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ABSTRACT

The purpose of the study was to investigate the relationships between clinical
measures [muscle tone (hip adductors, hip extensors, knee extensors, ankle
plantarflexors, and ankle invertors), postural balance, and lower extremity motor
function] and gait performances [gait speeds (comfortable and fast) and symmetrical
gait variables (the first peak vertical and the second peak vertical forces, step, single
support, stance, and swing times)] in stroke patients. Additionally, gait biomechanic
characteristics at both gait speeds were compared among the control and the un-
affected and affected legs of stroke patients. Thirty controls and stroke subjects
participated in the study. Vicon™ Motion Analysis System and AMT!I force platform
were used for analyzing the gait biomechanic characteristics.

The results demonstrated significant (p<0.05) negative relationships between
lower extremity muscle tones and gait performances, while the postural balance and
lower extremity motor function showed significant (p<0.05) positive relationships
with the gait performances. Therefore, reduction of excessive muscle tone and
improvement of postural balance and motor function were necessary for developing
gait performances in order to obtain faster gait speed and a more symmetrical pattern.

For the temporo-spatial comparisons, the stroke significantly (p<0.05) showed
differences in cadence, double support time, step width, stride length and time, and
gait speed from the control. Furthermore, the stroke showed significant (p<0.05)
differences in single support time, step length and time in the un-affected side from the
control and the affected side and showed significant (p<0.05) differences in the step
length and time in the affected side from the control. The difficulty in walking of
stroke patients, reduction in cadence, stride length, and gait speed but increase in
double support time, step width, and stride time were shown as consequences of the
stroke and as compensation for movement. There were significant differences in the
hip, knee, and ankle among the control and the un-affected and affected sides for the
angular displacements in the sagittal, frontal, and transverse planes at the initial
contact, midstance, and toe off, for the angular velocities during the initial and
terminal swings, and for the ground reaction forces in the antero-posterior, medio-
lateral, and vertical directions. In conclusion, alterations in gait characteristics were
observed in both the affected and the un-affected sides. Thus, to remedy the stroke
patients, not only the affected side, but also the un-affected side should be of concern.

KEYWORDS: STROKE, GAIT, CORRELATION, BIOMECHANICS, CLINICAL

214 pp.
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CHAPTER I
INTRODUCTION

Stroke, defined by WHO (World Health Organization), is an acute neurological
dysfunction of vascular origin with sudden occurrence of symptoms and signs
corresponding to the involvement of focal areas in the brain and having the symptoms
more than 24 hours (1-3). A great number of the incidence and mortality from
cardiovascular disease in Thai populations was reported by Ministry of Public Health
in 2002. At present, it was found that the cardiovascular disease is the major disease
leading to disability and handicap in Thailand (4). Stroke is a common disease with
high mortality and incidence of disability and handicap among survivors. Moreover, it
was also be the third leading cause of death in developed countries (3). In general,
disabilities of patients with stroke consist of inability to control movement, language

understanding and thinking, memory, sensory, and emotional disturbances (5-7).

There are several changes appear in patients with stroke involving the muscle
strength, muscle tone, sensation, and balance control. Several reports concluded that
these changes may influence the potentials of patients (8-14). Walking is one of
complex movements which require the co-ordination of both legs and interaction of a
large number of muscles and joints to function together (15). It is the important task
which stated as a goal in rehabilitation (16-18). Gait disturbances, such as slower
walking velocity, laborious, uncoordinated, and asymmetric gait pattern are usually
observed in patients (7, 18-23). Hemiplegic subjects tend to move their limbs relying
on synergies of mass flexion and extension patterns. Moreover, inability to
differentially control agonistic and antagonistic muscles, poor gross- and fine-motor
control, and movement timing also occurred (24, 25). These abnormal characteristics
can be observed with the alteration of temporo-spatial, kinematics, and kinetics data

(26-29).
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Typically, temporo-spatial variables in the stroke are reported as decreased gait
speed, stride length, step length and increased step width when comparing to normal
healthy subjects (20, 28, 30-33). Considerably shorter single support time than double
support time also occurred as a result of decreased muscle strength. Unequal time
consumption for both limbs are presented with longer swing time and shorter single
support time in the affected side than the un-affected side (30). Kinematic data of hip,
knee, and ankle have been studied (5, 21, 26, 34, 35). There were many differences of
angular displacement between the stroke and able-bodied subjects. Decreased hip
flexion during swing period occurred. It resulted in compensatory movement of hip
with abduction and external rotation both during stance and swing phases (26, 35).
The deviation patterns of knee movement in the stroke frequently showed no first knee
flexion wave, mild knee valgus during mid stance phase, and marked deficiency of
knee varus during swing phase (21). At the ankle, lack of dorsiflexion and

plantarflexion movements frequently happened.

However, these albeit pattern usually have been investigated on the affected
side only, Olney et al in 1994 (28) stated that the information gained simultaneously
from both sides might yield more the explanations of walking. The question
surrounding gait symmetry and there role in gait should be addressed. Thus,
information of the two sides of the body would be helpful in understanding the nature

and degree of the compensatory mechanisms in patients.

A common observation among the stroke subjects during stance and
locomotion was uneven weight bearing distribution (36). Both magnitude and shape of
ground reaction force in the stroke showed significant differences from those of able-
bodied (37). Gait speed usually determined gait performance (26, 38-44). It was
reported that gait speed was positively related to the stage of lower extremity recovery
(9, 45, 46). The advantage of gait speed was it is easy to detect in clinical setting (13,
28, 38, 40, 41, 45). However, gait speed cannot indicate the quality of walking. Other
critical factor in gait performance is symmetry of gait pattern (37, 47-50). In healthy
individual, gait pattern with respect to time, distance, and vertical force are fairly

symmetrical deviation by only a small percentage from perfect symmetry (37). In
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contrast, stroke subjects showed marked gait asymmetry variables (48, 49, 51, 52).
Therefore, the reduction of asymmetrical characteristics is one of the ideal objective in

functional rehabilitation in the stroke (37, 49, 52).

In clinic, the prediction of the natural recovery or the potential effect of a given
therapy is challenge to the rehabilitation specialists. Initial severities of the stroke (25),
motor function (16, 31, 33, 53, 54), spasticity (25, 40), sensation (25, 55), age (56),
and leg strength (9, 45, 46) were analyzed as the predictors of functional outcome and
independent ambulation. Nadeau and co-workers in 1999 (38) identified the most
important variables determining gait speed in the stroke. The results revealed
relationships between gait speeds both in comfortable and maximal speeds and motor
function of lower limb, balance, and strength of hip flexors. Nevertheless, the
association of other physical impairments (plantarflexors strength, sensation, and
muscle tone) was not found. In chronic stroke subjects, it was found that hip flexors
strength was the major factors predicting comfortable and maximal safe speeds (28).
In clinic, lower extremity muscle strength can be expressed in function with ordinal
scales as a Fugl-Meyer scale (57, 58). This motor control assessment scale was widely
used and was demonstrated to have high intra-reliability (59). It also reported as one of

variables which related to gait performance (16, 31, 33, 53, 54).

Another determinant contributing to walking performance is spasticity, an
increase or exaggeration of the stretch reflexes. Gastrocnemius is the multijoint calf
muscle which flexes the knee and plantarflexes the ankle. During single support phase,
foot remains flat on the ground and the shank rotates forward. Consequently, the
gastrocnemius muscle is stretched at the end of its range. Ada and co-workers in 1998
(11) examined the contribution of spasticity in the gastrocnemius muscle to walking
dysfunction of subjects with stroke. The results showed that two-third of the stroke
subjects exhibited spasticity. However, their findings were that even when stroke
subjects exhibited abnormal tonic stretch reflex activity under relaxed condition, their
tonic stretch reflex was not different from control subjects. These outcomes may be
due to the variation of subjects which have stroke at the first time but ranged from

several months and several levels of spasticity. In addition, the spasticity of other part
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such as knee extensor muscle reported no significant correlation with gait speed (12,
13). From the past studies, relationship between spasticity of ankle plantarflexors or
knee extensors and gait speed was established solely, when the competence of walking
required several muscles to achieve. Consequently, it is interested to determine other
lower extremity muscle tone which may influence gait performance. For sensation,
Brandstater et al in 1983 (33) reported no relationship between sensory appreciation
and locomotion. Their results concluded that motor recovery was more important than
sensory appreciation in gait performance. However, Kang et al in 2002 (25) reported
that hemiparetic subjects who had intact proprioceptive sensation showed significant
faster walking velocity, longer stride length, and less stance time than patients with

impaired proprioception.

Despite these findings, the relationship between many clinical measurements
and gait performance variables is not sufficient because some muscles and parameters
were selected. Selection of the appropriate variables in gait characteristic is critical for
intervention assessment. To provide a guideline for standard rehabilitation
measurement, it should be verify on two important comparisons that predominate in
rehabilitation. First, individuals with stroke movement need to be compared with
normal performance. The lower limit of normal performance can be established and
used as a criterion for comparing individual patient. Second, it is important to evaluate
changes in the stroke relatively to typical pattern occurring in other patients. This
information will be beneficial for determining the degree of expected improvement in

patient undertaken rehabilitation (33).

Shummway-Cook and Woollacott in 1995 (60) pointed out that it should be
considered the interaction of individual, task and environment in motor control study.
According to this point of view, the investigation of movement in patient with stroke
during different walking speeds is necessary to understand how patient perform this
challenging context. In general, changes in gait speed required the adjustment of a
neuromuscular gait factor (61). Up to date, little is known about the stroke subjects’
capability of adapting to the demands of speed, depending on their initial functional

performance. In addition, less details about the comparisons of the gait biomechanics
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between able-bodied and the stroke during different speeds was reported (62). Most
reports studied only on the sagittal plane at the comfortable speed (28, 63) and

interpreted the findings based on descriptive explanation (26).

Faster gait speed and better gait appearance are perceived by patients post
stroke as their ultimate goal of rehabilitation. To enable theses patients to achieve the
goal, therapists should identify the underlying impairments that account for the
deviated gait characteristics as reduction and asymmetry of gait. Impairments of
muscle strength and tone, motor control, balance, and sensory have been suggested to
be related to the inability of hemiplegic patients to walk in normal fashion (12-14, 25,
54, 64). However, the impairments that are the most important factors that related to
gait performance in terms of speed and symmetry of this group of patients remain
unknown. As well as the important question in the study of motor control in the
movement of pathological condition relating to the compensatory mechanism
adaptation during different speed of walking should be established. Therefore, it is
interesting to find out the significance compensatory strategies using during gait
comparing with increased gait speed conditions. The understanding of these
abnormality movements will allow more information of properly treatment plan. The
identification of abnormal characteristics with three dimensional analysis and
determination in the relationship between clinical and laboratory gait parameters are

necessary in stroke rehabilitation.

Purposes of the Study
General Objective

This study determined the relationships between clinical measures (muscle
tone, lower extremity motor function, and postural balance) and gait performances
(gait speed and symmetry). In addition, comparisons of biomechanics data at the
comfortable and fast gait speeds between the control and the stroke and between the

affected and un-affected sides of the stroke were investigated.
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Specific Objectives

1. To determine the relationships between clinical measures (muscle tone,
lower extremity motor function, and postural balance) and gait performances in the
patients after stroke.

2. To compare biomechanics data at two gait speeds (comfortable and fast)
between the control subjects and the patients after stroke.

3. To compare biomechanics data at two gait speeds (comfortable and fast)

between the affected and un-affected sides of the stroke.

Parameters

The following parameters were investigated;
- Laboratory parameters
1. Temporo-spatial data
1.1 Parameters comparing between the control and the stroke
1.1.1 Cadence (steps/min)
1.1.2  Double support time (DST) (s)
1.1.3  Step width (m)
1.1.4 Stride length(m)
1.1.5 Stride time (s)
1.1.6  Gait speed (m/s)
1.2 Parameters comparing between the affected and un-affected sides of
the stroke
1.2.1 Single support time (SST) (s)
1.2.2 Step length (m)
1.2.3  Step time (s)
2. Kinematic data of the hip, knee and ankle joints in the sagittal, frontal and

transverse planes composed of;

2.1 Angular displacement (degrees)
Angular displacement of the hip, knee, and ankle joints were
compared at the initial contact (IC), midstance (MS), and toe off (TO) events of the

gait cycle.
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2.2 Angular velocity (degrees/s)
Five peak angular velocities of the hip, knee, and ankle joints
composed of;
2.2.1 Hip velocity during the initial swing (H)
2.2.2  Knee velocity during the initial swing (K1)
2.2.3 Knee velocity during the terminal swing (K2)
2.2.4 Ankle velocity during the initial swing (A1)
2.2.5 Ankle velocity during the mid swing (A2)
3. Kinetic data composed of;

GRFs in the medio-lateral (Fy), antero-posterior (Fy), and vertical (F,)
directions (%BW). GRFs were analyzed during stance phase of gait with the following
variables (see Figure 1);

3.1.1 GRFs in the medio-lateral force direction (Fx)
- 1" peak lateral force (X1)
- 1" peak medial force (X2)
- 2™ peak medial force (X3)
3.1.2 GRFs in the antero-posterior force direction (Fy)
- Braking peak force (Y1)
- Propulsion peak force (Y2)
3.1.3 GRFs in the vertical force direction (Fz)
- 1* peak vertical force (Z1)
- 2™ peak vertical force (Z2)
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Figure 1.1 Ground reaction forces acquired from normal gait data.
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4. Gait symmetry
This study investigated gait symmetry of vertical GRF (%BW), single
support time (s), step time (s), stance time (%GC), and swing time (%GC) of
comfortable and fast speeds. Gait symmetry was determined by symmetry index (SI)

(%) with the following equation (50);

SI = (Vaffected 2 Vun—affected) X 100%
172 (Vaffected + Vun—affected)

After that, the relationships of gait symmetries and clinical measures

were determined.

- Clinical measures

1. Modified Ashworth Scale (MAS) determined five lower extremity muscle
groups including the hip adductors, hip extensors, knee extensors, ankle plantarflexors,
and ankle invertors muscles.

2. Fugl Meyer Assessment of lower extremity Scale (FMA) determined the
lower extremity motor function.

3. Berg Balance Scale (BBS) determined the postural balance performance.

Scope of the Study

First, this study determined the relationship between clinical measures (muscle
tone, lower extremity function, and postural balance) and gait performances (gait
speed and symmetry) in the patients after stroke. Second, gait characteristics between
the control subjects and the patients after stroke and between the affected and un-

affected sides of the stroke were determined.

Hypotheses of the Study
1. There were no significant correlations between clinical measures (muscle
tone, lower extremity motor function, and postural balance) and gait speed, and

between clinical measures and gait symmetry in the stroke.
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2. There were no significant differences in biomechanics data between the
control and the stroke at two gait speeds (comfortable and fast).
3. There were no significant differences in biomechanics data between affected

and un-affected sides of the stroke at two gait speeds (comfortable and fast).

Clinical significances

1. The results of this study provided the information about the degree of
relationship between clinical and laboratory gait characteristics in the stroke.

2. The information led more understanding about three dimensional gait
characteristics of the stroke explained by the kinematics and kinetics information of
the affected and the un-affected sides.

3. The results provided information and knowledge of the primary
abnormality, compensatory mechanism, and common deviated pattern of gait in the
stroke.

4. The results provided the information of differences of the biomechanic
characteristics between the control and the stroke which were useful for the treatment

plan in stroke.
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CHAPTERIII
LITERATURE REVIEW

2.1 Normal Gait

Human gait is a form of periodic motion of the legs which involves several
joints co-ordination such as the hip, knee, and ankle (65, 66). A remarkable ability to
control hip, knee, and ankle co-ordination assists in minimizing the vertical
displacement of center of mass (COM). Hence, these muscles which attach at various
parts along the skeletal supporting structure perform more than one function during
gait (67-69). A normal gait is considered as a repeatable and reproducible in each
individual. Beyond the differences manifest during walking, there are quite consistent
pattern shown within a normal range which be examined from much of biomechanical
variables (70). Most researchers consider the inter- and intra-individual variations in
normal gait to also be small. Based on small inter- and intra-individual variation
assumptions, there has been extensively effort in establishing references of typical
parameters for normal gait to use as a reference when comparing with pathological

cases (62, 70).

A stride or one complete gait cycle is defined as a set of movements and events
which take place between two successive initial contact with the ground of the same
foot (2, 71, 72). Two principal phases of the gait cycle can be divided into the stance
and swing phases of each leg. When focusing on one leg, the stance phase is the period
when the foot is in contact with the ground while the swing phase begins when the
foot leaves the ground. At the comfortable gait speed, stance phase takes place about
60% of gait cycle and the remaining 40% gait cycle is the period of swing phase.
These percentage of the stride can varied with the changes of gait speed (73). Stride
length is the distance between two successive heel contacts of the same foot, while
step length is the distance between two successive heel contacts of the different foot
(2, 72). Stride length and step length should be equal for the left and the right steps in
general (73). The stance phase can be further divided into single limb and double limb
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supports according to the amount of limbs used to support the body (2, 71, 72). An
application of terminology to pathological gait events requires modification. Generic
terminology can be applied to both normal and abnormal gait and was developed by
clinicians from the Pathokinesiology and Physical Therapy Department at Rancho Los
Amigos Medical Center. The gait cycle are classified to eight events, five gait events
for the stance phase and three gait events for the swing phase. At the stance phase, five
gait events are initial contact, loading response, midstance, terminal stance, and
preswing. And at the swing phase, three gait events are initial swing, midswing, and
terminal swing (74). Gait cycle can also be analyzed according to whether one or both
feet are in contact with the ground. The double support time is the period of time
during which both feet are in contact with the ground. When increasing gait speed,
double support period will decrease and disappear while running. Single support time
is the period of time during only one foot contacting with the ground and is the period

of time which the contra-lateral limb swings concurrently (73).

2.2 Prerequisites of Normal Gait

The requirements of normal walking have been stated with many aspect of
field. Two major abilities which are essential in normal walking include equilibrium
and locomotion. Equilibrium is the ability to assume an upright posture and maintain
balance. Locomotion is the ability to initiate and maintain rhythmic stepping.
However, many additional contributing factors may be involved. For example, the
musculoskeletal system must provide the intact bone and well functioning joints as
well as adequate muscle strength. Muscle weakness has important consequences in the
older people. Lower limb muscle weakness, in particular, is reflected in reduced
general mobility (75-77). According to the system model, balance and mobility
functions are maintained by cooperative interactions among the biomechanical,
musculoskeletal, sensory and central nervous system components. When impairments
is limited to a single component, the impact on overall function frequently is masked
by the compensatory actions of the other healthy components. The interaction of
multiple sensory, motor, and integrative systems influence to balance. In particular,
balance depends on contributions from vision, peripheral sensation, vestibular sense,

muscle strength, neuromuscular control and reaction time (78).
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For the biomechanics aspect, Higgins and Higgins in 1995 (79) identified three
critical features during walking. It included the displacement of the body COM in
forward direction, the regaining of control during the resistive phase, and establishing
the successive base of support. Disturbances of walking resulting from some motor
dysfunction might be considered in terms of an ability to solve one or more sub-goals
of the task. Four sub-goals were identified in walking with assistive walker. Each sub-
goal has counterpart the prerequisite and the critical biomechanic features which are
the prevention of the lower limb collapse, maintenance of postural support of the
upper body, maintenance of the equilibrium during the double and single support
periods, and controlling the foot trajectory for the safe ground clearance and gentle
initial contact. For satisfactory execution of bipedal locomotion, all requirements must

be coordinated simultaneously and continuously.

When consider the functional goals of human ambulation, it included the
achievement of success moving from one place to another place, moving safety, and
moving efficiency (73). The efficiency of walking has been studied based on the
principal of minimizing energy consumption (80-82). Energy consumption and the
determinants such as gait symmetry and gait speed are widely used to describe and
evaluate the gait pattern both in normal and abnormal cases (19, 41, 47, 49, 50). The
gait cycle comprises several major requirements for the successful stance and swing
phases. Lower limbs play a significant role in these requirements. In the stance phase,
it includes supporting, propulsion, balance, and absorption function. In the swing
phase, the foot moves on a smooth path from toe-off to heel contact, the lower limbs
are involved in toe clearance and foot trajectory for preparing the foot for a safe

landing (15).

Assumption of symmetry in human gait has been proposed by means of
maximizing the energy efficiency (83). Griffin et al in 1995 (48) and Hesse et al in
1997 (47) suggested that the term of ‘gait symmetry’ were used when there is no
statistical differences noting on bilateral parameters. Anatomical and physiological
aspects have also described the symmetrical is the normal behavior. The parameter

which frequently demonstrated symmetry in normal gait was temporo-spatial
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characteristics (37, 84, 85). In addition, the characteristic of COP and COM when
initiating was not difference between left and right side in normal (47). Other common
means of determining symmetry in gait is the assessment of GRF data (37). Goble et al
in 2003 (83) investigated symmetry of peak and temporal GRF in the vertical and
antero-posterior directions in 20 able-bodied in three different gait speeds, they
suggested that symmetry can maintained among different gait speeds and support to
the previous published that walking is a full symmetrically task. In elderly,
symmetrical study was also reported by Sadeghi, Prince, and Zabjek in 2004 (85). By
comparing the both left and right lower extremity muscles work with 3D method, they
found that the peak muscle power were similar between two side in the sagittal plane,

except only the hip extensors.

During the stance phase of gait, Perry in 1992 (67) proposed that the function
of the supporting limb is act as a generation of propulsive force, maintaining upright
stability during static and during changing posture. Minimized the shock of floor
impact when the foot is in contact with the ground at the early stance phase, and
conserved energy in a manner of reduces the amount of muscular effort are also

necessary.

2.3 Gait Biomechanics
2.3.1 Gait kinematics
Kinematics is the subdivision of mechanics that deal with the geometry
of motion without regard to the force causing motion. It relates to the relatives of
displacement and time. Kinematic variables include the trajectories of single segment,

angular displacement, velocity, and acceleration (71, 72, 86).

2.3.1.1 Center of mass (COM)

In normal standing, vertical center of mass (COM) or center of
gravity (COG) locates in the midline, 1 inch anterior to the second sacral segment and
about 55 percent of the body height in adults. In comfortable gait speed, vertical COM
moves upward and downward within the base of support. Vertical COM curve

displaces smooth and sinusoidal to the plane of progression. The peak oscillations of
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vertical COM appear at approximately 25 and 75% gait cycle, corresponding to the
midstance phase of each supporting limb. The lowest point of vertical COM attains
corresponding to the point in time of both feet are in contact with the ground or at the
double support phase. There is also the lateral oscillation of the COM in the horizontal
plane. Displacement of lateral COM has smooth sinusoidal curve and presents about
one-half the frequency of the vertical displacement. The peak lateral COM oscillation
is corresponding to the stance phase of the ipsilateral limb. Therefore, this peak lateral
COM displacement displaces corresponding to the peak vertical COM displacement
(65, 70). In normal, gait is characterized by a periodic vertical displacement of the
COM that moves through a complete cycle of vertical motion with each step. The
peak-to-peak amplitude of the vertical COM displacement, referred to as the vertical
excursion, is generally regarded to be about 4-5 cm for adult at their comfortable gait
speed (65). Many investigators have been used the vertical COM motion during
walking to estimate the mechanical energy changes, to gauge efficiency and work, to
describe symmetry, and to indicate quality of gait both in normal and pathologic cases

(81, 87-90).

2.3.1.2 Trunk and pelvis motion

Trunk and pelvis rotates in opposite direction simultaneously
when walking. The opposite direction horizontal movement produces smooth and
efficient progression of the COG through a counterbalance mechanism (70). In normal
walking, the pelvis is tilted downward relative to the horizontal plane on the side
opposite to that of the weight bearing limb. The angular displacement of pelvis is on
average of 5 degrees (72). Gard and Childress in 1997 (91) measured effect of pelvic
tilt on the vertical displacement of the trunk during normal walking. Pelvic tilt found
to be maximum at approximately during the toe off and nearly neutral at the midswing
periods for freely-selected gait speed. Moreover, the pelvic tilt has significantly less
influence on the vertical excursion of the trunk across the range of typical comfortable

gait speed which is expressed approximately 1-2 m/s.
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2.3.1.3 Arm swing

Human bipedal stance and gait requires a strong and effective
neuronal inter-limb co-ordination between legs. However, an inter-limb co-ordination
exists not only between leg muscles but also between the arms during a great variety
of manipulative tasks (92). Dietz et al in 2001 (92) studied the neuronal co-ordination
of lower and upper limb muscles. The observations suggested the existence of a
flexible neuronal coupling between lower and upper limb muscles. In normal walking,
the presence of arm swing during the phase of contra-lateral limb moves assist in
efficiency of walking progression. Correct arm swing assists the generation of

corrected trunk rotation, therefore a more efficient gait pattern occurred (70).

2.3.1.4 Hip motion

Kinematics of hip motion in three planes involves the relative
motion of pelvis and femur in 3 degrees of freedom. Normally, there is 41 degrees of
hip motion in the sagittal plane, 9 degrees of coronal plane motion, and 12 degrees of
transverse plane motion. The sagittal hip motion is observed as a single sinusoidal
curve. At heel strike, hip is at the maximum flexion and being extended just after the
early stance phase. The hip extends through foot flat and near O degree flexion at the
time of heel off. After that, the hip continues extend through heel rise and push off.
Maximum hip extension is reached and then flexion begins just before the toe-off. The
hip will flex throughout swing phase and reaching maximum flexion again before the
heel strike (70-72). In the coronal plane, the hip is in the neutral or slightly abduction
at the time of heel strike. Hip adduction occurs through foot flat and heel off, reaching
maximum adduction at 80% of stance phase period. At the late stance, there is an
abduction which reaching its maximum immediately after toe off (70-72). In the
transverse plane, there is an external rotation of the hip briefly before the heel strike
and it remains in external rotation in the early stance phase. Internal rotation then
occurs after that and progress the maximal internal rotation at the time of toe-off. Hip
then rotates externally again during swing phase. Prior to heel strike, hip will rotate
internally for the preparation of weight acceptance (70-72). Hip motion during gait

may be summarized as extension, adduction, and internal rotation during the stance
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phase. Additionally, hip flexion, abduction, and external rotation are generated during

the swing phase (70-72).

2.3.1.5 Knee motion

Movement of tibia relative to the femur takes place in three
planes. Normally, there is 70 degrees motion in the sagittal plane, 0 to 12 degrees of
frontal plane and 13 degrees motion in the transverse plane. In the sagittal plane, the
knee is slightly flexion at the heel strike. During the early of stance phase, knee
flexion is accentuated about 20 degrees. As the body is progression over the foot, from
flat foot until heel off, knee is extended. Then, knee flexes immediately after heel off
and continues during the early swing phase and reaches maximum extension just
before heel strike. In the coronal plane, adduction of 5 to 10 degrees occurs at the heel
strike and remains essentially stable through the foot flat. Knee slightly abducts during
the second half of the swing phase. In the transverse plane, knee is externally rotates at
the heel strike. In the early stance phase, as the knee flexes, it is also rotates internally.
As the knee extends at the heel-off, the tibia rotates externally simultaneously. During

the swing phase, the knee will external rotate while the knee is flexed (70, 72).

2.3.1.6 Ankle and foot motion

Tibiotalar motion occurs primarily in the sagittal plane with the
motion of ankle plantarflexion and dorsiflexion. When subtalar and midtarsal motion
is included with the tibiotalar motion, 3 degrees of freedom is noted. At the heel strike,
there is initial ankle plantarflexion to place the foot on the ground. From foot flat to
heel-off, there is dorsiflexion when body moves over the foot and followed by rapid
ankle plantarflexion associated with push-off. During the swing phase, ankle
dorsiflexion brings the ankle back to neutral. It is therefore the foot will clear the floor
and be prepared for the next heel strike. The subtalar joint is in supination at the heel
strike and quickly pronates to the foot flat, while at the heel-off, supination occurs
again. The foot is a rigid lever in the supinated position at the heel strike and push-off
events, and is a mobile adaptor in the pronated position at the foot flat event. The floor
foot contact pattern is quite consistent, observed in the healthy subjects. The heel

makes the initial contact and usually contact with the floor for 55% of the stance
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phase. The area under the fifth metatarsal head makes contact with the floor from 15 to
85% of the stance phase. The first metatarsal heads area closely follows the fifth,
making contact at 20%, and finally, leaving the floor at 95% of the stance phase. The
toe area makes contact with the floor at about the time the heel leaves the floor, or

55% of the stance (70).

2.3.2 Gait Kkinetics

Kinetic is the study of relationship between the forces and the resulting
motion (72, 86). Kinetic variables in gait have been studied involves the ground
reaction force (GRF), net joint moment (NJM), and net joint power (NJP). The critical
kinetic tasks during the stance phase of gait was summarized by Winter and Eng in
1995 (93). Firstly, maintaining balance of the large load of the upper body when
moves forward on the hip joint and preventing vertical collapse of the body and also
contribute energy to forward progression of the body. Secondly, the large number of
segments involved in a movement that simultaneously involves the stance and swing

limbs.

2.3.2.1 Ground reaction force (GRF)

The ground reaction force describes the reaction force provided
by the support surface on which the movement is performed. It is derived from
Newton's law of action-reaction to represent the reaction of the ground to the
accelerations of all the body segments. GRF is detected by the force platform which is
an instrument commonly used in gait analysis. It gives the total force applied by the
foot to the ground. Some force platforms give only one component of the force usually
is the vertical component, but most force platforms give a full three-dimensional
description of the average ground reaction force vector. The electrical output signals
are processed to produce three components of force which are the vertical, medio-
lateral and antero-posterior forces, the two coordinates of the center of pressure, and
the moments about the vertical axis. These components represent the reaction of the
ground to the actions of the person that are transmitted through the feet to the ground
and that correspond to the acceleration of the body in these respective directions. The

extent of which any body segment influences the ground reaction force depends on its
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mass and the acceleration of its COM (94).

In normal walking, the vertical force shows a characteristic with
a double hump. The first peak vertical force increases of about 112% body weight
resulting from an upward acceleration of the COG during the early stance. Vertical
force curve drops to about 93% body weight during the midstance period and then
increases again to about 110-115% body weight due to deceleration as the downward
motion is checked in late stance. After the final peak of vertical force the force drop
down rapidly for the preparation of foot to leave the ground. The fore-aft or antero-
posterior force, at the heel strike contact, the force goes to backward for the braking
force during the first half of the stance phase. Then, pattern reverse to the opposite
direction for the acceleration force to propel body forward during the second half of
stance period. This antero-posterior force exhibits deceleration and acceleration
cyclical smooth pattern during walking. The medio-lateral force is small, it first begins

with the minimally lateral force and then towards to the medial force (70, 95).

2.3.2.2 Net joint moment and power

Joint moment can be defined as an effect of the force and the
function of muscle which is almost invariably to produce moments at joints.
Therefore, changes in muscle function and control are commonly manifested as
changes in joint moment. The parameters which must be measured to estimate the net
joint moment are the segmental anthropometry, accelerations, lever arms, and the GRF
(96, 97). Net joint moment is expressed with the net moment of force at the joints.
Predominantly agonistic or antagonistic muscle groups provide the data at a specific
event. Net joint power is the product of a net joint moment and the joint angular
velocity. Joint power is generated when the moment and the angular velocity are in the
same direction and is absorbed when they are in opposite directions. This mechanical
power is only single variable in biomechanical data which reveals the role of muscles

in propelling and controlling movement during gait (96, 98, 99).

In normal, muscles generate a positive hip power at loading

response when hip extends and again at the end of stance when it flexs (96). Both of
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these periods are characterized by concentric muscle contractions. In contrast, the knee
has only a brief period of power generation, producing only a small amount of power.
Hip flexors generate considerable positive power at the end of stance. Then, the ankle
plantarflexors generate a large positive power at pre-swing period. These data
suggested that the hip flexors and hip extensors and the ankle plantarflexors contribute

important energy to lower limbs during normal locomotion (97, 100).

2.4 Hemiplegic Gait
2.4.1 Definition of stroke and prevalence

Stroke, defined by WHO (World Health Organization), is an acute
neurological dysfunction of vascular origin with sudden occurrence of symptoms and
signs corresponding to the involvement of focal areas in the brain and the symptoms
more than 24 hours (1, 2). A great number of the incidence and mortality from
cardiovascular disease in Thai populations was reported from Ministry of Public
Health in 2002. At present, it was found that the cardiovascular disease is the major
disease leading to disability and handicap (4). Approximately, two-thirds of acute
hospitalized stroke patients cannot walk independently (17). Of those individuals who
recover their ability to walk, many are still disabled by slow gait speed and limited
endurance, which restrict their independent mobility at home and in the community.
Stroke is a common disease with high mortality and high incidence of disability and
handicap among survivors. They exhibit varying deficits in perception, muscle
strength, motor function, passive mobility, sensation, muscle tone, and balance (5-8,
10, 11, 101). These impairments have significant effects upon walking ability. The
exact combination of the impairments depends on the extensiveness and location of

the brain damage (3, 53).

2.4.2 Hemiplegic gait characteristics
Gait pattern of hemiplegic subjects is characterized by slow, laborious,
un-coordinated limb movement. A lack of selective joint control and co-ordination of
intra-limb and inter-limb co-ordination during walking often occurred in stroke (102,
103). It was replaced by mass limb movement patterns or synergy pattern on the

affected side and requiring the compensatory movement of the other parts (31, 104).
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Reduced weight bearing on the affected limb also commonly found in stroke (19, 37,
47, 49). Smooth and symmetric forward progression of the body is impaired with a
large variation in gait patterns related to the degree of recovery (17, 29, 31, 105-107).
Compensatory movements necessary for ambulation produce the abnormal
displacement of the COG, resulting in increased energy expenditure and unco-

ordinated muscle function (31, 108-110).

Previous studies have been reported that altered kinematic and kinetic
gait profiles in both magnitude and pattern (shape and direction of curve) often found
in patients with stroke. These abnormal gait profiles indicated an impaired ability to
generate and grade the forces that control limb movement. Deviation to normal gait
patterns can be observed during both swing and stance phases in the sagittal, coronal,

and transverse planes (16, 28, 30, 43,49, 111-115).

Because of stroke populations is a heterogeneous group. Severity and
type of stroke caused a large extent the symptoms and outcome. Therefore, the stroke
who eventually regains recovering of walking ability may have great differences in
gait speed, temporo-spatial characteristic, kinematics, and kinetic gait patterns.
Nevertheless, numerous studies attempted to classify hemiplegic gait patterns and
appears that some specific movement patterns can be observed in sub-groups of
patients (21, 107, 116-118). The average gait speed of stroke patients is lower than
that of healthy controls but the results expressed vary depending on the severity of the
stroke, time post-stroke, age of the subjects, and others (24, 115, 119). Although the
gait pattern in subjects with hemiplegia varies among subjects, the typical
characteristic is described in clinic. Perry in 1992 (67) suggested that the typical
abnormality observed in hemiplegic gait come from poor single limb balance as well
as difficulty controlling forward progression. Subjects with hemiplegia lack of 1)
adequate shock absorption at heel strike, 2) control of momentum during stance, 3) the
ability to generate force for pushing off to maintain body forward, 4) quick adequate

excursion of the affected limb during swing.
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Gait problems in patients with stroke are very complex and almost
individually. Although the general characteristic of hemiplegic gait have been
identified with the large differences, recent biomechanic researches have been
provided the insight mechanism and reasons underline that abnormal movement which

are very useful and necessary in practice (62).

2.4.3 Abnormal function of hemiplegic gait
2.4.3.1 Abnormal base of support

The normal walking base is usually in the range of 50-100 mm.
In patient with stroke, it may be either increased or decreased beyond this range. Wide
walking base of support may be caused by any deformity, such as an abducted hip or
valgus knee. Increased lateral movement of the trunk is also required to maintain
balance. The other important causes of an increased walking base are instability and
fear of falling. The feet are placed wide apart to increase the area of support. This
allows a margin of error in the positioning of the center of gravity over the feet. A
narrow walking base usually results from an adduction deformity at the hip or a varus
deformity at the knee. Hip adduction is commonly seen in the cases who have

considerable spasticity of the lower limbs (95).

2.4.3.2 Abnormal foot contact

Inappropriate foot contact results in instability of the whole
body. Common causes of abnormal foot contact resulting from equinovarus posture
which often happens in hemiplegic patient. This abnormal posture may result in an
unstable base of support during the stance phase of gait. Ground contact with forefoot
and weight dominantly on the lateral part of the foot are also results in instability.
Limitation of ankle dorsiflexion and prevention of forward progression of the tibia
over the stationary foot, causing knee hyperextension and interference with the
terminal stance and preswing events where lack of propulsive force was noted. Other
causes of an abnormal base of support include the excessive toe flexion or extension

during stance phase (73, 95).
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2.4.3.3 Abnormal limb stability
Stability during locomotion is maintained through reactive,
predictive, and anticipatory strategies and involves the control of COM position and
velocity within the changing and moving base of support (120). Sensory information
assessing the position and motion of the body in space is processed through the
sensory system includes the visual, somatosensory, and vestibular systems (121).
Sensory information from these three modalities, knowledge, and prior experience are

play a critical role in the control of dynamic stability (120).

There are two biomechanical disadvantages that make walking
is an especially challenging task (77). Gait instability may arise in particular the two
single limb support periods. During the single limb support, the body is in an inherent
state of instability because the vertical projection of the center mass passes along the
medial border of the foot and not within the base of support. In addition, the two
periods of single limb support are relatively long and spend the time for 75 to 80% of
the whole gait cycle in general (72). The period of stability is only occurs during the
double limb support which is two feet are in contact with the ground and occupy in the

remaining period of time.

Considering in the segmental control, knee flexion during early
stance phase often produces limb instability in patients with stroke. Limb instability is
more common in the early phase of recovery in stroke (73). In the early recovery
phase, flaccidity and muscular weakness affect on the affected side in patient with
stroke (73). Consequently, patient in this phase frequently unable control the selective
movement of the hip, knee, and ankle joints. Excessive knee flexion and extension
usually happen during the gait cycle (95). Knee hyperextension during the stance
phase is the results of spasticity of ankle plantarflexors, ankle plantarflexors
contracture, and compensation of knee weakness. These abnormal postures of the knee
also prevent an adequate contralateral limb advancement (73, 122). Hip flexion during
stance phase is less common. When hip flexion occurs, trunk instability and significant
interference with ambulation are produced. This problem is common in the early stage

of recovery with flaccidity or in patients 