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Background: After total knee replacement (TKR) some patients report low self-perceived
function, which is clinically measured using patient reported outcome measures
(PROMs). However, PROMs, e.g. the Oxford Knee Score (OKS), inherently lack objective
parameters of knee function. Biomechanical gait analysis is an objective and reliable mea-
surement to quantitatively assess joint function. Therefore, the aim of this study was to
explore the relationship between biomechanical gait parameters and the OKS.
Methods: Gait analyses were recorded in 37 patients at least one year after primary TKR
and in 24 healthy controls. Parameters from this analysis were calculated for hip, knee
and ankle joint angles and joint moments in the sagittal and frontal plane including initial
contact, early, late stance and swing. For the patients these parameters were expressed as
its difference to control values at matched walking speed. Linear regression analyses were
performed between the parameters from gait analysis and the OKS, with speed as covari-
ate.
Results: The difference in knee extension angle at initial contact and late stance between
patients and controls was significantly related to the OKS. Per one degree knee extension
difference increase, the OKS reduced with 1.0 to 1.6 points. Overall, patients extended their
knee less than controls. Neither ankle and hip gait parameters, nor joint moments showed
a relation with OKS.
Conclusions: All patients with a submaximal score on the OKS showed limited knee exten-
sion during gait, even without a mechanical constraint in knee extension. This could be
related to motor control limitations in this patient group.
� 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
nds.
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1. Introduction

Despite the overall effectiveness of total knee replacement, about 16% of patients remains dissatisfied with their function
one year after surgery [1]. Such functional limitations are commonly measured using patient reported outcome measures
(PROMs). The cause of self-perceived dysfunction remains often elusive, since PROMs are subjective and influenced in a mul-
tifactorial manner [2,3]. Therefore, PROMs are unsuitable to support clinical decision making towards specific interventions,
i.e. to identify a personalized intervention that a dissatisfied patient might profit from.

A more specific outcome of function after knee replacement surgery is the post-operative gait pattern. Gait analysis is a
biomechanical evaluation of joint functions during gait. Such an objective and precise quantification may therefore poten-
tially yield a meaningful specific outcome to evaluate function after knee replacement [4]. Rehabilitation programs already
aim at improving patient mobility through walking-skill programs [5,6] and have shown to be effective to improve the gait
pattern and distance walked. However, subjective and objective outcomes are both informative, each in their ownmanner. In
these previous studies no specific objectives for gait parameters within these walking-skill programs are reported, neither
clear relationships between gait patterns and self-perceived function have been identified in previous studies [7].

While gait analyses is an objective and useful method to evaluate joint function after knee replacement [4], the contri-
bution of gait parameters to self-perceived function calls for attention. As a diagnostic tool, gait analysis might inform
the surgeon how individual targets should be set within relevant interventions to improve post TKR patients’ mobility
and walking-skills.

Several studies have investigated the relationship between objective gait parameters and post-operative PROM scores
[7–10]. However, only a very limited number of gait parameters were investigated. The findings on the presence of the rela-
tion between these specific gait parameters and PROM scores were inconsistent across individual studies [7–10]. Recently,
over one hundred undefined gait parameters were found to be related to different PROMs [2].

Commonly applied PROMs to evaluate function after knee replacement surgery are the WOMAC, KOOS, KSS and OKS [11].
In this study it was chosen to investigate the Oxford Knee Score, which is specifically designed to evaluate knee pain and
function outcome of knee replacement and considered valid and reliable [12,13].

Therefore, this study aims to explore which gait parameters of the lower extremities in knee replacement patients have a
relation to the OKS.
2. Methods

Gait parameters were recorded of 37 patients one to five years after receiving their primary knee replacement because of
severe knee osteoarthritis (Low Contact Stress Prosthesis (DePuy, USA) and ACS (Implantcast, Buxtehude, Germany) TiN
mobile bearing prostheses types), included from multiple centers in the Netherlands. All patients were between 50 and
75 years old, BMI < 35 kg/m2, could walk without aids and had no comorbidities that could affect the gait pattern, such as
neurological disorders, or diagnosed osteoarthritis or a prosthesis in any other lower limb joint and no revision surgery
was performed or planned the current knee implant, nor reported significant pain in other joints (VAS pain score over 3).
Further, 22 gender- and age-matched asymptomatic, healthy participants without any joint replacements were included
as a control group. Ethics approval was granted from the local Human Research Ethics Committees (NL51829.029.14),
and written informed consent was provided according to the Committees’ guidelines.
2.1. Data collection

Gait was collected on the GRAIL (Gait Real-time Analysis Interactive Lab, Motek ForceLink BV, Netherlands) at the reha-
bilitation department of the Amsterdam University Medical Center, location VUmc. Patients walked on an instrumented
treadmill. During the walking trials, 3D motion was captured via InfraRed optical motion capture with wireless, light-
reflecting markers (Vicon, Oxford, UK; measurement error < 0.22 mm [14]). 26 markers were placed on the patient for recon-
struction of the position and orientation of the lower limbs, pelvis and trunk in space, according to the CAST model [15],
recorded at a 100 Hz sample frequency. Additionally, ground reaction forces were measured using two 6D force plates,
recorded at a 1000 Hz sample frequency.

First the preferred walking speed was determined at the treadmill. At this speed patients underwent a minimum of 5
minutes of habituation to treadmill walking, before gait data were recorded at the preferred walking speed for one minute.

After the gait recording, patients filled out the Oxford Knee Score (OKS) to assess knee pain and function. The OKS ques-
tionnaire is a 12-item questionnaire that evaluates functional ability on the level of body functions and activities and pain
over the last week. Possible scores range from 0-48, with higher scores representing better function and less pain. The OKS is
specifically designed for knee replacement patients and considered valid and reliable [12,13]. Also the Dutch version is
shown to be valid [16].
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2.2. Data processing

Marker and force plate data were filtered using a two-way second order low pass Butterworth filter with cut-off fre-
quency of 6 Hz. Inverse kinematics and kinetics were performed using custom-made software BodyMech (www.body-
mech.nl, Matlab 2018b, MathWorks, Natick, MA). For the leg with the knee replacement hip, knee and ankle sagittal and
frontal kinematics (degrees) and kinetics (Ncm/kg) were calculated. All joint moments were expressed externally, expressed
in the distal segment coordinate frame and normalized to body weight. Each gait cycle was time-normalized to one-hundred
samples per cycle. In total 53 discrete parameters were calculated, including relevant peaks, range of motion over the full
gait cycle and values at initial contact for the kinematic and kinetic waveforms (Fig. 1). Relevant peak parameters were
Fig. 1. Discrete parameters Visualization of the peak parameters (black asterisks) included in the study. These peak parameters are explored, in addition to
the value at initial contact and range of motion over the full gait cycle (average gait cycle of the patient group shown in red).
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calculated for within the following gait phases: early stance (1–20% of the gait cycle), midstance (20–40%), late stance (40%-
toe-off (±66%)).

The parameters of the patient data were compared to the control group, by expressing the patient parameters as absolute
deviation from control. These deviations were determined at matched walking speed, because differences in walking speed
between knee replacement patients and controls can significantly impact the gait differences between these groups [17]. The
gait biomechanics of the control group were matched to the walking speed of each patient separately using principal com-
ponent analyses following the method of Meinders et al. 2021 [18]. Discrete parameters were calculated over each individual
gait cycle and averaged over all gait cycles per patient. Finally, the deviation between the discrete parameters of the patients
to the speed-matched controls were calculated.
2.3. Statistical analyses

Linear regression analyses were performed to determine whether there is an association between the patient deviations
from controls of the 53 gait parameters and self-perceived function as measured by the OKS. Speed was added as a covariate
to the regression analyses, to correct for differences in walking speed between patients. Addition of the covariate changed
the regression coefficient with more than 10%, which confirms a relevant effect of speed [19]. In this study suboptimal func-
tioning is investigated, therefore patients with a maximum score on the OKS should be excluded from the analyses, removing
the ceiling effect [16]. This ceiling effect may otherwise skew the relation with the gait pattern.

Each variable was checked for normality using boxplot and histogram graphs. In case of the presence of extreme outliers
(more than three times the interquartile range), this data point was removed from the linear regression analysis.

Significance was set at alpha is 0.05 and after a Bonferroni correction for multiple comparisons only tests with a p-value
below 0.0009 were deemed significant.

All analyses were carried out in MATLAB R2018b (MathWorks, Natick, MA) and IBM SPSS Statistics version 26 (SPSS Inc.
Chicago, IL, USA).
3. Results

After removal of the OKS ceiling score, 31 patients out of 37 patients remained for kinematic analyses. Due to technical
issues 27 total knee replacement (TKR) patients were included for the kinetic analyses, due to failure of force data recordings
from four patients. The TKR groups had a similar gender and age (p > 0.10), but a higher BMI and lower preferred walking
speed (p < 0.05) compared to the control group (Table 1).

Only sagittal knee angle parameters showed significant relationships with the OKS (Fig. 2 & Table 2): a lower OKS score is
related to more deviation from control gait. No significant relationships were found between gait kinetics and the OKS, nor
between ankle and hip gait parameters and the OKS (Appendix A).

An extreme outlier was removed from the data of the range of motion of the knee flexion angle over the gait cycle (indi-
cated as triangle in Fig. 2). Thus, only the knee extension angle at initial contact and at late stance remained to have a sig-
nificant relation with the OKS score. At initial contact the knee extension showed the strongest effect size. At initial contact
an increase of one degree knee extension deviation reduced to OKS score with 1.6 points, while at one degree at late stance
reduced the OKS only 1.0 point (Table 2).
4. Discussion

In this study a strong correlation was found in knee replacement patients between greater knee extension deviation at
initial contact and late stance and worse functioning as subjectively scored on the OKS. Knee extension during gait may
therefore be a candidate to target in training programs, when patients report low self-perceived function.
Table 1 Patient and control characteristics.

Patient Group Control Group

Kinematics Kinetics

Sample size (n) 31 27 22
Gender (%female) 42% 44% 41%
Age (years) 63.7 ± 5.3 64.2 ± 5.0 66.5 ± 5.2
BMI (kg/m2) 28.1 ± 3.3 28.5 ± 3.3 25.8 ± 3.2
Age TKR (years) 2.0 ± 1.0 1.9 ± 0.7 n/a
Preferred walking speed (m/s) 1.0 ± 0.3 1.0 ± 0.3 1.2 ± 0.2
Matched walking speed (m/s) n/a n/a 1.0 ± 0.3
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Fig. 2. Significant regressions with sagittal knee gait parameters, expressed as their absolute deviation from controls. Shown is the regression line without
speed covariate, while speed was included in the analyses. The identified outlier is shown as triangle.

Table 2
Linear regressions between the Oxford Knee Score and gait biomechanics deviation.

Beta Coefficient Confidence Interval p-value

lower upper

Knee extension initial contact (o) �1.627 �2.268 �0.989 0.000*
Knee extension late stance (o) �1.010 �1.525 �0.494 0.000*
Sagittal knee range of motion (o) �1.102 �1.727 �0.478 0.001}

* Significant regression after correction for multiple testing.
} Significant regression without correction for multiple testing.
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In agreement with our study, previous studies showed a relation between sagittal knee biomechanics during gait and self-
perceived function [8–10] and no relations to ankle or hip biomechanics [7]. However, the studies investigating the knee
biomechanics did not analyze knee extension specifically, but did find sagittal knee range of motion to be associated with
self-perceived function. Most previous studies did not correct for multiple testing, nor removed ceiling scores or corrected
for walking speed. The conservative statistical corrections in this study explains why we did not find the range in knee flex-
ion related to self-perceived function and it underlines the importance of the remaining significant relations of knee exten-
sion during gait to self-perceived function. Unfortunately we cannot compare our outcomes to the study of Kirschberg et al.
(2018), where almost 100 gait parameters were found to be related to function on the WOMAC, because these gait param-
eters were not specified. A full report of our testing can be found in Appendix A. Interestingly, even before correcting for mul-
tiple testing only two kinetic gait parameters have been found significantly related to OKS (Appendix A). A strong
relationship between limited knee extension and the OKS was found, at initial contact and late stance. The regression out-
come implies that with an increase of one degree knee angle extension limitation, the OKS decreases by 1.0–1.6 points. A
small subset of patients (n = 6) scored below a score of 30 on the OKS, which is identified as the threshold for dissatisfaction
with surgery outcome [20]. These patients with self-perceived dysfunction showed on average 14 and 13 degrees limitation
in their knee extension angle at initial contact and late stance respectively. Based on the beta coefficients found for initial
contact and late stance, these knee extension limitations have caused a decrease on the OKS score of 8 to 13 points, respec-
tively. Therefore, the knee extension limitations found may have caused a clinically relevant reduction in self-perceived
function, as the minimal clinically important difference for the OKS is five points [21].

All of the patient knee extension deviations were positive, i.e. patients landed on the leading leg with less knee extension
than the control group (Appendix B). The relationships we found do not directly imply causal relationships. Still, limited knee
extension may point towards an etiology that might be sensitive to treatment. Such a treatment effect might promote sat-
isfaction in patients, to be subjected to further study. Limited knee extension after knee replacement may have a mechanical
cause such as malposition of the implant or simply by its design [22], which would render patients not capable to further
extend their knee. However, the physical exam showed that all patients with an unsatisfactory OKS score below 30 were
capable to extend their knee at least eleven degrees further than they did on average during comfortable walking (Appendix
B). Therefore, the limited knee extension was not caused by a mechanical constraint. The cause of the limited knee extension
must therefore be sought in a disturbed motor control during comfortable walking in these patients.
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Motor control can be disturbed for several reasons. The experience of prevalent symptoms after knee replacement, such
as instability [23] and pain [24,25] are known to reduce knee extension. Also, gait deviations are often hypothesized to be a
pre-operatively learned gait pattern [22,25] to comply with the pain of the arthritic knee. After years of symptomatic knee
osteoarthritis, patients will have adjusted their gait pattern to these symptoms. This gait pattern may retain after knee
replacement, although symptoms may have subsided. Such a gait pattern will be accompanied with increased co-
contraction of the knee-spanning flexor and extensor muscles [23], which is inefficient and may increase loading of the knee
and adjacent joints [26]. Therefore, it will be of importance for future research to identify the cause of limited knee extension
that seems to be motor control related. A training program should aim for relearning, i.e. walking with more knee extension.
Whether improvement of knee extension will lead to improvement of patients’ self-perceived knee function can then be
evaluated.

Previous studies have shown that TKR patients can be trained towards an improved gait pattern, although they used non-
standardized targets, improvements were accompanied with improved PROM scores [27,28]. With a more focused training
on knee extension targets, for instance with the application of biofeedback through virtual or augmented reality, such gait
training may be even more effective [29].

Moreover, other gait parameters might be relevant for rehabilitation. A rather strict Bonferroni correction was applied in
this study because of a large number of regression analyses. Future research might find the current borderline significant
regressions significant, especially in larger sample sizes. A combination of gait parameters in the hip, knee and ankle might
be stronger related to the self-perceived function. For such statistical analyses larger sample sizes are required.

A limitation of this study is the small number of patients with non-maximal OKS scores. Only six patients scored lower
than 30. However, the relations found were highly significant. Future research could investigate whether inclusion of more
dissatisfied patients leads to identification of more significant gait parameters of self-perceived function. However, this
would require inclusion of large numbers of patients, since only 10–20% of patients is dissatisfied. Furthermore, only biome-
chanical gait deviations have been included as determinants for self-perceived function. Other factors may also need to be
considered when aiming to improve self-perceived function, such as pre-operative function, patient characteristics, expec-
tations and comorbidities [3,30,31].

The identified relations between the gait pattern and self-perceived function were only shown in two rather similar pros-
theses designs, using similar surgical techniques for placement of the prostheses. One should be careful with generalization
of the results to the general population, because prosthesis design and surgical techniques may impact the rehabilitation of
the gait function [32,33]. Furthermore, the rehabilitation of the patients was not controlled in this study. However, patients
get a standardized amount of out-patient physiotherapy, for which national guidelines are drawn up (https://www.kngf2.nl/
kennisplatform/guidelines).

Finally, we do not know whether our control group suffered asymptomatic knee osteoarthritis. X-rays could have shown
whether osteoarthritis was present in the knee joints, but these were not taken from the controls. However, even minor
symptoms were considered an exclusion criterion and clear deficits in range of motion would have been noticed during
preparation of the measurements. Therefore, we feel our control group can be considered as free of any relevant
comorbidities.
5. Conclusion

In this study we showed a strong significant relationship between limited knee extension during gait and poor OKS in
knee replacement patients. Suboptimal self-perceived function was accompanied with limited knee extension during gait:
for each degree knee extension limitation increase, the OKS decreases 1.0–1.6 points.
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Appendix A

See Tables 3 and 4.
Table 3
Kinematics. All calculated linear regressions between the Oxford Knee Score and kinematic gait parameters.

Beta Coefficient Confidence Interval p-value

lower upper

Hip Sagittal Peak early stance 0.01 �0.74 0.75 0.989
Peak late stance 0.19 �0.37 0.75 0.496
Peak swing 0.03 �0.91 0.97 0.949
Range �0.62 �1.18 �0.06 0.031�

Initial contact 0.02 �0.70 0.74 0.951
Frontal Peak stance 0.56 �0.55 1.66 0.311

Peak swing �0.67 �2.03 0.70 0.324
Range 0.72 �0.34 1.77 0.176
Initial contact �0.69 �1.74 0.36 0.191

Knee Sagittal Peak early stance �0.50 �1.01 0.01 0.052
Peak late stance �1.01 �1.53 �0.49 0.000*
Peak swing �0.69 �1.79 0.42 0.213
Range �1.10 �1.73 �0.48 0.001�

Initial contact �1.63 �2.27 �0.99 0.000*
Frontal Peak early stance 0.05 �1.45 1.55 0.946

Peak swing �0.16 �1.12 0.80 0.728
Range 0.48 �0.53 1.49 0.336
Initial contact �0.03 �1.54 1.49 0.970

Ankle Sagittal Peak early stance �0.57 �1.73 0.59 0.325
Peak late stance �0.29 �1.22 0.64 0.530
Peak swing �0.55 �1.36 0.26 0.175
Range �0.03 �0.89 0.83 0.942
Initial contact �1.23 �2.12 �0.34 0.009�

Frontal Peak early stance �0.77 �1.48 �0.06 0.034�

Peak late stance �0.64 �1.25 �0.03 0.041�

Range 0.74 �1.26 2.73 0.457
Initial contact �0.58 �1.20 0.05 0.070

* Significant regression after correction for multiple testing.
� Significant regression without correction for multiple testing.

182



Table 4
Kinetics. All calculated linear regressions between the Oxford Knee Score and kinetic gait parameters.

Beta Coefficient Confidence Interval p-value

lower upper

Hip Sagittal Peak early stance �0.11 �0.27 0.06 0.196
Peak late stance �0.13 �0.38 0.13 0.312
Range �0.09 �0.20 0.02 0.098
Initial contact �0.33 �0.71 0.05 0.083

Frontal Peak early stance 0.07 �0.19 0.32 0.593
Peak midstance 0.09 �0.11 0.28 0.364
Peak late stance 0.04 �0.17 0.24 0.721
Range �0.02 �0.30 0.27 0.915
Initial contact 0.03 �0.84 0.89 0.953

Knee Sagittal Peak early stance �0.05 �0.26 0.17 0.644
Peak late stance �0.09 �0.33 0.14 0.420
Range �0.09 �0.38 0.19 0.510
Initial contact �0.67 �1.34 0.00 0.049�

Frontal Peak early stance 0.25 �0.10 0.60 0.151
Peak midstance 0.17 �0.10 0.43 0.207
Peak late stance 0.21 �0.06 0.47 0.117
Range 0.06 �0.34 0.45 0.775
Initial contact �0.44 �2.27 1.39 0.627

Ankle Sagittal Peak early stance �0.62 �1.66 0.41 0.225
Peak late stance 0.11 �0.17 0.39 0.426
Range 0.02 �0.24 0.29 0.862
Initial contact 1.52 �5.57 8.55 0.660

Frontal Peak late stance �0.36 �0.78 0.07 0.099
Range �0.56 �0.99 �0.12 0.014�

Initial contact �7.77 �20.01 4.46 0.202

* Significant regression after correction for multiple testing.
� Significant regression without correction for multiple testing.
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Appendix B

See Table 5.
Table 5
Comparison of maximum passive knee extension during physical exam vs. knee extension during comfortable gait. Data shown for the patients with an
unsatisfactory function OKS score (i.e. OKS < 30 [12]) above in the table and patients with the most satisfactory OKS score from the regression analyses (i.e.
OKS > 45) in the lower half of the table.

Comfortable gait (mean angle) Physical exam

OKS score Knee extension deviation}

(patient – control knee flexion in
degrees)

Knee extension angle (knee
flexion in degrees)

Maximum knee extension
(knee flexion in degrees)

Initial contact Late stance Initial contact Late stance

13 29.5 26.6 36.0 32.9 10
18 19.7 11.6 26.2 17.9 0

OKS < 30 24 5.7 7.2 11.1 12.3 0
24 11.1 11.3 17.1 17.1 0
28 5.2 6.2 11.4 12.2 0
29 14.6 15.9 20.5 21.6 0
46 4.0 1.5 10.0 7.3 0
46 6.6 0.2 11.5 4.9 0

OKS > 45 46 1.5 4.4 6.4 9.0 0
46 1.5 0.8 3.3 5.3 0
46 1.1 6.3 6.1 11.1 5
47 1.4 0.5 4.1 5.9 0
47 0.4 2.8 5.7 7.8 0

} A positive deviation means more knee flexion than controls walking at the same speed.
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