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Abstract
Mechanical loading is believed to be a critical factor in the development and treatment of knee
osteoarthritis. However, the contact forces to which the knee articular surfaces are subjected
during daily activities cannot be measured clinically. Thus, the ability to predict internal knee
contact forces accurately using external measures (i.e., external knee loads and muscle EMG
signals) would be clinically valuable. This study quantifies how well external knee load and EMG
measures predict internal knee contact forces during gait. A single subject with a force-measuring
tibial prosthesis and post-operative valgus alignment performed four gait patterns (normal, medial
thrust, walking pole, and trunk sway) to induce a wide range of external and internal knee joint
loads. Linear regression analyses were performed to assess how much of the variability in internal
contact forces was accounted for by variability in the external measures. Though the different gait
patterns successfully induced significant changes in the external and internal quantities, changes in
external measures were generally weak indicators of changes in total, medial, and lateral contact
force. Our results suggest that when total contact force may be changing, caution should be
exercised when inferring changes in knee contact forces based on observed changes in external
knee load and EMG measures. Advances in musculoskeletal modeling methods may be needed for
accurate estimation of in vivo knee contact forces.
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INTRODUCTION
Researchers project that 25% of adults in the United States will have osteoarthritis (OA) by
the year 2030,1 with knee OA in particular currently afflicting over 37% of adults over age
60.2 Excessive or abnormal mechanical loading has been implicated as a key contributing
factor to the initiation and progression of knee OA.3–6 Such load alterations can be caused
by factors such as varus or valgus malalignment,7–9 meniscal injury,10 or anterior cruciate
ligament rupture.11 Because of the strong association between load alterations and disease
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development, researchers have sought ways to modify knee contact forces through
interventions such as high tibial osteotomy,12–14 gait modification,15–20 medial unloader
knee braces,21,22 and shoe modifications.23–25 However, measurement of changes in knee
contact forces resulting from any particular intervention is currently infeasible in a clinical
setting.26

To address this limitation, researchers have used external knee loads to estimate internal
knee contact forces.3–6,15–20,22–25,27–36 These external loads are due to the external forces
and moments acting on the foot and shank and are the negative of the internal knee loads
calculated by inverse dynamics. Two external knee loads in particular have been proposed
as indicators of internal knee contact force. The external knee superior force directed along
the shaft of the tibia has been proposed as an indicator of total knee contact
force,6,17,18,32–36 while the external knee adduction moment directed about an anterior-
posterior axis fixed in the tibia has been proposed as an indicator of medial-lateral contact
force distribution.3–5,15,16,19,20,22–25,27–31,36 Based on the implicit assumption that total
contact force does not change, the knee adduction moment is often treated as an indicator of
absolute medial contact force as well. The main advantage of using these external loads as
indicators of internal knee contact force is that they are relatively easy to calculate, and the
external knee adduction moment in particular has been shown to correlate well with medial
contact force in a subject implanted with a force-measuring tibial prosthesis.25,37

An important limitation of these external measures is that they do not account for all factors
that contribute to internal knee contact forces. From an anatomical perspective, the net
external knee force Fext is balanced by a net internal knee force Fint calculated by inverse
dynamics, which in turn is caused by forces from muscles Fmusc, articular contact Fcont, and
ligaments Flig :

(1)

Equation (1) contains vector expressions, indicating that both magnitude and direction of
each type of force must be considered. When the goal is to estimate knee contact forces,
ligament forces are often assumed to be negligible, and Eq. (1) can be solved for the contact
forces in terms of the net external force and muscle forces:

(2)

Equation (2) indicates that the magnitude of the contact forces acting on the tibia will
increase when either external forces are increased or muscle contraction is increased.
Consequently, if muscle forces have a significant contribution to knee contact forces, one
might expect that external forces alone would be insufficient to estimate internal knee
contact forces accurately.

The challenge of Eq. (2) then becomes how to estimate muscle contributions to knee contact
forces. From the standpoint of external measures, muscle electromyographic (EMG) signals
are the primary quantities available that relate to muscle force. While these signals reflect
the commands sent to the muscles by the central nervous system, they are not direct
indicators of muscle force due to the complexities of activation dynamics and muscle force-
length-velocity properties.38 Nonetheless, if these external measures were shown to be
highly correlated with knee contact force, this finding would diminish the need for
complicated modeling methods to estimate knee contact forces.

The goal of this study was to quantify the relationship between two types of external
measures – knee loads and muscle EMG signals – and internal knee contact forces during
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gait. In vivo knee contact force data (medial, lateral, and total) were collected from a single
subject implanted with a force-measuring tibial prosthesis. The subject performed a variety
of gait patterns to generate wide variations in the external measures and internal contact
forces, and these data were used in a series of linear regression analyses. The regression
results provide a useful evaluation of the extent to which changes in external measures may
or may not reflect changes in internal contact forces in the knee during gait.

METHODS
Experimental data collection

A single subject implanted with a cruciate retaining force-measuring tibial prosthesis (male,
right knee, age 83 yr, mass 70 kg, height 1.70 m, valgus leg alignment 6.5°) performed four
gait patterns with simultaneous collection of internal knee contact force/moment data and
external motion capture (Motion Analysis Corporation, Santa Rosa, CA), ground reaction
(AMTI Corporation, Watertown, MA), and muscle EMG (Delsys Corporation, Boston, MA)
data. Institutional review board approval and subject informed consent were obtained. The
implant was instrumented with a six-axis load cell (i.e., three forces and three moments) in
the stem of the tibial tray, with load cell measurements being telemetered via a micro-
transmitter and antenna.39 Thus, the instrumented tibial prosthesis did not provide medial
and lateral contact forces directly. To reduce measurement noise, implant load cell data were
low pass filtered at 6 Hz using a 5th degree Woltring filter.40 Motion capture data were
collected using a modified Cleveland Clinic marker set with additional markers placed on
the feet.41 Muscle EMG data were collected from 14 lower limb muscles using surface
electrodes, including the following seven muscles spanning the knee: biceps femoris
longhead, vastus medialis, vastus lateralis, rectus femoris, medial gastrocnemius, lateral
gastrocnemius, and tensor fascia latae. All experimental data used in this study are from the
second Grand Challenge Competition to Predict In Vivo Knee Loads and are freely available
from https://simtk.org/home/kneeloads.26 Note that Walter et al. (2010)42 studied a different
subject from the first competition.

To achieve wide variations in external measures and internal contact forces, the subject
performed four different overground gait patterns. The first was his normal gait pattern
while the remaining three (medial thrust, walking pole, and trunk sway) were gait patterns
believed to alter medial contact force significantly.15,16,20,43 Medial thrust gait involved
knee medialization during stance phase, the goal being to reduce the moment arm of the
ground reaction force vector about the knee center. Walking pole gait involved the use of
bilateral hiking poles, where the ipsilateral pole was placed on the ground opposite the
contralateral stance phase heel to bear a portion of body weight and counteract the stance leg
knee adduction moment. Trunk sway gait tilted the trunk bilaterally over the stance leg knee,
ideally causing the line of action of the ground reaction force vector to shift laterally due to
the lateral shift in the center of mass. For each gait pattern, five trials with clean force plate
strikes were obtained for analysis. All gait trials were performed at the subject's self-selected
speed of 1.2 m/s, with no statistically significant differences in speed occurring between the
different gait patterns.

Experimental data analysis
Internal medial and lateral contact forces were calculated from the implant load cell
measurements using a deformable contact model. The model was constructed from CAD
geometry of the subject's implant components. The tibial insert and tray possessed six
degrees of freedom (DOFs) relative to a fixed femoral component, and elastic foundation
theory was used to allow the rigid femoral component to penetrate the deformable tibial
insert.44 An optimization procedure determined the five DOF pose of the tibial insert/tray on
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the femoral component that reproduced the implant load cell measurements given the fixed
flexion angle found with the subject's inverse dynamics model (described below). The
optimization procedure was performed for each time frame to calculate medial and lateral
contact forces for all gait trials. Details on linear regression models that permit calculation of
medial and lateral contact force directly from the subject's implant load cell measurements
without the need for a deformable contact model are provided as Supplementary Material.

Two types of external measures were calculated for regression with internal knee contact
force measurements. The first type was external knee loads, which were defined as the
negative of internal inverse dynamic knee loads calculated using previously published
methods.41 In brief, a subject-specific full leg dynamic model consisting of foot, shank, and
thigh segments was constructed using symbol manipulation software (Autolev™, OnLine
Dynamics, Sunnyvale, CA) where the knee was treated as an idealized hinge joint. Segment
coordinate systems were created using marker locations measured during a static trial with
the subject's feet pointing forward. The shank superior axis was directed from the midpoint
of the static medial and lateral ankle markers to the midpoint of the static medial and lateral
knee markers. The shank anterior axis was defined to be in line with the long axis of the foot
in the static pose. The location of the knee center in the shank and thigh segments was
defined as the midpoint of the static medial and lateral knee markers. Marker motion (foot
and shank only) and ground reaction data from five trials of each gait pattern were input into
the model to calculate inverse dynamic loads at the knee. For the regression analyses, the
three associated external knee loads of interest were the superior force Fsup directed along
the shank superior-inferior axis, the adduction moment Madd calculated about the knee
center using the shank anterior-posterior axis, and the flexion moment Mflex calculated
about the knee center using the shank medial-lateral axis, where Madd and Mflex were
mutually perpendicular. To assist with determination of medial and lateral contact forces as
described above, the knee flexion angle was also calculated using marker motion data from
the shank and thigh segments.

The second type of external measure was muscle EMG envelopes. These envelopes were
calculated by following published EMG processing procedures.45 Specifically, raw EMG
data were high pass filtered at 30 Hz using a 4th order zero phase lag Butterworth filter,
demeaned, rectified, low pass filtered at 6 Hz using the same Butterworth filter, and finally
normalized to the maximum value over all trials including maximum voluntary contraction
trials.46 Post-hoc analyses found that subsequent regression results were insensitive to EMG
normalization procedures.

For the regression analyses, peak values were identified for both types of external measures
in the region of the first and second peak in medial, lateral, and total contact force. For each
of the three external knee loads, a peak value was determined within a time window of 100
ms before and after the first (near 25% of stance phase) and second (near 75% of stance
phase) peak in medial, lateral, and total contact force. For two trials, a wider window (140
and 110 ms, respectively) was used before the first contact force peak to ensure that the true
peak external load value was captured. For the flexion moment, the absolute value of each
peak was used.42 Similarly, for each muscle EMG envelope, the maximum value was found
within a time window of 40 to 60 ms before the first and second peak in medial, lateral, and
total contact force. Thus, for each gait trial, we recorded up to six separate peak values for
each external knee load and muscle EMG envelope, where each value corresponded to a
peak in medial, lateral, or total contact force. However, only two peaks were needed for each
external knee load, since the same peaks were identified within the time windows for each
contact force peak.
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Statistical analysis
We performed two sets of statistical tests on the internal and external experimental data. The
first set evaluated whether the four gait patterns achieved significant variations in internal
contact forces and external knee load and EMG measures. This evaluation was performed
using a series of Kruskal-Wallis tests (p < 0.05), where gait pattern was the independent
variable and first or second peak in contact force (medial, lateral, or total), external knee
load (superior, adduction, or flexion), or EMG envelope (each of 7 muscles using values
corresponding to total contact force peaks) was the dependent variable. When a significant
difference between gait patterns was found, Tukey's honestly significant difference test was
used to determine the gait patterns for which the variable differed from normal gait.

The second set of statistical tests evaluated the extent to which the external measures were
predictive of the internal contact forces. This evaluation was performed using two different
linear regression analyses, each of which fitted the first peak, the second peak, or both peaks
together of medial, lateral, or total contact force. The first linear regression analysis used
peak values of the three selected external knee loads (Fsup only; Fsup and Madd ; or Fsup,
Madd, and |Mflex|) as the independent variables. Madd peaks were excluded from the total
contact force regressions since engineering mechanics suggests that this moment should
only alter the medial-lateral load distribution.3

The second linear regression analysis was identical to the first one except that peak values of
|Mflex| were replaced with peak values of muscle EMG envelopes. This decision was based
on the assumption that muscle EMG values provide redundant information to the knee
flexion moment, which is caused primarily by muscles. Which muscle EMG peaks to
include in each regression analysis was determined in a step-wise fashion.47 All EMG peaks
were initially included, and the one peak with the largest p value was removed. This process
was repeated until all remaining EMG peaks had a p value of less than 0.05. The final
regression models included only those EMG peaks whose coefficients were statistically
significant during the step-wise regression process.

RESULTS
The four experimental gait patterns achieved significant variations in internal contact forces
and external knee loads but not in external EMG envelopes (Figs. 1-2). Compared to normal
gait, all three modified gait patterns significantly increased the first peak of total, medial,
and lateral contact force during stance phase (Fig. 1, Table 1-Top). Medial thrust and
walking pole gait also increased the second peak of lateral contact force, while trunk sway
gait significantly decreased the second peak of medial contact force. Both peaks of the
external knee adduction moment were significantly reduced for medial thrust and trunk
sway gait compared to normal gait (Fig. 2, Table 1- middle). External knee superior force
peaks were similar across the four gait patterns. For the external knee flexion moment,
medial thrust and trunk sway gait had significantly higher first peaks compared to normal
gait, while no differences were found between gait patterns for the second peak. Apart from
values corresponding to the second peak in total contact force for trunk sway gait, EMG
values showed few significant differences relative to normal gait.

Peak values of external measures were generally weak indicators of peak values in total,
medial, and lateral contact force (Table 2), with only 7 out of 25 regression models
accounting for greater than 50% of the variability in peak contact force measures. For total
contact force, the best R2 value of 0.58 was achieved when both peaks were analyzed
together and muscle EMG values were used in place of |Mflex|. For medial contact force, the
best R2 value of 0.84 was achieved under similar conditions. In contrast, for lateral contact
force, the best R2 value of 0.82 was achieved when only the first peak was analyzed using
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all three external knee loads. For this subject, the first peak in total and medial contact force,
along with the second peak in total, medial, and lateral contact force were all poorly
predicted by external measures, with the largest R2 value being less than 0.48. Adding |
Mflex| to the regression equations for total, medial, and lateral contact force had only a small
effect on R2 values and RMS errors. Muscle EMG peaks made significant contributions to
the regression equations in three instances: when both peaks were analyzed for medial and
lateral contact force and when the second peak was analyzed for lateral contact force. When
EMG peaks replaced |Mflex| peaks, small improvements in R2 values and RMS errors were
observed.

DISCUSSION
This study used linear regression to investigate whether changes in external knee load and
EMG measures are indicative of corresponding changes in internal knee contact forces
during different gait motions. Experimental gait data collected from a single subject
implanted with a force-measuring tibial prosthesis were used to perform the regression
analyses. Overall for this subject, external measures were weak indicators of changes in
internal total, medial, and lateral contact forces in the knee. Adding EMG measures to the
external knee load measures produced little additional improvement. Our results for this
subject suggest that inferring knee contact force changes from changes in external measures
may not work well in situations where muscle forces or total contact force may be changing.
For accurate patient-specific estimation of in vivo knee contact forces, validated
musculoskeletal modeling methods may be needed that account for the complexities of
musculoskeletal geometry and the EMG-to-muscle force conversion process.

The highest R2 values occurred when both contact force peaks were analyzed together,
indicating that the external measures were reasonable indicators of the large differences
between the two peaks. However, the same external measures were much weaker indicators
of the smaller changes in the individual peaks, the one exception being the first peak in
lateral contact force. Nonetheless, RMS errors were of comparable magnitude between the
two peak and single peak analyses. Thus, despite widely differing R2 values, the regression
equations had similar accuracy for predicting both contact force peaks together or each peak
separately.

Our data suggest that the external knee adduction moment may be a better indicator of
medial-lateral load distribution than of medial contact force.3 To explore this possibility
further, we performed post-hoc regression analyses for both peaks together to correlate the
external knee adduction moment with various contact force ratios as well as with absolute
contact forces. The analyses yielded R2 values of 0.54, 0.55, 0.59, 0.46 for medial-to-total,
lateral-to-total, medialto-lateral, and lateral-to-medial contact force ratios, respectively, but
only 0.25, 0.26, and 0.02 for medial, lateral, and total contact force, respectively. Though
considerably larger R2 values were observed for contact force ratios than for absolute
contact forces, the knee adduction moment accounted for at most about 60% of the
variability, indicating that other quantities (e.g., muscle forces) must account for the
remaining variability. Consistent with the contact force ratio regression results, medial thrust
gait had the lowest external knee adduction moment and lowest medial-to-total contact force
ratio. Paradoxically, however, medial contact force still increased relative to normal gait,
likely because total contact force increased even more. This paradox is resolved if the
external knee adduction moment is viewed as an indicator of medial-to-total contact force
ratio rather than of actual medial contact force.

A similar paradox between longitudinal gait studies and gait retraining studies is resolved if
the external knee adduction moment is viewed as an indicator of medial-to-total contact
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force ratio.3 Longitudinal gait studies have found that knee osteoarthritis progression is
strongly correlated with the peak external knee adduction moment at baseline.4 If

(3)

then an increased Madd with an unchanged total contact force Ftot would suggest an
increased medial contact force Fmed, making the knee adduction moment a good indicator of
medial contact force as well. In contrast, gait modification studies (where total contact force
may change significantly within a single gait session) have reported that changes in medial
contact force are not necessarily strongly correlated with changes in the peak knee adduction
moment.42 Based on Eq. (3), if Madd decreased but Ftot increased more, the net effect could
be an increase in Fmed, making the external knee adduction moment a poor indicator of
medial contact force. In contrast, if Ftot changes little, then changes in Madd may be a strong
indicator of changes in medial contact force, as reported in a recent study by Erhart et al.
(2010).25

For this subject, external knee superior force was a surprisingly weak indicator of total
contact force peaks, especially when each peak was analyzed separately. Nonetheless, this
quantity (or its related internal force from inverse dynamics) is frequently used in
experimental studies as a surrogate for total contact force.6,17,18,32–36 In our study, no
differences in Fsup were found between the four gait patterns even though significant
differences in Ftot were observed. Thus, use of Fsup as an indicator of Ftot would have led to
erroneous conclusions about how the different gait patterns affected total knee contact force.
Furthermore, when we performed post-hoc regression analyses of total contact force with
Fsup removed but |Mflex| retained, R2 values dropped by 0.11 for the first peak and remained
largely unchanged for the second peak and both peaks together. Thus, Fsup did not have a
large impact on predicting total contact force peaks accurately.

The most obvious explanation for the weak performance of Fsup is lack of accurate
predictions for how muscle forces contributed to total contact force, as suggested by Eq. (2).
For analysis of the first peak and both peaks together, R2 values for total contact force
increased by 0.17 and 0.11, respectively, when |Mflex| or EMG values were added to the
regression. Since |Mflex| peaks were highly correlated with EMG peaks (R2 = 0.88 based on
a post-hoc regression analysis of both peaks together), these R2 increases suggest that
knowledge of muscle forces (which cannot be measured experimentally) may be essential
for predicting total contact force accurately.48 While ligament forces may contribute to total
contact force as well, ligaments function primarily to prevent lift-off. Thus, it would be
surprising if ligaments had significant total contact force contributions during stance phase
when the knee is highly loaded.

The primary limitations of this study are that all data were collected from a single subject
with an implanted knee and valgus alignment during a single test session. While the study
demonstrated that much of the variation in the subject's knee contact forces during different
gait motions was not accounted for by variations in the subject's external knee loads and
muscle EMG signals, the extent to which similar findings apply to other subjects (e.g.,
subjects with natural knees, with or without knee OA) or motions (e.g., squatting or stair
climbing) is unknown. Furthermore, our subject performed unfamiliar gait patterns, likely
without sufficient time and training to learn them well. Due to the awkwardness, discomfort,
and/or instability associated with performing an unfamiliar gait pattern, there may have been
a significant increase in muscle co-contraction and thus total contact force, which would
reduce the strength of any correlations found. For studies of subjects performing their
normal walking motions or a comfortable gait pattern, it is possible that external measures
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will be better predictors of internal knee contact forces. Finally, since our subject was
implanted with a force-measuring knee replacement and had a residual valgus alignment, the
extent to which our findings apply to individuals with healthy or diseased natural knees with
a neutral or varus alignment is also unknown. The changes in knee contact forces observed
in this unique subject performing modified gait motions are likely to be different from those
that would occur in healthy subjects or subjects with knee OA and a varus alignment. Our
subject would not be a candidate for gait modification as a clinical intervention, and
conclusions about the effectiveness of different gait modifications for patients with medial
knee OA should not be inferred from the results of our study.

In conclusion, this study demonstrated that external knee load and EMG measures were not
strong indicators of medial, lateral, and total contact force in the knee for this particular
subject. Erroneous conclusions about how different gait patterns affected total contact force
would have been reached if inferior knee force from inverse dynamics was used as an
indicator of total contact force. Furthermore, the external knee adduction moment was more
strongly correlated with medial-to-total contact force ratio than with medial contact force, a
result that explains the paradoxical observation of a decrease in peak knee adduction
moment with a corresponding increase in peak medial contact force. Our findings suggest
that it may be unwise to focus on only the knee adduction moment as an indicator of medial
contact force in situations where total contact force may be changing (e.g., due to changes in
muscle forces). Advances in musculoskeletal modeling methods may eventually make it
possible to estimate internal contact forces in the knee accurately for individual patients
during gait.26

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
This work was funded by NIH grant R01EB009351, the Shiley Center for Orthopaedic Research & Education at
Scripps Clinic, and the University of Florida. None of the authors' professional and financial affiliations are
perceived to have biased the presentation.

REFERENCES
1. Hootman JM, Helmick CG. Projections of US prevalence of arthritis and associated activity

limitations. Arthritis Rheum. 2006; 54:226–229. [PubMed: 16385518]

2. Lawrence RC, Felson DT, Helmick CG, et al. Estimates of the prevalence of arthritis and other
rheumatic Conditions in the United States: Part II. Arthritis Rheum. 2008; 58:26–35. [PubMed:
18163497]

3. Andriacchi T. Dynamics of knee malalignment. Orthop Clin North Am. 1994; 25:395. [PubMed:
8028883]

4. Miyazaki T, Wada M, Kawahara H, et al. Dynamic load at baseline can predict radiographic disease
progression in medial compartment knee osteoarthritis. Ann Rheum Dis. 2002; 61:617–622.
[PubMed: 12079903]

5. Baliunas A, Hurwitz D, Ryals A, et al. Increased knee joint loads during walking are present in
subjects with knee osteoarthritis. Osteoarthritis Cartilage. 2002; 10:573–579. [PubMed: 12127838]

6. Messier SP, Gutekunst DJ, Davis C, DeVita P. Weight loss reduces knee-joint loads in overweight
and obese older adults with knee osteoarthritis. Arthritis Rheum. 2005; 52:2026–2032. [PubMed:
15986358]

7. Hunter DJ, Sharma L, Skaife T. Alignment and osteoarthritis of the knee. J Bone Joint Surg Am.
2009; 91:85–89. [PubMed: 19182031]

Meyer et al. Page 8

J Orthop Res. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



8. Brouwer GM, Van Tol AW, Bergink AP, et al. Association between valgus and varus alignment and
the development and progression of radiographic osteoarthritis of the knee. Arthritis Rheum. 2007;
56:1204–1211. [PubMed: 17393449]

9. Sharma L, Song J, Felson DT, et al. The role of knee alignment in disease progression and
functional decline in knee osteoarthritis. JAMA. 2001; 286:188–195. [PubMed: 11448282]

10. Sharma L, Eckstein F, Song J, et al. Relationship of meniscal damage, meniscal extrusion,
malalignment, and joint laxity to subsequent cartilage loss in osteoarthritic knees. Arthritis Rheum.
2008; 58:1716–1726. [PubMed: 18512777]

11. Andriacchi TP, Dyrby CO. Interactions between kinematics and loading during walking for the
normal and ACL deficient knee. J Biomech. 2005; 38:293–298. [PubMed: 15598456]

12. Wada M, Imura S, Nagatani K, et al. Relationship between gait and clinical results after high tibial
osteotomy. Clin. Orthop. Relat. Res. 1998; 354:180–188. [PubMed: 9755778]

13. Prodromos C, Andriacchi T, Galante J. A relationship between gait and clinical changes following
high tibial osteotomy. J Bone Joint Surg Am. 1985; 67:1188–1194. [PubMed: 4055843]

14. Wright JM, Crockett HC, Slawski DP, et al. High tibial osteotomy. J Am Acad Orthop Surg. 2005;
13:279–289. [PubMed: 16112984]

15. Fregly BJ, Reinbolt JA, Rooney KL, et al. Design of patient-specific gait modifications for knee
osteoarthritis rehabilitation. IEEE Trans Biomed Eng. 2007; 54:1687–1695. [PubMed: 17867361]

16. Barrios JA, Crossley KM, Davis IS. Gait retraining to reduce the knee adduction moment through
real-time visual feedback of dynamic knee alignment. J Biomech. 2010; 43:2208–2213. [PubMed:
20452595]

17. Wu G, Millon D. Joint kinetics during Tai Chi gait and normal walking gait in young and elderly
Tai Chi Chuan practitioners. Clin Biomech. 2008; 23:787–795.

18. Willson J, Torry MR, Decker MJ, et al. Effects of walking poles on lower extremity gait
mechanics. Med Sci Sports Exerc. 2001; 33:142–147. [PubMed: 11194099]

19. Hunt MA, Birmingham TB, Bryant D, et al. Lateral trunk lean explains variation in dynamic knee
joint load in patients with medial compartment knee osteoarthritis. Osteoarthritis Cartilage. 2008;
16:591–599. [PubMed: 18206395]

20. Mündermann A, Asay JL, Mündermann L, Andriacchi TP. Implications of increased medio-lateral
trunk sway for ambulatory mechanics. J Biomech. 2008; 41:165–170. [PubMed: 17678933]

21. Kutzner I, Küther S, Heinlein B, et al. The effect of valgus braces on medial compartment load of
the knee joint – in vivo load measurements in three subjects. J Biomech. 2011; 44:1354–1360.
[PubMed: 21288522]

22. Fantini Pagani CH, Potthast W, Brüggemann G-P. The effect of valgus bracing on the knee
adduction moment during gait and running in male subjects with varus alignment. Clin Biomech.
2010; 25:70–76.

23. Kakihana W, Akai M, Nakazawa K, et al. Effects of laterally wedged insoles on knee and subtalar
joint moments. Arch Phys Med Rehab. 2005; 86:1465–1471.

24. Kemp G, Crossley KM, Wrigley TV, et al. Reducing joint loading in medial knee osteoarthritis:
shoes and canes. Arthritis Care Res. 2008; 59:609–614.

25. Erhart JC, Dyrby CO, D'Lima DD, et al. Changes in in vivo knee loading with a variable-stiffness
intervention shoe correlate with changes in the knee adduction moment. J Orthop Res. 2010;
28:1548–1553. [PubMed: 20973058]

26. Fregly BJ, Besier TF, Lloyd DG, et al. Grand challenge competition to predict in vivo knee loads. J
Orthop Res. 2012; 30:503–513. [PubMed: 22161745]

27. Hunt MA, Birmingham TB, Giffin JR, Jenkyn TR. Associations among knee adduction moment,
frontal plane ground reaction force, and lever arm during walking in patients with knee
osteoarthritis. J Biomech. 2006; 39:2213–2220. [PubMed: 16168997]

28. Sharma L, Hurwitz DE, Thonar EJA, et al. Knee adduction moment, serum hyaluronan level, and
disease severity in medial tibiofemoral osteoarthritis. Arthritis Rheum. 1998; 41:1233–1240.
[PubMed: 9663481]

29. Hurwitz DE, Ryals AR, Block JA, et al. Knee pain and joint loading in subjects with osteoarthritis
of the knee. J Orthop Res. 2000; 18:572–579. [PubMed: 11052493]

Meyer et al. Page 9

J Orthop Res. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



30. Thorp LE, Sumner DR, Wimmer MA, Block JA. Relationship between pain and medial knee joint
loading in mild radiographic knee osteoarthritis. Arthritis Care Res. 2007; 57:1254–1260.

31. Guo M, Axe MJ, Manal K. The influence of foot progression angle on the knee adduction moment
during walking and stair climbing in pain free individuals with knee osteoarthritis. Gait Posture.
2007; 26:436–441. [PubMed: 17134902]

32. Benoit DL, Lamontagne M, Greaves C, et al. Effect of alpine ski boot cuff release on knee joint
force during the backward fall. Res Sports Med. 2005; 13:317–330. [PubMed: 16440506]

33. Reiser RF 2nd, Broker JP, Peterson ML. Knee loads in the standard and recumbent cycling
positions. Biomed Sci Instrum. 2004; 40:36–42. [PubMed: 15133932]

34. Luepongsak N, Amin S, Krebs DE, et al. The contribution of type of daily activity to loading
across the hip and knee joints in the elderly. Osteoarthritis Cartilage. 2002; 10:353–359. [PubMed:
12027536]

35. Robon MJ, Perell KL, Fang M, Guererro E. The relationship between ankle plantar flexor muscle
moments and knee compressive forces in subjects with and without pain. Clin Biomech. 2000;
15:522–527.

36. Mündermann A, Dyrby CO, Andriacchi TP. Secondary gait changes in patients with medial
compartment knee osteoarthritis: increased load at the ankle, knee, and hip during walking.
Arthritis Rheum. 2005; 52:2835–2844. [PubMed: 16145666]

37. Zhao D, Banks SA, Mitchell KH, et al. Correlation between the knee adduction torque and medial
contact force for a variety of gait patterns. J Orthop Res. 2007; 25:789–797. [PubMed: 17343285]

38. Zajac F. Muscle and Tendon: Properties, Models, Scaling, and application to biomechanics and
motor control. Crit Rev Biomed Eng. 1989; 17:359–411. [PubMed: 2676342]

39. Kirking B, Krevolin J, Townsend C, et al. A multiaxial force-sensing implantable tibial prosthesis.
J Biomech. 2006; 39:1744–1751. [PubMed: 16023656]

40. Woltring HJ. On optimal smoothing and derivative estimation from noisy displacement data in
biomechanics. Hum Mov Sci. 1985; 4:229–245.

41. Reinbolt JA, Haftka RT, Chmielewski TL, Fregly BJ. A computational framework to predict post-
treatment outcome for gait-related disorders. Med Eng Phys. 2008; 30:434–443. [PubMed:
17616425]

42. Walter JP, D'Lima DD, Colwell CW Jr, Fregly BJ. Decreased knee adduction moment does not
guarantee decreased medial contact force during gait. J Orthop Res. 2010; 28:1348–1354.
[PubMed: 20839320]

43. Fregly BJ, D'Lima DD, Colwell CW. Effective gait patterns for offloading the medial compartment
of the knee. J Orthop Res. 2009; 27:1016–1021. [PubMed: 19148939]

44. Bei Y, Fregly BJ. Multibody dynamic simulation of knee contact mechanics. Med Eng & Phys.
2004; 26:777–789. [PubMed: 15564115]

45. Lloyd DG, Besier TF. An EMG-driven musculoskeletal model to estimate muscle forces and knee
joint moments in vivo. J Biomech. 2003; 36:765–776. [PubMed: 12742444]

46. Winby CR, Lloyd DG, Besier TF, Kirk TB. Muscle and external load contribution to knee joint
contact loads during normal gait. J Biomech. 2009; 42:2294–2300. [PubMed: 19647257]

47. Zifchock R, Kirane Y, Hillstrom H, the hospital for special surgery lower extremity realignment
research group. Are joint structure and function related to medial knee OA pain? A pilot study.
Clin Orthop Relat Res. 2011; 469:2866–2873. [PubMed: 21769678]

48. Herzog W, Longino D, Clark A. The role of muscles in joint adaptation and degeneration.
Langenbeck's Arch Surg. 2003; 388:305–315. [PubMed: 14504930]

Meyer et al. Page 10

J Orthop Res. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Mean instrumented implant curves for a) medial contact force, b) lateral contact force, and
c) the total contact force for normal, medial thrust, walking pole, and trunk sway gait.
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Figure 2.
Mean external knee load curves for a) superior force, b) adduction moment, and c) flexion
moment for normal, medial thrust, walking pole, and trunk sway gait.
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Table 2

Regression equations with corresponding R2 values and RMS errors for fitting contact forces as a function of
external measures. External knee loads are Fsup for superior force, Madd for adduction moment, and Mflex for
flexion moment. Muscle EMG values are Ebifem, Emvasti, Elvasti,, and Etfl for biceps femoris, vastus medialis,
vastus lateralis, and tensor fasciae latae, respectively. All peak values used for regression analysis are
available in a Microsoft Excel file provided in the Supplementary Material.

Peak(s) Contact Force Regression Equation R2 RMS (BW)

First Peak

Total
c1FSI + c2 0.351 0.381

c1FSI + c2MFE + c3 0.575 0.317

Medial

c1FSI + c2 0.380 0.163

c1FSI + c2MAA + c3 0.475 0.154

c1FSI + c2MAA + c3MFE + c4 0.480 0.158

Lateral

c1FSI + c2 0.175 0.280

c1FSI + c2MAA + c3 0.797 0.142

c1FSI + c2MAA + c3MFE + c4 0.822 0.137

Second Peak

Total
c1FSI + c2 0.068 0.267

c1FSI + c2MFE + c3 0.069 0.274

Medial

c1FSI + c2 0.162 0.184

c1FSI + c2MAA + c3 0.417 0.157

c1FSI + c2MAA + c3MFE + c4 0.418 0.162

Lateral

c1FSI + c2 0.002 0.175

c1FSI + c2MAA + c3 0.006 0.180

c1FSI + c2MAA + c3MFE + c4 0.007 0.185

c1FSI + c2MAA + c3EMVasti + c4ELVasti + c5 0.309 0.159

Both Peaks

Total

c1FSI + c2 0.495 0.338

c1FSI + c2MFE + c3 0.524 0.332

c1FSI + c2EMVasti + c3EBiFem + c4 0.603 0.308

Medial

c1FSI + c2 0.783 0.171

c1FSI + c2MAA + c3 0.783 0.173

c1FSI + c2MAA + c3MFE + c4 0.791 0.171

c1FSI + c2MAA + c3EMVasti + c4ETFL + c5 0.841 0.152

Lateral

c1FSI + c2 0.000 0.244

c1FSI + c2MAA + c3 0.418 0.189

c1FSI + c2MAA + c3MFE + c4 0.418 0.189

c1FSI + c2MAA + c3EBicFem + c4 0.482 0.180
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