
Contents lists available at ScienceDirect

Gait & Posture

journal homepage: www.elsevier.com/locate/gaitpost

Full length article

Dynamic knee joint stiffness and contralateral knee joint loading during
prolonged walking in patients with unilateral knee osteoarthritis

Jonathan A. Gustafsona, William Andertonb, Gwendolyn A. Sowac, Sara R. Pivab,
Shawn Farrokhid,⁎

a Department of Orthopedic Surgery, Rush University Medical Center, Chicago, IL, USA
bDepartment of Physical Therapy, University of Pittsburgh, Pittsburgh, PA, USA
c Department of Physical Medicine and Rehabilitation, University of Pittsburgh, Pittsburgh, PA, USA
dDOD-VA Extremity Trauma and Amputation Center of Excellence, Naval Medical Center San Diego, CA, USA

A R T I C L E I N F O

Keywords:
Knee osteoarthritis
Stiffness
Joint contact force
Walking

A B S T R A C T

Background: Long duration walking, a commonly recommended treatment option for knee osteoarthritis (OA),
may lead to increased knee joint loading.
Research question: To evaluate the effects of prolonged walking on dynamic knee joint stiffness and contralateral
knee joint contact forces (KCFs) in individuals with unilateral symptomatic knee OA.
Methods: Twenty-six older adults with knee OA completed a 45-minute bout of walking on a treadmill. Dynamic
knee joint stiffness, estimated KCFs, measured ground reaction forces (GRFs), and simulated muscle forces were
evaluated for both the symptomatic and asymptomatic limbs at 15-minute intervals using repeated measures,
analysis of variance (ANOVA).
Results: Dynamic knee joint stiffness during the early weight-acceptance phase of gait was significantly higher
for the symptomatic limb throughout the 45-minute bout of walking. A significant increase in peak KCFs and
simulated muscle forces were also observed during the weight-acceptance phase of gait for both limbs after 30
and 45min of walking. Additionally, significantly elevated peak KCFs and muscle forces were observed during
the late-stance phase of gait for the contralateral asymptomatic limb throughout the 45-minute bout of walking.
Significance: Walking durations of 30min or greater lead to increased knee joint loading. Additionally, the
elevated dynamic knee joint stiffness observed for the symptomatic knee during the weight acceptance phase of
gait appears to be unrelated to the knee joint loading profile. Finally, the greater KCFs during the late-stance
phase of gait observed for the asymptomatic limb are consistent with previously demonstrated risk factors for OA
development and progression.

1. Introduction

Knee osteoarthritis (OA) is a common debilitating joint disease that
has been projected to affect more than 15% of the population over the
age of 45 by 2032 [1]. Walking exercise is a commonly suggested
conservative treatment strategy that has shown to be effective in re-
ducing pain and improving function in patients with knee OA [2,3].
Current recommendations by clinical practice guidelines advocate for at
least 30min of moderate intensity aerobic exercise, such as walking
[4,5], with further participation above the minimum recommendations
being encouraged for additional health benefits [6]. Despite the general
systemic benefits of walking exercise, it has been hypothesized that

prolonged walking in patients with knee OA could lead to excessive
knee joint loading due to quadriceps muscle fatigue and loss of effective
shock absorption [7]. In support of this premise, findings from a recent
study suggests that prolonged walking of 30min or greater may lead to
undesirable increases in knee joint loading and pain in patients with
unilateral knee OA [8].

Previous research suggests that increased symptoms during walking
can lead to deleterious compensatory strategies that place the arthritic
knee joint at risk for disease progression [9,10]. One such compensa-
tory strategy includes increased walking knee joint stiffness, a measure
of increased resistance to movement provided by the muscles and soft
tissues of the knee joint, as a means of mitigating disease-associated
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increases in knee joint laxity [10–13]. However, a potential deleterious
effect of increased dynamic knee joint stiffness is that the amplified
activity of the muscles crossing the knee joint can lead to elevated knee
joint contact forces and greater risk of disease progression [10]. Simi-
larly, compensatory strategies during gait to offload the symptomatic
limb may place the contralateral limb at greater risk for overloading
and disease development [14–16]. To this end, incidence of con-
tralateral knee OA development in patients with unilateral knee OA has
been reported to be as high as 34%–80% [17,18]. To date, whether
prolonged walking leads to increased dynamic knee joint stiffness or
overloading of the contralateral knee joint has not been experimentally
evaluated in patients with unilateral knee OA.

The main objective of this exploratory study was to examine the
differences in knee joint biomechanics between the symptomatic and
asymptomatic limbs of individuals with unilateral, symptomatic knee
OA during a prolonged, 45-minute bout of walking. We hypothesized
that dynamic knee joint stiffness would be significantly greater in the
symptomatic knee, as compared to the asymptomatic knee, throughout
the 45-minute bout of walking. We also hypothesized that as compared
to the symptomatic limb, the asymptomatic arthritic knee would ex-
perience increased knee joint contact forces (KCFs) throughout the 45-
minute bout of walking due to greater magnitude of ground reaction
force (GRF) and compressive muscle forces.

2. Methods

2.1. Subjects

A total of 26 older adults who met the American College of
Rheumatology (ACR) classification criteria for unilateral symptomatic
knee OA participated in this study (Table 1). All participants signed an
informed consent approved by the institutional review board of the
University of Pittsburgh prior to testing. To be included in the study,
participants had to meet both of the following criteria: 1) pain in only
one knee; and 2) radiographic knee OA (grade II or greater) in the
symptomatic painful limb. Participants were excluded from the study if
they exhibited contralateral knee pain; history of knee trauma; total
joint arthroplasty; hip or spine pain; neurological disease affecting gait;

and history of two or more falls within the prior year. Participants were
not excluded if evidence of radiographic knee OA was observed in their
asymptomatic knee. This decision was made based on the previous
evidence indicating that radiographic knee OA is an imprecise guide to
the likelihood that knee pain or disability will be present [19].

2.2. Data collection

All participants were screened to ensure they were capable of
maintaining a continuous 45-minute bout of walking on a treadmill at a
speed of 1.3 m/s, while maintaining a previously recommended [20]
moderate aerobic exercise intensity of 40-60% of heart rate reserve
monitored through a heart rate monitor. Walking speed was kept con-
stant to ensure that all participants covered the same distance, while
minimizing the influence of variable gait speed on knee joint contact
forces. On the day of testing, participants were fitted with clusters of
reflective markers (modified Cleveland Clinic Gait Marker Set) on their
lower extremities. Virtual markers were calibrated at the hip joint
center using a previously published functional method [21] and at the
knee and ankle joint centers by anatomical digitization (The Mo-
tionMonitor, Chicago, IL, USA). After a short acclimation time on the
treadmill (1–3minutes), participants performed a single bout of
walking on an instrumented, split-belt treadmill (Bertec Corp., Co-
lumbus, OH, USA) for a total of 45min. All participants were attached
to a ceiling mounted safety harness to avoid accidental falls and injury.
Thirty seconds of passive marker trajectory data sampled at 100 Hz
(Vicon motion Systems Ltd., Oxford, UK) along with ground reaction
forces sampled at 1000 Hz were collected at baseline and during the
15th, 30th, and 45th minute of walking.

2.3. Dynamic joint stiffness calculation

Dynamic knee joint stiffness was quantified as previously described
[22,23] as the change in sagittal plane knee joint angle in response to
the applied joint moment over the period starting with the peak knee
flexion moment to the peak knee flexion angle or the peak knee ex-
tension moment (whichever occurred first), during the weight-accep-
tance phase of gait. Dynamic knee joint stiffness was analyzed over this

Table 1
Summary of participant characteristics.

Age (years) 63.6 ± 7.8
Female, n (%) 19 (73.1%)
Height (cm) 168.1 ± 8.6
Weight (kg) 77.4 ± 14.7
Body Mass Index (kg/m2) 27.3 ± 3.8
Symptomatic Limb Radiographic Osteoarthritis: severity, n (%)a Medial Compartment Lateral Compartment Patellofemoral

Compartment
Grade 0 1 (4%) 14 (54%) 4 (15%)
Grade 1 1 (4%) 5 (19%) 10 (38%)
Grade 2 13 (50%) 0 (0%) 7 (27%)
Grade 3 9 (35%) 1 (4%) 1 (4%)
Grade 4 2 (8%) 6 (23%) 4 (15%)

Asymptomatic Limb Radiographic Osteoarthritis: severity, n (%) Medial Compartment Lateral Compartment Patellofemoral
Compartment

Grade 0 6 (23%) 17 (65%) 9 (35%)
Grade 1 3 (12%) 8 (31%) 7 (27%)
Grade 2 15 (58%) 1 (4%) 6 (23%)
Grade 3 1 (4%) 0 (0%) 1 (4%)
Grade 4 1 (4%) 0 (0%) 3 (12%)

Knee Injury and Osteoarthritis Outcome Score (KOOS)b

Pain (Range: 0 – 100) 65.7 ± 17.0
Symptoms (Range: 0 – 100) 64.4 ± 16.4
Function in Daily Living (Range: 0 – 100) 73.1 ± 17.6
Function in Sport and Recreation (Range: 0 – 100) 46.7 ± 25.6
Knee Related Quality of Life (Range: 0 – 100) 53.4 ± 19.0

*Values are mean ± standard deviations unless indicated otherwise.
a All patients had to have at least a grade 2 evidence of radiographic knee OA in their symptomatic limb to be included in the study.
b KOOS scoring: 100 indicates no problems and 0 indicates extreme problems.
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linear region by fitting a linear regression line to the data points created
by plotting the sagittal plane knee joint moment on the Y-axis and the
knee flexion angle on the X-axis. Dynamic knee joint stiffness was de-
termined as the slope of the best fit line, with a larger positive slope
indicating greater dynamic knee joint stiffness.

2.4. Knee contact force calculation

A 3-dimensional, muscle-actuated, computational musculoskeletal
model was adapted from the Lower Limb Model [24] in OpenSim [25]
to simulate subject-specific knee joint contact forces (KCFs). The
adapted model contained 23 ° of freedom (DOF) and 96 Hill-type
muscles and was scaled to match each participant’s height and weight.
Virtual markers representing the centroids of the modified Cleveland
Clinic marker sets were used as the final marker set applied to the
adjusted model. The knee in the model was represented as a 1 DOF
hinge joint allowing anterior-posterior translation of the tibiofemoral
joint as a function of flexion/extension knee joint motion. Subject-
specific models were anthropometrically scaled from the adapted model
until the total root mean square (RMS) error between the predicted
marker location and actual marker location was less than 0.01m.

Model joint angles were calculated using an inverse kinematics tool
which involved minimizing the weighted square errors of the predicted
marker location to the actual marker location. A computed muscle
control algorithm [25] calculated muscle excitations and forces from
inverse kinematic results by resolving the equations of motion for the
unknown muscle forces. Finally, the KCFs were predicted as the sum of
the muscle forces and the joint reaction forces calculated from inverse
dynamics equations. The KCFs were subsequently decomposed into
orthogonal components for each child segment in the parent frame
(distal to proximal), with the vertical KCF component reported as the
measure of knee joint loading during gait. The KCFs and total muscle
forces were predicted for 5 consecutive steps during the stance phase of
gait and were averaged and normalized to the participant’s body weight
(BW) for reporting purposes.

2.5. Statistical analysis

In order to determine whether dynamic knee stiffness, KCF, GRF,
and simulated muscle force differed between limbs (symptomatic vs.
asymptomatic) or throughout the bout of walking (baseline, 15, 30,
45 min), a 2× 4 (limb x walking time) analysis of variance (ANOVA)
with repeated measures was performed. For all factorial ANOVA tests,
significant main effects were reported only if there were no significant
interactions. For all significant main effects, individual differences were
compared using independent sample t-tests with adjustments for mul-
tiple comparisons using Bonferroni corrections. In addition, a post-hoc
analysis using Pearson’s correlation coefficient (r) was used to assess
the relationship between baseline knee joint stiffness and KCF for each
limb. A P < 0.05 was considered statistically significant and all sta-
tistical analyses were performed using SPSS statistical software (SPSS,
Inc., Chicago, IL, USA).

3. Results

The ANOVA results for dynamic knee joint stiffness (Fig. 1) revealed
a significant limb effect (F1,25= 5.70, P=0.025), with the sympto-
matic knee exhibiting greater average knee joint stiffness compared to
the asymptomatic limb (mean difference= 13%). However, there were
no significant walking time effects (F3,75= 0.34, P= 0.80) nor a limb x
walking time interaction (F3,75= 0.27, P=0.84).

The KCF, GRF and simulated muscle force curves typically exhibited
two peaks during the stance phase of gait, which were consistent for all
time points and for both limbs (Fig. 2). The first peak occurred during
the weight-acceptance phase of gait, with the second peak occurring
during the late stance phase of gait. The ANOVA results for the first

peak in KCF (Table 2) revealed a significant walking time effect
(F3,75= 5.52, P=0.002) but no significant limb effect (F1,25= 0.38,
P= 0.54) or limb x walking time interaction (F3,75= 0.15, P=0.93).
When averaged across the two limbs, post-hoc analysis revealed that as
compared to baseline, the first peak KCF was greater after 30min (mean
difference= 18% BW; P= 0.04) and 45min of walking (mean differ-
ence=25% BW; P= 0.01). Interestingly, baseline dynamic knee joint
stiffness and KCF during the weight acceptance phase of gait were not
linearly associated for the symptomatic (r= 0.12, P=0.57) or
asymptomatic (r=-0.06, P=0.77) limbs. The ANOVA results for the
second peak in KCF (Table 2) revealed a significant limb effect
(F1,25= 7.58, P=0.01), with the asymptomatic knee exhibiting sig-
nificantly greater peak KCF as compared to the symptomatic limb
(mean difference=41% BW). However, there were no significant
walking time effects (F3,75= 1.59, P= 0.20) or a limb x walking time
interaction (F3,75= 0.76, P= 0.52).

The ANOVA results for the first peak muscle force (Table 3) revealed
a significant walking time effect (F3,75= 8.28, P < 0.01) but no sig-
nificant limb effect (F1,25= 0.14, P= 0.71) nor limb x walking time
interaction (F3,75= 0.09, P= 0.92). When averaged across the two
limbs, post-hoc analysis revealed that the first peak muscle force was
greater after 30min (mean difference=20% BW; P < 0.01) and
45min of walking (mean difference= 26% BW; P < 0.01) as com-
pared to baseline. The ANOVA results for the second peak muscle force
revealed a significant limb effect (F1,25= 12.88, P < 0.01), but no

Fig. 1. Comparison of dynamic knee joint stiffness between the symptomatic
and asymptomatic limbs during the 45-minute bout of walking. A significant
limb main effect was detected, indicating a difference between limbs across all
time points. Standard deviation bars are indicated by vertical lines at each
marker.

Fig. 2. Representative curves of the joint contact force, muscle force, and
ground reaction force profile during the stance phase of gait for a single par-
ticipant. Two peaks occur at the weight acceptance and during the late stance
phases of the gait cycle.
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walking time effect (F3,75= 0.84, P= 0.41) nor a limb x walking time
interaction (F3,75= 0.06, P= 0.99). When comparing limbs, the
asymptomatic knee exhibited significantly greater second peak muscle
force compared to the symptomatic limb (mean difference=59% BW;
P < 0.01).

The ANOVA results for the first peak in GRF (Table 4) revealed a
significant limb effect (F1,25= 6.97, P= 0.01) and walking time effect
(F3,75= 17.74, P < 0.01), but no limb x walking time interaction
(F3,75= 0.32, P=0.814). When comparing limbs, the GRF for the
asymptomatic knee was significantly higher than the symptomatic limb
(mean difference=3% BW; P= 0.01). When averaged across the two
limbs, post-hoc analysis revealed that the first peak GRF was sig-
nificantly greater after 15min (mean difference=2% BW; P < 0.01),
30 min (mean difference= 3% BW; P < 0.01) and 45min (mean dif-
ference=4% BW; P < 0.01) as compared to baseline. No significant
changes were observed for the second peak GRF.

4. Discussion

The findings of the current study indicate that individuals with
unilateral knee OA demonstrate significantly greater dynamic joint
stiffness during gait in their symptomatic knees as compared to their
asymptomatic knee joints. Although statistically significant, this finding
should be interpreted cautiously as the magnitude of inter-limb differ-
ences (13%) were much smaller than those previously reported be-
tween individuals with knee OA and healthy controls (25%–80%)
[10,13]. The smaller magnitude of observed differences in dynamic
joint stiffness in our study as compared to previous reports may be in
part be due to heterogeneity of joint disease severity and pain in the
symptomatic knees and/or presence of radiographic OA in the asymp-
tomatic knees of our cohort. Additionally, the results of our post-hoc
analyses failed to demonstrate a relationship between baseline dynamic
knee joint stiffness and KCF for either limb. This finding supports the
results from a prior study which found no relationship between dy-
namic knee joint stiffness and markers of joint loading such as the rate
of loading or the peak knee adduction moment in individuals with knee

OA [13]. Future longitudinal studies are needed to assess whether be-
tween limb differences in dynamic knee joint stiffness have potential
clinical implications related to symptomology or rates of disease pro-
gression in patients with knee OA.

The findings from the current study also support the hypothesis that
as compared to the symptomatic knee, the asymptomatic arthritic knee
will experience increased knee joint loading during prolonged walking.
More specifically, the magnitude of the second peak KCF was on
average 41% of body weight greater with every step for the con-
tralateral asymptomatic limb. This is an interesting finding as a pre-
vious study reported that individuals with healthy knees or symmetric
bilateral OA exhibit symmetry of KCFs between their right and left
limbs [26]. The reduced second peak KCF of the symptomatic limb in
subjects with knee OA found in the current study supports prior reports
suggesting these force reductions as a compensatory mechanism to re-
duce pain by decreasing the forward propelling forces produced by
muscles around the knee [26]. For instance, the forces produced by the
gastrocnemius muscle have been deemed as the primary contributors to
the second peak KCF during gait [27]. Given that the second peak KCF
coincides with the forward propulsion of the center of mass, the ob-
served increase in the second peak KCF on the contralateral, asymp-
tomatic limb may indicate an attempt to compensate for the reduced
propulsive forces generated by the symptomatic limb to maintain a
higher overall gait speed.

The observed increases in first peak KCF for both symptomatic and
asymptomatic limbs with prolonged walking may also have important
clinical implications in terms of appropriate exercise prescription. More
specifically, significant increases in first peak KCF of 18% and 25% of
body weight were observed after 30 and 45min of walking, respec-
tively. The increased KCFs observed in our study were for the most part
driven by increased muscle forces (20–26% body weight) and, to a
much lesser extent, by the increased GRFs (2–4% body weight). In
support of this concept, prior studies have suggested that muscles
crossing the knee joint (mainly the quadriceps) can contribute sub-
stantially to the first peak KCF during gait (up to several times body
weight) in both individuals with healthy and arthritic knees [26–28].

Table 2
Comparison of the change in first and second peak knee joint contact force between the symptomatic and asymptomatic limbs during the bout of walking.

Knee Contact Force (1 st Peak) Baseline 15 min 30 min 45 min

Symptomatic Limb (xbody weight) 2.70 (0.57) 2.78 (0.55) 2.89 (0.62) 2.97 (0.70)
Asymptomatic Limb (xbody weight) 2.82 (0.65) 2.90 (0.72) 2.99 (0.71) 3.06 (0.77)
Combined (xbody weight) 2.76 (0.61) 2.84 (0.64) 2.94 (0.67)a 3.02 (0.74)a

Knee Contact Force (2nd Peak) Baseline 15 min 30 min 45 min

Symptomatic Limb (xbody weight) 2.78 (1.09) 2.77 (1.03) 2.67 (1.00) 2.70 (0.97)
Asymptomatic Limb (xbody weight)b 3.26 (0.98) 3.16 (1.01) 3.03 (1.01) 3.11 (1.06)
Combined (xbody weight) 3.02 (1.04) 2.97 (1.02) 2.85 (1.01) 2.91 (1.02)

a Significant time main effect indicating a difference between time points relative to baseline.
b Significant limb main effect indicating a difference between limbs across all time points.

Table 3
Comparison of the change in first and second peak knee muscle force between the symptomatic and asymptomatic limbs during the bout of walking.

Knee Muscle Force (1 st Peak) Baseline 15 min 30 min 45 min

Symptomatic Limb (xbody weight) 2.65 (0.49) 2.73 (0.45) 2.84 (0.55) 2.92 (0.58)
Asymptomatic Limb (xbody weight) 2.70 (0.54) 2.79 (0.60) 2.90 (0.57) 2.94 (0.61)
Combined (xbody weight) 2.68 (0.52) 2.76 (0.53) 2.87 (0.56)a 2.93 (0.60)a

Knee Muscle Force (2nd Peak) Baseline 15 min 30 min 45 min

Symptomatic Limb (xbody weight) 3.47 (1.33) 3.48 (1.27) 3.30 (1.24) 3.36 (1.29)
Asymptomatic Limb (xbody weight)b 4.09 (1.30) 4.04 (1.16) 3.88 (1.20) 3.95 (1.14)
Combined (xbody weight) 3.78 (1.32) 3.76 (1.22) 3.59 (1.22) 3.66 (1.22)

a Significant time main effect indicating a difference between time points relative to baseline.
b Significant limb main effect indicating a difference between limbs across all time points.
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Additionally, muscles that do not cross the knee joint (e.g., gluteus
maximus and soleus) could also have significant influence on the KCFs
through their contributions to the ground reaction forces [27]. Given
the important contribution of muscles to KCFs, design of an appropriate
exercise prescription should consider the strength and endurance of
muscles contributing to knee joint loading during gait. For example, a
previous study has suggested that completing the same volume of
walking exercise with rest breaks to avoid muscle fatigue can limit the
deleterious exercise-associated knee joint loading and pain during
prolonged walking [8].

The findings of this study must be interpreted considering several
limitations. Given the within subject design of the study, it is difficult to
make definitive inferences regarding whether the inter-limb differences
in second peak KCF are elevated for the asymptomatic limb or reduced
for the symptomatic limb. However, the magnitudes of the first and
second peak KCF reported in the current study agree with a prior study
using similar techniques [26] and are within the ranges previously re-
ported for KCF using instrumented knee arthroplasty during level
walking [29,30]. Additionally, we did not consider compartmental
loading in our OpenSim model, despite prior studies showing that
loading on the medial compartment is greater than loading on the
lateral compartment during overground walking [29,30]. However, this
study was primarily interested in changes in net compartmental joint
loads due to prolonged walking, particularly as there were no subject
recruitment restrictions based on compartment-specific presence of OA.
Lastly, the lower extremity model [24] utilized for this study did not
account for any changes in muscle activation during prolonged
walking. As we did not directly measure muscle activation in our pa-
tients, the default muscle model was used. To this end, it has been
previously shown that patients with knee OA exhibit significantly
greater muscular co-contraction as compared to age matched OA-free
control subjects [28]. Therefore, the generic muscle model used in the
current study may be underestimating the actual muscular contraction
forces. However, given the within subject design of our study, any
change due to walking time, regardless of the muscle model chosen,
will still be reflected in the model and is relevant.

In summary, individuals with unilateral knee OA demonstrate
greater dynamic knee joint stiffness in their symptomatic painful limb
during gait that appears to be unrelated to the loading profile of the
knee joint. In addition, prolonged walking times of greater than 30min
are associated with an 18–25% of body weight greater first peak in KCF
for both limbs, suggesting a significant increase in articular cartilage
loading that may be undesirable. Finally, significantly elevated peak
KCFs of as high as 41% BW were observed during the late-stance phase
of gait for the contralateral asymptomatic limb, which are consistent
with previously demonstrated risk factors for OA development and
progression.
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Asymptomatic Limb (xbody weight)b 1.12 (0.08) 1.14 (0.09) 1.15 (0.09) 1.16 (0.09)
Combined (xbody weight) 1.11 (0.08) 1.13 (0.09)a 1.14 (0.09)a 1.15 (0.09)a

Vertical Ground Reaction Force (2nd Peak) Baseline 15 min 30 min 45 min

Symptomatic Limb (xbody weight) 1.04 (0.07) 1.04 (0.08) 1.04 (0.07) 1.05 (0.08)
Asymptomatic Limb (xbody weight) 1.05 (0.09) 1.05 (0.09) 1.06 (0.09) 1.05 (0.09)
Combined (xbody weight) 1.05 (0.08) 1.05 (0.09) 1.05 (0.08) 1.05 (0.09)

a Significant time main effect indicating a difference between time points relative to baseline.
b Significant limb main effect indicating a difference between limbs across all time points.
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