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ABSTRACT 

The use of parameterization in assessing gait waveforms has been widely accepted, although it is recognized that this 
approach excludes the majority of information contained in the waveform. Waveform analysis techniques, such as prin-
cipal component analysis (PCA), have gained popularity in recent years as a more effective approach to extracting im-
portant information from human movement waveforms, but are more challenging to interpret. Few studies have com-
pared these two different approaches to determine which yields the most relevant information. This study compared the 
kinematic patterns during gait of six total knee arthroplasty (TKA) subjects (10 TKA knees), to a group of 10 age- 
matched asymptomatic control subjects (19 control knees). An eight-camera Vicon M-cam system was used to track 
movement and compute joint angles. Group differences in parameterization (max and min peaks) values and principal 
component scores were tested using one-way ANOVA and Kruskal-Wallis tests. Using parameterization, the TKA 
group was characterized by reduced hip extension, increased hip flexion, increased anterior pelvic tilt, increased trunk 
tilt, and reduced sagittal ankle angles compared to the control group. Waveform analysis, by means of PCA, showed-
magnitude shifts in sagittal ankle waveforms between groups, rather than solely reporting differences in peaks. Wave-
form analysis also indicated a significant shift in the magnitude of the entire waveform for hip angles, pelvic tilt, and 
trunk tilt, indicating no change in range of motion between groups, but rather a change in the way in which range of 
motion is achieved at the hip. This study has identified several gait variables that were significantly different between 
the TKA and control groups. Our results suggest that waveform analysis is effective at identifying magnitude shifts as 
sources of variability between groups, which would not necessarily be analyzed using conventional parameterization 
techniques unless one knew a priori where the variability would exist. 
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1. Introduction 

Each year a growing number of knee replacements are 
performed in Canada, representing a 141% increase from 
1997 to 2007 (Canadian Joint Replacement Registry). 
Knee arthroplasty is often required when the articular 
cartilage of the knee becomes worn, which is often 
caused by diseases such as osteoarthritis or rheumatoid 
arthritis [1]. When non-surgical interventions such as rest, 
weight loss, and medication fail, knee arthroplasty is 
performed in an attempt to reduce pain and recover range 
of motion. Knee arthroplasty consists of totally or par-
tially replacing the femoral condyles and the articulating 

surfaces on the tibia with prosthetic devices. The Cana-
dian Joint Replacement Registry (2009-10) indicates that 
the majority (95%) of knee replacements are character-
ized by total knee arthroplasty (TKA). This procedure 
consists of replacing both femoral condyles and their 
articulating surfaces on the tibia. 

Much research has focused on the gait patterns of 
individuals after TKA. Of particular interest is whether 
post-operative gait patterns are similar to those of indi- 
viduals with healthy knees. To date, most studies have 
used parameterization methods to extract key points 
(e.g., peak joint angles) from biomechanical waveforms 
in TKA and control groups. These methods are associ- 
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ated with a loss of temporal information and the pattern 
of movement is not considered. In addition, the vari- 
ables that are extracted from biomechanical waveforms 
must be determined a priori. The analysis of gait data 
using waveform analysis could provide additional in- 
sight into the differences in gait patterns between TKA 
and control groups since the whole waveform is exam-
ined. 

Only a few studies have examined gait patterns in 
TKA using waveform techniques, several studies use prin- 
cipal component analysis (PCA) to examine gait, and 
their results indicate that PCA can effectively identify 
differences in kinetic waveforms at the hip for TKA ver- 
sus control subjects [2-6]. This study emphasized the 
need for statistically-based methods by which one can 
discriminate and classify subjects based on the entire 
waveform. Once the principal component model has 
been established to describe gait patterns using the ref- 
erence group, in this case the control group, the model 
can be used to assess the waveforms of the experimental 
group and identify abnormal gait. Missing from the lit- 
erature is a direct comparison between parameterization 
and PCA to examine the same data. 

Comparisons of gait between normal and TKA groups 
have been performed by several researchers, many of 
which have shown that gait patterns differ significantly 
from healthy controls [5,6,7-10]. Andriacchi et al. (1982) 
indicated shorter stride length, reduced mid-stance knee 
flexion, and abnormal patterns of external knee flex-
ion-extension moment. Kramers de-Quervain et al. (1997) 
found that TKA subjects demonstrated slower gait ve-
locities, decreased single stance time, and decreased knee 
range of motion during the stance and swing phase. Sig-
nificant decreases in gait velocity and stride length in 
TKA groups compared to control groups is predominant 
in past studies [8,11,12], although a few studies reported 
no significant differences in these variables [13,14]. 

The purpose of this study was to examine the effective- 
ness of parameterization and waveform (PCA) analysis 
techniques in identifying kinematic differences between 
an age- and gender-matched control group and a TKA  

group. It was hypothesized that the waveform analysis 
would be more effective at identifying differences be- 
tween groups as it directs the user to the areas of the curve 
where the most variability exists [15]. The parameteriza- 
tion techniques typically examine the areas of the curve 
where variability between groups is expected. 

2. Materials &Methods 

2.1. Study Participants 

Participants between the ages of 54 and 84 years were 
recruited for the study, as the Canadian Joint replacement 
Registry (2008-2009) indicates that most (89%) knee 
replacements occur in individuals within this age range. 
Six individuals (N = 6) with a total of ten TKAs (n = 10) 
were recruited. Four participants had undergone bilateral 
TKA and two had unilateral TKAs. Further participant 
characteristics are provided in Table 1. All participants 
were at least six months post-operative and within 2 years 
of primary replacement at the time of the study. None of 
the participants had received revisions to their TKA or 
required revisions at the time of testing.The control 
group consisted of 10 (N = 10) age- and gender-matched 
individuals who had no prior lower extremity diagnosis 
of injury or disease. Ethical approval for this study was 
obtained from the University of New Brunswick Re-
search Ethics Board. Written consent was obtained from 
participants prior to their participation in this study. 

2.2. Instrumentation/Apparatus 

An eight-camera Vicon M-Cam motion capture system 
(Oxford Metrics Group Ltd. Oxford, UK) was used to 
track the three-dimensional locations of retro-reflective 
markers on the skin at a sampling frequency of 60 Hz. 
Four Kistler force plates (Kistler Instruments, Winterhur, 
Switzerland) embedded in the floor of the lab measured 
the three-dimensional forces and moments during each 
gait cycle at a sampling frequency of 1500 Hz. Anthro-
pometric measures were obtained using calipers, a sta-
diometer, and a weight scale. Data were exported for 
processing using custom Matlab software (Mathworks, 
Inc. Natick, MA, USA). 

 
Table 1. Anthropometric measures for the control and TKA groups. 

Control TKA 

 
Mean SD Range 

 
Mean SD Range 

Age (years) 64.7 8.71 54 - 83 Age (Years) 65.7 10.89 54 - 83 

Height (cm) 168.0 8.53 153.0 - 185.5 Height (cm) 168.0 13.41 153.8 - 190.2 

Weight (Kg) 73.4 5.32 65.1 - 99.4 Weight (Kg) 88.1 13.21 67.1 - 101.0 
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2.3. Study Design 

Data were collected at the motion analysis laboratory at 
the Institute of Biomedical Engineering at the University 
of New Brunswick. Participants wore shorts and a tank 
top to allow the retro-reflective markers to be adhered 
directly to the skin. Each body segment was defined by 
markers placed over key anatomical locations. Partici-
pants were asked to perform several practice gait trials to 
familiarize themselves with the lab environment and the 
8m walkway. A static trial was recorded for each par-
ticipant while they were standing in the anatomical posi-
tion in the center of the measurement volume. This trial 
provided data necessary for joint center computations. 
Participants were then instructed to walk at a self-se- 
lected pace until at least six usable trials were collected 
for both the left and right legs. 

2.4. Data Analysis 

Trial selection was based on temporal-spatial measures 
for each gait trial. For each participant, cadence, velocity, 
and percent of cycle spent in single stance were com-
puted for the gait trials. Based on these three measures, 
the single gait cycle that most closely approximated the 
mean of all gait cycles for the individual was selected for 
analysis. Raw kinematic data were filtered using a sec-
ond-order, zero-lag, 6 Hz low-pass Butterworth filter. A 
rigid body model was used to calculate angles, velocity 
and acceleration of the following segments; left and right 
feet, shanks, thighs, and the pelvis and trunk. The loca-
tions of three non-collinear markers on each segment 
were used to create embedded coordinate systems at the 
joint centers. Joint centers were estimated in accordance 
with Davis et al. (1991). Joint angles were computed 
from the relative orientations of the embedded coordinate 
systems using Euler angles in a yxz sequence, corre- 
sponding to flexion/extension, adduction/abduction, and 
internal/external rotations. 

Significant differences (P < 0.05) in temporal-spatial 
parameters and discrete parameters between the control 
and TKA groups were tested using a series of one-way 
ANOVA’s with Bonferroni adjustments. For parame-
terization, peak flexion and extension were examined at 
the trunk, pelvis, hip, knee and ankle. All statistical tests 
were performed using SPSS (SPSS Inc.). Using PCA for 
the six kinematic waveform variables, the major modes 
of variation were determined. Further information on the 
application of this PCA method to biomechanical data 
can be found in Wrigley et al. (2006). To group the data 
from all of the individuals, each waveform was normal- 
ized to 51 points, one for every 2% of the cycle. For the 
control group, right and left leg gait cycles were pooled 
for a total of 20 gait cycles. A loss of data occurred for 
the left limb of one individual, resulting in 19 gait cycles 

(n = 19) for subsequent analysis. Data from 29 cycles (19 
control, 10 TKA) were stored in a 29 × 51 matrix (num- 
ber of cycles × number of time points), for a total of four 
matrices (number of waveform variables). Principal com- 
ponent scores were assessed to determine which wave- 
forms would be further analyzed (trunk tilt, pelvic tilt, 
hip flexion/extension, ankle flexion). All waveform data 
were transformed into principal components using an 
eigenvector-analysis of the covariance structure. By scal- 
ing the eigenvalues to the percentage of total variation 
captured, the number of principal components to retain 
was determined using parallel analysis [17,18]. The par- 
allel analysis method retains and subsequently analyzes 
only those principal components that captured a greater 
amount of variability than would be expected by chance. 
All PCA calculations were performed using Matlab (Math- 
works, Natick, Massachusetts, USA). Principal compo- 
nent numbers (e.g., PC1) refer to the principal compo- 
nent retained for comparison. 

For each waveform variable, between-group differ- 
ences were examined using the principal component 
scores, principal component coefficients, and principal 
components scaled to the proportion of variability ex- 
plained. Principal component scores provide a measure 
of distance, indicating how closely each waveform con-
forms to the mode of variability represented by each 
principal component. Principal component coefficients 
provide measures of the magnitude and direction of de-
viation from the mean curve for each waveform variable. 
Scaled principal components provide information on 
where in the gait cycle a principal component loads the 
greatest. 

A Shapiro-Wilk test of normality for principal com-
ponent scores revealed that assumptions for multivariate 
normality for a MANOVA could not be met. Therefore, a 
series of one-way ANOVA’s with Bonferonni adjust-
ments were used to test for significant differences in 
principal component scores that were normally distrib-
uted. The Kruskal-Wallis test was used to test the princi-
pal components that failed to meet the assumption of 
normality. 

3. Results 

No significant (P > 0.05) between-group differences 
were observed in temporal-spatial data, though the con-
trol group did tend to walk faster (126.0 cm/s) than the 
TKA group (116.1 cm/s) (Table 2). 

3.1. Parameterization 

Joint angle data revealed a significant reduction in (P < 
0.05) mean peak hip extension in the TKA group (mean 
± 1 SD: −10.05 ± 4.96) during stance phase compared to 
he control group (mean ± 1 SD: −17.86 ± 8.60). Mean t   
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Table 2. Mean temporal-spatial results for the control and TKA groups. 

Temporal Spatial Data Control TKA 

Gait parameter Mean  SD 
 

Mean SD 

Cycle time (s) 1.04 0.09 Cycle time (s) 1.08 0.10 

Cadence (steps/min) 116.54 11.16 Cadence (steps/min) 112.48 10.00 

Walk speed (cm/s) 126.00 11.05 Walk speed (cm/s) 116.1 16.54 

Single stance (%) 38.35 1.5 Single stance (%) 37.81 1.63 

 
peak hip flexion in the TKA group (mean ± 1 SD: 38.01 
± 7.53) was significantly greater than the control group 
(mean ± 1 SD: 29.20 ± 8.72) at the beginning of the 
stance phase. 

The TKA group also demonstrated significantly higher 
(P < 0.05) mean peak anterior pelvic tilt (mean ± 1 SD: 
15.61 ± 8.24) compared to the control group (mean ± 1 
SD: 6.94 ± 6.91) during stance phase (Table 3). 

3.2. Waveform Analysis 

Significant group differences (P < 0.05) were found four 
of the principal component scores: 1) sagittal ankle angle 
PC2, 2) sagittal hip angle PC1, 3) pelvic tilt PC1, 4) trunk 
tilt PC1. Descriptive data for these principal component 
scores are provided in Table 4.  

Sagittal ankle angle PC2 (Figure 1(a)) accounted for 
25% of the total variation and coefficients captured dif-
ferences in the pattern of the waveforms by either adding 
or subtracting from the mean waveform during the gait 
cycle. A negative PC score (Table 4) and a positive prin- 
cipal coefficient (Figure 1(a)) for the first 47% of the 
gait cycle indicate that the TKA group deviates by re- 
duced ankle dorsiflexion. From 48-69% of the gait cycle, 
the principal component coefficient becomes negative 
and the sagittal ankle angle for the TKA group adds to 
the mean, resulting in increased dorsiflexion angle until 
62%, when the ankle begins to move into plantarflexion 
just prior to toe-off. This is followed by reduced plantar-
flexion, evident until 69% of the cycle. For the remainder 
of the cycle (70% - 100%), the principal component co-
efficient becomes positive resulting in reduced dorsi-
flexion during the swing phase. 

To assess the relative importance of the principal com-
ponent coefficients, sagittal ankle angle PC2 was scaled 
to the percentage of variation explained and plotted in Fig- 
ure 1(a). When plotted in this form, it is evident that a 
significantly different pattern of variability exists in three 
separate portions of the gait cycle (Figure 1b). The first 
occurs during the first half of the cycle (0% - 47%) with 
approximately 55% of the total variability accounted for 
at 18% of the gait cycle. From mid-cycle to early swing 
(48% - 70%), approximately 43% of the total variability 
was explained at 58% of the cycle. During the swing 

Table 3. Mean joint angle results across groups. “*” refers 
to significant differences (P < 0.05) between the control and 
TKA groups. 

Joint Angle Data Control TKA 

Gait parameter Mean SD Mean SD 

Max Hip Flexion* 29.20 8.72 38.01 7.53 

Max Hip Extension* −17.86 8.60 −10.05 4.96 

Max Knee Flexion 55.01 5.96 51.38 5.86 

Max Knee Extension 0.59 4.71 0.46 5.73 

Max Ankle Dorsiflex 19.25 3.40 20.32 3.13 

Max Ankle Plantarflex −7.85 6.89 −4.28 5.17 

Max Hip Abduction 3.86 5.46 8.38 4.80 

Max Pelvic Tilt* 6.94 6.91 15.61 8.24 

Max Trunk Tilt 27.69 19.95 22.74 20.26

 
Table 4. Group descriptive data for PCA scores found to be 
significantly different (P < 0.05). 

PC Scores Control TKA 

 Mean SD Mean SD 

Sagittal Ankle Angle PC2 8.68 11.60 −7.11 13.75

Hip Flex./Ext. PC1 −25.51 60.97 34.33 50.88

Pelvic Tilt PC1 −25.04 49.70 39.32 57.26

Trunk Tilt PC1 61.56 140.17 −112.49 13.56

 
phase, a smaller peak accounts for a maximum of 31% of 
the total variation. 

To illustrate the mode of variability captured, mean 
principal component scores for sagittal ankle angle PC2 
were transformed into the original coordinate space to 
create representative waveforms. These waveforms for 
the mean, control, and TKA groups are plotted in Figure 
1(b). The TKA group shows reduced dorsiflexion angles 
for nearly the first half of the cycle. Dorsiflexion in-
creased after mid-cycle followed by reduced plantarflex-
ion until shortly after toe-off. The remainder of the cycle 
is characterized by reduced dorsiflexion. 

Sagittal hip angle PC1 accounted for 92% of the total 
variation (Figure 2(a)) and captured differences in the 
magnitudes of the waveforms. A maximum of 99% of 
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(a)                                                          (b) 

Figure 1. (a) Sagittal ankle angle PC2 plotted in the original from (dotted), and as a percentage of variation explained (solid); 
(b) Sagittal ankle angle: Mean curve (heavy solid green) of sagittal ankle angle, along with control group (red), and TKA 
(blue). 
 
the variation was captured during swing phase at 76% of 
the cycle. Significant differences in PC1 scores for hip 
flexion were observed between the control group and the 
TKA group. The positive principal component coeffi-
cient (Figure 2(a)) combined with the negative sign of 
the mean principal component score (Table 4) of the 
control group leads to its waveform subtracting from the 
mean hip angle waveform (Figure 2(b)) for the duration 
of the gait cycle. In contrast, the positive sign of the 
mean principal component score of the TKA group leads 
to its waveform adding to the mean hip angle waveform 
for the duration of the gait cycle (Figure 2(b)). From the 
plot of the principal component coefficients scaled to the 
percentage of variation explained (Figure 2(a)), it was 
evident that the variability captured by PC1 occurs across 
the gait cycle. The mean waveforms in Figure 2(b) show 
a shift in the magnitude of the entire waveform which 
leads to increased hip flexion and decreased hip exten-
sion in the TKA group compared to the control group. 

Sagittal pelvic angle PC1 accounted for 98% of the 
total variation and captured differences in the magnitudes 
of the waveforms (Figure 3(a)). From the plot of the 
principal component coefficients scaled to the percentage 
of variation explained (Figure 3(a)), it was evident that 
the variability captured by PC1 occurs across the gait 
cycle with a maximum of 99% of the variation was cap-
tured at 76% of the gait cycle. Significant differences in 
PC1 scores for pelvic angle were observed between the 
control group and TKA group. The positive sign of the 
mean principal component score (Table 4) of the TKA 
group and the positive principal component coefficient 
(Figure 3(a)) leads to its waveform consistently adding 
to the mean pelvic angle waveform (Figure 3(b)) 
throughout the gait cycle. In contrast, the negative sign of 
the mean principal component score of the control group 

and the positive principal component coefficient leads to 
its waveform consistently subtracting from the mean pel-
vic angle waveform across the gait cycle. The mean 
waveforms in Figure 3(b) show decreased anterior pel-
vic tilt for the TKA group for the duration of the gait 
cycle. 

Sagittal trunk angle PC1 accounted for 99% of the to-
tal variation (Figure 4(a)). From Figure 4(a), it is evi-
dent that a large proportion of variability is explained 
across the entire gait cycle, ranging from 98% to 99%. 
Significant differences in PC1 scores for trunk tilt were 
observed between the control group and the TKA group. 
The positive sign of the mean principal component score 
(Figure 4(a)) of the normal group and the positive prin-
cipal component coefficient leads to its waveform adding 
to the mean pelvic angle waveform (Figure 4(b)). In 
contrast, the negative sign of the mean principal compo-
nent score of the TKA group and the positive principal 
component coefficients lead to its waveform subtracting 
from the mean pelvic curve. The mean waveforms in 
Figure 4(b) show decreased anterior trunk tilt in the 
TKA group for the duration of the gait cycle. 

4. Discussion 

Using the parameterization technique, no significant dif- 
ferences in temporal-spatial parameters were found be- 
tween the TKA and control group. For joint kinematic 
data, the parameter-based analysis found significantly 
lower mean peak hip extension angles in stance, in-
creased hip flexion in stance, and significantly higher 
mean peak anterior pelvic tilt for the TKA group. Sig-
nificant group differences were found for four of the 
principal component scores, namely sagittal ankle angle 

C2, sagittal hip angle PC1, pelvic tilt PC1, trunk tilt P   
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(a)                                                          (b) 

Figure 2. (a) Hip flexion PC1 plotted in the original form (dotted), and as a percentage of variation explained (solid); (b) 
Mean curve of Hip flexion angle (heavy solid green), along with normal group (red), and TKA group (blue). 
 

0 10 20 30 40 50 60 70 80 90 100
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

Gait Cycle (%)

(-
-)

P
C

 C
oe

ff
ic

ie
nt

0

10

20

30

40

50

60

70

80

90

100

(-
)V

ar
ia

tio
n 

E
xp

la
in

ed
 (

%
)

     
0 10 20 30 40 50 60 70 80 90 100

0

5

10

15

Gait Cycle (%)

P
el

vi
c 

T
ilt

 A
ng

le
 (

in
 d

eg
)

 

(a)                                                          (b) 

Figure 3. (a) Pelvic tilt PC1 plotted in the original form (dotted), and as a percentage of variation explained (solid); (b) Mean 
curve of pelvic tilt angle (heavy solid green), along with normal group (red), and TKA group (blue). 
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(a)                                                          (b) 

Figure 4. (a) Trunk tilt PC1 plotted in the original form (dotted), and as a percentage of variation explained (solid); (b) Mean 
urve of pelvic tilt angle (heavy solid green), along with normal group (red), and TKA group (blue). c   
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PC1.No significant group differences in temporal-spatial 
data were found between the control group and TKA- 
group, though walking speed was only marginally insig- 
nificant. 

Parameterization results for the sagittal ankle angles 
showed no significant differences in maximum dorsi-
flexion or plantarflexion between the two groups. How-
ever, significant group differences in the second principal 
component scores for the sagittal ankle angle were ob-
served. The TKA group showed reduced dorsiflexion for 
nearly the first half of the gait cycle. This was followed 
by reduced plantarflexion prior to and during initial 
swing, and decreased dorsiflexion during mid to late 
swing. Astephen et al. (2007) identified similar findings 
in subjects with severe osteoarthritis in the knee, and 
reported reduced range of motion at the knee and ankle 
for patients with severe osteoarthritis. The PCA tech-
nique identified differences in the magnitude and timing 
of the waveforms across the gait cycle. Mean peak dorsi-
flexion values between groups were similar, and were 
therefore not detected by parameterization techniques. 
The results suggest that the tibia is moving forward over 
the foot at a greater rate in the control group compared to 
the TKA group. The reduced knee flexion during loading 
response, though not significant in the TKA group, keeps 
the tibia back at the beginning of the stance phase. The 
higher walking speed, in the control group might explain, 
in part, the increased rate of forward motion of the tibia, 
despite not being statistically different between groups. 
As noted earlier, walking speed was only marginally in-
significant (P = 0.054). It is also plausible that the re-
duced knee flexion is an adaptation to reduce pain, which 
was developed prior to surgery. This may be an attempt 
to reduce compressive forces at the knee by avoiding 
activation of the quadriceps. It may also be an indication 
of weakness at the joint. Adapted motor patterns, as seen 
here, are commonly retained post-surgery [19]. 

Parameterization analyses indicated a significantly de-
creased mean peak hip extension angle in the TKA group 
compared to the control group. Significantly increased 
peak hip flexion was also noted using parameterization 
for the TKA group compared to the control group. As 
described by the principal component scores and coeffi- 
cients, significant differences in the first principal com- 
ponent scores were observed between the TKA and con- 
trol group for the hip. Waveform analysis using principal 
components showed that the variability in the curve ex- 
ists throughout the cycle (Figure 2(a)), not solely at peak 
hip flexion and extension as is typically tested using 
parameterization techniques. Compared to the control 
group, the hip flexion/extension waveform is shifted up- 
wards for the TKA group throughout the gait cycle (Fig- 
ure 2(b)). 

Previous work using parameterization analyses have 
also found decreased hip extension angles in TKA sub- 

jects compared to a control group [12,19]. Saari et al. 
(2005) indicated that abnormal flexion and extension of 
the knee in TKA subjects might cause reduced hip exten-
sion in order to maintain balance during walking. How-
ever, our results indicate that reduced hip extension oc-
curs with no significant differences in knee flexion/ex- 
tension angles between groups. This is not the first study 
to examine mean peak hip extension and find no signifi-
cant differences between a TKA group and a control 
group [20]. 

In the present study, parameterization analyses indi-
cated significant differences in peak anterior pelvic tilt in 
the control group (mean ± 1 SD: 6.95˚ ± 6.91˚) and the 
TKA group (mean ± 1 SD: 15.61˚ ± 8.24˚). Again, wave-
form analyses indicated that significant variability ex-
isted throughout the entire curve (Figure 3(a)). In Figure 
3(b), a shift in the entire curve can be seen when com-
paring the control group and the TKA group. Since hip 
flexion and extension are calculated relative to the pelvis, 
it is likely that the increased mean hip flexion and de-
creased mean hip extension values in the TKA group are 
a function of increased pelvic tilt. Mean range of motion 
at the hip showed no significant differences between the 
control group (48.06˚) and the TKA group (47.06˚). 
Parameterization analyses indicated no significant dif-
ferences in anterior trunk tilt between the control group 
(mean ± 1 SD: 27.69˚ ± 19.95˚) and the TKA group 
(mean ± 1 SD: 22.74˚ ± 20.26). Waveform analyses in-
dicated that significant variability existed throughout the 
entire trunk tilt curve (Figure 4(a)), likely as a response 
to increased anterior pelvic tilt. The pattern of gait seen 
here indicates a strategy adopted to reduce compressive 
forces at the knee by limiting quadriceps activation. Since 
all TKA subjects had severe osteoarthritis prior to sur- 
gery, pain in the knee, over time modified gait patterns in 
an attempt to reduce pain at the knee. This modified gait 
seems to have been retained by the subjects post surgery. 

5. Conclusion 

This study indicates that gait patterns of TKA subjects 
differ significantly from a control group, based on hip 
flexion and extension, pelvic and trunk tilt, and sagittal 
ankle angle. Results suggest that waveform analysis was 
effective at identifying magnitude shifts as sources of 
variability between groups, which would not necessarily 
be analyzed using conventional parameterization tech- 
niques unless one knew a priori where the variability 
would exist. TKA subjects were characterized first by 
reduced hip extension, increased anterior pelvic tilt, in-
creased trunk tilt, reduced hip extension moment, and by 
reduced dorsiflexion compared to control group. Our 
results indicate that changes in gait in the TKA group 
may be due to pain avoidance patterns that were likely 
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developed prior to surgery. Although our subjects re- 
ported no pain at the time of testing, altered gait patterns 
persist, which has been reported by others [21]. Since no 
preoperative data was collected, this explanation cannot 
be verified, although there is indication that subjects with 
severe untreated arthritis at the knee are different than the 
control subject group [22]. Our results are limited by a 
small sample size, which may lead to issues identifying 
the differences in walking speed between the two groups. 
This study showed that waveform analysis using PCA is 
a valuable tool for assessing gait waveform in addition to 
using parameterization. It is also evident that gait pat- 
terns of subjects who have received TKA are significant- 
ly different compared to a control group. 
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