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a b s t r a c t

Osteoarthritis (OA) is a common occupational hazard for service members. This study quantified how
body borne load impacts knee biomechanics for participants who do and do not present varus thrust
(range of knee adduction motion exhibited from heel strike to mid-stance (0–51%)) during over-
ground running. Eighteen (9 varus thrust and 9 control) military personnel had knee biomechanics
recorded when running with three load conditions (light, �6 kg, medium, 15% BW, and heavy, 30%
BW). Subject-based means for knee biomechanics were calculated and submitted to a RM ANOVA to test
the main effects and possible interactions between load and varus thrust group. The varus thrust group
exhibited greater varus thrust (p = .001) and peak stance (PS, 0–100%) knee adduction (p = .009) posture
compared to the control group with the light load, but not for the medium (p = .741 and p = .825) or
heavy loads (p = .142 and p = .429). With the heavy load, varus thrust group reduced varus thrust
(p = .023), whereas, the control group increased varus thrust (p = .037) compared to the light load, and
increased PS knee adduction moment compared to light (p = .006) and medium loads (p = .031). The
varus thrust group, however, exhibited no significant difference in knee adduction moment between
any load (p = .174). With the addition of body borne load, varus thrust participants exhibited a significant
reduction in knee biomechanics related to OA; whereas, control participants adopted knee biomechanics,
including greater varus thrust and knee adduction moment, related to the development of OA.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Osteoarthritis (OA) is a common occupational hazard and the
leading cause of long-term disability for members of the armed
services (Amoroso and Canham, 1999; Songer and LaPorte, 2000).
The incidence rate of OA for service members is reportedly greater
than twice the rate exhibited by the general population (Cameron
et al., 2011), and most commonly inflicts their knee joint (Rivera
et al., 2012). Recently there has been a significant increase in the
incidence rate of knee OA in young active service members
(Showery et al., 2016), which may be attributed to the demands
of their occupation. During service, military members routinely
perform high levels of physical activity, which is thought to
directly contribute to the development OA – particularly at the
knee (Buckwalter and Lane, 1997; Schouten et al., 2002).

Knee OA reportedly stems from abnormal loads placed on the
joint by specific biomechanical patterns exhibited during weight-
bearing activities, such as walking and running. Typically during
running, the knee joint bears loads that exceed several times body
weight (Cavanagh and Lafortune, 1980). But, Miller (2017) recently
suggested cumulative, rather peak knee joint load initiates OA.
During military activities, service members are required to run
with body borne loads that routinely exceed 30% of their body
weight (Task Force Devil Combined Arms Assessment Team,
2003). These heavy body borne loads place abnormal loads on
the knee joint (Ramsay et al., 2016), which result from elevated
peak vertical ground reaction forces (Silder et al., 2013, 2015)
and knee joint moments (Brown et al., 2014; Quesada et al.,
2000), potentially increasing the cumulative load on the joint. To
compensate for these abnormal knee loads, service members adopt
altered lower limb postures during running (Brown et al., 2014;
Slider et al., 2015). These altered postures and elevated loads
may contribute to the increased incidence of OA in service mem-
bers by exaggerating the specific biomechanical patterns related
to the development of the disease. It may be that running with
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the body borne load increases the abrupt lateral knee motion and
subsequent loading of the medial knee compartment attributed
to the development of knee OA (Chang et al., 2013; Foroughi
et al., 2009).

During locomotion, varus thrust – an abrupt increase in the
knee adduction angle of approximately 3� or more during the
weight acceptance phase (Kuroyanagi et al., 2012) – is a potential
risk factor for the progression of OA. Knees presenting varus thrust
exhibit a fourfold increase in the incidence of OA (Chang et al.,
2004), with the degree of thrust related to progression and severity
of the disease (Fukaya et al., 2015). Knees with visually confirmed
varus thrust also exhibit significantly larger peak knee adduction
angles during locomotion (Chang et al., 2013). This excessive knee
adduction motion may result from inadequate frontal plane stabil-
ity during locomotion, leading to larger loads placed on the medial
knee joint compartment. A majority of the compressive load placed
on the medial compartment of the knee is attributed to an external
knee adduction moment (Schipplein and Andriacchi, 1991). An
adduction moment at the knee occurs during locomotion when
the ground reaction force vector is directed to the medial side of
the joint. A medially-directed ground reaction force vector may
potentially increase the risk of lower limb injury for service mem-
bers (Creaby and Dixon, 2008) and push their knee further into
varus. In fact, Chang et al. (2004) reported knees presenting varus
thrust exhibit significantly greater peak knee adduction moment
compared to knees without varus thrust, potentially accelerating
the progression and severity of the OA (Kuroyanagi et al., 2012;
Sharma et al., 1998). Individuals presenting varus thrust may lack
the ability to control the ground reaction force vector when don-
ning body borne load, thereby exaggerating the knee adduction
motions and loads, leading to increased incidence of OA.

Running with body borne load places abnormal loads on the
knee joint, forcing service members to adopt biomechanical
changes that may contribute to the increased incidence and devel-
opment of OA. But, it is currently unknown whether donning body
borne load produces the specific biomechanics changes, including
greater knee adduction motions and loads, associated with knee
OA. This study sought to quantify how the addition of body borne
load impacts knee biomechanics for participants who present
varus thrust during over-ground running. We hypothesized that
participants presenting varus thrust would exhibit significantly
greater peak stance knee adduction motion and loads compared
to control participants. With the addition of body borne load, we
hypothesized the amount of varus thrust, as well as peak knee
adduction motion and load would significantly increase for the
varus thrust, but not for the control participants.

2. Methods

Power analysis of preliminary varus thrust data indicated that
16 participants were needed to achieve 80% statistical power
with alpha level of 0.05 (G⁄Power 3; (Faul et al., 2007)). Therefore,
eighteen male military personnel (age: 20.2 ± 3.3 yrs, height:
1.8 ± 0.6 m, weight 79.0 ± 10.8 kg) were recruited. Each participant
self-reported the ability to safely carry heavy body borne loads
(>40 kg). Any potential participant that reported current pain or
recent injury to the back or lower extremity (previous six months),
history of back or lower extremity injury or surgery, and/or any
knownneurological disorderwas excluded. Prior to testing, research
approvalwas obtained from the local institutional reviewboard and
all participants provided written informed consent.

Each participant completed three test sessions. During each test
session, participants wore a different load condition (light, medium
or heavy). For the light load (�6 kg), each participant wore com-
pression shorts and shirt, and basic combat equipment (helmet,

combat boots, and mock weapon) service members are required
to carry. For the medium (15% of BW) and heavy (30% of BW) loads,
participants donned a weighted vest (V-Force, WeightVest.com Inc.
Rexburg, ID, USA). The vest weight was adjusted to have the total
load (vest plus combat equipment of light load) carried by the par-
ticipant equal to 15% (medium) or 30% (heavy) of their BW. The
sequence of testing load conditions was randomly assigned to each
participant prior to beginning the study from a 3 � 3 Latin square.

Participants executed three successful over-ground runs during
each test session. During each run, dominant lower limb three-
dimensional (3D) biomechanical data were recorded. To record
biomechanical data, a force platform (Optima, AMTI, Watertown,
MA, USA) quantified ground reaction force (GRF) data at 2400 Hz,
while twelve high-speed (240 fps) optical cameras (Oqus, Qualisys
AB, Gothenburg, Sweden) captured 3D marker trajectories. Each
run required participants run at 4.0 m/s down a 10-m walkway
and step on the floor mounted force platform with their dominant
limb. Running speed was monitored by two sets of infrared photo-
cell timing lights (Brower Timing, Draper, UT, USA) placed approx-
imately 5 m apart on the walkway immediately before the force
platform. A successful trial required the participant run within
±5% of the target speed and only contact the force platform with
their dominant limb. Prior to testing, the dominant limb was
self-reported by each participant as the leg they could kick a ball
the farthest.

Dominant lower limb (hip, knee and ankle) 3D joint kinematic
data were quantified from thirty-two retro-reflective skin markers.
Each marker was secured to a specific landmark with double-sided
and elastic tape before participants stood in anatomical position to
create a kinematic model with Visual 3D v5.00 (C-Motion, Rock-
ville, MD). The kinematic model had 24 DoF and included seven
skeletal segments (bilateral foot, shank and thigh, and pelvis seg-
ments). Each segment’s axes of rotation were specified using a joint
coordinate system and used to calculate 3D joint angles (further
specifics provided in Appendix). The pelvis had six DoF and was
defined with respect to the global coordinate system. For the hip,
a functional joint center was calculated (Schwartz and
Rozumalski, 2005) and combined with select thigh markers to
assign a local coordinate system and three DoF. The knee and ankle
had three DoF with joint centers and local coordinate systems
defined from select shank and foot markers, according to Grood
and Suntay (1983) and Wu et al. (2002), respectively.

Synchronous GRF data and marker trajectories recorded during
each run were low pass filtered with a fourth-order Butterworth
filter (12 Hz). Filtered 3D marker trajectories were processed to
solve joint rotations at each time frame. Each joint rotation was
expressed relative to the participant’s anatomical position. To
obtain 3D joint moments, filtered kinematic and GRF data were
processed with standard inverse dynamics analysis (Winter,
2005) using Dempster’s segmental inertial properties (1959). To
obtain the magnitude and angle of GRF in the frontal plane, vertical
and mediolateral components of the GRF were processed using
standard trigonometric equations according to Creaby and Dixon
(2008). Joint moments were normalized to the product of partici-
pant unloaded body mass (kg) and height (m), and expressed as
an external moment. The GRF data were normalized to body mass.
Biomechanical data were time-normalized to 100% of the stance
and re-sampled at 1% increments (N = 101). Stance phase was
defined as the instant GRF first exceeded (heel strike) and fell
below 10 N (toe off), respectively. In addition, mid-stance was
defined as 51% of the stance phase (Perry and Burnfield, 2010).

When running with the light load, participants had varus thrust
quantified as the range of knee adduction motion exhibited from
heel strike to mid-stance (0–51%). Participants who exhibited knee
adduction equal to or greater than 3� were assigned to the varus
thrust group (N = 9, range: 3.15–8.18�) (Chang et al., 2013;
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