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Abstract
Objective—People with knee osteoarthritis (OA) are thought to walk with high loads at the knee
which are yet to be quantfied using modeling techniques that account for subject specific EMG
patterns, kinematics and kinetics. The objective was to estimate medial and lateral loading for
people with knee OA and controls using an approach that is sensitive to subject specific muscle
activation patterns.

Methods—16 OA and 12 control (C) subjects walked while kinematic, kinetic and EMG data
were collected. Muscle forces were calculated using an EMG-Driven model and loading was
calculated by balancing the external moments with internal muscle and contact forces

Results—OA subjects walked slower and had greater laxity, static and dynamic varus alignment,
less flexion and greater knee adduction moment (KAM). Loading (normalized to body weight)
was no different between the groups but OA subjects had greater absolute medial load than
controls and maintained a greater %total load on the medial compartment. These patterns were
associated with body mass, sagittal and frontal plane moments, static alignment and close to
signficance for dynamic alignment. Lateral compartment unloading during mid-late stance was
observed in 50% of OA subjects.

Conclusions—Loading for control subjects was similar to data from instrumented prostheses.
Knee OA subjects had high medial contact loads in early stance and half of the OA cohort
demonstared lateral compartment lift-off. Results suggest that interventions aimed at reducing
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body weight and dynamic malalignment might be effective in reducing medial compartment
loading and establishing normal medio-lateral load sharing patterns.
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Introduction
Articular loads during walking are implicated in the pathogenesis of medial knee
osteoarthritis (OA)[1, 2]. Abnormal loading due to altered joint kinematics following
meniscus or anterior cruciate ligament (ACL) injuries [3, 4], or due to obesity, varus
malalignment [2, 5] and high external knee adduction moment (KAM) [6, 7] could lead to
cartilage degeneration. Multiple studies have also shown that people with knee OA walk
with greater muscle co-contraction which has been thought to be associated with increased
loading and accelerated cartilage damage[8–10].

KAM during walking, represents the net torque around the knee joint in the frontal plane,
and is used as a surrogate measure of medial compartment loading[1, 2]. Concequently, a
number of gait retraining interventions have focused on reducing KAM [11]. A decrease in
KAM is assumed to indicate a reduction in medial loading [12, 13]. However, a case-study
using instrumented knee prosthesis showed that a reduction in 1st peak KAM does not
guarantee a reduction in medial contact load [14]. Also, a reduction in KAM does not
provide any information about changes in the relative distribution of the loading between
medial and lateral compartments. People with knee OA are thought to walk with relatively
greater loads over the medial comartment compared to the lateral [15]. Clinical utlility of
KAM reduction techniques would be limited if medio-lateral load sharing remains
unchanged. Furthermore, since KAM derived from inverse dynamics is a net moment, it
does not explicitly account for the greater muscle co-contraction exhibited by people with
knee OA, and may lead to under-estimations of medial knee loading [16, 17].

Data from instrumented knee prostheses have provided valuable insight into the knee
loading patterns and are useful for validating modeling techniques, but these prostheses
cannot be used in all individuals [18, 19]. It is challenging to infer articular loading for
individuals with and without knee OA using these datasets. Post-total knee arthroplasty
(TKA), the movement patterns are different compared to those pre-TKA or a healthy subject
[20, 21]. The TKA procedure involves realignment of the mechanical axis and post-surgery
these individuals typically experience reduced pain and instability which may reduce muscle
co-contraction during daily activities thereby altering joint loads [22].

Due to the limitations of KAM and instrumented knee prostheses, numerous mathematical
modeling techniques have been utilized to estimate knee contact loads [23–26]. None of
these models account for subject specific electromyography (EMG) patterns while
estimating articular loading in people with knee OA, who walk with high muscle co-
contraction, presumably leading to higher muscle forces and greater joint loading [17, 27].
Using a case comparison study, we have recently demonstrated the feasibility of using an
EMG-Driven modeling approach [28] combined with a moment-balancing algorithm[29] in
knee OA, where mechanical and neuromuscular changes influence articular loading [30].

In this paper, we use the EMG-Driven modeling approach to compute tibiofemoral joint
contact loads in a larger sample of people with knee OA and matched controls, while also
evaluating the association of quadriceps strength and radiographic features of knee OA with
the observed loading patterns. Hence, the aims of this paper are (1) to estimate articular
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loads at the knee during walking in people with knee OA compared to controls and, (2) to
analyze the effect of mechanical and functional factors on joint loading in people with knee
OA. We hypothesized that people with knee OA will have higher medial contact loads and
lower lateral contact loads compared to matched Control subjects, and medial contact loads
will be related to static knee varus (from radiographs) and peak dynamic varus (during
walking).

Patients and Methods
Subjects

Data from sixteen subjects with medial knee OA (Kellgren-Lawrence ≥ 2) and twelve
healthy controls (Kellgren-Lawrence ≤ 1) recruited from the community, as a part of a larger
study on neuromuscular control were used. The OA subjects did not have any self-reported
ligament or meniscus injuries and were diagnosed based on radiographic and clinical criteria
established by the American College of Rheumatology[31]. The more symptomatic knee
was used for the OA subjects while the dominant leg defined by kicking preference was
evaluated for the controls. The protocol was approved by the institutional human subjects
review board and all subjects signed an approved consent form.

Functional Measures
The self-report Knee Injury and Osteoarthritis Outcome Score (KOOS) was used covering 5
dimensions of function: Pain, Symptoms, Activities of Daily Living (ADL), Sports and
Recreation Function (Sport), and Knee-Related Quality of Life (QOL)[32]. All are scored
from 0 to 4, and the scores reported as a percentage score (0 = extreme knee problems, 100
= no problems) [32].The KOOS is a valid, reliable, and responsive measure of overall knee
joint function in people with OA[33].

Quadriceps Strength
Quadriceps muscle force (in Newton) was measured during three maximal voluntary
isometric contractions (MVIC) on an isokinetic dynamometer (Kin Com Isokinetic
International, Harrison, TN 37341) with the knee flexed to 90°. The trial with the highest
volitional force was used.

Radiographic Measures
Medial joint space was measured on a posterior-anterior weight bearing semi-flexed
radiograph as the narrowest distance between the femur and tibia [34]. Alignment was
assessed using a standing, anterior- posterior radiograph in which the hip, knee, and ankle
joints were visible. Alignment was determined by the angle (varus <180°, valgus >180°) of
the mechanical axes of the femur and tibia [35]. Medial and lateral joint laxity was measured
using the “open space” technique during varus and valgus stress radiographs[36] (Fig. 1).
Subjects were positioned supine in a Telos Stress device (Austin Assoc., Fallston, MD) with
the knee flexed 20° and the patella facing anteriorly. Varus or valgus stress was created by
150 N of force applied by the Telos device at the joint line. Joint spaces were measured and
laxity was calculated as shown in Figure 1.

Kinematics, Kinetics and EMG
Subjects walked at their self-selected speed over-ground for 10 trials. Kinematic data were
collected at 120 Hz using a passive 8-camera system (VICON MX, Oxford Metrics, UK)
and ground reaction force data recorded at 1080 Hz from one force platform (Bertec Corp,
Worthington, OH). Muscle activity was recorded concurrently at 1080 Hz using a 16-
channel system (Motion Lab Systems, Baton Rouge, LA) and signals bandpass filtered
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between 20–50 Hz in the hardware. Preamplified surface electrodes (20 mm inter-electrode
distance, 12 mm disk diameter, input impedance 108 Ohms, CMRR > 10dB) were placed on
the mid-bellies, parallel to the muscle fibers of semintendinosis (ST), biceps femoris (BFL),
vastus medialis (VM), vastus lateralis (VL), rectus femoris (RF), and medial (MG) and
lateral (LG) heads of the gastrocnemius, after skin preparation with alcohol rub, abrading
and shaving [37]. For the musculoskeletal model, which has 10 muscles, activation for the
semimembranosus (SM) was assumed to be equal to the ST, while activation for the BFL
and biceps short head (BFS) were assumed equal. Vastus intermedius (VI) was taken as the
average of VM and VL. EMG data for each muscle were also collected at rest and MVIC
(seperate from the quadriceps strength test) for signal normalization purposes.

Euler angles (X-Y-Z) using right handed coordinate systems, and inverse dynamics were
used to calculate joint kinematics and kinetics. All data were processed in Visual3D (C-
motion, Germantown, MD). Stance phase variables for the sagittal plane included, knee
flexion excursion (change in knee angle from heel strike to peak knee flexion), extension
excursion (change in knee angle from peak knee flexion to peak knee extension), peak
external knee flexion moment (KFM) and peak external knee extension moment (KEM). In
the frontal plane, 1st and 2nd peak KAM and adduction angles at 1st and 2nd peak KAM were
calculated. All angles were expressed in degrees and all moments normalized to subject’s
height (Ht) and body weight (BW) and expressed as a percentage.

EMG-Driven Model
The EMG-Driven musculoskeletal model has been described in detail elsewhere and a
summary of the methods with a flowchart (Figure 2) is provided here [28, 38]. EMG were
converted to a parameter called muscle activation, taking into account electromechanical
delay, the time-varying nature of EMG and factors in EMG-force relationship [28]. Muscles
with small cross-sectional area, specifically, tensor fascia lata, sartorius and gracilis were not
included as they have a relatively small contribution to the total muscle force and prone to
cross-talk when recordings are made with surface elctrodes[29]. A model allowing sagittal
and frontal plane knee motion, was built in Software for Interactive Musculoskeletal
Modeling (SIMM, MusculoGraphics, Inc., care of Motion Analysis Corporation 3617
Westwind Blvd. Santa Rosa, CA 95403) [39] and used to calculate the muscle-tendon
lengths, as well as, flexion-extension and varus-valgus moment arms for each muscle during
each frame of stance. The model was scaled to individual subject anthropometrics using
measurements from long cassette radiographs. The muscle activations and scaled muscle
tendon-lengths were input into a Hill-type muscle model which takes into account the force-
length and force-velocity relationships when determining individual muscle forces. The
muscle forces from all muscles were multiplied by their sagittal plane moment arms and
summed to compute the net moment in the sagittal plane. An optimization algorithm [40]
was applied which iteratively adjusted model parameters to minimize the difference between
the model-computed joint moment and the moment calculated using inverese dynamics. The
parameters included optimal fiber length, tendon slack length, maximum muscle force and
coefficients involved in the transformation of EMG to muscle activation. This optimization
process has been described in detail elsewhwere [28]. Data for one walking trial was used to
optimize the model (i.e., determine optimal muscle parameters). These optimized parameters
were then used to predict muscle forces and sagittal plane knee moments for the other
walking trials. The three trials with the smallest root mean square difference and the largest
R2 between the model predicted sagittal plane moment and the moment computed from
inverse dynamics were used for analysis. The joint contact loads presented in this study are
from the trials that were predicted using the model and did not include the trial used in
parameter optimization process.
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Estimation of medial and lateral contact load and load distribution
Joint contact loads for the medial and lateral compartment were estimated using the
algorithm developed by Winby et al. [29]. Each muscle in the model has the potential to
generate an internal moment in the frontal plane about a medial and lateral contact point
relative to the center of the joint. Muscle moment arms about the medial and lateral contact
points were calculated using SIMM. The internal muscle moments about the medial contact
point are summed and oppose the external KAM calculated about an axis originating in the
medial compartment. A positive residual moment indicates that muscle forces were
sufficient to counter the external loads (i.e. KAM) and this will require a lateral compressive
force (i.e. joint contact) to maintain static equilibrium at the joint. In contrast, a negative
residual moment indicates a tensile force contributed by passive structures – such as
ligaments and capsule, and are needed to maintain equilibrium. The process is repeated for
the lateral compartment to calculate the requisite medial contact force to maintain
equilibrium. The medial and lateral contact points were assumed to lie at 25% of the scaled
inter-condylar width from the center of the knee. The contact load for the medial and lateral
compartments was calculated in Newton, and also normalized to body weight (BW) and as a
percentage of total loading. Medial and lateral loading at 1st peak KAM in the 1st half of
stance (initial contact to zero crossing of the anterior-posterior[AP] ground reaction force
[GRF]) and 2nd peak KAM during the 2nd half of stance (zero crossing of the AP GRF to the
end of preswing) were used for analysis.

Statistics
RMS and R2 values between sagittal plane knee moment calculated from inverse dynamics
and predicted from forward dynamics using the model, for the 3 predicted (not optimized)
trials for each subject, were calculated as a measure of the model fit. Group means for
Control and OA groups are reported.

One way ANOVA was used to evaluate differences in demographic, functional,
radiographic and strength variables, and articular loads (in % total load). Analysis of
Covariance, adjusting for walking speed, was used to compare kinematic, kinetic variables,
and articular loads (in BW and in Newton). Multiple linear regression models were used to
assess the strength of the relationships of mass, static alignment, laxity, quadriceps strength,
peak sagittal moment, peak KAM and adduction angles at peak KAM with medial contact
loads (in Newton).

Results
The OA subjects were older and had greater weight but the differences in age, weight and
BMI were not statistically significant (Table 1).

Function, Strength, Radiograph and Walking Speed
The OA subjects were more disabled on all subscales of KOOS (p <0.001) (Table 2). The
OA group had lower quadriceps strength but it was not statistically significant (p=0.16,
Table 2). The OA subjects had smaller medial joint space (p <0.001), greater varus (p
<0.001) and greater medial laxity (p=0.001) but the difference in lateral laxity (p=0.166)
was not statistically significant between the groups (Table 2). OA subjects walked slower
compared to controls (p=0.007, Table 2).

Model Fit
The sagittal plane knee moment predicted by the model matched well with the moment
calculated using inverse dynamics. The average RMS (Mean±SD) and R2 Mean±SD) values
between the predicted and calculated sagittal plane knee moments for the OA group were
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12±6 (RMS) and 0.81±0.09 (R2). The values for the control group were 9.7±3.2 (RMS) and
0.89±0.04 (R2).

Kinematics, Kinetics and Articular Loads
During the 1st half of stance, the OA group had greater varus (p=0.015) and KAM (p =
0.027) (Table 3). The differences in flexion excursion (p = 0.203) and flexion moment (p =
0.757) were not statistically significant. During the 2nd half of stance, the OA group had
greater varus (p=0.005) and KAM (p = 0.067) approached statistical significance (Table 3).
Differences in extension excursion (p = 0.211) and flexion moment (p = 0.247) were not
statistically significant (Table 3).

The average medial and lateral loading patterns (in BW) for the OA and control groups are
shown in Figure 3. For contact loads (in BW), during the 1st and 2nd halves of stance, the
OA subjects had higher medial (p=0.201, p=0.666) and lower lateral loads (p=0.251,
p=0.093) but the differences were not statistically significant (Table 4, Fig 2a–b). For
contact loads (in Newton), during the 1st half of stance, the OA group had approximately
250N higher medial loading, which was significant, (p=0.014) but the lateral loading
(p=0.726) was no different (Table 4). During the 2nd half of stance, the OA group had
approximately 350N higher medial loading which was not significant (p=0.098) and neither
was lateral loading (p=0.162) (Table 4). For medial and lateral loading expressed as a
percentage of total load, during the 1st half of stance, the OA group had a greater percentage
of load on the medial compartment (~74% vs. ~66%) which was close to significance
(p=0.058) (Table 4). During the 2nd half of stance, the OA group had a greater percentage
(~90% vs 82%) of load on the medial compartment but it was not statistically significant (p
= 0.101). (Table 4).

Results from the linear regression (Table 5) revealed that during the 1st half of stance,
increases in mass (p = 0.007), external flexion moment (p = 0.047)and KAM (p = 0.002)
were associated with an increase in medial contact load (in Newton). During the 2nd half of
stance, increase in static varus (p = 0.019) was associated with an increase in medial contact
load (in Newton) whereas dynamic varus (p = 0.061) was close to significance.

Discussion
Analyses of magnitude and patterns of articular loading, as well as factors that affect
loading, are critical to understanding some of the mechanisms related to initiation and
progression of knee OA. This study presents novel data demonstrating that people with
medial knee OA walk with greater absolute load over the medial compartment, while also
maintaining a medio-lateral loading distribution with a relatively higher proportion of the
load over the medial compartment. The medial compartment loading was found to be
associated with body mass, static alignment, and flexion and adduction moments. The
results present possible targets for therapeutic interventions aimed at improving medio-
lateral loading patterns in this population to slow cartilage degeneration.

The average peak total loading for our control subjects was in the range of 2 – 4.5 BWs
which agrees with the previous report (3 – 4.4 BWs) using similar techniques [29]. The
values reported from the instrumented knee studies range from 2.1 – 3.5 BWs and 1500 –
3000 N [18, 19, 41–43]. Our values range from 1500 – 4600 N. Difference in loading
between the subjects in this study and those measured from instrumented knee studies may
be in part due to differences in the subjects tested. The subjects in the instrumented knee
studies tend to be older, had knee OA prior to surgery and walked slower compared to our
subjects who were younger, more active and walked faster.
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Peak medial loading reported using mathematical models range from 2.3 – 2.4 BWs [15, 26,
44]. Our data for average peak medial loading range from 0.8 – 3 for the control subjects
which is close to previous predictions. For medio-lateral load distribution, the instrumented
knee studies have reported medial compartment loading ranging from 53 – 92% of the total
load [42, 45, 46]. Our data for the healthy subjects ranged betweeen 53–100% of the total
load and in general, appear to be consistent with these published reports.

The subjects with knee OA had greater self-reported disability, medial laxity and varus
malalignment and lower medial joint space compared to the control group. These results
show that there were significant structural differences at the knee between the two groups.
Although the OA group did not have significantly higher BMI compared to the Control
group, the varus alignment could lead to greater medial compartmental loading. Further
studies will need to be done to investigate if the difference of 250–350 N in the medial
compartment loads over repeated cycles is associated with progressive cartilage damage.
Eight of our sixteen OA subjects showed unloading of the lateral comparment in mid to late
stance. It has been suggested that people with medial knee OA might show lateral condylar
lift-off if they are not able to counter the higher external adduction loads [1, 47]. Our data
suggest this postulate may be true as we found that half of our OA subjects demonstrated
lateral compartment lift-off. Loading the medial compartment to 100% along with higher
KAM, might very well overload the medical condylar cartilage. Repetitive high loading of
the medial comparment could lead to a more rapid progression of this subgroup of people
with knee OA who have lateral compartment lift-off. It has been reported that, varus thrust
during walking, which could be the visual evidence for lateral comparment unloading, is
related to a four fold increase in risk for progression[47].

A movement pattern with increased loading over the medial compartment, while unloading
the lateral compartment, in the OA subjects could possibly be due to a failure of the
neuromuscular system as quadriceps strength and passive laxity were not associated with
loading. Also we did not find any differences in quadriceps strength between the two
groups. These finding suggest that the control of muscle forces during dynamic activites
could also be important in addition to muscle strength. Further studies are needed to
ascertain if neuromuscular retraining intervention could be used in people with knee OA
who demonstrate lateral comparment unloading to obtain a more balanced loading at the
knee and potentially slow the progression of the disease.

It was interesting to note that the unloading occured during mid to late stance during 2nd

peak KAM and not during the early weight acceptance phase where 1st peak KAM occurs.
The magnitude of the 1st peak KAM is a reliable biomechanical marker of OA progression
[1, 6] and has also been the focus of interventions which aim at reducing loading by
diminishing the 1st peak of KAM [11]. In our subjects, OA group had higher KAM and also
higher medial compartment loading at the same time. The medial load was related to mass,
KAM, static malalignment (from x-ray) and had a close to significance relationship with
dynamic malalignment (as measured by frontal plane knee angle), which could be due to the
small sample size. The data suggest that the 1st peak loading could potentially be reduced by
a lowering the body weight and 2nd peak loading could be reduced by interventions aimed at
reducing dynamic frontal plane malalignment like gait retraining and bracing. Recently a
study that involved a subject with an instrumented knee demonstrated that walking with a
medial thrust and with a walking pole could reduce medial compartmental loading [48] but
it is difficult to predict if these strategies would work for people with knee OA. For the 2nd

peak of KAM, gait modifications like increased toe-out angle [49] and greater abduction
moment at hip [50] have been shown to reduce the second peak of KAM. Also, the recent
study which demonstrated that reduction in 1st peak of KAM does not correspond to a
reduction in medial contact load at the same time; also showed that a reduction on 2nd peak
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KAM did correspond to a reduction in medial contact loads during that phase of stance[14].
KAM by itself may not be sufficient to describe medial compartment loads and it has to be
considered in the context of sagittal plane moments [14]. For example if the KAM decreases
and the knee flexoion moment decreases then one can be fairly, although not 100%
confident, the medial contact force has decreased. If both increase it is likely that medial
contact force will also increase. When the moments change in opposite directions it is
difficult to infer what might be occurring at the joint and this is an advantage that modeling
has over inferring joint contact forces from inverse dynamics alone. Results from the linear
regression analyses in this study also support these findings, which showed that both peak
sagittal and frontal plane moments were positively related to medial loading in the 1st half
of stance, with an increase in both of these moments being related to increased medial
contact loads. Again, it needs to be seen if gait modification strategies investigated in
individuals with instrumented knee prostheses would be effective in people with knee OA.
The modeling approach used in this study may lend insight when evaluating whether these
interventions are effective in unloading the medial and loading the lateral compartment in
people with medial knee OA in the presence of abnormal muscle activation patterns, static
and dynamic malalignment and other impairments. It would also be interesting to study the
effect of surgical re-alignment procedures including high tibial osteotomy,
unicompartmental arthroplasty ant TKA on medio-lateral load sharing patterns.

The data from the modeling approach have to be interpreted in light of certain limitations
associated with the method. Knee ligaments and a number of smaller muscles like Tensor
Fascia Lata, Gracilis and Sartorius were not included in this model. Though these muscles
do not contribute significantly to sagittal plane stability, they may contribute to balancing
the external load in the frontal plane. It is possible therefore that loading magnitudes and
patterns might have been influenced by the addition of these muscles. Also, the inclusion of
lateral muscles, especially TFL, might have prevented isolated lateral compartment
unloading noted for a few of our healthy subjects. It is also important to note here that our
results are based on a small sample size, likely leading to insufficient statistical power for
some of the analyses.

In conclusion, the EMG driven musculoskeletal model predicted different joint loads the
people with and without knee osteoathritis. Previous predictions of higher medial loading in
people with knee OA were confirmed. Lateral compartment lift-off was also seen in people
with knee OA as previously suggested. Reducing joint loading in people with knee OA is an
important step towards slowing progreesion of the disease. In addition, knowledge of the
distribution of the total load between the medial and lateral compartments is clinically
relevant when critically evaluating the efficacy of an intervention. The EMG-Driven model
utilized in this study is sensitive to patient specific gait mechanics and muscle activation
patterns and thus may be a useful instrument in evaluating interventions aimed at reducing
medial loading and slowing progreesion of knee OA.
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Figure 1.
Setup for varus stress radiograph on left lower extremity, with corresponding radiograph
(top). For the varus stress radiograph (shown), a consistent 150-N force was applied to the
medial knee joint line. For the valgus stress radiograph (not shown), the force was applied to
the lateral joint line. Calculation of medial laxity (bottom).
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Figure 2.
EMG for muscle, m, at time, t, was transformed into muscle activation (a) to activate a Hill-
type muscle model (muscle contraction dynamics). The force, F, for each muscle was then
multiplied by its sagittal plane moment arm according to the musculoskeletal geometry
obtained using Software for Interactive Musculoskeletal Modeling (SIMM). Individual
muscle moments were then summed at each point in time to obtain the model estimated
sagittal plane knee moment, Mmodel(t). The knee moment was also calculated using inverse
dynamics from video-based motion capture data, MExpt(t). EMG-driven model parameters
including activation coefficients, optimal fiber length, OFL, resting tendon length, RTL, and
the maximum isometric force for each muscle were iteratively adjusted to minimize the
sum-squared difference between the model estimated moment and the moment computed
from inverse dynamics(represented by the crossed circle). The process of optimally
adjusting model parameters is depicted by the grey shaded boxes and arrows.
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Figure 3.
a–c Medial Condylar Load (a), Lateral Condylar Load (b) and Total Load (c) for
Osteoarthritis (Black) and Control(grey) subjects with loading over the whole stance phase
in body weights (Left panel) and the loading at 1st and 2nd peak knee adduction
moment(Right panel). Error bars indicate 95 % confidence intervals.
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Table 1

Age, Mass and BMI for the Osteoarthritis (OA) and Control groups

Variable Controls (n = 12) Osteoarthritis (n = 16) p- value

Age (years)* 59.5 (10.4) 65.2 (9.5) 0.145

Mass (kg)* 81.6 (19.2) 85.1 (15.7) 0.599

BMI (kg/m2)* 28.4 (5.2) 28.6 (4.3) 0.891

Males:Females 6:6 8:8

*
Mean (Standard Deviation) for both groups
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Table 2

KOOS, Quadriceps Force, Walking Speed, and Radiographic parameters for Osteoarthritis and Control
groups.

Variables* Controls (n = 12) Osteoarthritis (n = 16) p-value

Functional Variables

KOOS- symptoms 98.5 (96.7, 100.3) 62.3 (54.1, 70.5)

<0.001

KOOS- pain 99.8 (99.3, 110.3) 64.2 (56.0, 72.4)

KOOS- ADL 100.0 (100.0, 100.0) 71.6 (63.0, 80.2)

KOOS- Sports/Recreation 96.7 (91.5, 101.8) 42.2 (31.6, 52.8)

KOOS- Quality of Life 99 .0 (97.4, 100.5) 41.0 (29.0, 53.0)

Quadriceps force (N/BMI) 26.0 (18.7, 33.2) 22.4 (17.6, 27.2) 0.160

Walking speed (m/sec) 1.55 (1.41, 1.69) 1.34 (1.27, 1.41) 0.007

Radiographic Variables

Medial joint space (mm) 4.4 (3.9, 4.9) 1 (0.1, 1.9) <0.001

Alignment (degrees) 178.6 (176.8, 180.3) 174.4 (172.1, 176.7) <0.001

Medial laxity (mm) 3.3 (2.4, 4.2) 5.5 (4.6, 6.4) 0.001

Lateral laxity (mm) 4.7 (3.2, 5.1) 3.4 (2.7, 4.1) 0.166

*
Mean (95 % Confidence Intervals) for both groups

KOOS = Knee injury and Osteoarthritis Outcome Score, ADL = Activities of Daily Living
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Table 3

Kinematic and Kinetic variables for stance phase of gait for subjects with Knee Osteoarthritis and Controls.

Variables* Controls
(n = 12)

Osteoarthritis
(n = 16)

p-
value**

1st half of stance Flexion excursion(degrees) 15.3 (13.6, 17.0) 12.1 (9.92, 14.2) 0.203

Peak varus(degrees) 1.2 (−0.9, 3.4) 6.4 (4.0, 8.6) 0.004

Peak sagittal moment (%BW*Ht) 5.24 (4.23, 6.26) 5.00 (4.00, 6.01) 0.757

Peak frontal moment (%BW*Ht) −2.35 (−2.83, −1.87) −3.3 (−3.83, −2.73) 0.027

2nd half of stance Extension excursion (degrees) 17.7 (14.6, 20.8) 12.7 (8.8, 15.9) 0.211

Peak varus (degrees) −0.7 (−3.2, 1.8) 4.6 (1.9, 7.2) 0.015

Peak sagittal moment (%BW*Ht) −1.13 (−1.67, −0.60) −0.42 (−0.94, 0.10) 0.247

Peak frontal moment (%BW*Ht) −1.69 (−2.19, −1.18) −2.7 (−3.33, −2.08) 0.067

*
Mean (95 % Confidence Intervals) for all variables. BW= body weight, Ht = height.

**
p-values after adjusting for walking speed

Osteoarthritis Cartilage. Author manuscript; available in PMC 2014 February 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kumar et al. Page 18

Ta
bl

e 
4

Pe
ak

 M
ed

ia
l, 

L
at

er
al

 a
nd

 T
ot

al
 c

on
ta

ct
 lo

ad
s 

(a
t 1

st
 p

ea
k 

kn
ee

 a
dd

uc
tio

n 
m

om
en

t d
ur

in
g 

th
e 

1st
 h

al
f 

of
 s

ta
nc

e 
an

d 
2nd

 p
ea

k 
kn

ee
 a

dd
uc

tio
n 

m
om

en
t

du
ri

ng
 th

e 
2nd

 h
al

f 
of

 s
ta

nc
e)

 f
or

 O
st

eo
ar

th
ri

tis
 (

n 
=

 1
6)

 a
nd

 C
on

tr
ol

 (
n 

=
 1

2)
 s

ub
je

ct
s.

V
ar

ia
bl

es
*

C
O

A
C

O
A

C
O

A

in
 B

W
s

In
 N

ew
to

n
In

 %
 T

ot
al

A
t 

1st
 p

ea
k 

K
A

M
 d

ur
in

g 
th

e 
1st

 h
al

f 
of

 s
ta

nc
e

M
ed

ia
l L

oa
d

2.
37

 (
2.

12
, 2

.6
1)

2.
57

 (
2.

24
, 2

.9
0)

18
60

 (
16

15
, 2

10
4)

21
08

 (
18

37
, 2

38
0)

66
.0

 (
60

.3
, 7

1.
6)

74
.5

 (
67

.8
, 8

1.
1)

p-
va

lu
e

0.
18

7
0.

01
4

0.
05

8

L
at

er
al

 L
oa

d
1.

30
 (

0.
95

, 1
.6

5)
0.

93
 (

0.
67

, 1
.1

8)
10

01
 (

75
0,

 1
25

1)
79

2 
(5

56
, 1

02
8)

34
.0

 (
28

.2
, 3

9.
7)

25
.5

 (
18

.9
, 3

2.
1)

p-
va

lu
e

0.
66

6
0.

72
6

0.
05

8

T
ot

al
 L

oa
d

3.
67

 (
3.

16
, 4

.1
7)

3.
50

 (
3.

06
, 3

.9
3)

28
60

 (
24

45
, 3

27
6)

29
01

 (
24

72
, 3

32
9)

p-
va

lu
e

0.
95

2
0.

17
3

A
t 

2nd
 p

ea
k 

K
A

M
 d

ur
in

g 
th

e 
2nd

 h
al

f 
of

 s
ta

nc
e

M
ed

ia
l L

oa
d

1.
80

 (
1.

44
, 2

.1
6)

2.
07

 (
1.

80
, 2

.3
4)

13
69

 (
11

84
,1

55
3)

17
02

 (
14

8,
 1

92
8)

81
.9

 (
75

.5
, 8

8.
3)

89
.6

 (
82

.7
, 9

6.
5)

p-
va

lu
e

0.
20

1
0.

11
0

0.
10

1

L
at

er
al

 L
oa

d
0.

45
 (

0.
19

, 0
.7

0)
0.

12
 (

−
0.

21
, 0

.4
6)

32
0 

(1
79

, 4
62

)
89

 (
−

20
5,

 3
83

)
18

.1
 (

11
.7

, 2
4.

5)
10

.4
 (

3.
5,

 1
7.

3)

p-
va

lu
e

0.
09

3
0.

16
2

0.
10

1

T
ot

al
 L

oa
d

2.
24

 (
1.

69
, 2

.8
0)

2.
20

 (
1.

80
, 2

.6
0)

16
89

 (
14

32
, 1

94
6)

17
92

 (
14

68
, 2

11
7)

p-
va

lu
e

0.
36

2
0.

96
5

* M
ea

n 
(9

5 
%

 C
on

fi
de

nc
e 

in
te

rv
al

s)

**
ad

ju
st

ed
 f

or
 w

al
ki

ng
 s

pe
ed

B
W

 =
 B

od
y 

W
ei

gh
t, 

O
A

 =
 O

st
eo

ar
th

ri
tis

, K
A

M
 =

 K
ne

e 
A

dd
uc

tio
n 

M
om

en
t

Osteoarthritis Cartilage. Author manuscript; available in PMC 2014 February 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kumar et al. Page 19

TABLE 5

Results from Multiple Linear Regression for medial contact loads (in Newton) during early and late stance (n
= 12 for Controls, n = 16 for knee osteoarthritis).

Dependent
Variable

Covariates B (Standard Error) β p-value

Medial Contact Load at 1st peak KAM during the 1st half of
stance

Mass 16.50 (5.04) .48 0.007

Mechanical axis 2.45 (28.48) .02 0.933

Medial Laxity −30.99 (45.47) −.11 0.508

Lateral Laxity −54.27 (49.45) −.15 0.294

Quadriceps strength −7.48 (7.07) −.14 0.311

Peak Sagittal Moment 107.87 (48.74) .38 0.047

1st peak KAM −527.68 (13702) −.86 0.002

Adduction Angle at 1st peak
KAM

30.85 (32.94) .26 0.367

Medial Contact Load at 2nd peak KAM during the 2nd half of
stance

Mass 2.50 (6.05) .11 0.686

Mechanical axis −84.69 (31.23) −.85 0.019

Medial Laxity 8.27 (48.32) .04 0.867

Lateral Laxity 65.36 (57.31) .26 0.276

Quadriceps strength 6.99 (8.63) .19 0.434

Peak Sagittal Moment −10.53 (79.08) −.03 0.896

2nd peak KAM −135.30 (124.11) −0.36 0.297

Adduction Angle at 2nd peak
KAM

62.17 (30.08) 0.77 0.061

KAM = Knee Adduction Moment
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