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Context: Although the risk of osteoarthritis development
after acute knee injury has been widely studied, the long-term
consequences of knee overuse injury are not well understood.

Objective: To identify the relationship between gait-related
risk factors associated with osteoarthritis and the development
of iliotibial band syndrome (ITBS) in members of a single
University Army Reserve Officers’ Training Corps unit.

Design: Prospective cohort study.
Setting: Biomechanics laboratory.
Patients or Other Participants: Sixty-eight cadets under-

going standardized physical fitness training.
Intervention(s): Three-dimensional lower extremity kine-

matics (240 Hz) and kinetics (960 Hz) were collected for 3
bilateral trials during shod running at 4.0 m/s 6 10%. Injury
tracking was conducted for 7 months of training.

Main Outcome Measure(s): Biomechanical variables, in-
cluding varus thrust and knee-adduction moment, were com-
pared between the injured and control groups.

Results: Twenty-six cadets with no history of overuse injury
served as the control group, whereas 6 cadets (7 limbs) who
developed ITBS that required them to modify their training
program or seek medical care (or both) served as the injured
group. Maximum varus velocity was higher (P ¼ .006) and
occurred sooner during stance (P¼ .04) in the injured group than
in the control group, indicating greater varus thrust. Maximum
knee-varus angle and maximum knee-adduction moment were
higher (P¼ .02 and P¼ .002, respectively) and vertical stiffness
was lower (P ¼ .03) in the injured group.

Conclusions: Measures of dynamic varus stability ap-
peared to be altered in individuals who developed ITBS.
Biomechanical knee variables previously identified as increasing
the risk for knee osteoarthritis were also associated with the
development of ITBS in healthy adults.

Key Words: osteoarthritis, knee overuse injury, neuromus-
cular control

Key Points

� Increased dynamic varus (varus velocity and knee-adduction moment) during loading were risk factors for the
development of iliotibial band syndrome in University Army Reserve Officers’ Training Corps members.

� The risks for iliotibial band syndrome identified in this study have been attributed to lack of neuromuscular control
and previously identified as indicative of osteoarthritis risk and severity.

O
veruse injuries to the lower extremity are of
particular concern in active populations, account-
ing for 50% to 75% of all injuries in recreational

runners and 35% of all musculoskeletal injuries in members
of the military.1–3 Previous researchers4 found that up to
80% of individuals who used running as a key component
of their physical training experienced overuse injuries
requiring a decrease in or cessation of training. Investiga-
tors examining overuse injuries to the lower extremity have
commonly focused on the lower leg and injuries such as
medial tibial stress syndrome and tibial stress fractures5,6;
however, in active populations and runners, overuse
injuries at or around the knee, such as iliotibial band
syndrome (ITBS) and patellofemoral pain, are most
common.1,2,7–10

The prevalence of knee injuries in active individuals,
including athletes, has fostered a broad range of research
into risk factors for injury development as well as the long-

term effects of these conditions.4,9,11–16 However, although
the risk of long-term consequences, such as osteoarthritis
(OA), has been examined in individuals with a history of
acute knee injuries, particularly anterior cruciate ligament
tears,12,15 less is known about the implications of knee
overuse injuries for the long-term development of OA.

Previous authors13,17,18 suggested that sport participation
and the repeated loading often associated with overuse
injuries increased the risk for OA development, though the
relationship between a specific overuse injury such as ITBS
and the development of OA is not clear. A number of
potential risk factors for the development of ITBS have
been identified or proposed, including decreased knee-
flexion angle at heel strike,19,20 increased peak hip-
adduction angle,10,21 peak knee internal-rotation angle,10,21

peak knee-adduction moment (KAM),22 and iliotibial band
strain rate.23 One biomechanical variable that may indicate
increased ITBS strain rate is varus thrust. Varus thrust has
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been associated with increased risk and severity of OA24,25

but has not, to our knowledge, been examined relative to
overuse injuries in younger individuals. Varus thrust has
been defined as a rapid, abrupt onset of varus alignment24

and reported in degrees,26,27 though the definition suggests
that angular velocity may be a more appropriate indicator.28

Knee-adduction moment has also been widely studied as a
risk factor for OA development and progression29–31 but has
received little attention as a risk for overuse injuries.

Army Reserve Officers’ Training Corps (ROTC) cadets
are a homogeneous group of participants with a rigorous
standardized training regimen that provides an ideal
population for prospectively investigating risk factors for
knee overuse injuries and for developing potential preven-
tion strategies.7 The purpose of our study was to
prospectively identify gait-related risk factors for the
development of ITBS in members of a single ROTC unit.
Specific variables of interest included varus velocity and
KAM.28–31

METHODS

Research Design

A single-cohort, cross-sectional analysis of running gait
was performed. The prospective risk of developing a knee
overuse injury was determined by assessing cadets’ running
gait before a physical training cycle and tracking injury
development via ongoing medical care by Board of
Certification-certified athletic trainers (ATs). We identified
prospective biomechanical injury risk factors by comparing
the gait mechanics of those cadets who did or did not
develop ITBS over the course of the training cycle
(approximately 7 months during the academic year).

Participants

Sixty-eight cadets (44 men, 24 women, age ¼ 18–34
years) participating in an ROTC physical training program
volunteered for this study. The institutional human subjects
committee approved the study, and all participants gave
informed consent before data collection. Participants
completed a medical and injury history questionnaire that
assessed previous acute and overuse injuries to each
segment of the lower extremity. All participants were free
of any injury to the lower extremity that might have
precluded full participation in ROTC training at the time of
enrollment. Height was measured with a wall-mounted
stadiometer (Seca Telescopic Stadiometer; Country Tech-
nology Inc, Gays Mills, WI), and body mass was
determined with a scale (model 442; Detecto, Webb City,
MO). Body composition was estimated via skinfolds
measured in duplicate by the same member of the research

team using Lange calipers (BETA Technology, Santa Cruz,
CA) at 3 sex-specific sites as described previously.32,33

Descriptive data are presented in Table 1.

Instrumentation and Protocol

Gait analysis was completed during the month before the
start of the 7-month training cycle at a single data-
collection session in which participants were instructed to
wear the running shoes they used for daily training.34

Nonstandardized shoes were worn so that we could most
closely capture the gait biomechanics each individual
would experience during training sessions. Kinematic data
were collected using a 3-dimensional motion-capture
system (Vicon Inc, Centennial, CO) positioned along an
18-m runway and 27 retroreflective markers (Figure 1).
Kinetic data were recorded using a force plate (Advanced
Mechanical Technology Inc, Boston, MA) embedded flush
with the runway. Kinematic data were collected at 240 Hz,
time synchronized with the kinetic data collected at 960 Hz,
and then smoothed using a Woltring filter with a 10-Hz
mean squared error cutoff. Nexus (Vicon Inc) and Visual
3D (C-Motion Inc, Germantown, MD) software was used to
capture, reduce, and analyze the gait data.

Before biomechanical analysis, participants completed a
self-directed warm-up, and familiarization running trials
were conducted to ensure a consistent running velocity.
Running velocity was ascertained using Speedtrap II
infrared sensors (Brower Timing Systems, Draper, UT)
placed 4 m apart and centered on the force plate. A running
trial was considered successful if the participant ran at the
prescribed velocity (4.0 m/s 6 10%)34 and landed with the
entire foot on the force plate without apparent targeting.6

Three successful trials were recorded for each leg, and the
mean of these trials was used for analysis.35,36

The subsequent training program lasted approximately 7
months and consisted of 1- to 2-hour training sessions 3 or
4 times per week as a group. These training sessions
included a wide range of aerobic, plyometric and body-
weight resistance exercises and calisthenics-based activi-
ties. Aerobic activities included medium-distance runs (~2
mi [3.2 km]), relay-type activities, team-based field games
(eg, ultimate Frisbee and football), and longer marches or
runs as a squad. Plyometrics, body-weight resistance, and
calisthenics exercises included interval training activities,
push-ups, pull-ups, sit-ups, and similar full-body non-
aerobic activities.

Data Analysis

An AT provided ongoing medical care throughout the
evaluation period and assessed all potential overuse injuries
to the lower extremity. Participants were included in the
control group if they reported no history of lower extremity

Table 1. Participants’ Descriptive Data (Mean 6 SD)

Characteristic Overall (N ¼ 32 limbs)

Group

P ValueInjured (n ¼ 7 limbs) Control (n ¼ 26 limbs)

Age, y 22.4 6 3.1 23.2 6 3.4 22.3 6 3.1 .75

Height, cm 172.9 6 9.8 175.0 6 11.0 172.4 6 9.7 .35

Mass, kg 73.7 6 13.5 73.5 6 12.3 73.7 6 14.0 .98

Body mass index, m/kg2 24.6 6 3.4 23.9 6 1.9 24.7 6 3.7 .26

Body fat, % 12.6 6 7.9 14.9 6 9.8 12.0 6 7.8 .69
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overuse injury and did not develop a lower extremity injury
during the study period. We defined injury as a condition
requiring a reduction in the amount or level of physical
training or activity or the need for medical advice or
treatment.35 Participants who developed injuries involving
the knee with an insidious onset, associated with repetitive
physical activities,7 and subsequently diagnosed by the AT
or physician as ITBS were assigned to the injury group. The
data from participants who developed other lower extremity
overuse (eg, medial tibial stress syndrome, Achilles
tendinitis, or plantar fasciitis) or acute injuries were
excluded from analysis.

Vertical stiffness (Kvert) was calculated as the maximum
vertical ground reaction force in kilonewtons divided by the
change in vertical center-of-mass displacement in meters.37

Due to a significant positive correlation (r¼0.63, P , .001)
between Kvert and body mass, Kvert was scaled for body
mass.38

All statistical procedures were conducted using SPSS
(version 20; IBM Corp, Armonk, NY). Multiple factorial
general linear model 2-way analyses of variance (group:
injured versus control; sex; group 3 sex) were used to
assess differences in kinetic and kinematic gait variables
between the injured and control groups. To account for any
confounding effects of combining sexes when examining
biomechanical variables associated with injury, differences
between the injury and control groups were only considered
relevant when the interaction effect (group 3 sex) was not
significant, indicating that the effect of the biomechanical
variable on injury was not different between sexes.
Multiple 1-way analyses of variance were used to compare
anthropometric characteristics between groups. An a level
of P , .05 was identified as a significant difference. Data
from only the right leg of each participant in the control
group were used in the analysis; all injured limbs were
included in the analysis for the injury group, including both

limbs of 1 individual who developed bilateral ITBS. All
kinetic moment variables were reported as external
moments.

RESULTS

A total of 68 participants (44 men, 24 women) completed
the initial overuse injury history questionnaire and
biomechanical analysis. Twenty-six participants (38.2%;
20 men, 6 women) remained injury free during the study
period, did not report a previous lower extremity overuse
injury, and were assigned to the control group. A total of 20
participants (29.4%) developed lower extremity overuse
injuries during the study period. Six of these 20 participants
(30%) developed ITBS diagnosed as serious enough to
require modifications to training or received medical care
during the study period and were assigned to the injury
group for analysis. One of these 6 participants experienced
bilateral ITBS, resulting in 7 total injured limbs (men: 1 left
leg, 1 right leg, 1 bilateral; women: 2 left legs, 1 right leg)
analyzed. The remaining participants were excluded from
analysis because they (1) developed a lower extremity
overuse injury other than ITBS (n ¼ 13); (2) did not
complete the study due to midyear graduation, pursuing
basic training, or dropping out of ROTC (n ¼ 5); or (3)
sustained an acute injury or other condition that precluded
the inclusion of their data in the final analysis (n¼ 17).

Participants in the control group were not directly
matched to those who developed ITBS for any anthropo-
metric or body composition variables; however, such
variables collected at the beginning of the study were not
different between the control group and those who
developed knee overuse injuries (Table 1). The frontal-
plane knee variables of maximum knee varus, knee-varus
velocity, and external KAM, as well as the timing of
maximum varus velocity during stance, were different

Figure 1. Marker locations for kinematic data collection. A, Anterior view. B, Posterior view.
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between controls and those who developed ITBS during the
testing period (Table 2). Additionally, varus velocity varied
between control and injured participants throughout the
stance phase (Figure 2). Maximum vertical ground reaction
force (injured: 23.4 6 1.1 N/kg; control: 25.3 6 2.2; P ¼
.12) and loading rate (injured: 1.5 3 104 6 0.2 3 104 N/s;
control: 1.6 3 104 6 0.3 3 104; P¼ .95) were not different
between groups.

DISCUSSION

The most important finding of our prospective injury
study was the identification of dynamic varus variables,
including varus thrust and KAM, as risk factors for ITBS.
These variables have been commonly associated with OA
risk and progression28–31 but have been given little
consideration relative to the development of overuse

injuries. The identification of these variables as risk factors
for soft tissue overuse injury to the knee in otherwise
healthy younger adults may indicate a relationship that has
not been previously recognized between soft tissue overuse
injury to the knee and risk for the eventual development of
knee OA.

A number of frontal-plane variables, including maximum
knee-varus angle, maximum varus velocity, and maximum
KAM, were higher, and maximum varus velocity occurred
earlier during stance in the injured group (Table 2). These
differences were noted despite nonsignificant differences
between groups in 2 important kinetic variables: maximum
vertical ground reaction force and loading rate. These
findings suggest that it was not greater overall force during
loading or a greater rate of loading force that led to ITBS in
the injury group. Rather, the manner and timing in which
force was applied to the knee during loading may have led

Table 2. Between-Groups Comparison of Biomechanical Variables (Mean 6 SD)

Biomechanical Variable

Group

P ValueInjured (n ¼ 7 limbs) Control (n ¼ 26 limbs)

Kinematics

Maximum knee varus, 8 12.0 6 4.4 7.3 6 5.2 .02a

Maximum knee-varus velocity, 8/s 281.6 6 117.0 183.4 6 73.3 .006a

Mean knee-varus velocity, 8/s 124.9 6 40.4 63.4 6 40.8 .001a

Time of maximum knee-varus velocity, % stance 15.7 6 13.8 34.5 6 24.2 .04a

Kinetics

Maximum knee-adduction moment, Nm/kg 2.6 6 0.5 2.0 6 0.5 .002a

Maximum hip-adduction moment, Nm/kg 2.3 6 0.3 1.8 6 0.4 .01a

Ground reaction forces

Maximum vertical ground reaction force, N/kg 23.4 6 1.1 25.3 6 2.2 .12

Loading rate, N/s 1.5 3 104 6 0.2 3 104 1.6 3 104 6 0.3 3 104 .95

Vertical stiffness, kN�m�1�kg�1 0.55 6 0.05 0.62 6 0.10 .03a

a Indicates difference (P , .05).

Figure 2. Knee-varus velocity (mean 6 standard deviation) during stance phase for participants who developed iliotibial band syndrome
(dashed line) compared with control participants (solid line).
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to increased soft tissue loading, increased strain rates, and
overuse injury. Additionally, changes in frontal-plane joint
velocity and associated variables were interpreted as a
decrease in dynamic varus stability during loading among
the injured participants.

The differences in dynamic varus stability between the
injured and control groups in our study have not, to our
knowledge, been examined previously relative to overuse
injuries in otherwise healthy young people. However,
similar differences, previously identified as ‘‘varus thrust,’’
have been reported as indicators of progression and severity
of knee OA.24,25 Varus thrust was defined by Chang et
al24,25,28(p1668) as the ‘‘dynamic worsening or abrupt onset of
varus alignment as the limb accepts weight,’’ though their
initial examinations were qualitative in nature. Subsequent
researchers26,27 have examined varus thrust relative to joint
angle (in degrees). However, as the initial definition and
subsequent work by Chang et al24,25 suggested, the velocity
at which the varus motion occurs is likely more important
when considering dynamic varus stability. We noted this in
our study: maximum knee-varus velocity varied between
injured and control participants and throughout the stance
phase (Figure 2). Furthermore, maximum and mean knee-
varus velocity were higher (P ¼ .006 and P ¼ .001,
respectively) among those who developed ITBS. These
results support the contention of Hamill et al,23 using
computer modeling, that strain rate may be more important
than magnitude alone in these overuse injuries.

Recently, Chang et al39 proposed that compromised
frontal-plane control, including decreases in muscular
strength and control, may be the cause of varus instability.
Combined with our findings, which demonstrated the role
of dynamic frontal instability in the development of soft
tissue overuse injury to the knee, the results indicate that
prevention and treatment of these injuries should focus on
improving deficits in muscular strength and control. This
strategy is supported by the work of Dolak et al,40 who
found greater improvements in participants with patello-
femoral pain syndrome from increasing frontal-plane
strength compared with sagittal-plane quadriceps strength.

Williams et al41 observed that differences in arch
structure were associated with differences in lower
extremity stiffness and demonstrated that specific injuries
among runners varied based on arch structure and
associated stiffness.37 Williams et al37,41 suggested that
stiffness levels above or below an optimal zone lead to
specific types of injury and that a decrease in lower
extremity stiffness may indicate reliance on a soft tissue
force-absorption mechanism, resulting in an increased risk
of soft tissue injury, whereas an increase in lower extremity
stiffness may indicate reliance on a bony force-absorption
mechanism, leading to an increased risk of bony injury.
However, to our knowledge, evidence supporting this
theory relative to knee overuse injury has not been
presented previously. Our finding, that lower extremity
stiffness in the injured group was lower than that of the
controls, as evidenced by the lower Kvert, provides support
for the theory suggesting that lower extremity stiffness
below an optimal point may lead to soft tissue overuse
injury, in this case ITBS, due to overreliance on a soft
tissue absorption mechanism.

Further consideration of an optimal range for lower
extremity stiffness to avoid injury may seem, at first glance,

to reduce the strength of any relationship between the risks
for ITBS and subsequent OA because OA is a bony injury.
Yet the mechanism behind OA development and progres-
sion is widely understood to be associated with increased
force on the medial compartment during varus loading as
opposed to overall increased bony absorption such as that
associated with increased leg stiffness.29,42,43 Therefore, the
decreased stiffness we identified can be understood to
increase the risk of injury to the iliotibial band while
simultaneously allowing increased loading of the medial
compartment of the knee and potentially increasing the
long-term risk for OA development and progression in
some individuals.

A number of limitations may have affected the findings
of our study. Although participants who reported an injury
history were not included in the control group, previous
injury to the lower extremity did not serve as an exclusion
criterion for participants who subsequently developed ITBS
during the study period. An injury history in those who
developed ITBS may have introduced aspects of gait that
were different from those in the control group but were not
associated with the development of ITBS during the
prospective injury-tracking period. Additionally, we chose
to use right-leg data for all participants in the control group,
which may constitute a limitation. An alternative approach
is to use dominant or nondominant leg data from control
participants; however, there is significant debate as to what
constitutes dominant versus nondominant in an individual
when applied to the lower extremity.44 The small number of
women included in the study, in both the injured and
control groups, may have produced inadequate power to
examine interaction effects. However, we restricted the use
of these nonsignificant interactions to assessing sex
differences between biomechanical variables that were
statistically different; that is, the effect size was large
enough to produce adequate power at the given sample size.
Finally, the training program followed by the ROTC
members in this study was different from training programs
typically used in traditional organized sport settings. None
of the activities were sport skill specific, and the total
volume of training was lower than in most organized
training programs for high school or collegiate athletes.
These aspects of the training program may constrain the
generalizability of our results to highly competitive athletes
in specific sports, particularly in sports that do not
commonly employ skills or movements that require
frontal-plane dynamic knee stability. Yet it may be argued
that for other sports that commonly demand frontal-plane
knee stability, the risks associated with injury in our study
may be even more likely to be associated with ITBS,
especially when paired with increased training volume. The
broad range of activities and the overall volume of the
ROTC training program were comparable with what a
typical adult in recreational or competitive training may
experience. Therefore, the results of our study may be most
generalizable to this population.

In summary, we found that the primary risk factors for
the development of ITBS were related to measures of
dynamic varus stability, including maximum varus velocity
(varus thrust) and KAM. These risk factors were similar to
those previously reported only in individuals who devel-
oped knee OA. Prevention and treatment of ITBS should
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focus on improving dynamic varus stability by improving
strength and neuromuscular control.
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