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Abstract
After unilateral total knee arthroplasty (TKA), osteoarthritis (OA) in the non-operated often
progresses. The altered gait mechanics exhibited by patients after TKA increase the loading on the
non-operated knee and predispose it to disease progression. Therefore, our objective was to
examine the potentially detrimental changes in frontal plane kinetics and kinematics during
walking in patients who underwent unilateral TKA. Thirty one subjects six months after TKA,
forty four subjects one year after unilateral TKA and twenty control subjects were recruited. All
subjects underwent three dimensional gait analysis. In the TKA groups, the non-operated knee had
a higher adduction angle and higher dynamic loading, knee adduction moment and impulse,
compared to the operated knee. This increased loading may be an underlying reason for OA
progression in the non-operated knee. Measures of loading in the control knee did not differ from
that of the non-operated knee in the TKA group, but the TKA group walked with shorter step
length. Whilst the non-operated knee loading was not different from controls, there may be greater
risk of cumulative loading in the non-operated knee of the TKA group given their shorter step
length.

Introduction
Total knee Arthroplasty (TKA) is a common surgical procedure for end stage osteoarthritis
(OA). More than 500,000 primary TKA procedures are performed each year in the United
States with 97% of these procedures being performed for OA 1. By 2030, it is estimated that
the annual incidence of primary TKA will be 3.5 million 2. Despite long term pain relief and
patient satisfaction after TKA 3, many patients continue to have impairments and functional
limitations when compared with age matched controls 4–6. One year after TKA, patients
walk 15% slower than age matched individuals without known knee pathology 7. During the
timed stair-climbing task, individuals after TKA had even greater functional limitations as
evidenced by a 50% slower performance compared to age matched healthy individuals 7.
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After unilateral TKA, OA progresses in a non-random fashion throughout the lower
extremity joints. The knee contralateral to the operated knee is likely to show evidence of
disease progression more so than the ipsilateral or contralateral hip or ankle 8. Within ten
years of the index surgery, 40% of individuals undergo contralateral TKA 9. This laterality
in disease progression suggests that mechanical factors might be involved in the disease
progression.

Patients after TKA present with altered gait mechanics that developed prior to, or soon after
surgery 10. Patients with TKA walk slower, have less knee flexion excursion during stance,
demonstrate lower peak knee flexion during swing phase and present with altered sagittal
plane knee moments compared to controls 11, 12. The altered gait mechanics may increase
loading on the contralateral joint and expedite the disease progression.

The external knee adduction moment is a biomechanical measure of loading in the medial
knee compartment, with higher knee adduction moment indicating higher knee medial
compartment loading13. The external knee adduction moment is related to the incidence 14

severity of OA 15, and is the best predictor of OA progression16 Despite the importance of
this measure, most gait evaluations of patients after TKA solely evaluated sagittal plane
mechanics of the operated knee 11, 12. Examining the frontal plane mechanics of the
operated knee is important to elucidate the potential effect of joint loading on component
loosening 17. However biomechanical analyses should also investigate the mechanics of the
non-operated knee. Examining the contralateral limb may reveal how surgery on the affected
limb results in compensatory strategies in the non-operated side, which may subsequently
result in altered joint loading and progression of OA in the non-operated knee.

The purpose of this study was to examine the changes in frontal plane kinetics and
kinematics during walking after TKA. To explicate these frontal plane biomechanical
changes, frontal plane kinematics and kinetics of the operated and non-operated knees were
examined in persons who underwent TKA either 6 months or 1 year prior to testing and
persons who were still largely asymptomatic in other lower extremity joints. In addition, we
planned to determine how post-operative frontal plane kinetics and kinematics, as well as
temporospatial variables differ from individuals without known knee pathology or knee
pain. We hypothesized that 1) the non-operated knee will have greater knee adduction angle,
moment and impulse during stance compared to the operated knee; 2) the non-operated knee
of the one year TKA group will show a larger adduction angle, moment and impulse during
stance compared to the six month TKA group; 3) the non-operated knee of subjects who
underwent TKA will demonstrate greater knee adduction angle, moment and impulse during
stance compared to controls.

Methods
Subjects

Thirty-one subjects 6 months after primary unilateral TKA and forty-four subjects 1 year
after primary unilateral TKA participated in this study (Table 1). Subjects were recruited
from a local group of orthopedic surgeons who perform tricompartmental cemented TKA
with medial parapatellar approach and used either posterior stabilized or posterior cruciate
retaining prosthesis. Subjects with TKA were excluded if they had surgery in the lower
extremities other than the unilateral TKA, pain in the non-operated knee rated of more than
4 out 10 on a verbal analog scale, musculoskeletal involvement in the lower extremities or
the spine that limited their physical function. Subjects were also excluded if they had
neurological impairments, uncontrolled blood pressure, altered sensation in the feet, or body
mass index (BMI) of more than 50.

Alnahdi et al. Page 2

J Orthop Res. Author manuscript; available in PMC 2013 August 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The control group consisted of 20 subjects who reported no knee pain or injury (Table 1).
The control group was matched by limbs to the TKA group. The TKA group consisted of
60% right TKA and 40% left TKA and this ratio was chosen for the limbs of the control
group. The control subjects were excluded if they had surgery in the lower extremities, knee
pain rated of more than 4 out 10 on a verbal analog scale, musculoskeletal involvement in
the lower extremities or the spine that limited their physical function. Controls were also
excluded if they had neurological impairment, uncontrolled blood pressure, altered sensation
in the feet, or body mass index of more than 50. All subjects signed informed consent forms
approved by the Human Subjects Review Board at the University of Delaware prior to
participation.

Data Acquisition
Gait analysis was performed using a three dimensional, 8-camera motion capture system
(VICON, Oxford Metrics, London, England) synchronized with two Bertec force platforms
(Bertec Corp., Worthington, OH, USA). Sixteen millimeter spherical retro-reflective
markers were placed bilaterally on iliac crest, greater trochanter, lateral femoral condyle,
lateral malleolus, head of the 5th metatarsal, and two markers on the heel. Rigid
thermoplastic shells with 4 markers were secured on the lower leg and thigh bilaterally. The
pelvic motion was tracked using a rigid thermoplastic shell with 3 markers. Marker data
were sampled at 120 Hz, while the force platforms data were collected at 1080 Hz. Data
collection starts with standing calibration to identify joint centers and create segment
impeded coordinate system. After standing calibration, subjects practiced walking until
reaching a constant self-selected speed. The collected trials fell within 5% of the practiced
speed with clear contact of only one foot on each force plate. Seven walking trials were
collected for each subject.

Subjects also underwent clinical examination which included Knee Outcome Survey-
Activities of Daily Living Scale (KOS-ADLS), knee flexion and extension range of motion
(ROM), quadriceps muscle strength, Timed Up and Go Test (TUG), Stair Climbing Test
(SCT), and Six-Minute Walk Test (6MW)18. Knee pain was also assessed on a scale from
zero to 5 using a question from the KOS-ADLS questionnaire4. Zero indicated no pain while
5 indicated pain that prevents the subject from all daily activities.

Data Management
Marker trajectories were low pass filtered at 6 Hz, and force platforms data were filtered at
40 Hz using a second order phase-corrected butterworth filter. Knee Joint angles were
calculated using Euler X-Y-Z sequence corresponding to flexion/extension, abduction/
adduction then rotation sequences. Knee joint moments were calculated using three
dimensional inverse dynamics and were expressed as external moments normalized to body
mass and height. Kinematics and kinetics calculations were done using Visual 3D software
(C-motion, Inc, Rockville, MD). Dependent variables were the peak knee adduction moment
during the first 50% of stance (PKAM), knee adduction impulse, and knee frontal angle at
PKAM. These variables were determined during the stance phase of the gait cycle which
was time normalized with 0 being heel strike and 100% being toe off to create the group
ensemble average. Spatial and temporal parameters were also computed.

Knee adduction impulse was calculated by integrating the knee adduction moment curve
during stance phase. Knee adduction impulse was calculated because it has been suggested
that peak knee moment and knee adduction impulse represent different aspects of medial
knee joint loading 19, 20. Dependent variables were determined for every trial, then these
points were averaged to create the subject’s mean and this mean was used in the analysis.

Alnahdi et al. Page 3

J Orthop Res. Author manuscript; available in PMC 2013 August 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Statistical Analysis
A two-way mixed model analysis of variance (ANOVA) (group x side) was used to examine
between subjects (6 months versus 1 year) and within subjects (operated versus non-
operated) differences for the TKA subjects. A two-way mixed model ANOVA was used to
examine group by side differences between the TKA group and the control group. For this
analysis, the 6 month and 1 year TKA groups were grouped together and compared to the
control group. Independent t-tests or paired t-tests were used to for post hoc testing when the
interaction effect was significant. All statistical analyses were performed with SPSS 16.
Significance level was set at 0.05.

Results
The 6 month TKA group was older than the 1 year TKA group (p=0.01), but no differences
were detected between the two groups in height, weight, BMI or sex proportion (Table 1).
When the 6 month and 1 year subjects from the TKA group were collapsed into one group,
no differences were seen in age, height, weight, and BMI and sex proportion when
compared to the control group (P>0.10) (Table 1).

For the analysis of the persons who underwent TKA, there was no group by side interaction
(F 1,73 = 0.22, P=0.64) and no effect of group (F 1,73 = 0.48, P=0.49), but effect of side
was significant (F 1,73 = 16.23, P<0.001) for the knee angle at PKAM, with the non-
operated knee being more adducted than the operated knee (Table 2) (Fig. 1). PKAM
showed no group by side interaction (F 1,73 = 0.061, P=0.81), no effect of group (F 1,73 =
0.81, P=0.37), but the effect of side was significant (F 1,73 = 13.22, P=0.001) with the non-
operated knee having larger moment (Fig. 2). Knee adduction impulse showed no group by
side interaction (F 1,73 = 0.72, P=0.4), no group effect of (F 1,73 = 0.91, P=0.34), but effect
of side was significant (F 1,73 = 5.25, P=0.02) with the non-operated knee having larger
impulse. Examining stance time revealed no group by side interaction (F 1,73 = 0.56,
P=0.46), no effect of side (F 1,73 =0.85, P=0.36), but there was a significant group effect (F
1,73 = 6.1, P=0.016) with the 6 month group having longer stance time. Step length
comparison revealed no group by side interaction (F 1,73 = 1.47, P=0.23), no group effect (F
1,73 = 0.01, P=0.91), but the effect of side was significant (F 1,73 = 5.81, P=0.02) with the
operated limb having longer step length than the non-operated limb. Patients 6 months and 1
year after TKA walked with similar speed (independent t-test equal variance not assumed; t=
1.06, df = 48.66, P= 0.29).

The control group walked faster than the TKA group (P=0.001) (Table 2). Comparisons
between the control group and the TKA group in knee angle at PKAM, PKAM and
adduction impulse are presented without controlling for speed because using speed as a
covariate did not change the results. For knee angle at PKAM, there was a group by side
interaction (F 1,93 = 5.42, P=0.02), no effect of side (F 1,93 = 2.64, P=0.11), and no effect
of group (F 1,93 = 0.51, P=0.48). Post hoc tests revealed no interlimb difference for the
control group (P=0.56), no difference between control limbs and the operated limb
(P=0.055) and non-operated limb (P=0.51), but in the TKA group the non-operated knee
was more adducted than the operated knee (P<0.001) (Figure 3). There was a significant
group by side interaction (F 1,93 = 6.79, P=0.01) and significant group effect (F 1,93 = 7.13,
P=0.009) for PKAM, but there was no significant differences between limbs (F 1,93 = 0.82,
P=0.36). Post hoc tests revealed no difference between control knees (P=0.25), between
controls and the non-operated knee (P=0.25), but the operated knee had reduced moment
compared to the non-operated knee and controls (P<0.001) (Figure 4). Examining knee
adduction impulse revealed group by side interaction (F 1,93 = 4.88, P=0.03), group effect
(F 1,93 = 5.91, P=0.017), but effect of side was not significant (F 1,93 = 0.003, P=0.95).
Post hoc tests revealed no difference between control knees (P=0.25), between controls and
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the non-operated knee (P=0.59), but controls had larger impulse than the operated knee
(P=0.001), and the non-operated knee had larger impulse than the operated knee (P=0.01).
Step length comparisons showed no group by side interaction (F 1,93 = 0.07, P=0.79), no
effect of side (F 1,93 = 3.38, P=0.07), but effect of group was significant (F 1,93 = 9.8,
P=0.002) with the control group having longer step length. Stance time showed no group by
side interaction (F 1,93 = 0.18, P=0.67), no effect of side (F 1,93 = 1.48, P=0.23), and no
effect of group (F 1,93 = 2.86, P=0.09).

Discussion
The results of this study support our hypothesis that the non-operated knee would show
larger knee adduction angle and dynamic loading during stance compared to the operated
knee. The non-operated knee in both TKA groups, 6 months and 1 year, showed larger knee
adduction angle at PKAM, larger peak knee adduction moment and larger adduction
impulse. Higher peak knee adduction moment and adduction impulse indicate higher
dynamic loading experienced by the non-operated knee and that would place the non-
operated knee at high risk for OA incidence and progression 14, 16. Knee adduction angle
during stance has been shown to be related to dynamic loads during gait with higher
adduction angles associated with higher dynamic loads 21. Static knee adduction alignment
has been shown to increase the odds of OA progression by four fold 22. With greater knee
adduction angle, moment, and impulse during stance, the non-operated knee is subjected to
higher loads after TKA. This increased loading may be an underlying biomechanical reason
for the non-random progression of OA in the contralateral knee and the high incidence rate
of contralateral TKA.

Our second hypothesis was that the non-operated knee of one year TKA group will show
larger adduction angle and dynamic loading during stance compared to the six month TKA
group. We believed that knee dynamic loading will increase over time and that will be
reflected in the loading measures, adduction moment and impulse, but the results of this
study do not support this hypothesis. The age difference between the two TKA groups is not
likely to influence our results since both groups walked with similar speed and both groups
are similar in all clinical measures (Table 3). The non-operated knee did not show changes
over the first post-operative year for knee adduction angle, PKAM and adduction moment.
This suggests that loading of the non-operated knee did not change between 6 months and 1
year after TKA.. Peak adduction moment is associated with OA disease severity 15.
Therefore, if OA progressed in the non-operated knee this progression would most likely be
exemplified by an increase in the magnitude of the peak knee adduction moment. Since the
magnitude of the adduction moment was the similar at 6 months and 1 year after surgery,
this time frame might not be long to show signs of the expected OA progression in the non-
operated knee 8, 9. Subjects in this study were also excluded if they reported maximal pain in
the non-operative knee greater than 4 out of 10. As a result, subjects with more advanced
disease in the non-operative knee may have been excluded from the analysis.

Our third hypothesis was that the non-operated knee of the TKA group will show higher
dynamic loading and adduction angle during stance compared to controls. The results of this
study partially support our hypothesis. The non-operated knee of the TKA group did not
show higher adduction angle at PKAM compared to controls. It is important to note that the
knee adduction angle at a single point where PKAM occurs does not capture the
characteristics of the adduction angle over the whole stance phase (Fig. 3). The non-operated
limb remains substantially more adducted after peak adduction angle, while the operated
limb and control limbs move into a more abducted position. The adduction angle from the
operated limb and control limbs demonstrate a biphasic pattern of both adduction and
abduction, while the non-operated limb remains in adduction throughout the stance cycle.
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Measuring adduction angle at a discrete time point may not be truly reflective of the medial
versus lateral joint loading that occurs in the knee joint throughout the stance phase.

Measures of loading were not different between the control knee and the non-operated knee.
If these measures were analyzed without examining differences in temporospatial
parameters between groups, it would be concluded that patients after TKA load their non-
operated knee similar to the control subjects. However, in light of the differences between
groups in step length, this conclusion may not be justified. Subjects in the TKA group
walked with shorter step length compared to the control group and tended to have a longer
stance time, particularly 6 months after TKA. The TKA group will take more steps to cover
the same distance compared to the control group. With increasing the number of steps and
duration of the step, the exposure of the TKA group to repetitive loading will increase
compared to the control group. Assuming similar amount of daily activity between groups,
the daily exposure of the TKA group to the adduction moment will be higher and this might
put the non-operated knee at a higher risk for OA initiation and progression23. Measurement
of the amount of daily activity of the control and TKA groups is needed to support this
argument.

In this study, the control and non-operated knees had higher peak knee adduction moment
and adduction impulse compared to the operated knee. Previous comparisons of the
adduction moment between the operated knee after TKA and control knees are
conflicting24–26. Milner and O’Bryan compared peak knee adduction moment of the
operated knee and the non-operated knee of subjects after TKA to a control group 25. They
reported higher moment in the non-operated knee compared to both the operated and control
knees while no difference was found between the operated and control knee. In our study, no
difference was found in adduction moment between the non-operated knee and the control
knee. Excluding patients with symptomatic non-operated knees and testing our subjects
early after surgery, 6 months or 1 year, compared to Milner’s and O’Bryan’s could explain
differences between both reports.

Altered walking pattern and higher knee loading demonstrated by the TKA group in this
study could not be attributed to poor clinical outcomes achieved by this cohort (Table 3).
The TKA cohort in this study achieved clinical outcomes comparable to the best reported
outcomes after TKA7, 27–29. They had good self-report of function, functional knee ROM,
minimal knee pain, good quadriceps strength, and excellent functional performance.

Several limitations exist with this study. The cross-sectional nature of the study prevents any
cause and effect inference from the data. However, using the cross-sectional design we
could provide evidence of abnormal movement and loading patterns in subjects after TKA
compared to age matched controls. Subjects in this study were only tested 6 months or 1
year after TKA and examination of patients later in the post-operative period may reveal
different or more dramatic differences in frontal plane kinetics, particularly because knee
strength on the non-operated limb begins to decline 1 year after TKA and by 3 years
strength and pain in the non-operated limb are the best determinants of functional ability4, 30

In this study, we did not control for the subjects’ footwear which might influence the results.
However, most of the subjects wore the same general type of footwear, so we believe that
not controlling footwear did not greatly influence our results. In addition, this study lacks
pre-operative gait data, which precludes the examination of how surgical intervention
affected frontal plane mechanics. To have a complete picture of how TKA affects loading in
the non-operated knee, pre-operative loading should also be quantified. In future studies, we
are planning to collect data before surgery and to follow-up subjects after surgery to
examine the effect of surgery on the operated and non-operated knee mechanics.
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In summary, the non-operated knee of the TKA group had higher knee adduction angle, and
dynamic loading compared to the operated knee indicating higher loading in the non-
operated knee. This increased loading may be an underlying reason for OA progression in
the non-operated knee. Measures of loading in the control knee did not differ from that of
the non-operated knee in the TKA group, but the TKA group walked with shorter step
length. Whilst the non-operated knee loading was not different from controls, there may be
greater risk of cumulative loading in the non-operated knee of the TKA group given their
shorter step length.
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Figure 1.
Average curves for knee frontal plane angle for the Operated (Op), non-operated (Non) knee
of the 6 months (6 mo) and 1 year (1 yr) TKA groups.
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Figure 2.
Average curves for knee adduction moment for the Operated (Op), non-operated (Non) knee
of the 6 months (6 mo) and 1 year (1 yr) TKA groups.
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Figure 3.
Average curves for knee frontal plane angle for the non-operated (Non) and operated (Op)
limbs of the control and TKA groups.
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Figure 4.
Average curves for knee adduction moment for the non-operated (Non) and operated (Op)
limbs of the control and TKA groups.
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Table 1

Subjects characteristics [mean (standard deviation)]

Variable TKA 6 months (N=31) TKA 1 year (N=44) Control (N=20)

Sex (women/men) 10/21 23/21 9/11

Age (year) 70.03(7.6) 63.25(12.4) 62.6(6.5)

Height (m) 1.73(0.1) 1.69(0.11) 1.73(0.11)

Weight (kg) 94.46(21.94) 87.73(17.41) 85.11(12.87)

BMI (kg/m²) 31.5(6.3) 30.5(4.5) 28.8(5.1)
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