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Chronic exposure to high tibiofemoral joint (TFJ) contact forces can be detrimental to knee joint health. Load carriage increases
TFJ contact forces, but it is unclear whether medial and lateral tibiofemoral compartments respond similarly to incremental load
carriage. The purpose of our study was to compare TFJ contact forces when walking with 15% and 30% added body weight.
Young healthy adults (n = 24) walked for 5 minutes with no load, 15% load, and 30% load on an instrumented treadmill. Total,
medial, and lateral TFJ contact peak forces and impulses were calculated via an inverse dynamics informed musculoskeletal
model. Results of 1-way repeated measures analyses of variance (α = .05) demonstrated total, medial, and lateral TFJ first peak
contact forces and impulses increased significantly with increasing load. Orthogonal polynomial trends demonstrated that the
30% loading condition led to a curvilinear increase in total and lateral TFJ impulses, whereas medial first peak TFJ contact forces
and impulses responded linearly to increasing load. The total and lateral compartment impulse increased disproportionally with
load carriage, while the medial did not. The medial and lateral compartments responded differently to increasing load during
walking, warranting further investigation because it may relate to risk of osteoarthritis.
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Osteoarthritis (OA) can cause pain and decrease quality of life;
there are 32.5 million US adults with OA,1 and this number is
expected to rise to 78.4 million by 2040.2 The average annual cost
of OA in the United States is approximately 486 billion dollars,
with up to 181 million work days lost.1 Joint loading during daily
activities, like walking and climbing stairs, circulates nutrients and
promotes repair,3–5 but chronic knee joint overloading is a risk
factor for the onset and progression of OA.3,5,6 Chronic exposure to
elevated mechanical compressive forces may activate inflamma-
tory pathways, production of cytokines, and activation of aggre-
canases that catalyze destruction of cartilage extracellular matrix
components and chondrocyte death.3,5 In humans, lower extremity
joints experience increased contact forces when there is excessive
weight,7–11 such as when soldiers carry heavy loads.9–12 Therefore,
understanding knee joint contact force magnitudes and distribu-
tions during load carriage could provide insight into how the knee
joint articular environment is altered by this activity.

The tibiofemoral joint (TFJ) has medial and lateral compart-
ments with different bone morphology and shape of the menisci,13

coupled with differences in cartilage thickness and volume.14 The
medial compartment typically experiences larger peak forces and
impulses during gait tasks than the lateral compartment15,16 and has
a higher rate of OA than the lateral compartment.17,18 Previous knee
joint models lump the contact forces between the compartments,
providing total knee joint contact force estimates.19–22 However, the
distribution of contact forces across the medial and lateral compart-
ments during cyclical loading tasks provides more precise estimates
of tissue loads relevant to mechanisms of articular cartilage struc-
tural fatigue. Biomechanical models with compartment-specific TFJ
contact forces are therefore needed to estimate these articular tissue

loads due to added external mass. With these models, both first peak
force and force impulse can be examined as each may provide
unique information regarding OA occurrence and risk.23,24

Lower extremity gait mechanics change with load car-
riage,9,12,25–31 with most of the adaptations occurring at the
knee.12,27,28,30 Knee flexion excursion increases during early stance
with heavy load carriage.12,27,28,30 The increase in knee flexion has
been attributed to the lower extremity increasing shock absorption
to mitigate the impact.28 Concomitantly, greater knee flexion
during load carriage lengthens the ground reaction force external
moment arm to the knee32 and increases the knee extension
moment produced by the quadriceps,12,32 and thus, increases TFJ
contact forces.31

Peak total TFJ (tTFJ) contact forces during gait are known to
vary as a function of body weight and added load,15,33,34 but as body
weight changes, TFJ contact forces often change by a different
amount. Two weight loss studies report 4-20 and 2-fold35 decreases
in knee joint contact forces compared to the lost weight in obese
adults, respectively. Similarly, previous studies report a 2:1 ratio
increase in first peak medial TFJ (mTFJ) contact forces to added
weight.31 But when examining relative values, load carriage of 15
and 30 kg resulted in a 18% and 36% increase in body weight, but
only a 10.1% and 19.9% increase in first peak medial joint contact
forces.26 The relative increase in external load was not equivalent to
the increase in relative mTFJ contact forces.26 The previous load
carriage studies all applied absolute external loads,26,31 while 1
standard deviation of their participants’ body mass in 2 studies were
13.4 kg31 and 12.1 kg.26 Applying an absolute mass to every
participant is not experienced equally, such as a 15-kg load applied
to a 65 kg person versus a 90-kg person, in which it is 23.1% and
16.7% relative mass added, respectively. Absolute mass would only
be experienced equally if each participant was the same, which
makes it difficult to determine the effect of added mass on contact
forces. Additional studies of added mass relative to body weight on
the magnitude and distribution of TFJ contact forces are necessary.

The purpose of this study was to compare TFJ contact forces
and walking patterns when walking without load and while loaded
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with a weighted vest at 15% and 30% body weight, and to explore
gait characteristics that may explain the differences in contact
forces, if present. We hypothesized vest-borne loads relative to
body weight will increase total, medial, and lateral TFJ contact
forces and impulses in healthy young adults during gait, but there
will be smaller increases in TFJ contact forces with progressively
greater vest-borne loads relative to body weight due to gait changes
used to decrease contact forces. Changes in joint contact forces can
be unique to changes in added weight because joint contact forces
are greatly influenced by muscle forces in addition to total body
weight.36,37

Methods
Participants

The study was approved by the East Carolina University Institu-
tional Review Board. An a priori power analysis using G*Power
(version 3.1.9.6)38 with a moderate effect size (η2p = .08), α = .05,
and β = 0.2 determined that 21 participants were necessary to detect
differences between load conditions for this repeated measures
design. The expected partial eta squared effect size was set at .08
based on previous literature determining large effect sizes for
increase in peak mTFJ contact forces and mTFJ impulse when
carrying a 20-kg load and moderate to large effect sizes for increase
in peak mTFJ and lateral TFJ (lTFJ) contact forces when carrying
15- and 30-kg loads.26,31 However, a sample of 24 healthy young
adults (Table 1) were recruited to provide subsequent power for
other hypotheses and to be conservative on previously unmeasured
variables such as lTFJ contact force impulse. Participants were
included if they were between 18 and 30 years old with a bodymass
index between 18 and 25 kg·m−2, with no history of major lower
extremity injuries or surgery and a leg length discrepancy of <2 cm.
Every participant provided verbal and written consent prior to
collection.

Procedure

A Health Survey and the Physical Activity and Readiness Ques-
tionnaire were administered over the phone prior to the partici-
pant’s visit to the lab to determine whether the participant met the
criteria for the study and whether the participant was able to
perform the activity without consulting a physician. Written
informed consent was obtained upon the participant’s arrival to
the Human Movement Analysis Lab (Department of Physical
Therapy, East Carolina University). Height and weight were
measured with a mechanical beam physician scale. Leg length
was measured from greater trochanter to lateral malleolus with a
tape measure. An unloaded Mir Pro or Mir Women’s adjustable
weighted vest (Mir) was fitted to the participant. Sixty-six reflective
markers were applied to bony landmarks (acromioclavicular joints,
iliac crests, anterior superior iliac spines, greater trochanters,

femoral condyles, tibial plateaus, malleoli, first and fifth metatar-
sals, and distal tip of shoe) and segments with rigid clusters
(posterior superior iliac spines and S2 cluster, thighs, and shanks)
of the trunk, pelvis, and lower extremities to establish segment
coordinate systems, define joint centers, and obtain motion data.39

Markers on the trunk were placed on the vest rather than the skin or
tight-fitting clothing. Three-dimensional marker data were col-
lected at 200 Hz (Qualisys), and force data were sampled at
2000 Hz on an instrumented split-belt treadmill (Bertec).

Following warm-up and acclimation to the treadmill, each
participant walked at 1.4 m·s−1 for 3 conditions: vest with no
additional load, vest loaded to 15% body weight, and vest loaded to
30% body weight (Table 2) in that order. We did not randomize the
conditions out of respect for the participant’s time. Loading the vest
in a sequential manner saved time during collection, because
unloading the vest while the participant was wearing it was found
to be especially difficult when piloting. We were also collecting
expired gases to determine metabolic energy expenditure, and
removing the metabolic equipment to unload the vest was burden-
some and further increased collection time. We chose a standard
speed to examine the effects of load without the confounding
effects of variable speeds between participants and conditions. The
vest was loaded with 1.36-kg steel bricks that were individually
placed in the vest’s pouches. Each condition was 5 minutes long,
followed by a 5-minute rest break. Motion and force data were
recorded in three 10-second intervals via Qualisys Track Manager
during the last 2 minutes of each condition. The participants took a
5-minute break after each condition.

Processing

The final 10-second motion data file was trimmed in Qualisys
TrackManager to each complete right stance phase so that we had 5
stance phases from each participant for each loading condition. The
second to last 10-second motion data file was used to complete the
5 stance phases if they could not be extracted from the final
10-second motion file due to steps on both belts. A custom Lab-
VIEW program40 (National Instruments) used inputs of 5 stance
phases for the right leg and then filtered marker and ground reaction
force data with a fourth-order, zero-lag, low-pass, Butterworth filter
and 15-Hz cutoff frequency.40,41 These filtered data were used to
calculate lower extremity moments and joint reaction forces via
inverse dynamics (Visual 3D, C-Motion). Lower extremity sagittal
plane kinematic data, computed joint moments, and joint reaction
forces were input to a previously described musculoskeletal model

Table 1 Participant Demographics, Mean (SD)

Females (n = 12) Males (n = 12) Total (N = 24)

Age, y 22.7 (1.6) 22.7 (3.0) 22.7 (2.3)

Height, m 1.70 (0.06) 1.80 (0.10) 1.75 (0.09)

Mass, kg 60.0 (6.6) 73.0 (7.0) 66.5 (9.4)

BMI, kg·m−2 20.6 (1.5) 22.4 (1.3) 21.5 (1.6)

Abbreviation: BMI, body mass index.

Table 2 Load Added, Mean (SD)

Females
(n = 12)

Males
(n = 12)

Total
(N = 24)

15% load, kg 9.3 (1.4) 10.9 (1.1) 10.1 (1.5)

30% load, kg 18.1 (2.0) 22.1 (2.0) 20.1 (2.8)

Baseline impulse, N·s 370 (42) 474 (47) 422 (69)

15% impulse, N·s 427 (48) 556 (64) 491 (86)

30% impulse, N·s 489 (54) 637 (73) 563 (98)

Note: Baseline impulse was determined by taking the participant’s body weight in
newtons while standing statically and multiplying it by their mean stance time of
that participant’s no-load condition. 15% and 30% impulses were determined in
the same way as the baseline but incorporated the added mass from the external
load and the mean stance time for that condition.
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of TFJ contact forces.19,40,42 Estimates of gluteus maximus, ham-
string, quadriceps, soleus, and gastrocnemius forces were derived
using muscle moment arms as a function of lower extremity
kinematics.19,40,42–46 tTFJ compressive force was determined as
the summed vertical and anterior–posterior components of the
muscle forces and TFJ reaction forces acting perpendicular to the
tibial plateau.35,36 Total TFJ compressive force was then parsed to
medial and lateral tibial compartments by applying the tTFJ
compressive force to contact points on the medial and lateral tibial
plateaus at 25% and 75% of subject-specific knee joint width
measurements, respectively, in a manner that reproduced the net
frontal plane knee joint moment.40,42,47,48 Peak tTFJ contact force
and impulse estimates using this model are within 3% and 7%,
respectively, of in vivo gait data from an individual with an
instrumented knee prosthesis, while peak mTFJ contact force and
impulse are within 7% and 4% of in vivo gait data.16,49 The primary
dependent variables were first peak tTFJ, mTFJ, and lTFJ contact
forces and impulses. Impulses were calculated over the time for
each individual stance phase.We explored the role of muscle forces
from the quadriceps, gastrocnemius, and hamstrings because mus-
cle forces are a significant contributor to joint contact forces during
walking.36 Baseline impulse was determined by taking the parti-
cipant’s weight in newtons while standing statically and multiply-
ing it by their mean stance time of that participant’s no-load
condition. The impulse for the 15% and 30% conditions was
determined in the same way as the baseline but incorporated the
added mass from the external load and the mean stance time for
those conditions. We also explored peak knee flexion in early
stance due to its relationship with the quadriceps forces but also
because the kinematics may be associated with the primary depen-
dent variables.

Analysis

A 1-way repeated measures analysis of variance (α = .05) was used
to compare the dependent variables in the right limb across the 3
(0%, 15%, and 30%) external loading conditions (SPSS, version
28). To confirm whether the within-subject factors had equal
variance, Mauchly test of sphericity was used (α = .05). If spheric-
ity was violated (P < .05), Greenhouse–Geisser corrections were
made to the degrees of freedom of the dependent variables to enable
interpretation of the repeated measures analysis of variance.50

Partial eta squared (η2p) within-subject effect sizes51,52 were

determined for each analysis of variance. Effect sizes were con-
sidered small (0.02), medium (0.08), or large (0.14).52,53 Bonfer-
roni corrected pairwise comparisons were used for post hoc
analysis (α = .05). Polynomial orthogonal trends were used to
determine the presence of linear and quadratic trends (α = .05),
along with partial eta squared effect sizes of the trends, with a
significant quadratic trend being used as an indicator for a curvi-
linear change between conditions.

Results
First peak tTFJ, mTFJ, and lTFJ contact forces increased directly
with increased load carriage (P < .001; Table 3; Figures 1 and 2).
From 0% load to 15% and from 0% to 30%, first peak tTFJ
increased on average 316 N (16.0%) and 706 N (35.7%), resulting
in 3.2:1 and 3.6:1 ratio increases in first peak tTFJ contact forces to
weight added (Table 3 and Figure 2). First peak mTFJ increased
193 N (13.2%) and 405 N (27.6%), resulting in a 2.0:1 and 2.1:1
ratio increase, and first peak lTFJ contact forces increased 108 N
(14.3%) and 263 N (35.1%), resulting in a 1.1:1 and 1.3:1 ratio
increase, respectively (Table 3 and Figure 2). The statistical tests
for linear trends in the peak TFJ contact forces were significant with
large effect sizes, and the statistical tests for quadratic trends in the
peak TFJ forcers were not significant (Table 3).

The tTFJ, mTFJ, and lTFJ impulses also increased directly
with increased load carriage (P < .001; Table 3 and Figure 1). From
0% load to 15% and from 0% to 30%, tTFJ impulse increased on
average 123 N·s (14.5%) and 278 N·s (32.7%), resulting in a 1.8:1
and 2:1 ratio increases in tTFJ impulse compared to standing
impulse (Table 3). When parsed to the 2 compartments, mTFJ
impulse increased 83 N·s (14.6%) and 169 N·s (29.8%), resulting in
a 1.2:1 and 1.2:1 ratio increase; lTFJ impulse increased 41 N·s
(14.2%) and 110 N·s (38.2%), resulting in a 0.6:1 and 0.8:1 ratio
increase (Table 3). The statistical tests for linear trends with all TFJ
impulses and quadratic trends with tTFJ and lTFJ impulses were
significant with large effect sizes (Table 3).

Peak hamstring, first peak quadriceps, and peak gastrocnemius
force increased with load carriage (Supplementary Table S1 and
Supplementary Figure S1 [available online]). From 0% load to 15%
and from 0% to 30%, peak hamstring force increased 34 N (7.6%)
and 104 N (23.2%), peak quadriceps force increased 164 N (16.5%)
and 407 N (40.8%), and peak gastrocnemius force increased 119 N
(14.0%) and 253 N (29.9%), respectively (Supplementary Table S1

Table 3 TFJ Contact Forces and Impulses, Mean (SD)

Variable No load 15% load 30% load

Main effects Trend linear Trend quadratic

P (η2p) P (η2p) P (η2p)

First peak tTFJ, N 1978 (501) 2294 (550)** 2685 (692)**,‡ <.001 (.853) <.001 (.890) .189 (.074)

First peak mTFJ, N 1462 (329) 1655 (374)** 1867 (430)**,‡ <.001 (.842) <.001 (.884) .602 (.012)

First peak lTFJ, N 725 (242) 833 (271)** 988 (330)**,‡ <.001 (.779) <.001 (.834) .108 (.108)

TFJ impulse, N·s 851 (184) 974 (221)** 1129 (278)**,‡ <.001 (.863) <.001 (.874) .014 (.233)

mTFJ impulse, N·s 563 (132) 645 (162)** 731 (187)**,‡ <.001 (.833) <.001 (.849) .705 (.006)

lTFJ impulse, N·s 288 (108) 329 (122)** 398 (154)**,‡ <.001 (.789) <.001 (.825) .009 (.262)

Abbreviations: ANOVA, analysis of variance; lTFJ, lateral TFJ; mTFJ, medial TFJ; η2p, partial eta squared; TFJ, tibiofemoral joint; tTFJ, total TFJ. Note: Means (SD) for
first peak and impulses of the TFJ. Repeated-measures ANOVA results for main effects, Bonferroni pairwise comparisons, and post hoc quadratic trend analysis. No load is
walking with an unloaded weighted vest, 15% load is walking with the weighted vest loaded at 15% body weight, and 30% load is walking with the weighted vest loaded at
30% body weight. Bolded text highlights significant P values and large effect sizes.
**P ≤ .005 compared with no load. ‡P ≤ .005 compared with 15% load.
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[available online]). Hamstrings, quadriceps, and gastrocnemius
impulse increased with increased load carriage (Supplementary
Table S1 and Supplementary Figure S1 [available online]). From
0% load to 15% load and from 0% to 30%, hamstring impulse
increased 10 N·s (12.1%) and 26 N·s (32.5%), quadriceps impulse
increased 42 N·s (16.2%) and 96 N·s (38.1%), and gastrocnemius
impulse increased 29 N·s (13.7%) and 67 N·s (31.8%;
Supplementary Table S1 [available online]). Peak knee flexion
angle during early stance increased directly with load
(Supplementary Table S2 [available online]). From 0% to 15%
load and from 0% to 30%, peak knee flexion increased 0.8° and 2.0°
on average (Supplementary Table S2 [available online]).

Discussion
The purpose of this study was to compare TFJ contact forces and
walking patterns when walking without load and while loaded with
a weighted vest at 15% and 30% body weight. tTFJ, mTFJ, and
lTFJ contact forces and impulses significantly increased with
increasing load. Relative to body weight, all increases in peak
TFJ contact forces were disproportionately greater than weight

added. In contrast to our hypothesis, total impulse disproportion-
ately increased at the 30% condition due to increased quadriceps
and gastrocnemius force contributions. mTFJ impulses responded
in a linear fashion to increasing load carriage while the lateral
impulses curvilinearly increased with the 30% loading condition.

This study is not without limitations, such as the conditions for
this study were not randomized or counterbalanced due to time
constraints from loading and unloading the vest; therefore, fatigue
and learning effects may be present. Previous studies have counter-
balanced loading conditions,12,26,54 and load carriage does induce
metabolic fatigue,55 but other studies did not find interactions of
load carriage and fatigue on lower extremity mechanics.56–59 Also,
previous studies tend to examine load carried over long distances or
for long periods of time, while we used intentionally short wear
times for young and healthy participants to limit exertion effects
with 5-minute breaks between load conditions. Though our exper-
imental design does not explicitly control for the possibility of
carryover effects in our results, we believe load manipulation is a
more likely explanation for the differences observed between
conditions in this study. Additionally, the model’s lateral force
estimates have not been formerly validated against in vivo contact
forces. However, peak lateral TFJ contact forces in our baseline
condition (ie, 0% load) were consistent with reported in vivo lateral
TFJ contact force peaks of 556 to 871 N from an instrumented
prosthesis while walking without a load.16,60 There are no contact
forces from an instrumented prosthesis to compare for 15% and
30% loadings in the literature. Finally, trunk markers were placed
directly on the vest, and the length of the vests caused some
difficulty in pelvis marker visualization during the 30% condition.

Increasing or decreasing mass can affect TFJ contact forces
during walking. TFJ contact forces during walking with added load
in this study were similar to those reported in the literature.16,26,31 In
addition to absolute force changes, we used an absolute ratio
perspective (ie, absolute ratios of increased TFJ contact forces
to weight added) in our analysis. The 3.2:1 and 3.6:1 ratio increases
in absolute first peak tTFJ contact forces to weight added were
greater than the 2:1 ratio of reduced TFJ contact forces relative to
weight loss in obese adults reported by DeVita et al35 but less than
the 4:1 reduced TFJ contact forces reported by Messier et al20 for
obese adults with OA who lost weight. These conflicting results
suggest that knee joint load responses to weight gain or mass added
may not be the direct opposite to responses to weight loss. We also
need to acknowledge that the differences between groups being
compared (ie, healthy [present study], obesity, and OA) may
account for differences in results. Individuals who are obese often
have unique anthropometrics that can affect gait mechanics,61,62

and people with OA have gait mechanics which can be affected by
stiffness, symptoms, or swelling.63

In addition to peak TFJ contact forces increasing with external
loads, stance time increased 5 and 14 ms with increasing load,
which affected impulse. Unlike peak tTFJ contact force, total
impulse was described by a significant quadratic trend, indicating
that as the relative load increased linearly, there was a curvilinear
increase in the impulse. This is contrary to our hypothesis and
potentially due to the short-term exposure of the external loads and
not having people with knee OA participate who may use a
different technique to attenuate the external loads.23 If impulses
increase more rapidly at higher than lower loads, then chronic
exposure to heavy loads in the military may increase the risk of
developing OA or patellar tendinopathy.31,64

Medial and lateral tibiofemoral compartment first peak contact
force increased with increasing load, similarly to previous

Figure 1 — Total, medial, and lateral tibiofemoral joint contact forces
during stance phase of gait under 3 loading conditions. The first peak of
total, medial, and lateral tibiofemoral joint contact forces and impulse
increased across conditions (P < .001). Impulse was calculated over
nonnormalized time. Lines represent the means across all participants.
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studies.26,31 We found a 2.0:1 and 2.1:1 ratio increase (15% and
30% condition, respectively) in first peak mTFJ contact force
increase to weight added, which is similar to the 2:1 ratio previ-
ously reported31 during load carriage of 20 kg (∼26% body weight).
Also similar to previous findings, mTFJ impulse increased with
increasing load, with 1.2:1 ratios of mTFJ impulse to standing
impulse for both conditions.31 Contrary to our hypothesis, the peak
mTFJ contact forces and impulses had a linear response from load
carriage of 15% to 30% based on the consistency in absolute ratios
and a significant linear trend with large effect size. Our results with
first peak mTFJ contact forces and impulses do not suggest an
attenuation of contact forces as external load increases. For the
lateral compartment, we found that first peak lTFJ contact forces
increased with increasing load. Despite the large increase from the
15% to 30% condition, peak lTFJ contact forces were best
described by a linear trend. However, the lTFJ impulses demon-
strated a significant quadratic trend. The differences in first peak
contact forces and impulses between the medial and lateral com-
partments as the external loading increases require further investi-
gation with greater loads to test whether each compartment has an
independent response to load.

The quadriceps forces had a unique response to greater load,
which were consistent in curve shape with the literature.35,42 There
was a 1.7:1 and a 2.1:1 increase in peak quadriceps force to weight
added, with the 30% condition inducing a 40% increase in peak
quadriceps force. The quadriceps exhibited 2 to 3 times greater
peak force than the hamstrings, subsequently providing a greater
contribution to first peak tTFJ contact force, which is consistent
with the literature.35,36,42 Therefore, peak quadriceps force was a
contributing factor that helps explain the change in first peak tTFJ
contact force ratio from 3.2:1 to 3.6:1 between the 15% and 30%
load conditions.

The curvilinear increase with tTFJ impulse is most likely due
to the ratios of quadriceps impulse and knee flexion increases
across the conditions. The quadriceps impulse to standing impulse
was 0.6:1 (15%) and 0.7:1 (30%). The width of the quadriceps peak
at the 30% loading condition appears to be wider than the other
2 conditions in addition to having a larger magnitude (Supplementary
Figure S1 [available online]), thus increasing the tTFJ impulse at the
30% condition. Also, there was a greater peak knee flexion during the
30% condition compared with the 15% condition, albeit only a 1.2°
difference and likely not clinically significant and within the range of
measurement error.65 The greater peak knee flexion corresponded to
the increase in peak quadriceps impulse and is consistent with the
literature.12,25,28,30,31 The increase in knee flexion alsomay have a role
in energy absorption through a longer eccentric quadriceps action.28

The increase in peak knee flexion occurring in the 30% condition
(Supplementary Table S1 [available online]) likely increased the
external ground reaction force lever arm from the knee joint center,
which explains the change in the absolute ratio and why the relative
increase in tTFJ contact force and quadriceps force was greater during
the 30% condition. The differences in knee flexion between condi-
tions were small but still may have been a contributing factor to the
difference in knee joint contact forces.

Themedial and lateral compartments responded differently to the
loading conditions in this study, with the lateral compartment having a
greater relative increase in impulse than the medial compartment
during the heaviest loading condition. It is unclear whether this
relationship betweenmedial and lateral compartmentswould continue
with greater load magnitudes or with prolonged load carriage, but
there have been previous findings showing different responses in
cartilage of the medial and lateral compartments after weight loss.66

The curvilinear increase in tTFJ impulse may indicate that long
periods of heavy load carriage may put the knee at risk. The

Figure 2 — Mean with standard error for change in first peak contact force for tTFJ, mTFJ, and lTFJ contact forces from 0% to 15% added load (left
bars) and 0% to 30% added load (right bars), along with added weight for each condition (black bars). The contact forces are plotted on the same scale as
the time-series data to show magnitude differences between the conditions and knee compartments. lTFJ indicates lateral TFJ; mTFJ, medial TFJ; TFJ,
tibiofemoral joint; tTFJ, total TFJ.
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cumulative overloading could initiate the maladaptive mechanical
transduction pathway that leads to inflammation and the activation of
cartilage degradation enzymes,3,5 increasing risk of OA onset or
progression. Similar to previous studies,67,68 the present data suggest
that impulse can be a strong indicator of changes in the knee joint
environment during load carriage and that the 2 knee compartments
respond differently to load.

Acknowledgments

We would like to thank our participants for volunteering their time for this
study. We would also like to acknowledge the ECU Biomechanics lab for
equipment contribution and the ECU Human Movement Analysis Lab,
especially Research Assistants, Alex Clark and Brian McGill, for assis-
tance with this project.

References

1. United States Bone and Joint Initiative. The Burden of Musculoskeletal
Diseases in the United States (BMUS), Fourth Edition. Published 2020.
Accessed February 20, 2022. http://www.boneandjointburden.org

2. Hootman JM, Helmick CG, Barbour KE, Theis KA, Boring MA.
Updated projected prevalence of self-reported doctor-diagnosed
arthritis and arthritis-attributable activity limitation among US adults,
2015–2040. Arthritis Rheumatol. 2016;68(7):1582–1587. PubMed
ID: 27015600 doi:10.1002/art.39692

3. Sanchez-Adams J, Leddy HA, McNulty AL, O’Conor CJ, Guilak F.
The mechanobiology of articular cartilage: bearing the burden of
osteoarthritis. Curr Rheumatol Rep. 2014;16(10):451. PubMed ID:
25182679 doi:10.1007/s11926-014-0451-6

4. Leong DJ, Li YH, Gu XI, et al. Physiological loading of joints prevents
cartilage degradation through CITED2. FASEB J. 2011;25(1):182–191.
PubMed ID: 20826544 doi:10.1096/fj.10-164277

5. SunHB.Mechanical loading, cartilage degradation, and arthritis.AnnNY
Acad Sci. 2010;1211(1):37–50. doi:10.1111/j.1749-6632.2010.05808.x

6. Guilak F. Biomechanical factors in osteoarthritis. Best Pract Res Clin
Rheumatol. 2011;25(6):815–823. PubMed ID: 22265263 doi:10.
1016/j.berh.2011.11.013

7. Grotle M, Hagen KB, Natvig B, Dahl FA, Kvien TK. Obesity and
osteoarthritis in knee, hip and/or hand: an epidemiological study in
the general population with 10 years follow-up. BMC Musculoskelet
Disord. 2008;9(1):132. doi:10.1186/1471-2474-9-132

8. Sowers MR, Karvonen-Gutierrez CA. The evolving role of obesity in
knee osteoarthritis. Curr Opin Rheumatol. 2010;22(5):533–537.
PubMed ID: 20485173 doi:10.1097/BOR.0b013e32833b4682

9. Seay JF. Biomechanics of load carriage—historical perspectives and
recent insights. J Strength Cond Res. 2015;29(suppl 1):S129–S133.
PubMed ID: 26506175 doi:10.1519/JSC.0000000000001031

10. Cameron KL, Hsiao MS, Owens BD, Burks R, Svoboda SJ. Incidence
of physician-diagnosed osteoarthritis among active duty United States
military service members. Arthritis Rheum. 2011;63(10):2974–2982.
PubMed ID: 21717422 doi:10.1002/art.30498

11. Kopec JA, Rahman MM, Berthelot JM, et al. Descriptive epidemiol-
ogy of osteoarthritis in British Columbia, Canada. J Rheumatol.
2007;34(2):386–393. PubMed ID: 17183616

12. Seay JF, Fellin RE, Sauer SG, Frykman PN, Bensel CK. Lower
extremity biomechanical changes associated with symmetrical torso
loading during simulated marching. Mil Med. 2014;179(1):85–91.
PubMed ID: 24402991 doi:10.7205/MILMED-D-13-00090

13. Bloecker K,WirthW, HudelmaierM, Burgkart R, Frobell R, Eckstein
F. Morphometric differences between the medial and lateral meniscus
in healthy men—a three-dimensional analysis using magnetic

resonance imaging. Cells Tissues Organs. 2012;195(4):353–364.
PubMed ID: 21709397 doi:10.1159/000327012

14. Rossom SV, Smith CR, Zevenbergen L, et al. Knee cartilage thick-
ness, T1ρ and T2 relaxation time are related to articular cartilage
loading in healthy adults. PLoS One. 2017;12(1):e0170002. PubMed
ID: 28076431 doi:10.1371/journal.pone.0170002

15. D’Lima DD, Fregly BJ, Patil S, Steklov N, Colwell CW. Knee joint
forces: prediction, measurement, and significance. Proc Inst Mech
Eng. 2012;226(2):95–102. doi:10.1177/0954411911433372

16. Fregly BJ, Besier TF, Lloyd DG, et al. Grand challenge competition
to predict in vivo knee loads. J Orthop Res. 2012;30(4):503–513.
PubMed ID: 22161745 doi:10.1002/jor.22023

17. Stoddart JC, Dandridge O, Garner A, Cobb J, van Arkel RJ. The
compartmental distribution of knee osteoarthritis—a systematic
review and meta-analysis. Osteoarthr Cartil. 2021;29(4):445–455.
PubMed ID: 33253887 doi:10.1016/j.joca.2020.10.011

18. Wang WJ, Sun MH, Palmer J, et al. Patterns of compartment
involvement in end-stage knee osteoarthritis in a Chinese orthopedic
center: implications for implant choice. Orthop Surg. 2018;10(3):
227–234. PubMed ID: 30152607 doi:10.1111/os.12395

19. DeVita P, Hortobágyi T. Functional knee brace alters predicted knee
muscle and joint forces in peoplewithACL reconstruction duringwalking.
J Appl Biomech. 2001;17(4):297–311. doi:10.1123/jab.17.4.297

20. 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(7):2026–2032. PubMed ID:
15986358 doi:10.1002/art.21139

21. Taylor WR, Heller MO, Bergmann G, Duda GN. Tibio-femoral
loading during human gait and stair climbing. J Orthop Res.
2004;22(3):625–632. PubMed ID: 15099644 doi:10.1016/j.orthres.
2003.09.003

22. Richards C, Higginson JS. Knee contact force in subjects with
symmetrical OA grades: differences between OA severities. J Bio-
mech. 2010;43(13):2595–2600. PubMed ID: 20627301 doi:10.1016/
j.jbiomech.2010.05.006

23. Kumar D, Manal KT, Rudolph KS. Knee joint loading during gait in
healthy controls and individuals with knee osteoarthritis. Osteoarthr
Cartil. 2013;21(2):298–305. PubMed ID: 23182814 doi:10.1016/j.
joca.2012.11.008

24. Maly MR. Abnormal and cumulative loading in knee osteoarthritis.
Curr Opin Rheumatol. 2008;20(5):547–552. PubMed ID: 18698176
doi:10.1097/BOR.0b013e328307f58c

25. Silder A, Delp SL, Besier T. Men and women adopt similar walking
mechanics and muscle activation patterns during load carriage. J
Biomech. 2013;46(14):2522–2528. PubMed ID: 23968555 doi:10.
1016/j.jbiomech.2013.06.020

26. Lenton GK, Bishop PJ, Saxby DJ, et al. Tibiofemoral joint contact
forces increase with load magnitude and walking speed but remain
almost unchanged with different types of carried load. PLoS One San
Franc. 2018;13(11):e0206859. doi:10.1371/journal.pone.0206859

27. Harman E, Han KH, Frykman P, Johnson M, Russell F, Rosenstein
M. The effects on gait timing, kinetics, and muscle activity of various
loads carried on the back. Med Sci Sports Exerc. 1992;24(suppl 1):
S129. doi:10.1249/00005768-199205001-00775

28. Kinoshita H. Effects of different loads and carrying systems on
selected biomechanical parameters describing walking gait. Ergo-
nomics. 1985;28(9):1347–1362. PubMed ID: 4065090 doi:10.1080/
00140138508963251

29. Birrell SA, Haslam RA. The effect of military load carriage on 3-D
lower limb kinematics and spatiotemporal parameters. Ergonomics.
2009;52(10):1298–1304. PubMed ID: 19787507 doi:10.1080/
00140130903003115

6 Jones et al

(Ahead of Print)

http://www.boneandjointburden.org
http://www.ncbi.nlm.nih.gov/pubmed/27015600?dopt=Abstract
https://doi.org/10.1002/art.39692
http://www.ncbi.nlm.nih.gov/pubmed/25182679?dopt=Abstract
https://doi.org/10.1007/s11926-014-0451-6
http://www.ncbi.nlm.nih.gov/pubmed/20826544?dopt=Abstract
https://doi.org/10.1096/fj.10-164277
https://doi.org/10.1111/j.1749-6632.2010.05808.x
http://www.ncbi.nlm.nih.gov/pubmed/22265263?dopt=Abstract
https://doi.org/10.1016/j.berh.2011.11.013
https://doi.org/10.1016/j.berh.2011.11.013
https://doi.org/10.1186/1471-2474-9-132
http://www.ncbi.nlm.nih.gov/pubmed/20485173?dopt=Abstract
https://doi.org/10.1097/BOR.0b013e32833b4682
http://www.ncbi.nlm.nih.gov/pubmed/26506175?dopt=Abstract
https://doi.org/10.1519/JSC.0000000000001031
http://www.ncbi.nlm.nih.gov/pubmed/21717422?dopt=Abstract
https://doi.org/10.1002/art.30498
http://www.ncbi.nlm.nih.gov/pubmed/17183616?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24402991?dopt=Abstract
https://doi.org/10.7205/MILMED-D-13-00090
http://www.ncbi.nlm.nih.gov/pubmed/21709397?dopt=Abstract
https://doi.org/10.1159/000327012
http://www.ncbi.nlm.nih.gov/pubmed/28076431?dopt=Abstract
https://doi.org/10.1371/journal.pone.0170002
https://doi.org/10.1177/0954411911433372
http://www.ncbi.nlm.nih.gov/pubmed/22161745?dopt=Abstract
https://doi.org/10.1002/jor.22023
http://www.ncbi.nlm.nih.gov/pubmed/33253887?dopt=Abstract
https://doi.org/10.1016/j.joca.2020.10.011
http://www.ncbi.nlm.nih.gov/pubmed/30152607?dopt=Abstract
https://doi.org/10.1111/os.12395
https://doi.org/10.1123/jab.17.4.297
http://www.ncbi.nlm.nih.gov/pubmed/15986358?dopt=Abstract
https://doi.org/10.1002/art.21139
http://www.ncbi.nlm.nih.gov/pubmed/15099644?dopt=Abstract
https://doi.org/10.1016/j.orthres.2003.09.003
https://doi.org/10.1016/j.orthres.2003.09.003
http://www.ncbi.nlm.nih.gov/pubmed/20627301?dopt=Abstract
https://doi.org/10.1016/j.jbiomech.2010.05.006
https://doi.org/10.1016/j.jbiomech.2010.05.006
http://www.ncbi.nlm.nih.gov/pubmed/23182814?dopt=Abstract
https://doi.org/10.1016/j.joca.2012.11.008
https://doi.org/10.1016/j.joca.2012.11.008
http://www.ncbi.nlm.nih.gov/pubmed/18698176?dopt=Abstract
https://doi.org/10.1097/BOR.0b013e328307f58c
http://www.ncbi.nlm.nih.gov/pubmed/23968555?dopt=Abstract
https://doi.org/10.1016/j.jbiomech.2013.06.020
https://doi.org/10.1016/j.jbiomech.2013.06.020
https://doi.org/10.1371/journal.pone.0206859
https://doi.org/10.1249/00005768-199205001-00775
http://www.ncbi.nlm.nih.gov/pubmed/4065090?dopt=Abstract
https://doi.org/10.1080/00140138508963251
https://doi.org/10.1080/00140138508963251
http://www.ncbi.nlm.nih.gov/pubmed/19787507?dopt=Abstract
https://doi.org/10.1080/00140130903003115
https://doi.org/10.1080/00140130903003115


30. Attwells RL, Birrell SA, Hooper RH, Mansfield NJ. Influence of
carrying heavy loads on soldiers’ posture, movements and gait.
Ergonomics. 2006;49(14):1527–1537. PubMed ID: 17050392
doi:10.1080/00140130600757237

31. Willy RW, DeVita P, Meardon SA, Baggaley M, Womble CC,
Willson JD. Effects of load carriage and step length manipulation
on Achilles tendon and knee loads. Mil Med. 2019;184(9–10):e482–
e489. PubMed ID: 30839070 doi:10.1093/milmed/usz031

32. DeVita P, Hortobágyi T. Obesity is not associated with increased knee
joint torque and power during level walking. J Biomech Kidlington.
2003;36(9):1355–1362. doi:10.1016/S0021-9290(03)00119-2

33. D’Lima DD, Patil S, Steklov N, Slamin JE, Colwell CWJ. The
Chitranjan Ranawat Award: in vivo knee forces after total knee
arthroplasty. Clin Orthop Relat Res. 2005;440:45–49. PubMed ID:
16239782 doi:10.1097/01.blo.0000186559.62942.8c

34. Kutzner I, Heinlein B, Graichen F, et al. Loading of the knee joint
during activities of daily living measured in vivo in five subjects. J
Biomech. 2010;43(11):2164–2173. PubMed ID: 20537336 doi:10.
1016/j.jbiomech.2010.03.046

35. DeVita P, Rider P, Hortobágyi T. Reductions in knee joint forces with
weight loss are attenuated by gait adaptations in class III obesity.Gait
Posture. 2016;45:25–30. PubMed ID: 26979878 doi:10.1016/j.
gaitpost.2015.12.040

36. Sasaki K, Neptune RR. Individual muscle contributions to the axial
knee joint contact force during normal walking. J Biomech.
2010;43(14):2780–2784. PubMed ID: 20655046 doi:10.1016/j.
jbiomech.2010.06.011

37. Herzog W, Longino D, Clark A. The role of muscles in joint
adaptation and degeneration. Langenbecks Arch Surg. 2003;388(5):
305–315. PubMed ID: 14504930 doi:10.1007/s00423-003-0402-6

38. Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: a flexible
statistical power analysis program for the social, behavioral, and
biomedical sciences. Behav Res Methods. 2007;39(2):175–191.
PubMed ID: 17695343 doi:10.3758/BF03193146

39. Petit DJ, Willson JD, Barrios JA. Comparison of stance phase knee joint
angles andmoments using two different surfacemarker representations of
the proximal shank in walkers and runners. J Appl Biomech.
2014;30(1):173–178. PubMed ID: 24676525 doi:10.1123/jab.2012-0147

40. Willy RW, Meardon SA, Schmidt A, Blaylock NR, Hadding SA,
Willson JD. Changes in tibiofemoral contact forces during running in
response to in-field gait retraining. J Sports Sci. 2016;34(17):1602–
1611. PubMed ID: 26679058 doi:10.1080/02640414.2015.1125517

41. Bezodis NE, Salo AIT, Trewartha G. Excessive fluctuations in knee
joint moments during early stance in sprinting are caused by digital
filtering procedures. Gait Posture. 2013;38(4):653–657. PubMed ID:
23540768 doi:10.1016/j.gaitpost.2013.02.015

42. Messier S, Legault C, Loeser RF, et al. Does high weight loss in older
adults with knee osteoarthritis affect bone-on-bone joint loads and
muscle forces during walking? Osteoarthr Cartil. 2011;19(3):272–
280. PubMed ID: 21134477 doi:10.1016/j.joca.2010.11.010

43. Ward SR, Eng CM, Smallwood LH, Lieber RL. Are current measure-
ments of lower extremity muscle architecture accurate? Clin Orthop.
2009;467(4):1074–1082. PubMed ID: 18972175 doi:10.1007/
s11999-008-0594-8

44. Klein P, Mattys S, Rooze M. Moment arm length variations of
selected muscles acting on talocrural and subtalar joints during
movement: an in vitro study. J Biomech. 1996;29(1):21–30. PubMed
ID: 8839014 doi:10.1016/0021-9290(95)00025-9

45. Spoor CW, van Leeuwen JL. Knee muscle moment arms from MRI
and from tendon travel. J Biomech. 1992;25(2):201–206. PubMed
ID: 1733995 doi:10.1016/0021-9290(92)90276-7

46. Visser JJ, Hoogkamer JE, BobbertMF,Huijing PA. Length andmoment
arm of human legmuscles as a function of knee and hip-joint angles.Eur
J Appl Physiol. 1990;61(5–6):453–460. doi:10.1007/BF00236067

47. Schipplein OD, Andriacchi TP. Interaction between active and passive
knee stabilizers during level walking. J Orthop Res. 1991;9(1):113–
119. PubMed ID: 1984041 doi:10.1002/jor.1100090114

48. Draganich LF, Andriacchi TP, Andersson GB. Interaction between
intrinsic knee mechanics and the knee extensor mechanism. J Orthop
Res Off Publ Orthop Res Soc. 1987;5(4):539–547. doi:10.1002/jor.
1100050409

49. Thakkar B, Willson JD, Harrison K, Tickes R, Blaise Williams DS.
Tibiofemoral joint forces in female recreational runners vary with step
frequency. Med Sci Sports Exerc. 2019;51(7):1444–1450. PubMed
ID: 30724849 doi:10.1249/MSS.0000000000001915

50. Greenhouse SW, Geisser S. On methods in the analysis of profile
data. Psychometrika. 1959;24:95–112. doi:10.1007/BF02289823

51. Cohen J. Eta-squared and partial eta-squared in fixed factor ANOVA
designs. Educ Psychol Meas. 1973;33(1):107–112. doi:10.1177/
001316447303300111

52. Richardson JTE. Eta squared and partial eta squared as measures of
effect size in educational research. Educ Res Rev. 2011;6(2):135–147.
doi:10.1016/j.edurev.2010.12.001

53. Cohen J. Statistical Power Analysis for the Behavioral Sciences. 2nd
ed. Routledge; 1988. doi:10.4324/9780203771587

54. Birrell SA, Hooper RH, Haslam RA. The effect of military load
carriage on ground reaction forces. Gait Posture. 2007;26(4):611–
614. PubMed ID: 17337189 doi:10.1016/j.gaitpost.2006.12.008

55. Faghy MA, Shei R, Armstrong NCD, White M, Lomax M. Physio-
logical impact of load carriage exercise: current understanding and
future research directions. Physiol Rep. 2022;10(21):e15502. doi:10.
14814/phy2.15502

56. Wang H, Frame J, Ozimek E, Leib D, Dugan EL. Influence of fatigue
and load carriage on mechanical loading during walking. Mil Med.
2012;177(2):152–156. PubMed ID: 22360059 doi:10.7205/
MILMED-D-11-00210

57. Wang H, Frame J, Ozimek E, Leib D, Dugan EL. The effects of load
carriage and muscle fatigue on lower-extremity joint mechanics. Res
Q Exerc Sport. 2013;84(3):305–312. PubMed ID: 24261009 doi:10.
1080/02701367.2013.814097

58. Qu X, Yeo JC. Effects of load carriage and fatigue on gait char-
acteristics. J Biomech. 2011;44(7):1259–1263. PubMed ID:
21397234 doi:10.1016/j.jbiomech.2011.02.016

59. Rice H, Fallowfield J, Allsopp A, Dixon S. Influence of a 12.8-km
military load carriage activity on lower limb gait mechanics and
muscle activity. Ergonomics. 2017;60(5):649–656. PubMed ID:
27462759 doi:10.1080/00140139.2016.1206624

60. Lerner ZF, DeMers MS, Delp SL, Browning RC. How tibiofemoral
alignment and contact locations affect predictions of medial
and lateral tibiofemoral contact forces. J Biomech. 2015;48(4):
644–650. PubMed ID: 25595425 doi:10.1016/j.jbiomech.2014.
12.049

61. Kim D, Lewis CL, Gill SV. Effects of obesity and foot arch height on
gait mechanics: a cross-sectional study. PLoS One. 2021;16(11):
e0260398. doi:10.1371/journal.pone.0260398

62. Cimolin V, Vismara L, Galli M, Zaina F, Negrini S, Capodaglio P.
Effects of obesity and chronic low back pain on gait. J NeuroEngi-
neering Rehabil. 2011;8(1):55. doi:10.1186/1743-0003-8-55

63. Messier S, Loeser R, Hoover J, Semble E, Wise C. Osteoarthritis of
the knee: effects on gait, strength, and flexibility. Arch Phys Med
Rehabil. 1992;73:29–36. PubMed ID: 1729969 doi:10.5555/uri:pii:
000399939290222I

Tibiofemoral Load During Load Carriage 7

(Ahead of Print)

http://www.ncbi.nlm.nih.gov/pubmed/17050392?dopt=Abstract
https://doi.org/10.1080/00140130600757237
http://www.ncbi.nlm.nih.gov/pubmed/30839070?dopt=Abstract
https://doi.org/10.1093/milmed/usz031
https://doi.org/10.1016/S0021-9290(03)00119-2
http://www.ncbi.nlm.nih.gov/pubmed/16239782?dopt=Abstract
https://doi.org/10.1097/01.blo.0000186559.62942.8c
http://www.ncbi.nlm.nih.gov/pubmed/20537336?dopt=Abstract
https://doi.org/10.1016/j.jbiomech.2010.03.046
https://doi.org/10.1016/j.jbiomech.2010.03.046
http://www.ncbi.nlm.nih.gov/pubmed/26979878?dopt=Abstract
https://doi.org/10.1016/j.gaitpost.2015.12.040
https://doi.org/10.1016/j.gaitpost.2015.12.040
http://www.ncbi.nlm.nih.gov/pubmed/20655046?dopt=Abstract
https://doi.org/10.1016/j.jbiomech.2010.06.011
https://doi.org/10.1016/j.jbiomech.2010.06.011
http://www.ncbi.nlm.nih.gov/pubmed/14504930?dopt=Abstract
https://doi.org/10.1007/s00423-003-0402-6
http://www.ncbi.nlm.nih.gov/pubmed/17695343?dopt=Abstract
https://doi.org/10.3758/BF03193146
http://www.ncbi.nlm.nih.gov/pubmed/24676525?dopt=Abstract
https://doi.org/10.1123/jab.2012-0147
http://www.ncbi.nlm.nih.gov/pubmed/26679058?dopt=Abstract
https://doi.org/10.1080/02640414.2015.1125517
http://www.ncbi.nlm.nih.gov/pubmed/23540768?dopt=Abstract
https://doi.org/10.1016/j.gaitpost.2013.02.015
http://www.ncbi.nlm.nih.gov/pubmed/21134477?dopt=Abstract
https://doi.org/10.1016/j.joca.2010.11.010
http://www.ncbi.nlm.nih.gov/pubmed/18972175?dopt=Abstract
https://doi.org/10.1007/s11999-008-0594-8
https://doi.org/10.1007/s11999-008-0594-8
http://www.ncbi.nlm.nih.gov/pubmed/8839014?dopt=Abstract
https://doi.org/10.1016/0021-9290(95)00025-9
http://www.ncbi.nlm.nih.gov/pubmed/1733995?dopt=Abstract
https://doi.org/10.1016/0021-9290(92)90276-7
https://doi.org/10.1007/BF00236067
http://www.ncbi.nlm.nih.gov/pubmed/1984041?dopt=Abstract
https://doi.org/10.1002/jor.1100090114
https://doi.org/10.1002/jor.1100050409
https://doi.org/10.1002/jor.1100050409
http://www.ncbi.nlm.nih.gov/pubmed/30724849?dopt=Abstract
https://doi.org/10.1249/MSS.0000000000001915
https://doi.org/10.1007/BF02289823
https://doi.org/10.1177/001316447303300111
https://doi.org/10.1177/001316447303300111
https://doi.org/10.1016/j.edurev.2010.12.001
https://doi.org/10.4324/9780203771587
http://www.ncbi.nlm.nih.gov/pubmed/17337189?dopt=Abstract
https://doi.org/10.1016/j.gaitpost.2006.12.008
https://doi.org/10.14814/phy2.15502
https://doi.org/10.14814/phy2.15502
http://www.ncbi.nlm.nih.gov/pubmed/22360059?dopt=Abstract
https://doi.org/10.7205/MILMED-D-11-00210
https://doi.org/10.7205/MILMED-D-11-00210
http://www.ncbi.nlm.nih.gov/pubmed/24261009?dopt=Abstract
https://doi.org/10.1080/02701367.2013.814097
https://doi.org/10.1080/02701367.2013.814097
http://www.ncbi.nlm.nih.gov/pubmed/21397234?dopt=Abstract
https://doi.org/10.1016/j.jbiomech.2011.02.016
http://www.ncbi.nlm.nih.gov/pubmed/27462759?dopt=Abstract
https://doi.org/10.1080/00140139.2016.1206624
http://www.ncbi.nlm.nih.gov/pubmed/25595425?dopt=Abstract
https://doi.org/10.1016/j.jbiomech.2014.12.049
https://doi.org/10.1016/j.jbiomech.2014.12.049
https://doi.org/10.1371/journal.pone.0260398
https://doi.org/10.1186/1743-0003-8-55
http://www.ncbi.nlm.nih.gov/pubmed/1729969?dopt=Abstract
https://doi.org/10.5555/uri:pii:000399939290222I
https://doi.org/10.5555/uri:pii:000399939290222I


64. Thorp LE, Sumner DR, Block JA, Moisio KC, Shott S, Wimmer MA.
Knee joint loading differs in individuals with mild compared with
moderate medial knee osteoarthritis. Arthritis Rheum. 2006;54(12):
3842–3849. PubMed ID: 17133592 doi:10.1002/art.22247

65. Ferber R,McClay Davis I,Williams DSIII, Laughton C. A comparison
of within- and between-day reliability of discrete 3D lower extremity
variables in runners. J Orthop Res. 2002;20(6):1139–1145. PubMed
ID: 12472220 doi:10.1016/S0736-0266(02)00077-3

66. Anandacoomarasamy A, Leibman S, Smith G, et al. Weight loss in
obese people has structure-modifying effects on medial but not on

lateral knee articular cartilage. Ann Rheum Dis. 2012;71(1):26–32.
PubMed ID: 22135412 doi:10.1136/ard.2010.144725

67. Chang AH, Moisio KC, Chmiel JS, et al. External knee adduction and
flexion moments during gait and medial tibiofemoral disease pro-
gression in knee osteoarthritis. Osteoarthr Cartil. 2015;23(7):1099–
1106. PubMed ID: 25677110 doi:10.1016/j.joca.2015.02.005

68. Bennell KL, BowlesKA,WangY, Cicuttini F, Davies-TuckM,Hinman
RS. Higher dynamicmedial knee load predicts greater cartilage loss over
12 months in medial knee osteoarthritis. Ann Rheum Dis. 2011;70(10):
1770–1774. PubMed ID: 21742637 doi:10.1136/ard.2010.147082

8 Jones et al

(Ahead of Print)

http://www.ncbi.nlm.nih.gov/pubmed/17133592?dopt=Abstract
https://doi.org/10.1002/art.22247
http://www.ncbi.nlm.nih.gov/pubmed/12472220?dopt=Abstract
https://doi.org/10.1016/S0736-0266(02)00077-3
http://www.ncbi.nlm.nih.gov/pubmed/22135412?dopt=Abstract
https://doi.org/10.1136/ard.2010.144725
http://www.ncbi.nlm.nih.gov/pubmed/25677110?dopt=Abstract
https://doi.org/10.1016/j.joca.2015.02.005
http://www.ncbi.nlm.nih.gov/pubmed/21742637?dopt=Abstract
https://doi.org/10.1136/ard.2010.147082

