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Objective: The aim of this study was to extract suitable spatiotemporal and kinematic parameters to
determine how Total Knee Replacement (TKR) alters patients’ knee kinematics during gait, using a rapid
and simplified quantitative two-dimensional gait analysis procedure.

Methods: Two-dimensional kinematic gait pattern of 10 participants were collected before and after the
TKR surgery, using a 60 Hz camcorder in sagittal plane. Then, the kinematic parameters were extracted
using the gait data. A student t-test was used to compare the group-average of spatiotemporal and peak
kinematic characteristics in the sagittal plane. The knee condition was also evaluated using the Oxford
Knee Score (OKS) Questionnaire to ensure that each subject was placed in the right group.

Results: The results showed a significant improvement in knee flexion during stance and swing phases
after TKR surgery. The walking speed was increased as a result of stride length and cadence
improvement, but this increment was not statistically significant. Both post-TKR and control groups
showed an increment in spatiotemporal and peak kinematic characteristics between comfortable and fast
walking speeds.

Conclusion: The objective kinematic parameters extracted from 2D gait data were able to show
significant improvements of the knee joint after TKR surgery. The patients with TKR surgery were also
able to improve their knee kinematics during fast walking speed equal to the control group. These results
provide a good insight into the capabilities of the presented method to evaluate knee functionality before
and after TKR surgery and to define a more effective rehabilitation program.
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Introduction

Total knee replacement (TKR) is commonly
performed in patients with severe knee osteoarthritis
to improve patients’ functional capabilities (1, 2)
and to reduce pain and is usually associated by a
high satisfaction rate (3). Over the past decade, the
number of TKR surgeries has increased considerably
(4), while there is a noticeable decrease in the
average age of recipients undergoing TKR surgery
(5). The increase in the number of younger
recipients of TKR warrants the need for more
objective measures to evaluate knee functionality.
The results of these evaluations can also be applied
to rehabilitation programs of younger patients. A
common way to assess the improvements in a post-
TKR subject is the use of subjective measures,
which have limited sensitivity and mainly reflect the

pain reduction following TKR surgery (6). In more
recent studies, researchers tried to improve knee
functionality using an accelerated rehabilitation
method, which reduced the average time of
hospitalization after surgery from 10.5 to 3.6 days
(7). In another study the rehabilitation process of a
group of TKR patients was improved using visual
feedback and enhanced communication (8). Both
procedures were based on subjective feedback.
Other studies have reported walking velocity (9),
knee range of motion (10), functional tests such as
6-minute walk, timed-up-and-go and stair climbing
tests (11) for post-TKR subjects.

A prevalent method to provide a more detailed
evaluation of knee kinematics and kinetics after
TKR surgery is the use of three-dimensional motion
analysis systems (1). A common finding of this
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method is that the knee flexion of post-TKR patients
is less than their control counterparts (12, 13). In a
more recent study, three-dimensional motion
analysis was used to compare spatiotemporal and
peak kinematic characteristics between post-TKR
and control groups at comfortable and fast walking
speeds (14). Their results showed that the post-TKR
patients were able to increase their velocity, cadence
and stride length by a similar proportion equal to the
control ones during the fast walking speed condition.
It also showed that at a faster walking speed the
kinematic parameters such as maximum knee
flexion during stance and swing were altered in a
similar manner for both post-TKR and control
groups. Consequently they showed the potential of
post-TKR patients in restoring their knee range of
motion (15). They used kinetic data in addition to
kinematic data to investigate the effect of TKR
surgery on knee functionality.

Three-dimensional motion analysis is a relatively
accurate and reliable method to examine knee
functionality in different gait situations, however it is a
very time consuming and costly method. Therefore, the
aim of this study was to investigate the possibility of
extracting reliable objective parameters by using a
simplified and rapid two-dimensional gait analysis
method for patients following TKR surgery, which only
needs preliminary equipment, namely a 60Hz
camcorder, three reflective markers and an open source
image processing software (16). These results can
provide a good insight into the capabilities of the
presented method to evaluate knee functionality before
and after the TKR surgery and to define a more effective
rehabilitation program for the post-TKR patients.

Methods

Participants - The average age of patients

undergoing TKR surgery was between 60 to 70
years and both male and female participants were
included (1). So, in this study this age range was one
of the inclusion criteria for participation, regardless
of their gender. Although hip and ankle joint
replacements are common in patients who have had
TKR surgery (4), these patients were excluded
because these surgeries may alter the lower limb
kinematics compared to TKR. Therefore all 23
patients who had undergone TKR surgery by a
single experienced knee surgeon at the orthopedic
department of Tehran’s ‘Akhtar hospital’ between
October and December of 2011 were checked for
eligibility to take part in this study. Nineteen of
these patients used a specific type of fixed bearing
implant. Five of them were excluded from this study
because they had an Oxford Knee Score (OKS)
lower than 10. Two of the remaining 14 eligible
participants had an operation on the contralateral
knee, which could have major effects on gait
patterns. So, the remaining 12 patients were selected
to participate in this study. Two of the selected
participants in the pre-TKR group, refused to
cooperate during the 1 year follow-up. Therefore the
remaining 10 patients comprised the post-TKR
group. The post-TKR participants underwent post-
operative rehabilitation treatment for three months
(17) after their surgery to regain their knee
functionality. The control group was chosen in a
way to match the sex, age and BMI of the pre-TKR
and post-TKR populations with an OKS in the range
of 40 to 48, which shows a well knee condition.
Prior to any tests, all subjects were informed of the
experimental risks and signed a consent form. The
clinical data of the included subjects are given in
detail in Table (1). The OKS of participants was
determined using a validated questionnaire (18).

Table 1. Clinical characteristics of the included subjects

Pre-TKR Post-TKR Control
Gender 7 Males, 3 Females 7 Males, 3 Female 7 Males, 3 Females
Age 66.3 (£5) 67.3 (£5) 66.7 (+£3)
Height (cm) 161.5 (+15.3) 160.8 (+15.1) 162.1 (£12.6)
Mass (kg) 77.2 (£11.5) 78.6 (£5.8) 75.7 (£10.3)
Oxford Knee Score 14 (x4) 34 (£7) 44 (£3)

Equipment - A digital camcorder was used to record
the motion in sagittal plane at a sampling rate of 60
Hz. The camcorder was fixed on a camera base to
prevent any disturbance of lens vibration. Three
14mm diameter reflective semi-spherical markers
were placed unilaterally on the greater trochanter,
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lateral femoral epicondyle and lateral malleolus of
the affected limb. In order to highlight these
reflective markers in the captured video, a flashlight
was placed next to the lens of the camcorder. Figure
(1) demonstrates how these markers were placed on
a subject with elastic bands.
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Figure 1. Gait analysis of a full gait cycle with three reflective markers (post-TKR subject)

Gait analysis protocol - The main advantage of two-
dimensional motion analysis using image processing
tools is the ability to perform tests in any indoor
environment. All tests took place in ‘Akhtar
hospital’s rehabilitation center. Each participant
attended the rehabilitation center for a single 30-
minutes session.

Motion data was recorded over a 7-meter walkway.
Before each test, participants were asked to walk
along the walkway for several times to adapt to the
test environment and to acquire a consistent self-
selected walking speed. Three 14mm diameter
reflective semi-spherical markers were placed
unilaterally on the greater trochanter, lateral femoral
epicondyle and lateral malleolus of the affected
limb. Data was collected over eight valid trials for
each participant. The subjects were not aware that
the stride in the middle of the walkway would be
used for data analysis. For the post-TKR and control
groups, the gait tests were carried out for both
comfortable and fast walking speeds. The fast
walking speed test was restricted to “as fast as
possible but not running” condition.

During the tests, the participants were told to keep their
hands close to their chests to make the hip marker
observable by the camera lens all the time. This
condition definitely has some influence on the gait
pattern; however it would not affect the comparative
findings because it was applied to all tests.

Data analysis - After recording the motion in
sagittal plane, the markers’ spatial positions were
extracted using Kinovea, an open source image
processing software package (16). Before this step,
each video was trimmed to cover a complete gait
cycle, which started with the initial contact and
ended with the following initial contact of the same
foot. A linear line-based method, which is quite
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simple and fast and leads to results with acceptable
accuracy (19), was used to calibrate the recorded
videos. In this method, a video is calibrated by using
the known length of two lines between three points.
In this study, the distance between the hip and knee
markers, and the knee and ankle markers were used
to calibrate each video. This method cannot handle
the lens distortion problem, but the accuracy of the
results can be improved when gait data are extracted
from the central area of a recorded frame. Then,
knee flexion during a gait cycle was calculated and
presented as a graph, which was normalized in the
range of 0 to 100 percent of a gait cycle period using
Matlab Software. To reduce the effect of noise in the
recorded data, a 2nd order Butterworth low-pass
filter was used with a cut-off frequency of 10Hz for
the hip marker and 3Hz for the ankle and knee joint
markers. Walking velocity, stride length and
cadence were extracted directly from the trimmed
and calibrated videos using Kinovea software and
the peak kinematic parameters were extracted from
the knee flexion diagram over a full gait cycle.

For each subject and walking condition, eight gait
cycles were considered. Then the knee flexion
diagrams for all eight trials were plotted against the
gait cycle percent from 0 to 100% in 2% steps. To
obtain the gait curve reliability for each subject and

walking condition, the following steps were
performed:
1. Computation of

R-value = MST —MSE where MST is

MST +(r -1)MSE
between-time mean square and MSE is within-
time mean square

2. Check if R >R, ? if not, the most deviant curve

is suppressed
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Where R is the proportion of variance due to the
time-to-time variability in the total variance; and an
R-value close to 1 indicates an acceptable reliability.
In this repetitive procedure, a minimum value of
Rn=0.85 with at least three trials was used (20).
Then the data points from the reliable trials were
combined to form the average curve for each subject
and walking condition. Individual mean values for
these data were combined and averaged to provide
group mean values for each cohort. An independent
impaired student’s t-test was used for differences in
comparisons between experimental conditions of pre
and post-TKR groups. The level of significance was
set at p < 0.05, and for all comparisons the exact p
value was reported in each case.

Results
Comparison between pre-TKR and post-TKR groups
- Table (2) summarizes the spatiotemporal and

kinematic data for pre-TKR and post-TKR groups at
comfortable walking speed. In this diagram, for each
data point, an error bar shows the 95% confidence
interval indicating the inter-trial and intra-trial
errors. Table 2 shows a notable increment in all
extracted spatiotemporal parameters in the post-TKR
patients in comparison with their impaired pre-TKR
ones. Pre-TKR population walked with a reduced
stride length (p < 0.001) and cadence (p = 0.021).
The walking speed increased in the post-TKR group
by 33.7%, but it was not statistically significant (p =
0.073). For the kinematic parameters, the pre-TKR
group walked with less knee flexion during stance (p
= 0.018) and swing (p = 0.024) phases and knee
extension increased in the post-TKR group during
stance phase (p < 0.001). The OKS increased
noticeably for the post-TKR group but this
parameter was not statistically significant.

Table 2. Spatiotemporal and kinematic comparisons between pre-TKR and post-TKR groups at comfortable walking speed

Pre-TKR group Post-TKR group —value
Mean (SD) Mean (SD) P

Velocity (m/s) 0.727 (0.11) 0.972 (£0.29) 0.073
Cadence (step/min) 83.9 (£8.4) 87.21 (£9.47) 0.021
Stride length (cm) 57.16 (£7.56) 86.94 (£8.11) <0.001
Maximum knee flexion during stance 3.809 (£1.27) 10.51 (+1.94) 0.018
(degrees)
Maximum knee flexion during swing 34.65 (£6.82) 48.58 (£4.24) 0.024
(degrees)
Maximum knee extension during L0.673 (£0.26) 5.06 (£1.13) <0.001
stance (degrees)
Oxford Knee Score 14 (£6) 34 (+5) 0.094

Comparison between post-TKR and control groups
Table (3) and Table (4) summarize the
spatiotemporal and kinematic data for the post-TKR
and control groups during comfortable and fast
walking speeds, respectively. Sagittal knee flexion
angle throughout the gait cycle for both groups
under both walking speeds are illustrated in Figure
3. In this diagram, for each data point, an error bar
shows the 95% confidence interval, indicating the
inter-trial and intra-trial errors. The post-TKR group
walked with a reduced stride length (p = 0.004 for
comfortable and p = 0.029 for fast speed) and
cadence (p < 0.001 for both speeds) at both walking
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speeds. They also walked with less knee flexion
during swing (p = 0.029 for comfortable and p <
0.001 for fast speeds) and stance (p = 0.036 for
comfortable and p = 0.027 for fast speeds) phases.
At initial contact the post-TKR group walked with
significantly reduced knee flexion in comparison
with the control ones. In a between-group
comparison both control and post-TKR groups were
able to increase their maximum knee extension
during stance phase significantly by 84.5% and
63.6% respectively (p < 0.001 for control group and
p =0.015 for post-TKRs).
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Table 3. Spatiotemporal and kinematic comparisons between post-TKR and control groups at comfortable walking speed

Post-TKR group

Control group

Mean (SD) Mean (SD) p-value
Velocity (m/s) 0.972 (+0.29) 1.248 (+£0.18) 0.036
Cadence (step/m) 87.21 (£9.47) 104.53 (£7.41) <0.001

Stride length (cm)
Maximum knee flexion during stance

86.94 (+8.11)
10.51 (£1.94)

96.28 (+5.88) 0.004
15.61 (+2.74)

(degrees)

Maximum knee flexion during swing 48.58 (£4.24) 59.86 (£7.56) 0028
(degrees) . . . . L
Maximum knee extension during 5.06 (+1.13) 10.36 (+2.75) 0,008

stance (degrees)

In a comparison between two walking speeds, post-
TKR patients increased their stride length by 20%
and their cadence by 24% in the fast walking speed
condition. Therefore, their velocity during fast
walking speed was 20.8% faster than the
comfortable condition. For the control group, an
18.9% increment in their walking speed occurred
due to 25% and 19% increment in stride length and
cadence, respectively. Walking speed also affected
the sagittal plane knee kinematics of the post-TKR
group. The peak knee flexion during stance phase

was 10.51+1.94° in the post-TKR group and
10.61+£2.74° in the control group. This parameter
increased by 55% to 24.31+£2.77° in the control
group, but no significant change was observed in the
post-TKR patients. The peak knee flexion during
swing was 48.584+4.24° in the post-TKR group and
56.86+7.56° in the control group. This parameter
increased by 9% to 51.96+4.38° in the post-TKR
group and 6% to 63.42+6.34° in the control group.

Table 4. Spatiotemporal and kinematic comparisons between post-TKR and control groups at fast walking speed

Post-TKR group

Control group

Mean (SD) Mean (SD) p-value
Velocity (m/s) 1.174 (£0.053) 1.483 (£0.187) 0.014
Cadence (step/m) 108.14 (£6.06) 124.39 (£5.84) <0.001
Stride length (cm) 104.32 (£5.29) 120.35 (£8.41) 0.029
'(\323‘;2‘5‘;“ knee flexion during stance 10.08 (+2.06) 2431 (2.77) 0.027
'(\gg‘;‘;reg‘;)m knee flexion during swing 51.96 (+4.38) 63.42 (+6.34) <0.001
Maximum knee extension during 1.84 (£0.23) 1.59 (£0.42) 0,243

stance (degrees)

Correlations between objective gait parameters and
subjective score - The correlations between
subjective OKS and objective gait parameters for pre
and post-surgery groups in both walking conditions
are presented in Table (5). There is a moderate
correlation (0.4 <r < 0.6) for maximum knee
extension during stance in pre-TKR group (p <
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0.05). In post-TKR patients at comfortable walking
speed cadence, maximum knee flexion and
extension during stance have a moderate correlation
with the subjective OKS; but at fast walking speeds,
there is moderate and high (0.6 <r < (.8) correlation
between stride length and maximum knee extension
during stance.
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Table 5: Correlations between Oxford Knee Scores and gait parameters for pre and post-surgery groups and both
walking conditions

Oxford Knee Score

Group Pre-TKR Post-TKR

Walking condition Comfortable Comfortable Fast
Velocity 0.184 0.328 0.326
Cadence 0.325 0.481* 0.307
Stride length 0.214* 0.107 0.406
Maximum knee flexion stance 0.027 -0.428 0.319*
Maximum knee flexion swing 0.096 -0.111 -0.276*
Maximum Knee extension stance 0.417* 0.508* 0.748

" Statistically significant results (p < 0.05)

Discussion

In this study, objective spatiotemporal and kinematic
parameters for the gait of pre-TKR, post-TKR and
control cohorts were extracted using a rapid and
simplified quantitative two-dimensional gait analysis
method. Outcome measures such as Oxford Knee
Score and walking velocity were improved in the
post-TKR group, similar to the findings of earlier
studies (9, 10). A review of 12 papers reported that
the self-selected walking speed for pre-TKR patients
was in the range of 0.58 m/s to 1.13 m/s with a mean
value of 0.93 m/s (21). In this paper, a mean value of
0.97 m/s was acquired for the walking speed of pre-
TKR patients in a comfortable walking condition.
Subject to the kinematic parameters, the knee
flexion increased significantly for the post-TKR
group during stance and swing phases. For the pre-
TKR group, the stance phase proportion was about
30% of the gait cycle, which reduced to about 20%
for the post-TKR patients. A similar result was
reported in (15). The pre-TKR population also
walked with a faster swing phase than the post-TKR
group, resulting in a 34% reduction in stride length.
In a comparison between post-TKR and control
groups, there were significant differences in knee
kinematics at both comfortable and fast walking
speeds, which indicates that the knee kinematics was
not restored to normal completely following TKR
surgery. The post-TKR group walked with a reduced
knee flexion during the stance and swing phases of
gait in the sagittal plane. Other studies have reported
such results too(10, 12), but comparing these groups
at fast walking speed was studied only in one
research (14), which yielded similar results to our
study’s. In (14), they used a full three-dimensional
motion analysis using eight infrared cameras and
two force plates. Their results showed that the post-
TKR patients could increase their walking speed in
the same order of their controls. The average range
of motion during stance phase increased by 42% in
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the post-TKRs and by 29% in the controls at fast
walking speed. In this paper, a rapid and simplified
two-dimensional analysis method with the aid of a
camcorder and an image processing software
package (16) was used to extract knee kinematic
parameters. The results showed a 20.8% increment
in the post-TKR walking speed in the fast walking
condition. This increment was 18.9% in the controls.
The post-TKR patients were also able to increase
their range of motion during stance phase by 52%.
Knee extension during stance is important in the
provision of stability during propulsion. In (22), the
authors stated that following TKR the patients may
tend to walk with less extension in their knees than
the healthy individuals but our results for this
parameter showed more extension in the post-TKR
group than in the control ones. Therefore, one may
say that some of the control group participants had
some difficulty walking. This finding may also be
limited by the small sample size used in this study
and/or the differences between the rehabilitation
treatments used in these two studies.

The correlation between objective gait parameters
and subjective Oxford knee score was also studied in
this paper. Other researchers reported a low or
moderate correlation between these data (23). Our
results showed that OKS was not highly correlated
with knee kinematics. Therefore the subjective
scores cannot be replaced by the objective
parameters.

An important limitation of this study was the
condition of preventing hands to swing, which may
have influenced the results and can be improved by
using interpolation methods. But this condition was
applied to all tests, so it would not affect the
comparative findings presented in this paper. The
other important factor was the accuracy of the video
calibration and image processing stages, which are
highly sensitive to the lens distortion problem and
the input noise. To reduce the effect of lens
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distortion, the strides of patients which occurred in
the middle of the captured frames were used. The
main sources of noise in this study were lens
vibration, accuracy of the video calibration and
vibration of the reflective markers installed with
elastic bands. Therefore a 2nd order Butterworth
filter, which is a sharp roll-off filter, was used to
reduce the effects of noise. The results showed this
filter was able to reduce the noise effect on the final
outcomes efficiently.

Conclusions

In this study a rapid and simplified two-dimensional
quantitative gait analysis method was employed to
extract the objective kinematic parameters for TKR
patients. The knee kinematic differences between
pre and post-surgery groups were observable using
the extracted parameters. Moreover, this method was
able to reveal the kinematic differences between
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