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Background: Female athletes are at significantly greater risk of anterior cruciate ligament (ACL) injury than male athletes in the
same high-risk sports. Decreased trunk (core) neuromuscular control may compromise dynamic knee stability.

Hypotheses: (1) Increased trunk displacement after sudden force release is associated with increased knee injury risk; (2) coro-
nal (lateral), not sagittal, plane displacement is the strongest predictor of knee ligament injury; (3) logistic regression of factors
related to core stability accurately predict knee, ligament, and ACL injury risk; and (4) the predictive value of these models dif-
fers between genders.

Study Design: Cohort study (prognosis); Level of evidence, 2.

Methods: In this study, 277 collegiate athletes (140 female and 137 male) were prospectively tested for trunk displacement after
a sudden force release. Analysis of variance and multivariate logistic regression identified predictors of risk in athletes who sus-
tained knee injury.

Results: Twenty-five athletes (11 female and 14 male) sustained knee injuries over a 3-year period. Trunk displacement was
greater in athletes with knee, ligament, and ACL injuries than in uninjured athletes (P < .05). Lateral displacement was the
strongest predictor of ligament injury (P = .009). A logistic regression model, consisting of trunk displacements, proprioception,
and history of low back pain, predicted knee ligament injury with 91% sensitivity and 68% specificity (P = .001). This model pre-
dicted knee, ligament, and ACL injury risk in female athletes with 84%, 89%, and 91% accuracy, but only history of low back
pain was a significant predictor of knee ligament injury risk in male athletes.

Conclusions: Factors related to core stability predicted risk of athletic knee, ligament, and ACL injuries with high sensitivity and
moderate specificity in female, but not male, athletes.
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cruciate ligament (ACL) injury than male athletes in the
same high-risk sports.”” The mechanism of ACL injury is
likely a combination of factors: valgus positioning of the
lower extremity; relative extension with unbalanced
weight distribution; and the plantar surface of the foot
being fixed in position, away from the center of mass of the
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body."® The mechanism of ACL injury may differ in female
and male athletes, especially with respect to the dynamic
positioning of the knee, as female athletes demonstrate
increased valgus collapse of the lower extremity in the coro-
nal plane.”’ Dynamic stability of an athlete’s knee depends
on accurate sensory input and appropriate motor responses
to meet the demands of rapid changes in trunk position dur-
ing cutting, stopping, and landing movements.'**® Dynamic
stability may be operationally defined as the ability of the
knee joint to maintain position (static stability) or intended
trajectory (dynamic stability) after internal or external dis-
turbance. Inadequate neuromuscular control of the body’s
trunk or “core” may compromise dynamic stability of the
lower extremity and result in increased abduction torque at
the knee, which may increase strain on the knee ligaments
and lead to injury.2’16’24’39

The dynamic stability of the body, or any specific joint
such as the knee, is contingent on neuromuscular control of
the displacement of all contributing body segments during
movement.'® Core stability is related to the body’s ability to
control the trunk in response to internal and external dis-
turbances, including the forces generated from distal body
segments as well as from expected or unexpected perturba-
tions. Core stability, as generally defined in the sports med-
icine literature, is a foundation of trunk dynamic control
that allows production, transfer, and control of force and
motion to distal segments of the kinetic chain.” For the pur-
poses of the present study, a more precise operational defi-
nition was developed. Core stability was defined as the
body’s ability to maintain or resume an equilibrium position
of the trunk after perturbation. Deficits in neuromuscular
control of the body’s core may lead to uncontrolled trunk
displacement during athletic movement, which in turn may
place the lower extremity in a valgus position, increase knee
abduction motion and torque, and result in high knee liga-
ment strain and ACL injury.">'®

Core muscle activity precedes lower extremity muscle
activity in the temporal sequence of many athletic tasks.
Hodges and Richardson'"*® demonstrated that trunk muscle
activity often occurs before the activity of the lower extremity
musculature. They concluded that the central nervous system
creates a stable foundation for movement of the lower extrem-
ities through cocontraction of the transversus abdominis and
multifidus muscles.’” Cholewicki and Van Vliet® reported that
all of the musculature of the trunk, including abdominal as
well as back musculature, contributes to core stability. The
relative contributions of each muscle group continually
change throughout an athletic task.®

Deficient core neuromuscular control of motion during
athletic tasks may predispose athletes to low back injuries
as well as injuries of the lower extremity. Delayed reflex
response of trunk muscles increases the risk of low back
injury in athletes and appears to be a preexisting risk factor.”
Similarly, abdominal muscle fatigue may be a contributing
factor to hamstring injuries.” Retrospective examination of
patients with ankle sprains shows a delay in the onset of mus-
cle activation of the gluteal muscles compared with uninjured
control subjects.l’4 In a recent prospective study of over 900
athletes, female athletes who subsequently suffered ankle
injury demonstrated significantly greater body sway than

The American Journal of Sports Medicine

TABLE 1
Subject Demographics”

Female Male

n =140 n=137
Height (m) 1.70 + 0.08" 1.83 + 0.08°
Weight (kg) 65.6 + 8.7° 79.9 +11.9°
BMI (kg/m®) 22.6 +2.2° 23.8+ 2.8
Age (y) 19.4+ 1.0 193+ 1.8

“All values are mean + standard deviation. BMI, body mass index.
bSigniﬁcant differences between groups.

those athletes who were not injured, while predictors of
injury in male athletes were related to ankle range of
motion and not to measures of trunk sway.3

The purpose of the present study was to identify potential
neuromuscular factors related to core stability that predis-
pose athletes to knee injuries. We hypothesized that motor
control of the core may play an important role in dynamic
stability of the lower extremity and subsequent injury to the
knee. Specifically, we examined whether there was a rela-
tionship between factors related to core stability and
increased risk of knee, knee ligament, and/or ACL injury.
The 4 hypotheses tested were (1) increased trunk displace-
ment after sudden force release is associated with increased
knee injury risk; (2) lateral angular displacement of the
trunk in the coronal plane is the best predictor of ligament
injury; (3) logistic regression models of combined factors
related to core stability predict knee, ligament, and ACL
injury with high sensitivity and moderate specificity; and
(4) the predictive value of these models differs in male and
female athletes. The development of sensitive measures
related to core stability in athletes could lead to the identi-
fication of neuromuscular risk factors that predispose spe-
cific athletes to knee injury, and interventions could be
developed to modify these factors in these individuals to
decrease injury risk. There is strong evidence that neuro-
muscular control of the trunk and lower extremity can be
improved with neuromuscular training.15’26’27’36’37

METHODS
Subjects

A total of 277 athletes volunteered for the study. Table 1
provides subject demographics for female and male volun-
teers. Athletes were tested at baseline and then followed
for 3 years to track all knee injuries sustained during that
period. Before experimental testing, every subject com-
pleted a detailed, 45-item questionnaire pertaining to per-
sonal demographic data (height, weight, and age), athletic
experience, varsity level, sport(s) affiliation, and history of
injury. For the purposes of this study, an injury was defined
as any injury that resulted in a visit to a sports physician, and
a knee injury was defined as ligament, meniscal, or
patellofemoral injury to the knee joint. None of the athletes
enrolled in the study had any history of knee injury. Fractures
and contusions were excluded in the knee-injured athlete
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Figure 1. A subject positioned in a multidirectional, sudden force release apparatus. Flexion (A), extension (B), and lateral bend-

ing (C) loads were applied via a system of pulleys.

group. All ligament and meniscal injuries were confirmed
by magnetic resonance imaging. All subjects understood
the experimental protocol and signed the consent form,
both of which were approved by the Human Investigation
Committee.

Trunk Displacement Measure After
Sudden Force Release

A quick force release in 3 directions of isometric trunk
exertions was used for assessing the trunk response to
sudden unloading. Subjects were placed in a wooden appa-
ratus that was designed for isometric exertions in trunk
flexion, extension, and lateral bending (Figure 1). The
apparatus restrained pelvic motion but allowed the upper
body to move freely in any direction. The restraint
excluded any postural adjustments through joints other
than the spine (ie, hip, knee, and ankle). Subjects sat in a
semiseated position, which allowed the subjects to assume
their most comfortable lumbar spine geometry before their
pelvis was restrained. A cable attached to a chest harness
at approximately the fifth thoracic vertebra was held
with an electromagnet and served as a resisting force for
isometric exertions. Each subject performed 5 trials at a
constant force level corresponding to 30% of the maximal
isometric trunk exertion for an average healthy man
(108 N) or woman (72 N), established empirically in a
preliminary study. Thirty percent of the maximum iso-
metric exertion was selected, as lower forces would not
produce appreciable perturbation and higher forces
become uncomfortable when released. This was also deter-
mined by a prior empirical study. The force level was dis-
played on an oscilloscope to provide visual feedback to the
athlete helping them to reach and maintain the target
force. The resisted force was suddenly released when the
electromagnet was deactivated. Deactivation occurred at
random time intervals after the target force was reached.

A Flock of Birds electromagnetic device (Ascension
Technologies, Burlington, Vt) was used to record trunk
motion after the force release. The sensor was placed on the
back at approximately the T5 level. The receiver was within
3 ft of the transmitter according to the device specifications.
Care was taken that no metal parts were in the vicinity of
the setup. The data were recorded at 123 Hz and then digi-
tally filtered at 8.5 Hz (fourth order, dual pass, Butterworth
filter). Angular trunk displacements 150 milliseconds after
the release and maximum displacements were selected and
averaged across 5 trials in each direction.

Statistical Analysis

The sudden force release test generated 6 parameters: flex-
ion, extension, and lateral flexion angular displacement
both at 150 milliseconds and maximum displacement.
First, a 3-factor (force release direction, gender, and
injury) analysis of variance and Tukey post hoc test were
used to identify displacement parameters that were sig-
nificantly different between the injured and uninjured
athletes. These parameters served as input into a back-
ward stepwise binary logistic regression model (Minitab,
State College, Pa) for predicting knee injury. Initially, all
parameters that were related to core stability were
entered into the regression model. These included active
proprioceptive repositioning (APR) error of the trunk,® 6
trunk displacement parameters (lateral flexion, exten-
sion, and flexion both at maximum displacement and at
150 milliseconds), and history of low back pain (LBP).
Active proprioceptive repositioning was measured in a
parallel study with an apparatus designed to quantify
trunk proprioception. In this apparatus, subjects were
initially rotated 20° away from the neutral spine posture
(at 2 deg/s), briefly held in that position for 3 seconds and
then actively rotated back toward the original position.
The subjects stopped the apparatus by pressing a switch
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Figure 2. Displacement at 150 milliseconds in athletes
(female and male combined) who subsequently sustained or
did not sustain knee, ligament, or anterior cruciate ligament
(ACL) injury. *P < .05, **P < .01. Error bars designate standard
error of the mean.
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Figure 3. Maximum displacement in athletes (female and
male combined) who subsequently sustained or did not sus-
tain knee, ligament, or anterior cruciate ligament (ACL) injury.
*P <.05, P < .01, *™*P < .001. Error bars designate standard
error of the mean.

when they perceived being in the original, neutral position.
Active proprioceptive repositioning error is the absolute dif-
ference (in degrees) between the original neutral position and
the final position of the athlete in the apparatus. In addition,
weight, height, body mass index (BMI), and gender were
also included in the analysis. Next, the parameter con-
tributing the least to the regression model was removed
and the process repeated at each iteration until only the
parameters with P <.1 remained. An a priori power analy-
sis was performed, based on pilot testing, and it was deter-
mined that 21 injuries were needed to achieve power of .8.
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Figure 4. Maximum displacement in female and male athletes
who subsequently sustained or did not sustain ligament injury.
**P < .01. Error bars designate standard error of the mean.

TABLE 2
P Values (P) and Odds Ratios (OR) for the Binary Logistic
Regression Analysis for All Athletes”

Knee Ligament ACL
Variable OR P OR P OR P
Lateral 2.14° 001°  222° .016° 2.32° .02°
displacement
Extension 1.25° 025° 132 .055 1.61 .012
displacement
Flexion 1.23 .062 1.48® .017° 1.62° .02°
displacement
APR 1.83° .030°
History of LBP  2.79° 036"  6.75° .006
Overall P <.0001° .001° .002°
Concordance (%) 77.7° 84.5" 80.9°
Sensitivity (%) 83? 91° 83
Specificity (%) 63° 68° 76°

“ACL, anterior cruciate ligament; APR, active proprioceptive
repositioning error of the trunk; LBP, low back pain.
*Significant predictors.

RESULTS

During the 3-year follow-up period, the cohort of 277 ath-
letes sustained 25 knee injuries; 11 were sustained by
female athletes and 14 by male athletes. Eleven of these
knee injuries were ligament injuries (5 women and 6 men),
and 6 were ACL ruptures confirmed by MRI (4 women and
2 men). Both displacement at 150 milliseconds and maxi-
mum displacement were significantly greater in knee-
injured, knee ligament—injured, and ACL-injured athletes
compared with uninjured athletes (Figures 2 and 3). In
addition, ligament-injured female athletes demonstrated
greater maximum displacement than uninjured female
athletes (P = .005) (Figure 4). No significant differences
were observed in maximal displacement between the male
injured/uninjured groups.
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TABLE 3
Binary Logistic Regression Analysis of the 3 Displacements on Knee, Ligament,
and ACL Injury Risk in All Athletes and by Gender”

All Injured Athletes Injured Female Athletes Injured Male Athletes
Variable Knee Lig ACL Knee Lig ACL Knee Lig ACL
Lateral displacement .001° .009° .014° .024° .024° .09 .016° 152 .058
Overall P .001° 011° .020° 027 .030° 117 .013° 156 540
OR 1.91° 1.99° 2.24° 1.89° 2.28° 1.96 1.91° 1.71 3.24
Concordance (%) 70.7° 73.0° 78.8° 73.5° 85.8 83.2 67.7° 62.7 76.4
Extension displacement .506 794 .354 .379 .384 127 773 .807 .682
Overall P 501 793 .335 .360 406 .108 774 .808 684
OR 1.05 1.03 1.16 1.14 1.19 1.47 1.03 0.97 0.91
Concordance (%) 48.7 42.9 52.3 50.5 48.1 58.1 46.9 46.6 55.4
Flexion displacement .056 .042 .045 .209 .098 172 .146 .234 .138
Overall P .061 .051 .061 222 .080 .200 139 217 .165
OR 1.17 1.26 1.33 1.19 1.37 1.32 1.17 1.20 1.38
Concordance (%) 59.5 65.5 67.9 63.8 80.3 78.4 57.0 54.3 52.9

“ACL, anterior cruciate ligament; Lig, ligament; OR, odds ratio.
’Significant predictors.

TABLE 4
P Values (P) and Odds Ratios (OR) for the Binary Logistic Regression Analysis by Gender”
Female Athletes Male Athletes

Knee Ligament ACL Knee Ligament ACL
Variable OR P OR P OR P OR P OR P OR P
Lateral displacement 2.33 024> 348 033 2.53 .099 014 .208 126
Extension displacement 1.35° 084° 185  .011° 1.85° .014° 195 613 599
Flexion displacement — 131 2.31° 016 1.97° .036° 251 213 .322
APR 4.62° .002° 787
History of LBP 6.19° .024° 116 290 9.94°  015°
Overall P <.0001° .005° 012° .063 .046° 18
Concordance (%) 84.5" 90.6" 89.2° 74.3 83.1° 70.2

“ACL, anterior cruciate ligament; APR, active proprioceptive repositioning error of the trunk; LBP, low back pain.

’Significant predictors.

A multiple logistic regression model that included all
athletes predicted knee injury, ligament injury, and ACL
injury with high sensitivity and moderate specificity
(Table 2). The variables in the final model (those with P <
.1) included lateral, extension, and flexion angular trunk
displacements at 150 milliseconds, APR error of the trunk,
and history of LBP. Maximum displacements were elimi-
nated from all regression models (P >.1) because of their cor-
relation with displacements at 150 milliseconds, which better
predicted injury. The combination of factors related to core
stability (increased displacement at 150 milliseconds in all 3
measured directions, absolute error in APR, and history of
LBP) predicted knee injury with 83% sensitivity and 63%
specificity (P < .0001). Displacements at 150 milliseconds in
all 3 directions and history of LBP predicted ligament injury
with 91% sensitivity and 68% specificity (P =.001). Lateral,
extension, and flexion displacements were the sole predic-
tors of ACL injury, with 83% sensitivity and 76% specificity
(P =.002).

A binary logistic regression analysis was performed to
determine the relative predictive value of the 3 displace-
ments on knee, ligament, and ACL injury risk in all ath-
letes combined and in the 2 genders separately (Table 3).
Of the 3 displacements, lateral displacement was the
strongest single predictor of knee, ligament, and ACL
injury in all athletes (odds ratios, 1.9, 2.0, and 2.2, respec-
tively). When split by gender, lateral displacement was the
sole significant predictor of ligament injury risk in female
athletes but was not a predictor in male athletes. Lateral
displacement predicted ligament injury with 100% sensi-
tivity and 72% specificity in female athletes (P = .024) but
did not predict injury in male athletes.

The relative predictive value of each of the variables dif-
fered when the regression model was analyzed by gender
(Table 4). The model of core stability parameters predicted
injury in the knee, ligament, and ACL-injured groups for
female athletes with 85%, 91%, and 89% accuracy (concor-
dant observations), respectively (P < .0001, P < .005, and
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P <.012, respectively). The strongest predictors of injury in
the female athletes were the displacement variables.
Active proprioceptive repositioning error and history of
LBP were also predictors of knee injury in female athletes.
In the male injured group, the model only reached statisti-
cal significance for the ligament-injured subjects, for whom
history of LBP was the strongest predictor of injury, with
83% concordant observations (P = .015).

DISCUSSION

The current study demonstrates that factors related to
core stability predict knee, ligament, and ACL injury risk
in athletes. The findings support the first hypothesis, that
increased trunk displacement in response to sudden trunk
force release is associated with increased knee injury risk.
Increased displacement was consistently observed in knee,
ligament, and ACL-injured athletes versus uninjured ath-
letes at both 150 milliseconds and maximum displace-
ment. The increased trunk displacement observed in both
of these measures in injured athletes likely indicates a
potential neuromuscular impairment in the control of the
body’s core. Decreased neuromuscular control of the trunk
appears to influence dynamic stability of the knee joint
and to increase knee injury risk during high-speed athletic
maneuvers. High ground-reaction forces directed toward
the body’s center of mass, coupled with decreased trunk
neuromuscular control, may compromise dynamic stability
of the knee.

Measurable deficits in trunk control may identify female
and male athletes at increased risk of injury. Deficits in
peak hip abduction and external rotation strength (albeit
measured with handheld dynamometers) were observed in
female athletes with patellofemoral pain. The authors of
that study suggested that these strength deficits of the
proximal musculature may contribute to the knee posi-
tioned of adduction and internal rotation, which is associ-
ated with high lateral retropatellar contact pressure.19 A
prospective study reported that decreased hip external
rotation strength, again measured with handheld
dynamometers, was the only significant predictor of com-
bined back and lower extremity injury risk.”? In addition,
female athletes demonstrated significantly decreased
femoral abduction and external rotation strength and sig-
nificantly decreased quadratus lumborum endurance com-
pared with male athletes.”” However, there are several
limitations to this prior study. It was underpowered, used
handheld dynamometer measures of hip strength, which
are questionable measures of core stability, and may have
had overly liberal inclusionary criteria for injuries as all
back and lower extremity injuries were pooled together.
Further prospective study using state-of-the-art measures
of core neuromuscular control was required to better ascer-
tain the association between core stability and knee injury
risk and to validate the use of core stability measures for
identification of potentially high-risk individuals. Therefore,
this prospective study provides evidence for the treatment of
these individuals with neuromuscular training programs,
designed to prevent knee injury, that incorporate core sta-
bility exercises.

The American Journal of Sports Medicine

Decreased core neuromuscular control may contribute to
increased valgus positioning of the lower extremity, while
training of the trunk musculature may increase control of
hip adduction and internal rotation during weightbearing
functional activities and decrease the tendency toward
valgus collapse.'"** Neuromuscular training studies that
incorporate core stability exercises decrease knee injury
risk, which further supports the theory that neuromuscu-
lar control of the core is related to dynamic knee stabil-
ity.”>***® In a prospective cohort study, Hewett et al'
reported that female athletes who participated in a neuro-
muscular training program that included core stability
exercises demonstrated a 72% decrease in the incidence of
knee ligament (including ACL) injuries compared with
female athletes who did not participate in the program.
Neuromuscular training reduces hip adduction and knee
abduction torques during landing,'>*® which are associated
with increased knee and ACL injury risk."

The finding of excessive lateral displacement in the coro-
nal plane exhibited in injured athletes supported our second
hypothesis, that lateral angular displacement of the trunk
would be the single best predictor of knee ligament injury.
These results are consistent with the findings of Paterno
et al,® who reported that core proprioceptive neuromuscu-
lar training improved body sway in the anterior-posterior
but not medial-lateral plane in female athletes. They
hypothesized that emphasis should be placed on propriocep-
tive training in the coronal plane, as the coronal plane is
associated with valgus collapse and subsequent ligament
injury in this high-risk population.'®

Measures of core stability, specifically trunk displacement,
active trunk proprioception, and history of LBP, were signif-
icant predictors of knee, ligament, and ACL injury risk in
female athletes. These findings supported our third and
fourth hypotheses, as these parameters were not strong pre-
dictors of injury risk in male athletes. History of LBP was
a significant predictor of knee injury in female athletes
and ligament injury in male athletes, independent of other
measured factors related to core stability. History of LBP
can result in long-lasting alterations in trunk motor con-
trol.*"*® Subjects with LBP were reported to demonstrate
impaired postural control,® delayed muscle reflex laten-
cies in response to sudden trunk unloading,**® and abnor-
malities in trunk muscle recruitment patterns.35 More
specifically, athletes with a history of LBP, even after clin-
ical recovery and return to their prior level of competition,
continued to demonstrate motor control deficits of the
trunk.>® These athletes have a 3-fold greater risk of sus-
taining a low back injury than athletes without a history
of LBP, which may be indicative of persistent deficits in
neuromuscular control of the body’s core.'’ Therefore, the
current study has identified significant predictors of knee,
ligament, and ACL injury. It is notable that all of these pre-
dictors are related to core stability.

Limitations of this study include a relatively low num-
ber of observed injuries, specifically ligament and ACL
injuries. However, the power analysis was met since a total
of 25 knee injuries occurred, whereas 21 were required for
adequate power. Another limitation of this study was that
the athletes may have varied in the type and amount of
preparticipation neuromuscular training. Furthermore,
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the objective measures taken in the current study did not
incorporate the entirety of the potential components of
core stability. However, important components of core sta-
bility, including displacement after trunk force release,
active proprioceptive repositioning, and history of LBP,
were found to be highly predictive of knee injuries. The
tests of displacement after sudden release were conducted
under relatively artificial conditions and postures. The
pelvis was restrained in the semiseated testing apparatus,
which is not a functional athletic position; however, this
position was chosen to control other potential neuromus-
cular response strategies mediated through movement of
the hips, knees, and ankles.

CONCLUSIONS

Athletes with decreased neuromuscular control of the
body’s core, measured during sudden force release tasks
and trunk repositioning, are at increased risk of knee
injury. Athletes may be evaluated for deficits in core sta-
bility before competition and prophylactically treated with
dynamic neuromuscular training targeted toward their
specific deficits in core motor control. Both female and
male athletes could be evaluated for trunk motion after
perturbation or isometric force release, especially in the
coronal plane. In addition, female athletes could also be
monitored for their ability to actively reposition the trunk.
The implementation of interventions that incorporate core
stability training, including proprioceptive exercise, per-
turbation, and correction of body sway, has the potential to
reduce knee, ligament, and ACL injury risk in both female
and male athletes. Future research should focus on con-
trolled, prospective longitudinal studies of defined popula-
tions of athletes who are followed through multiple sport
seasons to correlate core stability profiles with injury risk.
The efficacy of neuromuscular training interventions tar-
geted toward the improvement of core stability measures
is also a high priority for future studies.
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