group may have been mentally rehearsing the action
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o f flexing and extending the limb. Mental activity may be related to motor activity. Decety et
al. (1994) investigated brain activity during mental practice and suggested that mental tasks
may involve neural mechanisms which are involved i n planning and programming thereby
improving motor tasks.
The temporal, kinematic and kinetic changes i n gait following training suggest that
the main mechanism adopted on the paretic side to increase the walking speed was to
increase the power generated by the hip flexors during pull-off (H3) and thus increase the
stride length. This is i n accordance with the improvements seen i n the paretic hip flexor
strength post-training and also with the strong correlation found between maximum hip
power generation and speed as reported i n chapter 2 and by others (Olney et al., 1991).
Concomitant with increases i n ankle plantarflexor strength, the ankle push-off power (A2)
also improved post-training although the value did not reach significance (p = 0.08). The
significant increase i n knee power absorption (K3) was likely a result o f the increase i n hip
and ankle power during propulsion causing the knee to collapse. K a r i m i (1996) has also
investigated the biomechanical changes and found that following eight weeks o f isokinetic
strength training, persons with stroke were able to increase the power generated by the ankle
during push-off (A2) and increase gait speed. The increase i n H 3 was more moderate i n their
study as it was above normal values even before training (Karimi, 1996). Our results along
with that o f K a r i m i ' s (1996) suggest that training aimed at increasing strength may induce
stroke survivors to use their improved strength to walk more efficiently to some extent.
However, as discussed in the next section, the amount o f strength gained from the training
was not directly associated with improvements i n gait performance as the smaller strength
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improvements i n the control group still led to similar improvements i n gait performance
compared to the experimental group.
N o changes were noted in the physical and mental health components o f the SF-36
following the six weeks o f training. One study that has used this particular quality o f life
measure reported that among the 8 subscales o f the SF-36, only the physical functioning
scale showed a trend towards improvement following a home-based physical exercise
program i n persons with stroke (Duncan et al., 1998). The physical functioning subscale
includes ten items: vigorous activities, moderate activities, lifting or carrying groceries,
climbing one flight o f stairs, bending, kneeling or stooping, walking several blocks, walking
one block, and bathing or dressing (Appendix X ) . Given that the training program i n the
present study was also focused on physical exercise, the physical components o f the SF-36
survey were expected to show improvements. However, no improvements i n physical
functioning scores were identified following training (Figure 5) despite the improvements
found i n walking performance. Compared to participants i n our study, the more acute stroke
survivors i n Duncan et al.'s (1998) study reported lower physical functioning scores at
baseline while their post-training scores were comparable to the baseline scores reported i n
the present study. Our findings suggest that the SF-36 may not be a sensitive measure o f
change o f perceived function i n chronic stroke survivors who can perform most o f the
activities addressed i n the physical functioning subscale except for the more vigorous
activities.
Another reason for the lack o f change i n SF-36 scores may be due to the relatively
high average scores reported by our participants at baseline ( P C S = 39.6 compared to normreferenced value o f 41.3, M C S = 52.8 compared to norm-referenced 51.8). Other studies

107

have also reported high SF-36 scores (except for physical functioning) among chronic stroke
survivors compared with controls (Hackett et al., 2000; M a y o et al., 1999; Rodriguez et al.,
1996) which suggests that individuals with stroke may adjust well to their disability years
after the injury.

3.4.2 Strength T r a i n i n g Effects
The experimental group that received six weeks o f isokinetic strength training
showed a trend (p = 0.06) towards greater improvements i n strength than the control group
that received a passive range o f motion program. A composite score was used to compare
strength improvements between groups as it provides a representation o f overall lower
extremity strength improvements rather than the changes i n scores o f each individual muscle
group. In fact, although individual muscle groups showed increases i n strength, further posthoc analyses showed that differences between groups i n individual muscle strength
improvements were not statistically significant likely due to the small sample size and the
large variability i n the data. Differences i n composite scores, however, did show a trend
towards greater strength improvements i n the experimental group relative to the control
group.
Only three other studies have investigated the effects o f isokinetic strength training o f
isolated muscle groups i n stroke survivors. Engardt et al. (1995) and Sharp & Brouwer
(1997) have studied the paretic knee musculature and reported strength improvements i n the
range o f 17% to 38% following six weeks o f training. One study (Karimi, 1996) included all
the flexor/extensor muscle groups o f the paretic lower extremity i n the training program and
found 2 2 % to 54% increases i n strength following eight weeks o f training. Relative strength
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improvements found i n the present study (7-155%) were higher than the improvements
reported i n the above-mentioned studies measured at comparable angular velocities. The
greater strength improvements found in this study may reflect the lower baseline strength
status o f our participants compared to other studies. Although direct comparisons are difficult
to make due to differences i n protocol used, relative strength measures (paretic/non-paretic)
at baseline reveal greater strength deficits i n this study. The paretic lower extremity strength
relative to the non-paretic side ranged from 20-78%) (in the six muscle groups) and 25-41%
(in knee flexors and extensors) i n this study while others reported 62-86% (in flexors and
extensors o f the three joints) (Karimi, 1996) and 40-71% (in knee flexors and extensors)
(Engardt et al., 1995; Sharp & Brouwer, 1997). A s percentage changes are calculated based
on baseline status, lower baseline strength measures w i l l tend to show greater improvement.
Our results along with that o f others (Engardt et al., 1995; K a r i m i , 1996; Sharp &
Brouwer, 1997) suggest that muscle strength can be improved i n stroke survivors following
isokinetic strength training. Whether the improvements i n muscle performance gained
following training are due to muscle property changes or neural changes cannot be
determined from this study. Following strength training, increases i n muscle size have been
reported i n healthy young adults as early as three to five weeks o f training (Moritani & de
Vries, 1979). Furthermore, it has been suggested that atrophied muscles may respond more
rapidly to training (Jones & Rutherford, 1987). Given that stroke survivors are generally
inactive due to functional limitations which i n turn may lead to muscle atrophy, it is possible
that muscle hypertrophy contributed to the strength improvements seen i n this study.
O n the other hand, it appears that neural changes can occur before hypertrophy during
training (Hakkinen & K o m i , 1983; Moritani & deVries, 1979) and it may be the dominant

109

factor contributing to training-induced strength improvements i n the elderly (Moritani &
deVries, 1980). During the course o f eight weeks progressive strength training, Moritani &
i

deVries (1980) found that young men showed strength improvements due to neural factors
only at the initial stage with hypertrophy becoming the dominant factor after the first 4
weeks. However, neural factors played a dominant role throughout the training i n older men
(Moritani & deVries, 1980). Possible mechanisms o f neural adaptation following training
include increased activation o f prime movers as a result o f improved motor unit recruitment
or firing rates, and appropriate changes i n the activation o f synergists and antagonists leading
to improved skill and coordination (Rutherford & Jones, 1986; Sale, 1988). Considering the
relatively short training period i n this study (six weeks) and the age o f our participants, it is
reasonable to speculate that neural factors contributed to the strength improvements observed
to a greater extent than possible changes in muscle properties.
Although the experimental group showed greater improvements i n strength than the
control group, this trend was not seen i n other outcome measures indicating that six weeks o f
isokinetic strength training alone does not induce changes i n walking performance or healthrelated quality o f life. The strength gained from the training may not have been large enough
to make a difference i n function i n the experimental group relative to the control group.
Furthermore, one cannot eliminate the possibility that a longer training period could have
induced significant differences i n functional gains between groups.
Another explanation for the lack o f functional improvement may be around the issue
o f specificity o f training. First, although our training protocol considered some o f the aspects
o f the specificity principle (e.g. the type o f resistance training selected was dynamic, as
opposed to static, to simulate dynamic activities such as walking), strengthening was not
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done within the context o f a functional task. Response to strength training has been reported
to be very specific to the training itself, i.e. training effects are specific to the movement,
velocity and angles used i n the training which reduces the potential for carryover to other
tasks (Rutherford, 1988). This is particularly important i n short-term training programs when
neural factors, rather than muscle mass, are altered as a result o f training. Second, practice o f
functional tasks was not part o f the training program i n this study. A s the purpose o f the
study was to assess the effects o f strength training, practice o f tasks was purposely not
included i n the program. The results, however, suggest that strength training alone may not
be effective i n inducing improved functional performance. That is, i n order to better perform
a task, one may need to not only restore the strength required for a task, but also practice
using the restored strength within the context o f the task. Task-related gait training using
intensive treadmill walking (with or without support) has been recently shown to improve
gait performance i n both acute (Hassid et al., 1997; M a l o u i n et al., 1992; Richards et al.,
1993; Visintin et al., 1998) and chronic (Macko et al., 1997) stroke survivors. However,
further assessment o f this type o f intervention is needed, particularly on the retention o f these
effects, the carryover into other functional tasks and the effects on quality o f life. A study
which incorporated both strength training and practice o f tasks i n individuals with stroke was
initiated by Dean et al. (2000). The preliminary results o f this type o f training program were
promising with improvements i n the experimental group over the control group. However, no
more than five subjects were included i n each group. Further investigation using this type o f
treatment approach is warranted.
Finally, despite the reported strong correlations between muscle strength o f the
paretic lower limb and function ( K i m & Eng, in review; Nadeau et al., 1999; Nakamura et
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al., 1985), strengthening the paretic leg alone may not be sufficient for functional
improvement. Factors other than the strength o f the paretic limb, such as balance, sensation
and non-paretic limb strength, have also been shown to be associated with functional
performance (Bohannon, 1987b; Bohannon & Walsh, 1991; K i m & E n g , i n review; Nadeau
et al., 1999).
The results o f our study stress the importance o f including a control group i n clinical
trials. Other studies that have reported functional gains following isokinetic strength training
i n stroke survivors found gains (6-12% i n gait speed) (Engardt et al., 1995; K a r i m i , 1996;
Sharp & Brouwer, 1997) that were comparable to our findings (11-15% i n the experimental
group). Without a control group, however, those gains cannot be solely attributed to the
strength training itself.

3.4.3 Limitations
The major limitation o f this study is the small sample size which affects the
generalizability o f the findings to the stroke population. In addition, the variability (as
measured by the standard deviations) i n strength and functional performance measures
between participants was also large. These factors reduce the power to detect a difference i n
change scores between groups which i n turn increase the probability o f making a type II
error. However, a nonparametric test (i.e. M a n n Whitney U Test) was used, which takes into
consideration the small sample size and the non-normal distribution o f the data (including the
variability). In fact, some argue that computing standard deviations for nonparametric data is
not meaningful (Rosner, 1986).
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To reduce the probability o f making a type II error, clinical trials involving stroke
survivors should ideally include large sample sizes as a large variability i n performance is
expected given the various types o f disturbed motor control and recovery levels following
stroke. However, due to time, recruitment and financial constraints, this may be difficult to
achieve.

3.4.4 Future Directions
Further studies with a larger sample size are needed to confirm the results o f this
study. In addition, the role o f strength training i n the acute stage o f stroke, i.e. early i n
rehabilitation, needs to be explored. To better understand the effects o f strength training i n
stroke survivors, research investigating the actual mechanisms o f strength gains (e.g. neural
versus muscle adaptations) following a strength training program is indicated. The optimal
frequency and duration o f strengthening programs need to be defined along with the longterm effects o f these programs.
The results o f the present study suggest that strength training should be done i n a
task-related manner and i n conjunction with practice o f tasks i n order to be o f benefit. The
impact o f such training programs on mobility and overall quality o f life need to be further
explored with controlled study designs. Recently, there has been increasing evidence
suggesting that stroke survivors can show functional improvements even years after the onset
o f injury (Dean et al., 2000; Rodriguez et al., 1996; Tangeman et a l , 1990; Teixeira-Salmela
et al., 1999). I f this is the case, it is important to determine the type o f intervention strategies
that are most effective i n maximizing outcome.
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Chapter 4

General Conclusions
Although most stroke survivors regain the ability to walk, only 2 5 % o f them attain
normal walking speed (Wade & Langton-Hewer, 1987) leaving many limited i n community
activities despite the intensive training during the first six months o f rehabilitation. It is
clearly important to investigate the factors that may be the cause o f this gait disturbance and
evaluate the potential effects o f treatment approaches aimed at improving these factors on the
gait performance o f stroke survivors.
The investigation o f the factors contributing to gait performance can be done with
different types o f research designs as illustrated i n this matrix o f research types modified
from Domholdt(1993).

O

Description

Nonexperimental

Analysis o f
relationships

Nonexperimental

Analysis o f
differences

Experimental

OH

In the present study, all three types o f research designs were used. First, descriptive
analysis o f the three-dimensional kinematic and kinetic profiles was used to understand the
mechanisms underlying the problem o f gait i n stroke survivors. Second, the relationships
between gait speed and selected kinematic/kinetic gait variables were analyzed to determine
the biomechanical factors contributing to gait performance. These nonexperimental research
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designs help guide assessment and intervention strategies that may be effective i n retraining
gait. However, experimental studies are needed to confirm the hypotheses formed based on
the nonexperimental investigations. Therefore, the third type o f investigation used i n this
study was an analysis o f differences through a double-blind experimental trial to determine
whether strength training induces improvement in the gait performance o f individuals with
stroke. Note that i n the present study, the data for all the investigations (i.e. chapters 2 and 3)
were collected simultaneously. Therefore, the design o f the treatment program (in chapter 3)
was not based on the results o f the biomechanical analyses (in chapter 2). A better approach
would have been to first investigate the function o f muscle groups important i n gait and then
design the intervention based on those results.
Results o f previous investigations (Bohannon, 1986; Bohannon & W a l s h , 1992; K i m
& E n g , i n review; Nadeau et al., 1999; Suzuki et al., 1990) have shown strong correlations
between walking (level and stair-walking) speed and muscle strength i n stroke survivors.
Consistent with these previous findings, the strong correlations found i n our study between
gait speed and kinetic variables emphasized the importance o f muscle function i n the gait
performance o f persons with stroke. However, since correlational studies do not infer
causation, it cannot be assumed that treatment aimed at increasing muscle strength, thus the
ability to generate power during gait, w i l l increase gait speed.
In fact, the results o f the double-blind controlled trial i n this study indicate that
isokinetic strength training o f the flexors/extensors o f the hip, knee and ankle does not
improve walking performance i n persons with stroke despite the trend (p =0.06) towards
improvement i n strength following training. These findings suggest that other factors
contributing to walking performance need to be addressed. The results o f our correlational
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analysis revealed that i n addition to the sagittal plane variables, gait variables i n other planes
were also important particularly the frontal hip power variables. In addition, variables for the
non-paretic limb were also strongly correlated with speed. Given these findings, inclusion o f
the hip abductors and the muscle groups o f the non-paretic limb i n the strengthening program
may have resulted i n more positive findings. In addition, eccentric strengthening was not
included i n the training.
This is the first double-blind controlled trial to directly assess the effects o f isokinetic
strength training o f the paretic lower limb i n stroke survivors. Although rehabilitation
programs do not normally address only one aspect o f training (e.g. strength training), this
study was an attempt to quantify the contribution o f strength training to walking performance
in individuals with stroke. Isokinetic strength training seems effective i n improving strength,
therefore, the inclusion o f isokinetic strengthening i n training programs is indicated.
However, our results suggest that strength training should be done i n a task-related manner
and i n conjunction with practice o f functional tasks i n order to be o f benefit i n functional
performance. This type o f training has been investigated more recently with positive effects
on function i n stroke survivors (Dean et al., 2000; Richards et al., 1993).
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Appendix III

Chedoke-McMaster Stroke Assessment:
Stage of Recovery of Leg and Foot
L E G : Start at Stage 4 with the client in crook lying. FOOT: Start at Stage 3 with the client in supine. Test position is beside
the item or underlined. If not indicated, the position has not changed. Place an X in the box of each task accomplished.
Score the highest stage in which the client achieves at least two Xs. For "standing" test items, light support may be provided
but weight bearing through the hand is not allowed. Shoes and socks off.
LEG
1

Crook
lying

2

3

4

Sit

5

6

Crook
lying
Sit
Stand

Sit
Stand

7 Stand

FOOT

1

1 not yet Stage 2

1

1

1 not yet Stage 2

1

1 resistance to passive hip or knee flexion

2 Crook
lying

1

1 resistance to passive dorsiflexion

1

1 facilitated dorsiflexion or toe

1

1 facilitated plantarflexion

1

1 facilitated hip flexion

1

1 facilitated extension

extension

3 Supine
Sit

1

1 plantarflexion > V4 range

1

1 some dorsiflexion

1

1 extension of toes

1

1 some eversion

1

1 abduction: adduction to neutral

1

1 hipflexionto9 0 °

1

1 full extension

1

1 hip flexion to 9 0 then extension synergy

1

1 bridging hip with equal, weightbearing

1

1 inversion

1

1 knee flexion beyond 1 0 0 °

1

1 less crossed: dorsiflexion. then
plantarflexion

1

1 extension synergy, then flexion synergy

1

1 less crossed: toe extension with ankle
plantarflexion

1

1 raise thigh off bed

1

1

1 hip extension with knee flexion

1 sittine with knee extended: ankle
plantarflexion, then dorsiflexion

1

1 heel on floor: eversion

1

1 heel on floor: tan foot 5 x in 5 sec

4

S

5

Stand

6

1

1 lift foot off floor S x in 5 sec.

1

1 full range internal rotation

1

1 foot off floor foot circumduction

1

1 trace a pattern: forward, side, back, return

1

1 knee straieht. heel off floor: eversion

I

1 unsuDDOrted: rapid bifih steooina
1 0 x in 5 sec

1

1 heel touching forward, then toe touching

1

1 foot off floor: circumduction auicklv.

I I

1

EU

7

behind, repeat 5 x ih 1 0 sec

unsupported: trace a pattern auicklv:
forward, side, back, reverse

reverse

1 on weak lee with support: hop on weak leg

STAGE OF L E G

1

CZI

} up on toes, then back on heels S x

STAGE OF FOOT

From: Gowland, C , VanHullenaar, S., Torresin, W . , Moreland, J., Vanspall, B . , Barrecca, S.,
Ward, M . , Huijbregts, M . , Stratford, P., Barclay-Goddard, R. (1995). Chedoke-McMaster
Stroke Assessment: Development, Validation and Administration Manual. Hamilton:
Chedoke-McMaster Hospitals and McMaster University.
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Appendix I V

Modified Ashworth Scale

Grade

Description

0

N o increase i n muscle tone

1

Slight increase i n muscle tone, manifested by a catch and release or by
minimal resistance at the end o f the range o f motion when the affected
part(s) is moved i n flexion or extension

1+

Slight increase i n muscle tone, manifested by a catch, followed by minimal
resistance throughout the remainder (less than half) o f the range o f motion

2

More marked increase i n muscle tone through most o f the range o f motion,
but affected part(s) easily moved

3

Considerable increase i n muscle tone, passive movement difficult

4

Affected part(s) rigid i n flexion or extension

From: Bohannon, R . W . , Smith, M . B . (1987). Interrater reliability o f a modified Ashworth
scale o f muscle spasticity. Physical Therapy. 67. 206-207.
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Appendix V

Gait Assessment Set-up
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Appendix VI

Marker Placement sites
1
2
3

Right metatarsal (head o f 5 metatarsal)
Right dorsum (midpoint o f metatarsals and ankle joint)
Right lateral malleolus

4
5
6

Right midshank (anterior aspect o f shank, midpoint o f ankle and knee)
Right knee j oint (lateral)
Right lower thigh (anterior aspect o f thigh, ~10cm above knee)

7
8
9

Right upper thigh (anterior aspect o f thigh, ~10cm below hip)
Right anterior iliac crest
Right anterior superior iliac spine (ASIS)

10
11
12

Left A S I S
Left anterior iliac crest
Left upper thigh

13
14
15

Left metatarsal
Left dorsum
Left lateral malleolus

16
17
18

Left midshank
Left knee joint
Left lower thigh

th

130

Appendix IX

Participant positioning and stabilization
during strength testing and training
Hip: Participants were i n a semi-reclined (30° angle from horizontal) position, with the
pelvis fixed by a strap and the back supported. The contralateral thigh was supported by a
pad attached to the seat. The greater trochanter o f the leg being tested was aligned with
the K i n - C o r n system's rotation axis. The cuff o f the force transducer was placed three
fingerbreadths proximal to the popliteal fossa.

Knee: Participants were seated with the back support set at a 90° sitting angle. Large straps
were applied horizontally across the pelvis and diagonally across the trunk to minimize
body movement during testing. Participants were asked to place their hands on their lap.
The lateral femoral condyle was aligned with the dynamometer's rotation axis. The cuff
o f the force transducer was placed three fingerbreadths proximal to the lateral malleoli.
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Ankle: Participants were in a semi-reclined (45°) position with the back supported. The leg
being tested was placed on a pad attached to the seat which allowed the knee to flex
stlightly. The foot was tightly fixed in the metal boot attached to the Kin-Corn
dynamometer with the lateral malleolus aligned with the dynamometer's rotation axis.
The contralateral foot rested on a foot support attached to the seat.
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Appendix X

SF-36
Meaning of Scores
Low
Limited a lot in performing
all physical activities including
bathing or dressing due to health

No of

No of

Cs
PF

Items

Levels

10

21

R-P

4

5

Problems with work or other daily
activities as a result of physical
health

BP

2

11

Very severe and extremely limiting No pain or limitations due to pain
pain

GH

5

21

Evaluates personal health as poor
Evaluates personal health as
and believes it is likely to get worse excellent

VT

4

21

Feels tired and worn out all of the
time

Feels full of pep and energy all
of the time

SF

2

9

Extreme and frequent interference
with normal social activities due to
physical or emotional problems

Performs normal social activities
without interference due to
physical or emotional problems

R-E

3

4

Problems with work or other daily
activities as a result of emotional
problems

No problems with work or other
daily activities as a result of
emotional problems

MH

5

26

Feelings of nervousness and
depression all of the time

Feels peaceful, happy, and calm
all of the time

RHT

1

5

Believes general health is much
better now than one year ago

High
Performs all types of physical
activities including the most
vigorous without limitations due
to health
No problems with work or other
daily activities as a result of
physical health

Believes general health is much
worse now than one year ago
Abbreviations: Concepts (Cs), Physical Functioning (PF), Role-Physical (R-P), Bodily Pain
(BP), General Health (GH), Vitality (VT), Social Functioning (SF), Role-Emotional (R-E),
Mental Health (MH), Reported Health Transition (RHT).
Adapted from: Ware, J.E., Sherbourne, C D . (1992). The MOS 36-item short-form health
survey (SF-36). I. Conceptual framework and item selection. Medical Care, 30. 473-483.
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Appendix X I

Warm-up and Cool-down
Warm-up:
•

Sitting-

* Bilateral arm raises (non-paretic arm supporting the paretic arm) x 10 reps
* Alternating knee raises x 5 reps each side
* Alternating knee extensions x 5 reps each side
* Circular ankle movements x 5 reps each side

•

Walking or marching- for 2-3 minutes with the usual assistive device

•

Stretching-* Stretching o f the quadriceps, hamstrings, rectus femoris, and gluteus
maximus o f the paretic limb was performed by the investigator with the
participant i n supine position x 10 sec. each
* Participants were instructed to do their own calf stretches on a step x 10 sec.

Cool-down:
•

Stretching as above.
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