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ABSTRACT: Inverse dynamics analysis is commonly used to estimate the net loads at a joint during human motion. Most lower-limb
models of movement represent the knee as a simple hinge joint when calculating muscle forces. This approach is limited because it
neglects the contributions from tibiofemoral joint contact forces and may therefore lead to errors in estimated muscle forces. The aim of
this study was to quantify the contributions of tibiofemoral joint contact loads to the net knee loads calculated from inverse dynamics for
multiple subjects and multiple gait patterns. Tibiofemoral joint contact loads were measured in four subjects with instrumented implants
as each subject walked at their preferred speed (normal gait) and performed prescribed gait modifications designed to treat medial knee
osteoarthritis. Tibiofemoral contact loads contributed substantially to the net knee extension and knee adduction moments in normal gait
with mean values of 16% and 54%, respectively. These findings suggest that knee-contact kinematics and loads should be included in
lower-limb models of movement for more accurate determination of muscle forces. The results of this study may be used to guide the
development of more realistic lower-limb models that account for the effects of tibiofemoral joint contact at the knee. © 2015 Orthopaedic

Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 33:1054-1060, 2015.
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The net loads (forces and moments) acting at a joint
are generated by a combination of muscle, ligament,
and joint contact forces. Inverse dynamics analysis is
commonly used to obtain estimates of these net loads
when studying human motion. However, accurate
knowledge of the internal loads applied individually by
muscles, ligaments, and joint contact is needed for a
more comprehensive understanding of musculoskeletal
function. Because non-invasive measurement of the
internal loads due to muscle/ligament tension and
joint contact is not possible, computational models are
often used in conjunction with gait analysis to deter-
mine musculoskeletal loading in vivo.}™°

Estimates of the forces and moments produced by
muscles and joint contact (e.g., the moments about the
knee joint center produced by the tibiofemoral joint
contact forces) may be obtained by balancing these
internal loads against the net loads calculated from
inverse dynamics as follows (see Fig. 1):

Frvp; = Fmusc; + Foont; + Fric,
Mwop; = Myusci + Mcoonri + Mg (1)

I=xY2

where Fryp and Myp are the net forces and moments
calculated from inverse dynamics, respectively; Fyusc
and Myysc are the forces and moments applied by
muscles; Fcont and Mcont are the forces and
moments arising from joint contact; F1;g and Mg are
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the forces and moments applied by ligaments; and x, y,
z represent the anterior—posterior, superior—inferior,
and medial-lateral directions, respectively.

In most lower-limb models of movement, muscle
forces are determined by representing the knee as a
simple hinge joint, which neglects the contributions
that ligament forces and tibiofemoral joint contact
forces make to the net knee extension moment; that is,
Mgz and Mconryz are assumed to be zero in
Equation (1).8%1112 This assumption may be valid if
the moments produced by ligament forces and tibiofe-
moral joint contact forces are much smaller than those
developed by the muscles; for example, if Mconrz is
less than 10% of Mpypz. However, if ligament and
joint contact forces contribute more substantially to
the net loads, then the above simplification may yield
erroneous estimates of lower-limb muscle forces.

Representing the knee as a simple hinge joint also
means that only the net knee flexion—extension
moment equation is considered in the calculation of
lower-limb muscle forces. More accurate estimates of
muscle forces may be obtained by also balancing the
net loads acting in the frontal and transverse planes,
and in particular, accounting for the contributions
of tibiofemoral joint contact forces to the net knee
adduction moment, Mx, and the net knee superior
force, Fy. The knee adduction moment is related to
the distribution of forces between the medial and
lateral compartments of the knee'®>!® and has been
a focal point in studies aimed at modifying the gait
patterns of patients with medial compartment osteo-
arthritis (OA).*®'” In addition, the net knee superior
force may be an important indicator of the total knee
joint contact force.'® Because muscle/ligament ten-
sion and joint contact forces cannot be measured
directly, validation of models that have included
these quantities has been difficult and limited to
single subjects.!® Recent studies have examined the
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Figure 1. Diagram illustrating the forces and moments (loads)
acting at the proximal tibia. (a) Internal loads acting at the
proximal tibia; and (b) reaction loads calculated from inverse

dynamics required to balance the internal loads acting at the
proximal tibia.
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relationships between net knee loads calculated from
inverse dynamics and measurements of the medial,
lateral, and total tibiofemoral joint contact forces
obtained from instrumented knee implants,*®1420-22
but the contributions of measured tibiofemoral joint
contact forces to multiple components of the net knee
loads have yet to be identified.

The aim of this study was to quantify the contribu-
tions of tibiofemoral joint contact loads to the net knee
loads calculated from inverse dynamics for multiple
subjects and multiple gait patterns. Tibiofemoral con-
tact loads were measured in four subjects with instru-
mented tibial prostheses as each subject walked at
their preferred speed (normal gait) and performed
prescribed gait modifications designed to treat medial
knee OA.22 We tested an assumption implicit in most
musculoskeletal models used to simulate lower-limb
movement: that the magnitude of the knee extension
moment contributed by the tibiofemoral joint contact
force is relatively small (i.e., less than 10%) compared
to the magnitude of the net knee extension moment
calculated from inverse dynamics. We also tested the
proposition that the adduction moment contributed by
the tibiofemoral joint contact force correlates with the
net knee adduction moment.'®142%2! Accurate knowl-
edge of the relationships between tibiofemoral contact
loads and the net loads at the knee would improve the
accuracy of muscle force calculations in the lower
limb.

METHODS

Experimental data obtained from the past five “Grand
Challenge Competitions to Predict In Vivo Knee Loads”?324
were used in this study. Four subjects (one tested twice)
implanted with load-measuring knee replacements per-
formed over-ground walking with simultaneous collection of
tibiofemoral contact loads, marker positions, and ground
reaction forces (GRF's). Institutional review board approval
and informed consent were obtained. Two types of tibial
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implants were used: (i) the eKnee, a custom tibial prosthesis
equipped with four uniaxial force transducers that measured
compressive forces in four quadrants of the tibial tray®® (one
subject; first and fourth Grand Challenge [GC] competition
datasets, GC1 and GC4); and (ii) the eTibia, another custom
tibial prosthesis comprised of strain gauges calibrated to
measure three orthogonal forces and moments at the center
of the tibial post and level with the top surface of the tibial
tray?® (three subjects; one subject each for GC2, GC3, and
GC5). Each subject performed five trials of level walking using
their natural gait pattern, followed by up to five trials for each
of the following modified gait patterns: medial-thrust gait,
trunk-sway gait, and walking-pole gait. These three gait
modifications were chosen because they are purported to
reduce the net knee adduction moment'® and thereby offload
the medial compartment of the knee.'” Each subject walked at
his or her preferred speed during all gait trials.

A generic musculoskeletal model described by Arnold
et al.?” was modified and used to simulate each subject’s gait
pattern. The model included scalable segments representing
the feet, shanks, thighs, pelvis, and torso/head. The model
was scaled to each subject using individual segment scale
factors calculated from anatomical marker locations and CT
images. Femoral and tibial scale factors were calculated by
comparing and aligning the nominal bone geometries to
subject-specific bone geometries created from CT scans of the
subject’s lower limbs. The models of the subject-specific tibia
and tibial implant were carefully aligned to the scaled tibial
geometry to ensure that the measured contact loads were
correctly positioned relative to the knee joint center. The
models of the lumbosacral, hip, ankle and subtalar joints
were identical with those represented in the generic model.2’
The knee was represented as a translating ball-and-socket
joint by adding two degrees-of-freedom (DOF) to the existing
translating hinge joint to include internal-external and
adduction—abduction rotations of the tibia relative to the
femur. An additional six-DOF joint with all coordinates
locked to zero was added at the knee joint center in the tibial
reference frame to allow three orthogonal forces and three
orthogonal moments (including Fy, Mx, and Mz) to be
calculated during an inverse dynamics analysis.'®

Net joint loads were calculated using the scaled muscu-
loskeletal models in OpenSim.?® An inverse kinematics
analysis was performed for each gait trial to calculate the
rotations and translations at each joint. The inverse
kinematics results and the GRFs were then used to
perform an inverse dynamics analysis to determine the net
loads (i.e., forces and moments) acting at the knee joint
center. GRFs were low-pass filtered at 20Hz using a
fourth-order zero phase-lag Butterworth filter while joint
displacements were filtered similarly at 6 Hz. The six net
knee-joint loads were expressed in the scaled-generic tibial
reference frame (Fig. 1). All moments were calculated about
the knee joint center in the tibial reference frame as
defined in the generic OpenSim knee model.

The four forces measured by the eKnee implant were
summed to obtain the total compressive joint contact force,
Fy. The corresponding joint contact moments, Mx and Mz,
were calculated by multiplying the force measured by each
eKnee transducer by the distance from the transducer to the
center of the top surface of the tibial tray.?® The eTibia
implant provided measurements of all six load components
applied to the tibial tray. The joint contact loads obtained
from both instrumented implants were then re-expressed in
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the same tibial reference frame using the same point (i.e.,
center of the knee joint) as that used to calculate the net
knee-joint loads from inverse dynamics.

Contact-to-net load ratios were used to quantify the
contributions of tibiofemoral joint contact to the net knee
loads acting at the knee joint center. These contact-to-net
load ratios were calculated during the mid-stance and
terminal-stance phases of the gait cycle, where peak joint
contact loads were observed. Means and standard deviations
(s.d.) of the ratios were calculated for each gait pattern
across all time frames of the aforementioned phases as well
as across all trials and all subjects. A statistical correlation
measure was also computed to determine whether a general
relationship could be assumed between a given contact load
and the corresponding net load. These contact-to-net correla-
tion coefficients were calculated for each gait pattern across
all time frames during the entire stance phase of gait as well
as across all trials and all subjects. Because these data were
non-normally distributed and a linear relationship therefore
could not be assumed, a Spearman rank correlation test was
performed. Linear regression analysis between the contact
loads and the net loads was also performed and the
corresponding R? (coefficient of determination) errors and
RMS errors calculated. Both correlation and R? measures
were classified as poor (0.0-0.5), moderate (0.5-0.75), good
(0.75-0.9), or strong (0.90—1.0).%

Estimates of the remaining loads (i.e., those arising from
the muscles and ligaments) were found by subtracting the
tibiofemoral joint contact loads from the net knee loads at
each time frame. The result represented the combined
contribution of muscles and ligaments to the net knee loads
at the knee joint center. Moments were normalized to a
percentage of the subject’s body weight (BW) multiplied by
the subject’s height (HT) while forces were normalized to the
subject’s body weight.

RESULTS

The tibiofemoral joint contact force contributed sub-
stantially to the net knee adduction moment in all
four gait patterns. For normal gait, the contact-to-net
adduction moment ratio varied from —109% to 180%
with a mean+s.d. of 544+44% across all subjects
(Figs. 2 and 3, Table 1). The magnitudes of this ratio
were slightly lower for the medial thrust and walking-
pole gait patterns (51% and 47%, respectively) and
markedly lower for the trunk sway gait pattern (28%)
compared to that calculated for normal gait.

The contribution of the tibiofemoral joint contact
force to the net knee extension moment was higher
than expected for normal gait; the contact-to-net
extension moment ratio varied from —47% to 66% with
a mean+s.d. of 16 +13% (Figs. 2 and 3). The corre-
sponding mean values for the medial thrust, walking-
pole, and trunk sway gait patterns were lower at 7%,
8%, and 6%, respectively (Table 1).

The superior—inferior tibiofemoral joint contact force
was higher than the superior—inferior net joint force
calculated from inverse dynamics in all subjects and for
all gait patterns (Figs. 2 and 3). For normal gait, the
contact-to-net superior force ratio ranged from 141% to
369% with a mean + s.d. of 230 + 39% across all subjects
(Table 1). The magnitudes of this ratio were higher for
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the medial thrust and trunk sway gait patterns (267%
and 261%, respectively) and practically the same for
the walking-pole gait pattern (228%) compared to that
calculated for normal gait (Table 1).

The contact-to-net load correlations varied from poor
to good. The contact-to-net adduction moment correla-
tions were poor to moderate with coefficients ranging
from 0.43 to 0.50 across the four gait patterns (Table 1).
The contact-to-net extension moment correlations were
also poor to moderate with coefficients ranging from
0.02 to 0.64. The contact-to-net superior force correla-
tions were the highest with coefficients ranging from
0.73 to 0.76. Linear regression R? values were poor for
the knee adduction and extension moments and moder-
ate for the knee superior force. Corresponding RMS
errors ranged from 0.34%BW*HT to 0.74%BW*HT for
the adduction and extension moments and from 0.32
BW to 0.54 BW for the superior force.

DISCUSSION

The aim of this study was to quantify the contributions
of tibiofemoral joint contact loads to the net loads acting
at the knee for multiple subjects and multiple gait
patterns. Spearman correlation coefficients and ratios
were used to describe the relationships between the joint
contact loads and net loads. We found that tibiofemoral
joint contact loads contributed substantially to the net
knee extension moment calculated from inverse dynam-
ics (Fig. 2); for normal gait, the mean value of the
contact-to-net extension moment ratio was 16% (Table 1).
The mean value of the contact-to-net adduction moment
ratio was higher at 54%, but this value varied widely
between time frames as well as across subjects and gait
patterns, and resulted in poor correlation measures. The
magnitudes of the ratio of contact-to-net adduction
moment were lower for the trunk-sway and medial-
thrust gaits compared to normal gait, but the corre-
sponding values of the ratio of contact-to-net superior
force were higher (Fig. 3 and Table 1).

Trepczynski et al.?! reported a value of 0.65 for a
linear regression between the contact and net knee
adduction moments for normal gait, which is similar
to the mean ratio of 0.54 (54%) calculated in the
present study (Table 1). These authors also reported
an R? value of 0.90 for a linear regression between the
contact and net knee adduction moments across multi-
ple tasks.?! We performed a linear regression analysis
across four different gait patterns and obtained a
much lower R? value of 0.19 and a correspondingly low
correlation coefficient of 0.48 (Table 1). Previous
studies investigating the relationship between the net
knee adduction moment and medial contact force
reported poor (0.25) to good (0.77) R? values for linear
regressions performed on multiple gait trials.!®1%20:22
A correlation coefficient of 0.50 and a linear regression
R? value of 0.21 for the relationship between the
contact and net knee adduction moments for normal
gait obtained in this study are at the lower end of the
range found in the literature, which may be explained
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Figure 2. Mean joint contact, net, and muscle/ligament loads calculated for the knee joint during the stance phase of normal gait.
Data are shown for the three load conditions: knee adduction moment (Mx, a—e); knee extension moment (Mz, f—j); and knee superior
force (Fy, k—o0). GC1(a,f k), GC2(b,g,1), GC3(c,h,m), GC4(d,i,;n) and GC5(e,j,0) represent the “Grand Challenge datasets” used for the
analysis. The vertical lines indicate + 1 s.d. for the joint contact and net loads.

in part by the large inter-subject variability observed
in our data (see Fig. 2 and Supplementary Material).
Although the contribution of the contact adduction
moment to the net knee adduction moment was sub-
stantial throughout most of the stance phase, the
contributions from muscles and ligaments were not
inconsiderable. These results imply that neither tibiofe-
moral joint contact nor muscle action alone is sufficient

to balance the net knee adduction moment and that
both are required for dynamic equilibrium at the knee
in the frontal plane.?® In addition, the relationship
between the contact and net knee adduction moments
was poorly correlated and the ratio of these moments
varied considerably across subjects and gait patterns.
This result suggests that the contact adduction moment
cannot be predicted from knowledge of the net knee
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Figure 3. Contact-to-net load ratios (expressed as a percentage) for each gait pattern analyzed in this study: normal, medial thrust,
walking-pole, and trunk sway. Data are shown for the three load conditions: knee adduction moment (Mx, a); knee extension moment
(Mz, b); and knee superior force (Fy, c¢). The vertical lines indicate the entire range of data; the thick bars represent +3s.d.s; the +
symbol represents the mean. Positive values of the contact-to-net moment load ratio indicate that the contact moment acted in the
same direction as the net adduction moment whereas negative values indicate that the contact moment acted in the opposite direction.
Note that the joint contact force was higher than the knee superior force in all gait patterns.

adduction moment alone and vice versa. We conclude,
therefore, that more accurate estimates of the internal
loads at the knee may be obtained by including both
muscle and joint contact forces in lower-limb musculo-
skeletal models of movement.3°

The largest values of the ratio of contact-to-net
knee extension moment (i.e., greater than 10%) coin-
cided with a posterior shift of the contact center-of-
pressure on the tibial plateau during the mid-stance
phase of gait. A posterior shift of the contact center-of-
pressure would increase the extension moment applied
to the tibia by the tibiofemoral contact force, and
consequently reduce the extension moment needed
from the quadriceps to balance the flexion moment
applied by the ground reaction force. Posterior dis-
placement of the contact center-of-pressure may have
been caused by excessive anterior translation of the
tibia relative to the femur, which has been found in
anterior-cruciate-ligament-deficient®* and post-total-
knee-arthroplasty®® patients at 0 and 15° of loaded
knee flexion. If this interpretation is correct, then the
magnitude of the contact extension moment calculated

during mid-stance may not be as high in people with
healthy knees, as anterior tibial translation will
presumably be less due to tension in the anterior
cruciate ligament (ACL).!? Future studies should be
directed at investigating the cause of a larger-than-
expected contribution of the tibiofemoral joint contact
force to the net extension moment by including the
effects of ligament and joint contact forces in musculo-
skeletal simulations of knee-joint movement.

Many studies have related the net knee adduction
moment to the medial contact force by assuming that
an increase in the net knee adduction moment
would correspond to an increase in the ratio of the
medial-to-lateral contact force.?>*! While the contact
adduction moment is directly proportional to the ratio
of the medial-to-lateral contact force (assuming the
total contact force remains unchanged), this may not
be the case for the net knee adduction moment
because muscles and ligaments also contribute to this
quantity.>®!! We found only a moderate correlation
between the contact and net adduction moments,
which suggests that a simple linear relationship

Table 1. Linear Regression Values (R? and RMSE), Spearman Correlation Coefficients (p), and Ratios of Contact-to-

Net Loads Expressed as Percentages

Load Measure Normal Medial Thrust Walking Pole Trunk Sway All Gait
Mzx, adduction 0 0.50 0.46 0.43 0.44 0.48
R? 0.21 0.15 0.17 0.20 0.19
RMSE(%BW*HT) 0.62 0.65 0.49 0.74 0.60
Ratio mean(STD) % 54(44) 51(43) 47(40) 28(42) 48(43)
Mz, extension 0 0.33 0.41 0.64 0.02 0.40
R? 0.11 0.21 0.42 0.00 0.19
RMSE(%BW*HT) 0.40 0.51 0.34 0.50 0.45
Ratio mean(STD) % 16(13) 7(17) 8(9) 6(16) 9(14)
Fy, superior 0 0.73 0.73 0.76 0.73 0.75
R? 0.66 0.54 0.57 0.61 0.55
RMSEBW) 0.32 0.54 0.32 0.40 0.42
Ratio mean(STD) % 230(39) 267(62) 228(37) 261(57) 241(50)

Values in parentheses represent + 1 s.d.
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between the net knee adduction moment and ratio of
medial-to-lateral contact force (or medial contact force)
may not exist.

The magnitudes of the contact adduction moment
and the contact-to-net adduction moment ratio were
lower for each of the gait modifications than for
normal walking, implying that the medial compart-
ment of the knee may have been off-loaded when the
subjects adopted a modified gait pattern. Unfortunate-
ly, however, the tibiofemoral joint contact force was
higher for the trunk-sway and medial-thrust gaits as
evidenced by an increase in the mean value of the
contact-to-net superior force ratio. A higher joint
contact force, which may have been caused by an
increase in knee muscle co-contraction, would negate
any reduction in the medial contact force that was
caused by a lower knee adduction moment. In con-
trast, the contact-to-net superior force ratio was
slightly lower for walking-pole gait than normal gait,
implying that the medial compartment force may have
been reduced. It should be noted that this result
reflects the average obtained across all trials and all
subjects; the effect of walking with poles on load
distribution at the knee in any given individual was
variable (see Supplementary Material).*?

Perhaps the most significant limitation of this study
was the cost associated with surgically implanting
load-measuring prostheses in patients with end-stage
knee OA, which limited the current dataset to four
subjects. The age of the subjects tested together with
the removal of the ACL at the time of surgery also
limit the applicability of our results to the general
population. The analysis undertaken was also con-
strained by the fact that only three joint contact loads
(i.e., knee adduction moment, knee extension moment,
and knee superior force) were measured by both
implant systems. Finally, it is acknowledged that the
results obtained in this study depend on the location of
the knee joint center assumed in the model. A post-hoc
analysis showed that a 1em posterior displacement of
the knee joint center (relative to the location assumed
in the nominal model) decreased the mean contact-to-
net extension moment ratio calculated for normal gait
from 16% to 10% and increased the standard deviation
from 13% to 74% (see Supplementary Material). In
contrast, a 1cm anterior displacement of the knee joint
center increased both the mean and standard deviation
of the contact-to-net extension moment ratio for normal
gait from 16% to 55% and from 13% to 22%, respective-
ly. These results demonstrate the sensitivity of the
calculated values of knee-joint moments to changes in
the location of the knee joint center in the model.

The present study quantified the contribution of
joint contact to the net loads acting at the knee for
multiple subjects and multiple gait patterns. We found
that the tibiofemoral joint contact force contributed
substantially to the net knee adduction moment and
the net knee extension moment, implying that knee-
contact kinematics and loads should be included in
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lower-limb models of movement for more accurate
determination of muscle forces. The results of this
study may be used to guide the development of more
realistic lower-limb models that account for the effects
of tibiofemoral joint contact at the knee.
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