Using two consecutive gait cycles, simultaneous and bilateral kinetic gait data, the main
objectives of this study were a) to identify the main functional roles of ankle, knee and hip
extensors/flexors, and b) to determine whether the action taken by these muscle groups
appears to be symmetric or not. Gait of our able-bodied subjects appears to be asymmetric with
significant differences noted between each two corresponding peak muscle moment values.
Using Principal Component Analysis (PCA) as a curve structure detection method, task
discrepancies were recognized when. comparisons were made between each two
corresponding representative moment.curves at each joint (local asymmetry). Muscle moment
behaved symmetrically when . the right limb representative curve was compared to its
corresponding principal component (PC) at the contralateral limb. Gait of able-bodied subjects
appears to be symmetric, while control and propulsion were recognized as two major roles of
the extensors and flexors (global gait asymmetry). Symmetrical behavior of the lower limbs
should be considered a consequence of local asymmetry which indicates different levels of
within and between muscle activities developed at each joint during gait cycles.

Biomechanics, Gait, Symmetry, and Principal Component Analysis.

Because pathological conditions can affect gait [1-4], understanding the fundamental
tasks of the lower limbs in able-bodied subjects can guide clinicians in refining their
clinical evaluation or rehabilitation treatment.

Although the issue of whether the lower limbs behave symmetrically or not in the gait
of people without impairments ‘is still debatable [5], a few assumptions have been
proposed to explain symmetry between the lower limbs. These include the effect of
limb dominance [6-8], different levels of muscle contributions in gait to achieve control
and propulsion [9-11] and within- and between-limb compensatory mechanisms
[2,12,13]. To our knowledge, none of these assumptions have been objectively
evaluated. Studies related to gait symmetry were often limited since the analysis was
performed on a single lower limb at a time [14] rather than collecting simultaneous
bilateral data. Discrete values such as peak or zero crossing were also used [11,15]
and analyzed instead of using complete curve information. Though these methods of
gait analysis provide some information, it would be reasonable to claim that bilateral
gait pattern analysis is more appropriate to test the symmetry hypothesis.

This study was performed to test the hypothesis that lower limb symmetry is present
in able-bodied subjects. It was postulated that the gait of people without impairments is
symmetrical if the net muscle moments developed at the ankle, knee and hip of the
right and left lower limbs during two consecutive gait cycles are similar. Muscle
moment was chosen since it provides valuable insight into the mechanical causes of
movement introduced by agonist and antagonist muscles as an integration of all the
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neural controls acting at each joint [16]. Since most of the functional activities occur in
the plane of progression during the stance phase, the muscle moments in the sagittal
plane were chosen. Principal Component Analysis (PCA) was applied as a multivariate
statistical method which has the capability of detecting and classifying the main
structure of the curve data [17]. In short, this gait study was undertaken a) to identify
the main actions taken by the ankle, knee and hip extensors/flexors and overall lower
limb muscle activity during able-bodied gait, and b) to determine whether these actions
appear to be symmetrical or not.

Sixty gait trials were obtained from 20 healthy male subjects having an average age
of 25.3 +4.1 years, height of 1.77+0.06 m and average mass was 80.6 £13.8 kg. They
had no previous history of either orthopedic or neurological ailments, such as a recent
injury or surgery, which could affect their walking pattern. Subjects received a stipend to
cover their travel expenses and time.

A three-dimensional (3D) seven segment model consisting of the trunk, thighs, shanks
and feet was defined using twenty reflective markers with a diameter of 2.5 cm. The
model and the procedure has been explained in detail elsewhere [13]. In summary,
markers were placed over the lateral malleolus, heel and lateral border of the fifth
metatarso-phalangeal joint-for each foot while markers placed over the apex of the lateral
epicondyle and the mid-lateral side of the tibias located the shanks. Markers were also
placed over the mid-lateral side of the thighs and the greater trochanter to define the
thighs. For the pelvis, markers were placed over the anterior superior iliac spines and
crests of ilium. The pelvic markers as well as markers placed over the lateral border of the
shoulders identified the trunk. Measurements were taken between the external markers
and the estimated joint center of rotation of each lower limb to calculate motion in the joint
coordinate system.

Bilateral gait data were collected with an eight video-based camera system (90 Hz)
synchronized to two AMTI force plates (360 Hz). Four cameras were placed on either
side of the subject at an average distance of 4.5 m and located along an arc of about 120°
to cover two consecutive strides. Subjects were asked to walk at a self-determined pace
along a 13m walkway. The~walkway was designed to allow the subjects to walk
comfortably and to make contact with the force plates. The right limb was always the
leading limb [13]. The best three trials out of five were selected. These corresponded to
the trials where the right and left feet made contact-with the first and second force
plates, respectively.

Direct Linear Transformation software from the. Motion. Analysis Expert Vision system
was used to reconstruct the image markers into three-dimensional coordinates. A fourth
order zero-phase lag Butterworth low-pass filter was applied to reduce the noise in the
video data. The cut-off frequency was 6 Hz for the body segments and 30 Hz for the
force data. For averaging purposes, moments were normalized with respect to body
mass. Data could also be normalized based on the height of the subjects. However,
since our subjects were more or less the same height, it was assumed that it would not
affect the outcome much. Data were further normalized with respect to the duration of
the gait cycle (GC) of each limb. Joint moments were expressed according to the
convention proposed by the International Society of Biomechanics and included in
Winter [18], where the extensor and plantarflexor moments are considered positive. A
gait cycle corresponds to the period beginning with foot contact and ending with the
following heel contact of the same limb. The mean stance phase duration was 60.7%
GC for the right and 61.0% for the left limb.
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Kinematic and force plate data were used in an inverse dynamic approach to
calculate the net sagittal muscle moments at the hip, knee and ankle of the lower limbs
during the stance phase. It is important to note that the term ‘moment’ was used
throughout this study to express the resultant effect of the forces exerted by the
muscles crossing the joint [19]. The moment bursts were labeled using an alpha-
numeric code where the letter refers to the joint and the number indicates the
sequence of the moment burst. For example, Al corresponds to the first peak moment
of the ankle.

Using the average value along the curve, the variation in the moment curve
developed at each joint during the stance phase was estimated by the coefficient of
variation (CV%) to provide an overall impression of the variability in the data. Student’s
t-test for paired data with a p<0.05 threshold was performed on the right and left limb
peak muscle moments as a primary evaluation of limb symmetry.

PCA was applied to identify the main structure of the data throughout the variation in
the data. A principal component analysis was performed twice during able-bodied gait:
once to identify the actions of each joint separately and a second time to determine
symmetry between the lower limbs by simultaneously analyzing all the joints of each
limb. Lower limb symmetry was assumed to be present if the Principal Component
(PC) curves derived from each joint'or from each of the lower limbs described the same
portion of the stance phase. Four steps were involved in the PCA application. The first
step consisted of finding the covariance matrix of the muscle moment curves during the
stance phase of the gait cycle. A matrix was created from the muscle moment data of
a specific joint or joints of a lower limb. It consisted of 60 rows, each row representing
a single trial of a subject (20 subjects X 3 trials) and 61 columns which contained the
instantaneous muscle moment of that joint during the stance phase calculated at each
percent of the gait cycle (0 to 61%). For the simultaneous analysis of all the joints of a
lower limb, a second matrix was formed and consisted-of 180 rows and 61 columns.
The first sixty rows contained the ankle data of each subject (20 subjects X 3 trials),
while the remaining 120 rows contained the knee and hip data of the same limb. The
61 columns represent the instantaneous moments for the stance phase calculated at
each percent of the gait cycle.

The purpose of applying.the PCA is to exiract the maximum variance from the data
by means of a few orthogonal-components called principal components (PC). The first
PC is the linear combination of the observed variables that maximally separate the
subjects by maximizing the variance of their component scores. In our study, each PC
contained 61 values each having a factor loading. 'When plotted against the stance
phase duration, as shown in Fig. 2.3, a factor loading curve was obtained. This was
called the PC curve. The second step was to choose the number of PCs which should
be retained for further analysis. The eigenvalues of each PC indicated how many
components are important in conveying most of the major information. Here the first
two PCs which accounted for over 80% of the variance on average were kept. The third
step was to choose and perform an appropriate type of rotation on the PCs to
maximize the variation leading to more interpretable physiological information.?® The
Varimax rotation was used to rotate the PC axes. The last step was to give a physical
meaning to each PC. Names were given to the PCs according to what each
representative curve describes in terms of muscle activity during the stance phase. To
determine what each PC measures, the muscle moment having the highest correlation
within each PC (called the factor loading) was used. In this instance, a factor loading
higher than 0.70 was used for further biomechanical interpretation [21]. Lower limb
symmetry is thought to be present if each two corresponding representative curve
(PCs) derived from the right and left limbs describe the same portion of the stance
phase with a loading factor of 0.7 or over [22].

We proposed that the role of the muscles could be identified using PCA. We
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presumed that gait symmetry between two corresponding lower limb joints could be
quantified by means of the PC curves if the significant factor loading (0.7 or over) was
similarly distributed (local gait symmetry) in the stance phase. For the lower limbs, gait
symmetry could be assumed if the corresponding PCs derived from all the lower limb
joints described the same portion of the stance phase (global gait symmetry).

The average sagittal muscle moment curves and their standard deviation developed
at the right and left ankles, knees and hips during the stance phase are presented in
Figure 1.
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Average sagittal muscle moment curves and standard deviation (1SD) developed at the ankle,
knee and hip joints during the stance phase of 20 able-badied young male subjects

Muscle moment curves reported in-this study were in close agreement in shape and
magnitude with previously published findings [1,23,24]. The coefficient of variation (CV)
varied between 34% and 164% with an average of 103% for the right limb, while the
CV for the left limb ranged between 20% and 113% with a mean of 80%. The CV value
at the right limb was 21% greater on average than the left-limb. The greatest within-
limb variations occurred at the right knee (CV = 164%) and left hip (CV = 113%), while
the lowest within-muscle activity variation was noted at the left ankle (CV = 20%). The
peak moment values are given in Table 1. The right limb peak values were greater than
the left limb values by 11% on average.

The terms given by Adams and Perry [25] were used to present the functional tasks,
gait phases and duration of the phases in the stance phase. According to their
definition, three functional tasks are recognizable, namely weight acceptance, which
includes both loading response and initial contact (0-10% of GC), single limb support
which includes mid-stance (10-30% of GC) and terminal support (30-50% of GC), and
limb advancement which includes propulsion (50-60% of GC).

The typical ankle muscle moment curve shows a short period of activity by the
dorsiflexors (A1) which usually occurs in the first 10% of the gait cycle (GC) to control
the lowering of the foot [26]. Then the plantarflexor moment (A2) increases and
dominates from 10% to about 50% of GC [27] to resist and control the forward rotation
of the tibia over the foot [26,28,29]. Late stance is the period that has been the focus of
a major controversy regarding the functional role of the ankle plantarflexors. While
some authors agree that the ankle plantarflexors are the main source of energy to
propel the trunk upward and forward after heel-off, and in many cases until toe-off [30-
33], the entire push-off concept has been questioned by others [34-38] who believe that
the ankle plantarflexors function to restrain, not accelerate, the trunk over the ankle in
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walking. The ankle plantarflexors have also been characterized as an accelerator
which facilitates the movement of the leg into the swing phase [39-41].

Peak muscle moments and standard deviation (SD) values calculated at the ankles, knees and

hips (* p < 0.05) for 20 healthy young male subjects
-0.15 0.09 -0.12 0.02
1.53 0.30 1.46 0.10
0.27 0.17 0.28 0.10
-0.40* 0.25 -0.26* 0.15
0.26 0.24 0.36 0.22
-0.31* 0.14 -0.20* 0.13
-0.83 0.34 0.83 0.35
0.77* 0.32 0.40* 0.24

The limb enters the stance phase while the sagittal knee moment goes to net
extension with a momentary activity taken by the knee flexors during the first few
percent (0-10%) of the gait cycle (K1). The stance phase knee flexion occurs as a
shock absorber where the knee flexors contribute to weight acceptance and also to
effectively shorten limb length and prevent excessive vertical translation of the body
center of mass [42]. Afterwards, the extensors (K2) are involved to slow the knee
flexion in mid-stance as full weight bearing takes place (about 10-30% of GC). During
the terminal stance a flexaor moment (K3) is evident (30-50% of GC) creating an
extension force and bringing the knee joint into extension by midstance. It should be
noted that this passive extension could not occur without the strong eccentric
contraction of the plantar flexors restraining the shank from progressive forward
rotation. Just after toe-off, the knee extensors (K4) activate to decelerate the backward
rotating leg and minimize heel rise (at abhout 65% stride) [43].

During the stance phase, the hip extensor activity (H1) which occurs shortly after
heel-strike has been associated by other researchers with control of the forward
acceleration of the trunk [26] and the potential collapse of the stance limb®* as well as
with forward progression .[12,13,26]. The hip flexors. (35% . GC) then dominate to
support the body weight transfer and maintain. body balance during the mid-stance
period. Winter et al. [26] further suggested that from 50 to 70% of GC, the hip flexors
(H2) are responsible for pulling the lower limb up and accelerating the thigh and leg
forward prior to and shortly after toe-off.

The eigenvalues related to the variance of the moment data extracted by each PC
are presented in Table 2. The third and highest PCs which accounted for the remaining
variations were not taken into consideration since they presented random variations
[15,20] which are difficult to interpret. The first two representative curves (PCs) which
accounted on average for over 80% of the information in the original moment curves
developed at the right and left ankle, knee and hip are presented in Figure 2. The first
PC accounted for 51% and 40% of the variation in the right and left ankle moment
curves (Table 2), while the significant factor loading (over 0.7) was distributed between
18 to 35% (right limb) and 15 to 35% (left limb) of the GC. Both corresponding PCs
mostly highlighted the contribution of the ankle muscle during single support. The
second PC for the right and left ankles accounted for 21% and 20% of the variation
while the significant factor loading was distributed between 50 to 60% and between 35
to 50% of the GC. The right ankle moment highlighted muscle activity during the
propulsion phase while the left ankle moment (PC2) described the muscle activity
occurring at the terminal stance.
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The variance extracted by each PC from the right and left lower limb muscle moment data

51 21 72 40 20 60
80 11 91 73 12 85
73 15 88 82 6 88
64 29 93 63 30 93

At the knees (PC1), the significant factor loading spread out between 5 to 55% of the
GC for the right limb and 15 to 57% of the GC for the left limb, and accounted for 80%
and 73% of the total variance. The right limb knee muscle activity highlighted the role of
the knee muscle during weight acceptance, single limb support and partially in
propulsion, while the corresponding PCs at the left limb described the role of the knee
muscle during single limb support and partially at the propulsion phase. PC2 for the
knees described 11% (right) and 12% (left) of the variation, and the significant factor
loading was distributed over the first 5% (right) and between 2 to 10% (left) of the GC.
The right knee muscle activity corresponded to the beginning of the initial contact
period, while the left knee muscle moment highlighted the muscle activity during almost
the entire initial contact period.

The first two PCs extracted from muscle moment curves calculated at the right and left ankles,
knees and hips

PC1 at the right and left hips accounted for 73% and 82% of the data variation,
respectively, and their significant factor loading was distributed between 5 to 45% (right
limb) and 5 to 52% (left limb) of the GC. Weight acceptance and single limb support
were the common portion of the stance phase highlighted by the hip sagittal moment
(PC1) while the beginning of the propulsion phase was also highlighted by the right hip
moment. For the right hip, PC2 described 15% of the data variation, while the highest
factor loading was distributed over 50 to 60% of the GC. The corresponding component
(PC2) for the left hip accounted for 6% of the variation with a significant factor loading
distributed between 55 to 62% of the GC. The right hip moment highlighted the
propulsion phase, while the left hip muscle activity described the second part of the
propulsion phase.
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Figure 3 presents the first two representative curves (PCs) from the PCA applied
over the whole muscle moment curve calculated for the right and left lower limbs. The
first PC1 accounted for 64% and 63% of the data variation of the right and left limbs
respectively. The significant factor loading (0.7 or over) was distributed between 20 to
60% of the GC in both the first corresponding PCs. These PCs highlighted the role of
sagittal muscle activity at the lower limb during the mid-stance and propulsion phases.
The significant loading factor for the second PC for both lower limbs spread out from
the first 20% of the GC to the end of the stance phase, describing 29% and 30% of the
data variation for the right and left limbs, respectively. These PCs describe the role of
muscle activity at the lower limbs during weight acceptance and loading response.

The first two PCs for the muscle moments developed at the lower limb during the stance phase
of 20 healthy young male subjects

The purpose of this-bilateral gait study on subjects without impairments was to
identify the roles of the-sagittal plane joint moments to characterize local and global
symmetry. In the literature, gait symmetry.-was assumed when no statistical differences
in the t-test, anovas, etc. were reported between two corresponding parameters
[11,12,44]. Using peak moments only, joint or local asymmetry was observed in our
able-bodied subjects during the stance phase except for the peak knee extensors (K1)
and flexors (K3). Using a single parameter and most importantly discrete values could
be an initial step to describe the function of a specific joint during gait and determine if
its muscle activity is within a normal range or not. But to characterize entire lower limb
behavior and determine if gait is symmetrical or not, it is essential to apply a
multivariate analysis method such as PCA which has the capability of detecting the
structure of the data.

The first objective of this bilateral gait study on able-bodied subjects was to identify
the roles of the sagittal plane joint moments taken independently to characterize local
joint symmetry. To achieve this objective, we proposed that gait symmetry can be
guantified by means of the PC curves. For a specific joint (local symmetry), we suggest
gait symmetry could be assumed if the corresponding PCs of the right and left values
highlighted the same portion of the stance phase.

Using the above working assumption, no significant differences were noted for the
ankle’s first identified functional task (PC1), suggesting local symmetry. During this
period (15 to 35%) of the gait cycle, the plantarflexors eccentrically contracted to
control and maintain balance of the center of mass [45] while the plantarflexors
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restrained the tibia during forward progression over the foot. This observation was in
contrast to Winter et al.’s [46] finding that the ankle muscles do not contribute to
dynamic balance during the stance phase. However, it was somewhat similar to that of
Kepple et al. [47] who stated that the ankle plantarflexors are the major source of
preventing the collapse of the upper body and supporting the body weight transfer
during stance. Differences, however, were noted for the ankle’s second role (PC2)
where a significant factor loading of 0.7 or over was observed at a different portion of
the stance phase for the right (50-60% of the GC, propulsion) and left limb (35-50% of
the GC, terminal stance). This indicated local asymmetry for the second identified task
(PC2) for ankle muscle activity during the stance phase.

Local asymmetry was found at both knee and hip levels. The knee muscle activity
(PC1) was observed at initial contact and at the beginning of mid-stance (5-15% GC) to
accept the weight, stabilize the pelvis and decelerate the mass. The role of the right
knee moment (PC2) was identified as stabilizing weight-bearing, while for the left knee
(PC2), the role of the muscles was to absorb the impact of the dropping body on the
limb [48].

A significant discrepancy was noted at the end of the terminal stance (45-52% of the
GC) between right and left hip sagittal muscle activity (PC1). Winter [18] used the term
‘dynamic balance’ for the actions taken by the-muscle moments during 5 to 45% of the
gait cycle. These muscles have also been characterized as a major source of
controlling the H.AT. and center of mass movement [49]. Applying the above
biomechanical information, PC1 for the right hip seems to explain the control balance
function whereas for the left hip muscle moment (PC1), the significant factor loadings
were distributed between 5 to 50% of GC, illustrating muscle activity in both single
(control balance) and double {between limb coordination) limb support periods.

For the right limb, the second PC for the ankle and hip moments accounted for 21%
and 15% of the variation, respectively. The significant factor loading values on these
PCs (Figure 2) were attributed to both ankle plantarflexors and hip flexors acting during
the propulsion phase (50-60% of GC) [11,30]. Though the role of the ankle
plantarflexors was not highlighted by the first two PCs for the left limb, the importance
of the action taken by this group of muscles was shown by the second PC for the right
limb. Furthermore, based on the results obtained from this study, though the role of the
ankle plantarflexors in the propulsion period (50-60% of GC) was not highlighted as the
first major ankle muscle activity as suggested by Winter [33], a passive contribution
cannot be an appropriate characteristic for the ankle plantarflexors [36]. Moreover, the
role of the hip flexors (PC2) in propelling the body weight forward was highlighted while
the muscles contracted concentrically. Our result is'in agreement with previous studies
[11,13,49] which reported that during 50 to 60% of the gait cycle, the hip flexors were
mainly responsible for propelling the body forward in the plane of progression by pulling
the thigh up and forward. However, it is important to note that hip contribution to
propulsion was recognized as the second functional task of the hip flexor moments in
this study.

Our results showed both ankle plantarflexors (49% of GC) and hip flexors (51% of
GC) reached their maximum magnitude when ankle plantarflexion (47% of GC) and hip
flexion (51% of GC) were at their maximum angular position. These observations might
provide insight into coactivity and some sort of explanation regarding the idea of
complementary activity between muscles acting at the hip and ankle. Earlier onset and
longer distribution of higher factor loadings (over 0.7) on the hip (PC1: 5 to 50% of GC)
compared to the ankle plantarflexors (PC1: 15 to 35% of GC) might lead us to draw
conclusions about the secondary or complementary role of the ankle plantarflexors
compared to the hip extensors/flexors. Continuation of the functional contribution of the
hip flexors (35 to 40%) might also be explained by the peak muscle moment at the hip
level that was observed (51% of GC) later than the ankle plantarflexors peak (49% of
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GC). This result could be further considered as a unique stance phase task for the
action taken by the muscles at the ankle and hip particularly during single limb support
(15 to 35% of GC).

The second objective of this bilateral gait study was to identify the role of the sagittal
plane joint moments taken together to characterize global gait symmetry. The two first
representative curves (PC1 and PC2) accounted for the largest and an almost equal
proportion of the observed variables@variance for the right (93%) and left (93%) limbs
in the sagittal plane. In both PC1 and PC2, the significant loading factor values were
similarly distributed over 20 to 40% and 5 to 20% of the gait cycles. These results
might explain in part the idea of gait symmetry (global), while discrepancies were noted
for group of muscles acting at each two corresponding joints (local). It seems that
compensatory mechanisms might be the best explanation to describe global gait
symmetry while different actions are taken by the joints.

This study was designed to identify the roles of the actions taken by the ankle, knee
and hip muscles in the sagittal plane in a young able-bodied population. This could be
useful in understanding the differences between the gait of healthy and pathological
subjects. The PCA method provides specific information on the population sampled. It
is not known if the results obtained from one population can be safely applied to a
completely different population. The balance, control and propulsion characteristics
should be present but not necessarily with the same intensity.

PCA was able to identify-the two main functional contributions of ankle, knee and hip
sagittal muscle moments during the gait of subjects without impairments for identifying
local and global symmetry. Local asymmetry in the gait of people without impairment is
suggested, based on different functional tasks between the right and left hips, knees and
ankles to control balance, between limb coordination and propulsion functions. The
lower limbs, on the other hand, appeared to behave symmetrically when the total
behavior of the limbs is considered. Compensation is recognized as an explanation for
the existence of local asymmetry.
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