
 
 

Delft University of Technology

Relationship between knee joint contact forces and external knee joint moments in
patients with medial knee osteoarthritis
effects of gait modifications
Richards, R. E.; Andersen, M. S.; Harlaar, J.; van den Noort, J. C.

DOI
10.1016/j.joca.2018.04.011
Publication date
2018
Document Version
Final published version
Published in
Osteoarthritis and Cartilage

Citation (APA)
Richards, R. E., Andersen, M. S., Harlaar, J., & van den Noort, J. C. (2018). Relationship between knee
joint contact forces and external knee joint moments in patients with medial knee osteoarthritis: effects of
gait modifications. Osteoarthritis and Cartilage, 26(9), 1203-1214. https://doi.org/10.1016/j.joca.2018.04.011

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.joca.2018.04.011
https://doi.org/10.1016/j.joca.2018.04.011


Green Open Access added to TU Delft Institutional Repository 

'You share, we take care!' - Taverne project  
 

https://www.openaccess.nl/en/you-share-we-take-care 

Otherwise as indicated in the copyright section: the publisher 
is the copyright holder of this work and the author uses the 
Dutch legislation to make this work public. 

 
 



Osteoarthritis and Cartilage 26 (2018) 1203e1214
Relationship between knee joint contact forces and external knee joint
moments in patients with medial knee osteoarthritis: effects of gait
modifications

R.E. Richards y *, M.S. Andersen z, J. Harlaar y x, J.C. van den Noort y k
y VU University Medical Center, Department of Rehabilitation Medicine, Amsterdam Movement Sciences, Amsterdam, The Netherlands
z Department of Materials and Production, Aalborg University, Denmark
x Delft University of Technology, Delft, The Netherlands
k Academic Medical Center, Musculoskeletal Imaging Quantification Center (MIQC), Department of Radiology and Nuclear Medicine, AmsterdamMovement
Sciences, Amsterdam, The Netherlands
a r t i c l e i n f o

Article history:
Received 7 December 2017
Accepted 17 April 2018

Keywords:
Knee osteoarthritis
Knee contact force
Knee adduction moment
Gait modifications
Musculoskeletal modeling
* Address correspondence and reprint requests to:
medical center, Department of Rehabilitation Medi
Sciences, The Netherlands.

E-mail addresses: r.richards@vumc.nl (R.E.
(M.S. Andersen), j.harlaar@vumc.nl (J. Harlaar), j.van
den Noort).

https://doi.org/10.1016/j.joca.2018.04.011
1063-4584/© 2018 Osteoarthritis Research Society In
s u m m a r y

Objective: To evaluate 1) the relationship between the knee contact force (KCF) and knee adduction and
flexion moments (KAM and KFM) during normal gait in people with medial knee osteoarthritis (KOA), 2)
the effects on the KCF of walking with a modified gait pattern and 3) the relationship between changes in
the KCF and changes in the knee moments.
Method: We modeled the gait biomechanics of thirty-five patients with medial KOA using the AnyBody
Modeling System during normal gait and two modified gait patterns. We calculated the internal KCF and
evaluated the external joint moments (KAM and KFM) against it using linear regression analyses.
Results: First peak medial KCF was associated with first peak KAM (R2 ¼ 0.60) and with KAM and KFM
(R2 ¼ 0.73). Walking with both modified gait patterns reduced KAM (P ¼ 0.002) and the medial to total
KCF ratio (P < 0.001) at the first peak. Changes in KAM during modified gait were moderately associated
with changes in the medial KCF at the first peak (R2 ¼ 0.54 and 0.53).
Conclusions: At the first peak, KAM is a reasonable substitute for the medial contact force, but not at the
second peak. First peak KFM is also a significant contributor to the medial KCF. At the first peak, walking
with a modified gait reduced the ratio of the medial to total KCF but not the medial KCF itself. To
determine the effects of gait modifications on cartilage loading and disease progression, longitudinal
studies and individualized modeling, accounting for motion control, would be required.

© 2018 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
Introduction

Increased dynamic knee loading is associated with progression
of medial knee osteoarthritis (KOA)1,2. The knee adduction
moment (KAM) is often reported in studies investigating knee
biomechanics3,4. Higher KAM is associated with radiographic
changes in the knee joint structure and cartilage degeneration2,5.
KAM is considered to be a surrogate measure for knee contact
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ternational. Published by Elsevier L
force (KCF) which is assumed to represent the detrimental
biomechanics leading to cartilage changes. However since KAM is
only a first approximation of KCF6, it has been suggested that the
knee flexion moment (KFM) should be taken into account as
well5,7,8. In studies measuring KCF using instrumented prostheses,
the association between KAM and KCF ranges from R2 ¼ 0.09 to
R2 ¼ 0.976. Unfortunately, results are typically based on low-
powered studies and direct measurement of KCF is not possible
in the intact knee. Furthermore, muscle activation patterns after
knee arthroplasty (TKA) may not be representative of activation
patterns in healthy or KOA patients9. As such, relationships be-
tween KAM and KCF in TKA subjects may not be generalizable to
the healthy or KOA population.

Estimation of KCF is possible through computational musculo-
skeletal modeling systems, such as the AnyBody Modeling System
td. All rights reserved.
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(AMS, AnyBody Technology, Aalborg, Denmark) or OpenSim10,11.
Studies based on musculoskeletal modeling investigating associa-
tions between KAM and KCF have reported R2 values from 0.36 (in
young healthy subjects)12, 0.52 (in older adults)13 to 0.6 (in young
subjects post-ACL reconstruction)8. These values suggest only
moderate association between the measured KAM and estimated
KCF.

Despite the influence of biomechanical factors in KOA, to date
modeling studies have largely focused on healthy individuals14,
individuals post-ACL reconstruction8 or individuals post-TKA15,16.
Few studies have reported the KCF in KOA patients and fewer still
have reported changes in KCF in KOA patients following interven-
tion, with assessment of the biomechanical effects usually limited
to changes in KAM and KFM.

With increasing KOA incidence and an increasing need to
address the underlying biomechanical factors, there is now
considerable research focus on understanding the effectiveness of
gait modifications as a conservative intervention for reducing
KAM17,18. Gait modifications such as modifying the foot progression
angle (FPA) can successfully reduce KAM and have also resulted in
improvements in pain and function19,20. However, a reduction in
KAM does not always lead to a reduction in KCF: changes in medial
KCF (mKCF) in subjects with instrumented prostheses ranged from
18% increase21 through 4.5%22 to 18%23 to 45% decrease24 depend-
ing on the type of gait modification and the phase of the gait cycle.
However, as argued previously, these results may not be general-
izable to the KOA population.

Our first aim was to investigate the relationship between the
external knee moments (i.e., KAM and KFM) and the modeled KCF
during steady-state walking in patients with medial KOA. We hy-
pothesized that KAMwould be associated with mKCF and total KCF
(tKCF) at the first peak but not at the second6. Our second aim was
to investigate changes in the mKCF and tKCF following toe-in and
step width gait modification. We hypothesized that walking with
either toe-in gait or with wider steps would reduce the first peak of
the mKCF, in line with reductions in KAM25. Finally, our third aim
was to investigate how changes in external knee moments were
associated with changes in the mKCF. We hypothesized that KAM
changes would be strongly associated with mKCF changes, similar
to the relationship between these parameters reported pre- and
post-high tibial osteotomy26.

Method

Participants

This study uses data collected for a previous study27 with forty
participants with medial KOA. Data from 35 of 40 participants
were analyzed; demographics are presented in Table I. Five par-
ticipants were excluded due to incorrect format of the input data
for the model. Characteristics of the included participants
(n ¼ 35) were not significantly different to the excluded partici-
pants (n ¼ 5). Ethical approval was granted by the VUmc Medical
Table I
Demographics of participants included in the study (n ¼ 35)

Characteristic Mean (SD) Range

Age (yr) 62.3 (5.91) 51.0e71.7
Height (m) 1.73 (0.09) 1.53e1.92
Mass (kg) 76.06 (10.35) 57.2e98.40
BMI (kg/m2) 25.48 (2.63) 20.03e33.69
Gender M 13 F 22 (63%)
Kellgren and Lawrence Grade

(of the more affected knee)
I: 16, II: 7, III: 8, IV: 4.
Ethics committee and all participants provided written consent.
Inclusion and exclusion criteria for the study are described in
Richards et al.27.

Gait analysis

Participants attended the Virtual Reality laboratory at the VUmc
for 3D instrumented treadmill-based gait analysis27. In this sec-
ondary analysis, we used three gait conditions from our previous
study; 1) normal gait, 2) toe-in gait and 3) wide-steps gait. For each
modification, participants received real-time feedback based on a
pre-defined target for the modification27.

Musculoskeletal modeling and data analysis

The .c3d files from the raw data collection were used as input
for a lower limb musculoskeletal model run in AnyBody Modeling
System28. Validation of a similar model against data from an
instrumented knee showed strong agreement with the experi-
mental data28. Recently, small modifications have been made to
the model to improve the predictions of the second peak. Results
of validation of the current model are presented in Appendix A.
Model anatomy was defined based on cadaveric measurements
from the Twente Lower Extremity (TLEM) dataset29. Initially, a
stick figure was created based on the experimental data for the
static trial and morphed with the musculoskeletal template ge-
ometry to create a scaled musculoskeletal model28. Inverse kine-
matics were used to calculate the joint angles based on the motion
capture data. During this step, the knee was modeled as ball-and-
socket joint. These angles and the morphed model and ground
reaction forces provided input to an inverse dynamics analysis to
calculate joint moments, muscle forces and KCF. Dynamic equi-
librium equations were solved using muscle activities squared as
the muscle recruitment (optimization criteria). Non-negativity
constraints were applied to ensure that muscles only pull and
not push11. To account for resistance against varusevalgus and
internaleexternal provided by the ligamentous structures of the
knee, reaction moments in these directions were included in the
inverse dynamics, allowing the muscles crossing the knee to only
balance the flexioneextension moment. Joint moments and forces
were calculated based on the International Society of Biome-
chanics (ISB) segment definitions30 and the Grood and Suntay
method was used to express the knee kinematics and kinetics31.
Joint contact forces (compressive forces only) were calculated as
the net loading on the joint resulting from muscular forces,
gravitational forces, inertial forces and ground reaction forces and
moments. Joint moments and forces were expressed in the shank
coordinate system31 and normalized to body weight and the
product of body weight and height, respectively. The medial-
lateral distribution of the KCF was calculated by applying a
moment equilibrium (equation (1)) and force equilibrium (equa-
tion (2)) in the frontal plane. The moment arms for the condyles
were estimated based on reported ratios of the condylar width
relative to the knee width from X-Rays of the knees of 101 sub-
jects32. Validation of the force and moment equilibriums are
presented in Appendix A.

KAM þ KCFlateral,CMAL � KCFmedial,CMAM ¼ 0 (1)

where KCFlateral is the contact force in the lateral knee compartment.
KCFmedial is the contact force in the knee in medial knee

compartment.
CMAL is the length of the lateral condyle moment arm.
KAM is the KAM in the shank coordinate system and
CMAM is the length of the medial condyle moment arm.
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KCFtotal ¼ KCFlateral þ KCFmedial (2)

where KCFtotal is the total contact force.

Data analysis and extraction

Data were time-normalized to 100% gait cycle using the ground
reaction force data with a threshold of 25 N to determine gait
events. From each complete gait cycle we extracted peak values for
the mKCF and tKCF during the first (1e50%) and second (51e100%)
half of the stance phase. Using these timings, we identified peak
values in the external KAM and KFM (flexor and extensor). Thus, for
each gait trial, we extracted multiple values for KAM and KFM (i.e.,
from several strides, mean 22 ± 8), where each value corresponded
to a peak in the medial or total contact force. For the flexion
moment, we also extracted the absolute peak value over the full
gait cycle. Finally, KAM impulse, themagnitude of KFM impulse and
the mKCF and tKCF impulse were calculated per cycle.

Statistical analysis

Prior to statistical analysis, outcome measures were checked for
normality with ShapiroeWilk and KolmogoroveSmirnov tests.
Where deviations from normal distribution were found, non-
parametric tests were used.

To investigate our first aim we used linear regression analyses
with either the first, second or both peaks of themKCF or tKCF as the
dependent variable. Independent variables were peak KAM (first,
second or both peaks) and peak KFM (first, second or both peaks).
When both peaks were used in the regression analysis, correlation
waswith bothfirst and secondpeak of theKCF. For the peakKFM,we
considered the magnitude of KFM since both KFM and knee exten-
sion moments may be associated with the KCF. Furthermore, we
evaluated the relationship between the ratio of themKCF to tKCF (at
the peak values) and KAM (first, second or both peaks) and KFM
(first, second or both peaks) since KAM may better represent the
distribution of the KCF than the mKCF itself33,34. Furthermore, we
modeled the relationship between KAM impulse, magnitude of the
KFM impulse, the mKCF and tKCF impulse and the ratio of the mKCF
to tKCF. For all regression analyses, datawere checked for significant
outliers using case wise diagnostics within SPSS. Data were also
checked for independence of observations, using the
DurbineWatson statistic in SPSS. Homoscedasticity and normality
of the residuals were checked visually using histograms, scatter
plots andnormal PePplots. Assumptionswere fulfilled. The analysis
unit was the number of patients (n ¼ 35) and all data were from
normal walking condition (i.e., walkingwithout gait modifications).

Second, we investigated the effect of the gait modifications on
the external joint moments and internal KCF. For this analysis, the
analysis unit was the number of patients (n ¼ 35) with three con-
ditions (normal gait, toe-in gait and wide-steps gait). Therefore, we
used repeated measures analysis of variance (ANOVA) and the
Friedman test in the case of deviations from normal distribution,
with the type of gait pattern as the independent variable and the
peak internal KCF (medial or total), peak external force (KAM or
KFM), KAM impulse, KCF impulse (medial or total) or mKCF to tKCF
ratio as the dependent variable. We used post-hoc pairwise com-
parisons with Sidak correction to determine which gait modifica-
tions differed from normal gait. For non-parametric data, we used
the Wilcoxon signed rank test for pairwise comparisons.

Finally, we evaluated the association between changes in the
external jointmoments and changes in themKCF. For this regression
model, we considered changes in the first and second peakmKCF as
the dependent variable and change in the peak KAM (first, second)
and change in peak KFM (first, second) as independent variables.
Statistical significance was set to a ¼ 0.05. All analyses were per-
formed using SPSS software, version 22.0 (SPSS, Chicago, IL, USA).

Results

At the first peak, we found a moderate to strong statistical as-
sociation between KAM, KFM andmKCF, (adjusted R2¼ 0.60 [95% CI
0.47 to 0.68] for the KAM only model and 0.73 [0.63, 0.80] for KAM
and KFM together); Table II and Fig. 1. Statistical association be-
tween the external moments and mKCF at the second peak was
lower (adjusted R2 ¼ 0.44 [0.29, 0.55] and 0.43 [0.26, 0.54]
respectively). Statistical associations between KAM and tKCF were
generally weak or moderate (maximum adjusted R2 ¼ 0.44 [0.27,
0.54]) and KFM did not contribute significantly (P > 0.05). Including
both first and second peak KAM in the models reduced the asso-
ciation of the external loads with the internal knee joint forces and
increased the root-mean-square (RMS) error.

Peak KAM was statistically associated with the mKCF to tKCF
ratio, particularly at the second peak, adjusted R2¼ 0.86 [0.80, 0.89]
(Table II). Peak KFMwas also a significant predictor at the first peak
(P < 0.001), but not at the second (P ¼ 0.211).

We observed a strong and significant statistical association be-
tween KAM impulse and the ratio of the medial to tKCF impulse
(adjusted R2 ¼ 0.83 [0.76, 0.87]) with an error of less than 4%. KFM
impulse did not significantly contribute to the mKCF to tKCF im-
pulse ratio.

First peak KAMwas statistically reduced while walking with toe-
in gait and wide-steps gait (mean reduction of 0.16% BW*Ht,
P ¼ 0.002), Table III. Unlike KAM, where the first peak was higher
than the second, mKCF and tKCF were higher at the second peak
compared to the first in all conditions. First peak mKCF was signifi-
cantly different between the three modified walking conditions
(P ¼ 0.019), Fig. S2 (Appendix B). However, post-hoc testing did not
reveal significant differences compared to normalwalking (P¼ 0.986
and P ¼ 0.064 respectively). First peak tKCF was significantly
different between toe-in gait and wide-steps gait (P ¼ 0.047), but
again no significant differences were found relative to normal
walking (P ¼ 0.088 and P ¼ 1.000). Second peak mKCF and second
peak tKCF were both significantly reduced during toe-in gait (mean
difference 0.07BW, P ¼ 0.002 and 0.15BW, P < 0.001, respectively).
KAM, mKCF and tKCF impulse were unchanged duringmodified gait
walking (P > 0.05). The ratio of the mKCF to tKCF ratio decreased at
the first peak comparedwith normal gait condition in bothmodified
gait conditions (mean reduction of 0.02, P < 0.001); Table III. At the
second peak, the ratio increased during the toe-in gait (mean in-
crease of 0.01, P ¼ 0.020) but not during wide-steps gait.

A moderate statistical association between change in (D) first
peakmKCFandD first peak KAMwas found (adjusted R2¼ 0.54 [95%
CI 0.38, 0.64]), Table IV, during walking with toe-in gait with respect
to normal walking. Adding D first peak KFM to the model improved
the fit to R2 ¼ 0.74 [0.63, 0.80], and reduced the RMS error. The un-
standardized beta for DKAM (0.27 [0.17, 0.34]) was more than twice
that for DKFM (0.11 [0.08, 0.16]). The model for the wide-steps con-
dition (Table IV) showed similar results, although the contribution of
D first peak KAM was lower than for the toe-in model. A weak sta-
tistical association was found between D second peak KAM and D
second peak KFM and D second peak mKCF (adjusted R2 < 0.28).

A weak statistical association was found between D first peak
KAM and D ratio of peak mKCF to tKCF (adjusted R2 ¼ 0.32 [0.15,
0.45] for toe-in gait and 0.29 [0.12, 0.43] for wide-steps gait).
Including D peak KFM improved the models to adjusted R2 ¼ 0.55
[0.38, 0.64] and 0.62 [0.46, 0.70] respectively. At the second peak,
the statistical association between D peak KAM and DmKCF was
stronger (Table IV) (R2 > 0.71).
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Finally, DKAM impulse was weakly associated with DmKCF to
tKCF ratio (adjusted R2 values of 0.32 and 0.40) for toe-in gait and
wide-steps gait respectively (Table V).

Discussion

We investigated the relationships between the knee joint mo-
ments and the internal knee loading in people with medial KOA
during steady-state walking. Moreover, we investigated the effects
of toe-in and wide-steps gait on the KCF, and the effects of these
modifications on the relationships between the external joint
moments and internal joint forces. To the best of our knowledge,
this is the first paper to report changes in KCF during gait modifi-
cations in KOA patients. Previous studies have reported effects of
gait modifications on knee moments17 or on KCF post-TKA22,35 or in
healthy controls34,36. We found that walking with a modified gait
did not reduce the KCF compared to normal walking. However,
medial to total KCF ratio was significantly reduced.

Duringnormalwalking,first peakKAMwasstatisticallyassociated
withfirst peakmKCF (R2¼ 0.60 [0.47, 0.68]), similar to the association
reported post-ACL reconstruction8. Including first peak KFM
increased the variance explained by the regression model by 13%,
reiterating that KAMand KFMare both predictors of themKCF7,8. The
first peak KAM coefficient (0.239 [0.177, 0.282]) wasmore than twice
that of the KFM coefficient (0.102 [0.064, 0.145]). Hence, for a given
reduction in first peak KAM of 10%, KCF will be reduced only if the
increase in KFM is less than23.43 [19.44, 27.6]%. Studies investigating
effects of gait modifications often focus exclusively on KAM without
considering KFM. Accordingly, a reduction in KAMwith a concurrent
increase inKFMmeans that themKCFwill not necessarily be reduced.
Indeed, data from an instrumented knee prosthesis during medial
thrust gait showed that evenwith a reduction in KAM of 32% during
medial thrust gait, mKCF was not significantly reduced22.

At the secondpeak, KAMandmKCFwere lesswell associated 0.44
[0.29, 0.55], suggesting that second peak KAM is a poor predictor of
second peak mKCF. KFM was not a significant predictor of mKCF,
coefficient of 0.00 [�0.100, 0.083]. The weak relationship between
KAM, KFM and the internal KCF at the second peakmay be explained
bya combination of high co-contraction between the quadriceps and
the plantar flexormuscles at the second peak and a sensitivity of the
model to small errors in the moment arm of the rectus femoris.
Interestingly,mKCFand tKCFare both higher at the second peak than
at the first while KAM and KFM are both higher at the first. This
discrepancy is likely due to the co-contraction of the kneeflexors and
extensors,which is represented in themusculoskeletalmodelbutnot
in the external joint moments. In a study of nine subjects with
instrumented knee replacements, second peak mKCF was higher
thanfirst peak infive subjects,whereas secondpeakKAMwashigher
only in one subject. Given this, and the results from our models,
future studies should be cautious about interpreting second peak
KAM as a predictor (or surrogate measure) of KCF.

In this study, first peak mKCF during walking with modified gait
was not significantly reduced, despite a significant reduction in
KAM. This is in contrast with significant reductions reported by
Schlotman (2016)37 and Koblauch et al. (2013)34. In the latter
study34 the change in FPA was over 25�, an unsustainable FPA
change for KOA patients during activities of daily living. Further-
more, the reductions in the mKCF were accompanied by a concur-
rent 25% increase in the tKCF increasing lateral KCF by 125%, a
potentially damaging increase. Our finding corroborates that of
Walter et al. (2010)22; changes in KAM are not necessarily reflected
in changes in the mKCF. Based on this, we suggest that there is
currently insufficient evidence for using gait modifications as a
clinical intervention since we did not find clinically significant
changes in KCF and the disease modifying effect remains unknown.



Fig. 1. Regression models for medial knee contact force (KCF) (top), total KCF (middle) and medial (mKCF) to total KCF (tKCF) ratio (bottom), as a function of the external knee joint
moments. Left e first peak, centre left-second peak and centre right-both peaks and right-impulse.

Table III
Peak and impulse of external joint moments and internal knee contact forces and ratio of medial to total contact force; Mean (standard deviations) or Median (inter-quartile
range, IQR)

Normal walking/baseline Toe-in gait Wide Steps gait P (group level)

Knee moment (%BW*Ht or %BW*Ht*s) Adduction first peak 3.42 (0.90) 3.27 (1.29)y 3.26 (1.11)y 0.002
Adduction second peak 2.50 (0.79) 2.47 (0.78) 2.54 (0.81) 0.794
Adduction impulse 1.10 (0.40) 1.07 (0.40) 1.10 (0.40) 0.143
Flexion first peak 3.59(1.62) 3.24 (1.62) 3.69 (1.98) 0.075
Flexion impulse 1.06 (0.23) 1.05 (0.23) 1.05 (0.23) 0.120

Contact force (BW or BW*s) Medial first peak 1.89 (0.36) 1.89 (0.37) 1.85 (0.35) 0.019
Medial second peak 2.10 (0.38) 2.03 (0.33)‡ 2.11 (0.38) 0.002*
Total first peak 2.29 (0.36) 2.36 (0.42) 2.29 (0.38) 0.019
Total second peak 3.18 (0.44) 3.03 (0.36)‡ 3.23 (0.50) <0.001*
Medial impulse 0.90 (0.15) 0.88 (0.14) 0.89 (0.14) 0.108
Total impulse 1.28 (0.14) 1.27 (0.13) 1.28 (0.15) 0.619

Medial to total force ratio First peak 0.83 (0.10) 0.81 (0.10)‡ 0.81 (0.10)‡ <0.001*
Second peak 0.66 (0.06) 0.67 (0.07)* 0.65 (0.07) 0.001
Impulse 0.70 (0.07) 0.69 (0.01) 0.70 (0.01) 0.196

Significant results shown in bold.
Results in italics are median and inter-quartile range (i.e. non-parametric testing). All others are mean and standard deviation.

* After Greenhouse Geisser correction for non-spherical data.
y Significant difference in post-hoc pairwise testing compared to normal walking at a ¼ 0.05, after Sidak correction for multiple tests.
z Significant difference in post-hoc pairwise testing compared to normal walking at a ¼ 0.001, after Sidak correction for multiple tests.
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Despite no significant reduction in first peak mKCF during
modified gait walking, the ratio of mKCF to tKCF decreased signif-
icantly (P < 0.001), albeit by a small amount. Redistributing the load
towards the lateral compartmentmay be beneficial since the lateral
cartilage tends to be thicker than the medial38. In severe KOA
subjects, thinner medial compartment cartilage is associated with
higher KAM values39. This suggests that, unlike in young, healthy
controls38, the cartilage in the knees of people with (severe) KOA do
not respond positively to the loads placed on it. Hence, a reduction
in medial compartment load may reduce cartilage thinning and
potentially slow disease progression.

Surprisingly, next to a decrease in first peak KAM, second peak
mKCF and tKCF decreased during toe-in gait, albeit a smaller
reduction than reportedduring toe-out gait36. However, therewasno
significant change in the second peak KAM, reiterating that second
peak KAM is a poor surrogate measure for second peak KCF. The
reduction in second peak tKCF likely results from a reduction in the
gastrocnemius force, which is strongly correlated with the peak
KCF40. Reducing the gastrocnemius force may not be a clinically
recommendable option for gait retraining considering the important
role of the gastrocnemius in power generation in terminal stance.

DespiteKAMreductionsduring toe-in gait,mKCFdidnotdecrease
since changes in mKCF are dependent on both tKCF and KAM
(equations (1) and (2)). This result suggests a limited clinical effect of
toe-in gait on themKCF and tKCF. Post-hoc analysis of the individual
muscle activity predicted by themodel (Figure S3 inAppendix C) and



Table IV
Regression equations with corresponding R2 and RMS errors for fitting D peak medial knee contact force and D peak medial knee contact to total contact force as a function of D peak knee adduction moment (KAM) and D peak
knee flexion moment (KFM)

Regression equation c1 [95% CI] c2 [95% CI] c3 [95% CI] Adj. R2 [95% CI] RMS error
(BW)

D peak Medial Knee
Contact Force

First peak Change between normal
and toe-in gait

c1 þ c2 DKAM �0.044 [�0.071, �0.015] 0.345 [0.243, 0.436] 0.540 [0.380, 0.641] 0.111
c1 þ c2 DKAM þ c3 DjKFMj �0.048 [�0.074, �0.025] 0.269 [0.173, 0.337] 0.111 [0.077, 0.156] 0.740 [0.625, 0.795] 0.083

Change between normal
and wide steps gait

c1 þ c2 DKAM �0.043 [�0.072, �0.019] 0.380 [0.241, 0.517] 0.530 [0.369, 0.632] 0.101
c1 þ c2 DKAM þ c3 DjKFMj 0.013 [¡0.012, 0.036] 0.239 [0.152, 0.342] 0.151 [0.096, 0.194] 0.804 [0.713, 0.846] 0.066

Second peak Change between normal
and toe-in gait

c1 þ c2 DKAM 0.080 [0.049, 0.110] 0.193 [0.081, 0.275] 0.215 [0.065, 0.358] 0.123
c1 þ c2 DKAM þ c3 DjKFMj 0.079 [0.047, 0.110] 0.192 [0.079, 0.277] 0.000 [¡0.065, 0.038] 0.200 [0.032, 0.334] 0.124

Change between normal
and wide steps gait

c1 þ c2 DKAM ¡0.020 [¡0.070, 0.022] 0.261 [0.158, 0.401] 0.244 [0.087, 0.386] 0.167
c1 þ c2 DKAM þ c3 DjKFMj ¡0.022 [¡0.069, 0.21] 0.263 [0.159, 0.404] 0.030 [0.005, 0.069] 0.278 [0.093, 0.408] 0.163

D ratio of peak Medial
Knee Contact Force to
Total Contact Force

First peak Change between normal
and toe-in gait

c1 þ c2 DKAM 0.014 [0.006, 0.021] 0.060 [0.037, 0.084] 0.315 [0.146, 0.451] 0.030
c1 þ c2 DKAM þ c3 DjKFMj 0.015 [0.009, 0.022] 0.079 [0.059, 0.101] �0.027 [�0.040, �0.016] 0.551 [0.379, 0.644] 0.025

Change between normal
and wide steps gait

c1 þ c2 DKAM 0.009 [0.003, 0.017] 0.062 [0.029, 0.099] 0.290 [0.124, 0.428] 0.027
c1 þ c2 DKAM þ c3 DjKFMj ¡0.004 [¡0.011, 0.004] 0.096 [0.064, 0.120] �0.036 [�0.048, �0.021] 0.616 [0.460, 0.696] 0.020

Second peak Change between normal
and toe-in gait

c1 þ c2 DKAM �0.011 [�0.015, �0.006] 0.076 [0.065, 0.095] 0.721 [0.607, 0.783] 0.016
c1 þ c2 DKAM þ c3 DjKFMj �0.011 [�0.015, �0.006] 0.076 [0.064, 0.095] 0.001 [�0.003, 0.008] 0.717 [0.592, 0.777] 0.016

Change between normal
and wide steps gait

c1 þ c2 DKAM ¡0.001 [¡0.005, 0.004] 0.071 [0.055, 0.085] 0.715 [0.599, 0.779] 0.017
c1 þ c2 DKAM þ c3 DjKFMj ¡0.001 [¡0.005, 0.004] 0.071 [0.055, 0.086] ¡0.002 [¡0.005, 0.000] 0.719 [0.595, 0.778] 0.017

Numbers in bold represent changes that did not contribute significantly to themodel or non-statistically significant R2 values. All other changes were significant at a¼ 0.05. 95% confidence intervals for the coefficients, c1, c2 and
c3 based on 1000 bootstrap samples.
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of the electromyographic (EMG) profiles recorded over the knee-
spanning muscles (Fig. S4) revealed only small changes in these
profiles between conditions with considerable variation between
subjects. Changes in muscle forces may be attributable to compen-
satory movements such as increasing knee flexion, which was
commonly observed duringwalkingwith amodified gait pattern. An
increase in the knee flexion and hence knee flexion moment in-
creases activation of the muscles crossing the knee which may in-
crease the tKCF. Through training, it may be possible to train the
desired gait modificationwithout coincident compensations such as
increased knee flexion.

Althoughwedidnotfindsignificant reductions in themKCFduring
modified gait walking, a moderate statistical association existed be-
tween the change in KAM and the change in mKCF for both toe-in gait
and wide-steps gait at the first peak (R2 ¼ 0.54 and 0.53). However,
according to ourmodel a 10% reduction in first peakKAMwould yield
only a 4% reduction in first peak mKCF. Consequently, for a 10%
reduction infirst peakmKCF, a 29% reductionKAMwouldbe required.
Achieving thiswouldrequireagreatermodificationof thegait pattern,
whichwould be likely unsustainable. Change in KFM also contributed
strongly to the change in mKCF for both modified gait patterns (co-
efficients of 0.27 for KAMand 0.11 for KFMduring toe-in gait and 0.24
to 0.15 during wide-steps gait). A 10% reduction in KAM would,
therefore, benegatedbya25% increase inKFMduring toe-in gait anda
16% increase during wide-steps gait. Gait modifications that reduce
both KAM and KFM may therefore be preferable to modifications
reducing KAM only. Creaby (2015)7 proposed a combination of stiff
knee gait to reduce KFMwith trunk lean to reduce KAM, but this has
yet to be tested in practice. Furthermore, this strategy may increase
knee stiffness and co-contraction, and therefore increase KCF.

Focusing on the internal KCF does not provide the full picture; the
KCF does not provide information about the cartilage stresses e ul-
timately the parameter we are trying to change. A recent study
showed that alongside higher peak KCF, contact pressures are
increased in establishedKOA41. To assess changes in cartilage loading,
finite element modeling and imaging of the knee joint using mag-
netic resonance imagine (MRI) is required42. A recent case study
using subject-specific modeling and investigating effects of gait
modifications found that changes in KAM were not correlated with
changes in themedial contact pressures43. Devices, that can replicate
the knee joint movement in vitro, such as that designed by van de
Bunt et al. (2017)44 may also provide valuable insight into the effects
of gait modifications on the cartilage.

We must bring attention to the limitations of this work. First,
aside from gross scaling, the musculoskeletal model used in this
study was not personalized to the individual. Furthermore, we did
not consider any neural factors, not associated with altered kine-
matics and kinetics, meaning that the model does not represent the
altered neural activation patterns shown in KOA patients45. We did
not personalize the muscle parameters and we used a hinge joint to
model the knee in the inverse dynamics calculations. However this
approach has been shown to predict KCF with similar accuracy to a
more complexmodel16. To improve estimated joint loads, including
subject-specific morphology developed from MRI46 or CT scans47

and subject-specific maximum isometric strength for each indi-
vidual muscle can be used. In the KOA population, there are often
co-contractions between muscle groups48,49 which are associated
with increased disease progression49. These co-contractions may
not be adequately represented in the model in this study.

We did not perform any correction for soft tissue artefacts.
Future small-scale research studies using fluoroscopy to measure
the bone movement are recommended to reduce reliance on skin
mounted markers.

The regression models we present may have limited generaliz-
ability to thewider KOA population due to strict inclusion criteria for
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this study27. We included only people with medial KOA since the
intervention is only valid for people with medial KOA. Furthermore,
the choice of linear regression analysis may be sub-optimal for rep-
resenting the complex and non-linear behavior of the multi-body
musculoskeletal system. Moreover, while we found statistically sig-
nificant results, the effect sizes are unlikely to be clinically significant.

Finally, we assessed within-session changes in KCF and cannot
extrapolate to long-term effects. Further work is needed to assess
these effects, particularly since we hypothesize that tKFC may
reduce with training time.

In conclusion, KAM was found to be a strong predictor of mKCF
at the first peak during normal walking. Including KFM as a second
predictor improved the relationship between the internal loading
and the external moments. This suggests that the combination of
KAM and KFM yields an improved surrogate measure of KCF, aim-
ing to represent the cartilage loading, than KAM alone. At the
second peak, the external moments are poor predictors of the
mKCF. In this study, walking with toe-in or wide-steps gait modi-
fied first peak KAM, but did not reduce mKCF. However, the ratio of
mKCF to tKCF, representing the distribution of the loading, was
reduced. Changes in mKCF during modified gait were statistically
associated with the changes in external moments at the first but
not at the second peak. Future gait retraining studies should focus
not only on reducing first peak KAM but also KFM to maximize the
chances of reducing the medial contact force.
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Appendix A

The model used to predict the knee contact forces (KCF) in this
manuscript was based a previously validated model. However,
since the publication of the model in Lund et al.28 some small bugs
have been fixed and the muscle recruitment criterion updated to
account for sub-dividedmuscles16 to improve the predictions of the
forces. In Fig. S1, we present a comparison of the measured KCFs
and the predicted KCFs based on 3 subjects (years 3, 4 and 5) and 4
trials per subject from the Grand Challenge data set50. The strength
of the knee flexors and extensors in the model used in the valida-
tion has been reduced by 35 % to match previous modeling as-
sumptions for TKA patients16, 28.
olid line: average over the 3 subjects and 4 trials each. Shaded area ± 1 std.



Table S1
Quantification of the prediction accuracy against the Grand Challenge data. The results are presented as mean (±1 std) over the 3 subjects and 4 trials each.

Total Medial Lateral

R2 0.75 (0.05) 0.78 (0.04) 0.42 (0.19)
RMS (BW) 0.52 (0.09) 0.31 (0.05) 0.32 (0.08)
Peak 1 (BW) Predicted 1.72 (0.17) 1.24 (0.14) 0.68 (0.12)

Measured 2.20 (0.13) 1.66 (0.13) 0.74 (0.19)
Error 0.48 (0.24) 0.43 (0.21) 0.23 (0.08)

Peak 2 (BW) Predicted 3.19 (0.40) 1.86 (0.29) 1.35 (0.20)
Measured 2.34 (0.25) 1.64 (0.26) 0.82 (0.21)
Error 0.85 (0.32) 0.22 (0.11) 0.53 (0.30)
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Appendix B
Fig. S2. Medial and total knee contact forces during normal walking, toe-in gait and walking with wider steps.
Appendix C
Fig. S3. Activity (mean ± standard deviation) of the knee spanning muscles calculated using the AnyBody model during normal walking, toe-in gait and wide steps gait. Note that
the activity is defined as the force delivered by the muscle divided by the strength of the muscle (hence no units).



Fig. S4. EMG activity (mean ± standard deviation) of the knee spanning muscles during normal walking, toe-in gait and wide steps gait.
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