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Abstract

Background ACL injuries are common, often devastating
injuries that lead to short-term disability and long-term
sequelae, many of which lack effective treatment, such as
osteoarthritis. Therefore, prevention of ACL injury is cur-
rently the only effective intervention for these life-altering
sequelae, while much of the literature has a rehabilitative
focus.
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Questions/Purposes The primary long-term purpose of
our multidisciplinary collaborative research team has been
to develop ACL injury prevention programs by determin-
ing which factors related to ACL injury should be altered,
followed by how and when they should be altered.
Methods Our primary study objectives were to determine:
(1) modifiable risk factors; (2) how these factors can best
be modified; and (3) when is the best time to diminish these
risk factors. Throughout the course of various studies, we
determined the modifiable factors related to increased ACL
injury risk. Our research team then focused on exploring
numerous ways to augment these factors to maximize
prevention efforts. We developed a sequence of prevention
models that provide a framework to monitor progress
toward the ultimate goal of preventing ACL injuries.
Results  The modifiable factors shown in our work include
biomechanical and neuromuscular functionality. When
targeted in physical training, we have determined that these
factors can be enhanced to effectively aid in the preven-
tion of ACL injuries. Preliminary data have shown that
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childhood and early adolescence may be valuable periods
to implement such training.

Conclusions Current evidence has led to the evolution of
clinical assessment tools for high-risk athletes and inter-
ventions for large populations and specific high-risk
individuals. Targeted intervention implemented at the
specified developmental stage of highest risk may be the
final step toward the maximal reduction of ACL injury risk
in young athletes.

Introduction

ACL injury is a devastating injury to the knee that leads to
short-term disability, possible loss of scholarship funding,
and serves as a precursor to the development of osteoar-
thritis in young athletes [1, 2]. Radiographic studies indicate
athletes who sustain an ACL rupture are at high risk for
development of knee osteoarthritis as early as 10 years after
the injury [23, 25, 50, 51, 81]. During the past two decades,
conservative estimates indicate that more than 1.5 million
ACL reconstructions were performed in the United States
[47]. Historically, ACL reconstructions were aimed to sal-
vage meniscal injuries and prevent risk of further joint
degeneration with restoration of joint stability [47, 57].
Using a conservative cost of $17,000 (US dollars) per
patient for surgery and rehabilitation, the estimated cost for
treatment of patients with ACL injuries in the United States
likely exceeds three billion dollars annually [30, 47, 57].
Despite advances in surgical technique and rehabilita-
tion programs, long-term followup studies indicate that
recovered anterior-posterior (AP) knee stability does not
appear to correlate with an asymptomatic knee [5, 50] and
10% to 90% of patients with ACL injuries have clinical
symptoms and radiographic findings of knee osteoarthritis
at 10 to 20 years, regardless of treatment [50, 81]. Thus,
the degenerative changes associated with ACL injury may
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be related to the trauma that occurs at the time of ACL
injury and may not be only the result from knee instability
subsequent to ligament disruption [81]. Prevention of ACL
injury is paramount to allow many young adults to safely
receive the health benefits of sports participation and rec-
reational activity, and to avoid the greatly increased long-
term risk of having osteoarthritis develop.

The ‘Sequence of Prevention’” model reported by van
Mechelen et al. provides a framework to monitor progress
toward the ultimate goal of preventing ACL injuries in
athletes [103]. In this model of injury prevention, modifi-
able factors (ie, biomechanical and neuromuscular) related
to injury mechanisms likely provide the best opportunity
for the development of effective interventions.

The current article summarizes the findings of more than
80 of our reports related to the sequence of ACL injury
prevention published by our research team from 1996 to
2011. Our work during the past decade has focused on
defining (1) the underlying risk factors and mechanisms for
ACL injury, and determination of (2) how to predict and
assess individuals at risk. In addition, we have targeted how
to prevent ACL injury by identifying (3) which prevention
strategies are most effective and (4) when implementation of
these strategies offer the greatest benefit to young athletes.

Risk Factors and Mechanisms

Epidemiologic studies show female athletes have a two- to
eightfold greater ACL injury rate compared with male
athletes, and approximately one in 20 female high school
varsity athletes per year sustains a primary ACL injury [6,
10, 30, 53]. Before the onset of puberty, ACL injuries are
relatively rare and no sex-related differences in ACL rup-
tures have been observed [4, 22]. During the pubertal
process, many anatomic, hormonal, and neuromuscular
factors differ between males and females which may con-
tribute to the sex disparity in injury rates after puberty [35,
90, 96]. Some studies suggest females have a different
mechanism of ACL injury than males [49, 92]. Sex dif-
ferences including hormones, maturation, joint laxity,
neuromuscular, biomechanical, and genetic risk factors for
ACL injury have been explored extensively by our group
and are summarized below.

The intrinsic risk factors that differ between sexes are
likely multifactorial with anatomic, hormonal, neuromus-
cular, and biomechanical sex differences theorized to
contribute to the injury rate disparity [35]. We have
explored numerous sex differences including: laxity,
muscle strength and coordination, dynamic hip and knee
control, lower extremity joint stiffness, and force attenua-
tion during landing [11, 15-19, 26, 33, 37, 39, 68, 90, 91,
109]. The current literature indicates that ACL injury
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occurs within 30 to 100 ms of initial contact between the
foot and the ground during landing, deceleration, and lat-
eral pivoting maneuvers [48, 49]. The ability to safely
attenuate large forces, recruit muscular restraints to resist
perturbations, and control loads driving dangerous lower
extremity movements during initial contact is critical for
prevention of lower extremity injury. Our work showed
that, compared with males, mature females exhibit
decreased force attenuation abilities during landing (greater
landing forces and force loading rates), lower hamstrings to
quadriceps torque ratios at high angular velocities, altered
quadriceps and hamstrings activation strategies that may
increase dynamic knee abduction, and greater frontal plane
motion and loads during dynamic tasks [1, 15, 17-19, 26,
33, 39, 45, 68, 90, 99]. A recent systematic review [55]
showed there are sex differences in trunk and hip motion in
all planes (sagittal, coronal and transverse). Decreased
force attenuation abilities and altered landing strategies
coupled with increased generalized joint laxity, anterior
knee laxity, and decreased torsional stiffness in females
may partially explain their increased risk for ACL injuries
compared with males [26, 76, 91, 109].

In addition to the anthropomorphic strength and power
differences between males and females, the hormonal
milieu, particularly after the onset of puberty is consider-
ably different between sexes. Cyclic fluctuations in sex
hormones, particularly female hormones associated with
the follicular and ovulatory phases of the menstrual cycle,
have been theorized to affect the mechanical properties of
ligaments and ACL injury risk [7, 27, 39, 100, 104, 105].
Systematic reviews [108] and aggregated analyses by our
group [42] provide further evidence the menstrual cycle
may be associated with increased AP knee laxity and
incidence of ACL injury. Thus, the precise mechanisms by
which hormonal factors may contribute to ACL injury risk,
particularly in females, and the extent to which they can be
modified remain unclear.

As children mature, their anatomy, hormonal milieu,
and gait patterns change. After the onset of puberty, there is
a sex divergence in these factors during maturation with a
concomitant increased rate of ACL injury in females [8, 33,
90]. During the pubertal process, adolescents undergo rapid
increases in height and body mass that result in a higher
center of mass and longer levers (femur and tibia) in the
lower extremity. Longitudinal and cross-sectional studies
in our laboratory indicate males and females experience
neuromuscular and biomechanical differences in variables
such as hamstrings to quadriceps peak torque ratios and
knee abduction moment during maturation [16, 19, 37, 65].
Systematic reviews by our research team indicate many
aspects of neuromuscular function continue to mature
throughout adolescence, and at least some children expe-
rience delays or regressions in some neuromuscular control
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mechanisms [20, 96]. Deficits, delays, or regressions in
neuromuscular function such as reduced frontal plane
lower extremity control (particularly related to lower
extremity movement tasks) appear to be associated with
increased ACL injury risk in female athletes [19, 85, 109].

Before puberty, minimal lower extremity biomechanical
and neuromuscular differences are detectable between the
sexes [8, 33, 52]. However, after the onset of maturation
and after puberty, females show measurable neuromuscular
imbalances of quadriceps dominance, ligament dominance,
leg dominance (lower extremity asymmetry), and trunk
dominance compared with males [15, 40, 41]. Our studies
showed that in contrast to males, after the onset of puberty,
females have an increase in knee abduction angles, knee
abduction motions, knee abduction moments, and
decreased passive joint stiffness with apparent relative
reductions in active knee stiffness [19, 33, 65, 91].
Increased knee abduction, generalized joint laxity, and
active joint stiffness are purportedly potential neuromus-
cular risk factors that may help explain the sex discrepancy
in ACL injuries [2, 35, 36, 62, 76].

Males also appear to have a neuromuscular spurt in
strength, power, and coordination during puberty, whereas
females show little change throughout and after puberty
[33, 90]. In the absence of a sufficient neuromuscular
adaptation to control the longer bony levers and greater
mass that accompany the maturation process, neuromus-
cular imbalances may increase torque and injury risk at the
knee. The development of neuromuscular imbalances and
failure to have a neuromuscular spurt after the onset of
puberty may be linked to the increased ACL injury risk in
females relative to males [33, 37, 65, 90]. Sex differences
in landing mechanics, force absorption, muscle recruit-
ment, and joint stability that occur during maturation can
be modified with neuromuscular training programs [41, 60,
83]. Induction of a neuromuscular spurt in pubertal and
postpubertal females may be important for ACL prevention
strategies.

Increased generalized joint laxity and joint laxity are
potential factors that have been linked to greater risk of
knee and ACL injury [76, 97]. A systematic review from
our research team indicates the downstream effects of sex
hormones associated with the menstrual cycle may affect
AP joint laxity of the knee at the ovulatory (peak estrogen)
phase, and female athletes may be more predisposed to
ACL injuries during the preovulatory phase of the men-
strual cycle [42]. Increased joint laxity measures in females
after the onset of puberty, coupled with the associations of
the menstrual cycle to increased joint laxity and ACL
injury, suggest laxity may be an important contributing risk
factor for ACL injury [39, 42, 76]. Athletes with increased
generalized joint laxity also show increased midfoot load-
ing that may alter lower extremity force distribution and
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proximal transfer of forces up the kinetic chain [21].
Although laxity may not be directly modifiable for ACL
injury prevention strategies, increased strength and
enhanced neuromuscular control may reduce the risk of
injury for athletes who have increased knee and general-
ized joint laxity.

The risk of ACL injury in either limb is substantially
greater in individuals with a previous ACL injury compared
with the risk of initial ACL injury, particularly in young,
active athletes [87, 98, 106]. The reported risk for initial
ACL injuries is between one in 60 to one in 100 athletes
[24, 56]. In contrast, the reported estimates of subsequent
ACL injury (either reinjury or contralateral injury) can be
25 times greater with ranges between one in four and one in
17 for athletes who return to sports participation after
ACL reconstruction. Identifying modifiable risk factors that
predict a second ACL injury is important to reduce this high
risk for subsequent injury. A prospective study showed that
altered neuromuscular control of the knee and hip and
deficits in postural stability predict a second ACL injury
after return to sport from ACL reconstruction [82].

We have repeatedly observed asymmetry in loading of
limbs during landing after ACL reconstruction. Patients
who have had ACL reconstruction often unload the
involved limb relative to their contralateral limb at the time
of return to sport, and this deficit appears to persist 2 years
after ACL reconstruction [82, 84, 85]. Limb-loading
asymmetry has been identified as a potential ACL injury
risk factor in healthy female athletes [15]. Persistent
abnormal neuromuscular and biomechanical risk factors,
such as lower limb motion and loading asymmetries, may
increase risk for future injury and suggest patients who
have had ACL reconstruction may require more targeted
interventions before return to sports participation.

Given the greater ACL injury risk in individuals with a
previous ACL injury compared with healthy individuals,
the collagenase composition of the ACL and associations
with inheritable features such as joint laxity, it is probable
that risk factors for ACL injury are inheritable. Although
limited information is available in the literature regarding
the genetic factors that may contribute to an athlete’s risk
for ACL injury [14, 88, 89], there is evidence that there
may be a familial predisposition [14, 88, 89]. Fraternal
twin sisters we screened before their subsequent ACL
injuries showed multiple potential risk factors including
increased knee abduction angles, decreased knee flexion
angles, increased generalized joint laxity, decreased ham-
strings/quadriceps torque ratios, and smaller femoral
condylar notch widths may be subject to familial pre-
disposition [31]. Although ACL rupture is likely
multifactorial, a pleiotropic genetic predisposition is likely.
Delineation of genetic traits that may increase risk for ACL
injury may potentially help identify at-risk athletes, target

specific risk factors in family members, and help develop
prevention programs to minimize ACL injury risk.

Identifying biomechanical and neuromuscular risk fac-
tors for ACL injury has been a goal and is the primary
initiative of our laboratory, as these components likely
offer the most modifiable means for prevention strategies
[27, 32, 40]. As described above, many biomechanical and
neuromuscular differences are apparent between males and
females, particularly after the onset of puberty. We have
examined the entire lower kinetic chain (trunk to foot)
relative to knee biomechanics, neuromuscular function,
and their associations to ACL injury risk. Neuromuscular
and biomechanical factors such as muscle activation
strategies, strength, proprioception, and lower extremity
biomechanics as they relate to sex differences, puberty, and
ACL injury risk have been investigated extensively and
systematically published in the medical literature.

Muscle strength and activation are important for lower
extremity neuromuscular control during dynamic tasks, and
synergistic muscular coordination is likely an important
consideration when evaluating ACL injury risk in young
athletes [43]. Hamstrings and quadriceps cocontraction
may contribute substantially to dynamic knee stabilization.
Female athletes who have a combination of decreased
relative hamstrings and high relative quadriceps strength
may be at increased risk for ACL injury [62]. In addition,
hip muscular recruitment strategies differ between males
and females which may predispose females to knee
abduction moments and motions that put them at greater
risk for ACL injury [16, 18, 55, 61, 109].

Proprioception (ie, balance, coordination) is important
for neuromuscular control of the lower extremity, partic-
ularly during perturbations, landing, and cutting tasks
[107]. Increased trunk displacement after sudden pertur-
bations is highly sensitive for prediction of knee, ligament,
and ACL injury [107]. Proprioceptive deficits in control of
the body’s core predict knee injury with 90% sensitivity
and 56% specificity [107]. In addition, our studies indicate
deficits in single-leg postural stability in patients after ACL
reconstruction substantially increase an athlete’s risk for a
second ACL injury [85]. Thus, deficits or alterations in
proprioception are important clinical signs that should be
considered in ACL injury screening assessments and pre-
vention strategies.

Our coupled biomechanical-epidemiologic studies show
knee abduction measures, hip external rotation, and limb
asymmetry predict ACL injury [36, 85]. In a prospective
study, we prescreened 205 female athletes with three-
dimensional kinematics and joint loads during a jump
landing task. The nine athletes who experienced sub-
sequent ACL injury after testing had greater knee
abduction angles (8°), 2.5 times greater knee abduction
moments, and 20% greater ground reaction forces at
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landing compared with control teammates who did not
sustain ACL injuries [36]. Our studies evaluating cutting
tasks suggest neuromuscular mechanisms that increase
knee abduction are primarily coronal plane motions at the
hip [46]. Trunk- and hip-focused neuromuscular training
programs that reduce coronal plane hip motion may be
important for injury prevention strategies aimed to
decrease knee abduction measures [46].

The modifiable factors described above are of impor-
tance as deficiencies in them may leave athletes more
susceptible to the knee motions that are considered mech-
anisms of ACL injury. Tibiofemoral joint motions occur in
six degrees of freedom (three rotations, three translations)
in the sagittal, frontal, and transverse planes. Joint loads
that result in motions beyond the normal physiologic range
in any plane potentially could lead to ACL injury. Despite
the abundance of literature related to ACL injury, few
studies evaluate the ACL injury mechanism and inciting
injury event. A robust systematic review showed that in
almost 1000 studies evaluating ACL injury, only 34 were
identified that directly induced or observed an ACL injury
[95]. Collectively, these studies indicate ACL injuries are
more likely to occur during multiplanar rather than uni-
planar mechanisms, and there is evidence suggesting
females may have different injury mechanisms than males
[35, 49, 92, 95]. Video studies of ACL injury mechanisms
in athletes indicate lateral trunk motion, knee abduction
motions, either flatfooted or hind foot initial ground con-
tact, and increased hip flexion are often components of the
inciting ACL injury event [9, 49]. Females tend to land
with substantially greater knee and hip flexion and have a
5.3 times greater relative risk of exhibiting valgus knee
collapse during ACL injury compared with males [49].

The methodologic approaches that have been used to
investigate ACL injury mechanisms include athlete inter-
views, arthroscopic studies, video analyses, cadaveric
studies, in vivo laboratory studies, and mathematical
modeling. Each of these methods has multiple, inherent
limitations that make it difficult to fully define ACL injury
mechanisms [95]. We therefore developed a new research
paradigm that incorporates a multifaceted, multidisciplin-
ary, integration of in vivo, in vitro (cadaveric), and in silico
(computer modeling methods) that we term “in sim” [94].
In sim approaches may provide a platform for more com-
prehensive understanding of the complex relations between
joint biomechanics and observed ACL injury mechanisms.
We have used this technique of multiple cross-validations
to analyze tibiofemoral cartilage pressure distributions
during normal and injurious landing scenarios. We com-
pared our findings from simulations with in vivo bone
bruise patterns that occur in greater than 80% of patients
who sustain ACL injuries [93, 102]. In vivo landing data
from young female athletes who had subsequent ACL
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injury were incorporated into a computer model (validated
by in vitro data) to analyze landing mechanics [107]. Injury
simulations also were conducted based on in vivo video
data of female athletes during an ACL injury event [48,
49]. The resultant articular cartilage load distributions
compared with bone bruise patterns associated with ACL
injury support a valgus collapse injury mechanism that
results from tibial abduction combined with anterior tibial
translation or external or internal tibial rotations [93].
Incorporation of new research methods, such as in sim
techniques, may facilitate further elucidation of the pri-
mary modifiable risk factors and inciting mechanisms
associated with the ACL injury event.

Prediction and Assessment of At Risk Individuals

During the past decade we have performed prospective,
longitudinal, biomechanical-epidemiologic studies of
female and male athletes. More than 3000 athletes have
been prescreened in our laboratory for biomechanical,
anatomic, and neuromuscular measures before their athletic
seasons and followed to determine who had subsequent
ACL injury. From this robust sampling, we observed that
athletes who had subsequent injury after testing had greater
knee abduction angles, knee abduction moments, and
higher ground reaction forces than uninjured teammates
[36]. In addition, subjects who experienced ACL injury had
a 16% shorter stance time at landing than uninjured control
subjects, which resulted in more rapid occurrence of
motion, forces, and moments at the knee [36]. Logistic
regressions showed knee abduction moments and angles at
initial contact and peak values during landing predicted
ACL injury with 78% sensitivity and 73% specificity [36].
In addition, for every 1.3-mm increase in side-to-side dif-
ference in AP knee displacement (measured by KT-2000,
MEDmetric, San Diego, CA, USA) the odds of ACL injury
increased fourfold and positive knee hyperextension
increased ACL injury odds fivefold [76]. Females who
experienced subsequent ACL injury had decreased ham-
strings strength but similar quadriceps strength compared
with male control subjects [63].

We observed deficits in active proprioception to control
the body’s core in females who subsequently had ligament
or meniscal knee injuries [107]. Proprioception deficits
predicted knee injury with 90% sensitivity and 56% spec-
ificity in female athletes whereas no similar association
was apparent in male subjects [107]. Trunk displacement
and more specifically lateral trunk displacement, after a
sudden perturbation was greater in athletes who subse-
quently had a knee injury. A logistic regression model that
consisted of the variables of trunk displacement, proprio-
ception, and history of low back pain predicted knee
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ligament injury with 91% sensitivity and 68% specificity in
all athletes and predicted ACL injury risk in females with
91% accuracy [107].

In addition to the variables explored above for first ACL
injury prediction, biomechanical-epidemiologic studies of
athletes who return to sport after ACL reconstruction
suggest biomechanical and neuromuscular deficits may
predict a second ACL injury after return to sport after ACL
reconstruction [85]. Net hip rotation torque impulse, frontal
plane knee ROM during landing, asymmetries in sagittal
plane knee moments at initial contact during landing, and
postural stability predict second ACL injury (92% sensi-
tivity, 88% specificity) during return to sport after ACL
reconstruction [82]. Cumulatively, the evidence indicates it
may be possible to predict who is at risk for first and
second ACL injuries. This step of identifying at-risk ath-
letes is critical for targeting prevention programs for
athletes who will benefit most from intervention strategies.

To develop the most efficacious ACL injury prevention
programs, it is paramount that valid and reliable clinical
assessment tools identifying at-risk athletes be developed
to target the populations that will benefit most from inter-
vention. Measures of high knee abduction moment during
landing tasks predict ACL injury with high specificity and
sensitivity [36]. However, until recently, expensive bio-
mechanical laboratories that use costly measurement tools
(eg, motion analysis systems, force plates), labor-intensive
data collection, and reduction techniques were necessary to
obtain knee abduction measurements.

We have developed several clinician-friendly assess-
ment tools to help identify at-risk athletes with techniques
that require less expensive and labor-intensive measures
[59, 69, 71-73, 78]. Clinical correlates to laboratory-based
measures identify and predict high knee abduction
moments with 73% sensitivity and 70% specificity [72].
These clinical correlates include simplified screening sys-
tems that use a calibrated physician’s scale, a standard
measuring tape, standard camcorder, Image] software
(National Institutes of Health, Bethesda, MD, USA), and an
isokinetic dynamometer, which predict high knee abduc-
tion moments status with 84% sensitivity and 67%
specificity [70, 73]. A clinical-based nomogram tool is now
available that identifies athletes who have high knee
abduction moments with greater than 75% prediction
accuracy [70, 73]. These clinical prediction tools may help
facilitate entry of female athletes with high ACL injury risk
into appropriate injury prevention programs.

Our current projects are aimed at the development of
neuromuscular screening techniques to identify high-risk
athletes and target these athletes with the most appropriate
training for their specific deficits. This necessitates the
augmentation of clinical assessment tools that reliably
and accurately assess high-risk neuromuscular deficits.

Widespread adoption and use of such tools require that the
assessment tools be inexpensive, easy to use, with objec-
tive criteria that can be used to identify deficits and monitor
improvement with time. We have evaluated common
assessment tools such as the star excursion balance test,
functional hop tests, stabilometry, and dynamometry, in
addition to developing new techniques to help identify
lower extremity asymmetry and high-risk landing and
cutting techniques [13, 44, 69, 72, 78, 83].

Real-time assessment tools that can be used to provide
immediate biofeedback may provide direction for targeted
neuromuscular training to reduce ACL injury risk [70]. We
have developed a tuck jump assessment tool that measures
important landing techniques, such as limb symmetry, foot
positioning, knee abduction, technique degradation, coor-
dination, and landing forces during a high-level effort
movement [69]. We also have modified agility training
tests and developed techniques to assess frontal and sagittal
plane biomechanics using inexpensive tools [44, 54, 84].
We have been able to use these techniques for individual
assessments and large-scale screening techniques similar to
what occurs during National Football League combine
testing [44, 72, 78, 84].

The potential use of clinical assessment tools for func-
tion is not limited to screening and training for
neuromuscular deficits in at-risk athletes. These tools also
may prove useful during rehabilitation after injury to
monitor functional improvements and determine level of
readiness to meet the functional demands of sports with
minimal risk of reinjury or compensatory injury.

Prevention Strategies and Techniques

Neuromuscular-based injury prevention measures necessi-
tate identification of risk factors and mechanisms of injury
that are potentially modifiable. ACL injury prevention
strategies have been a high priority in our laboratory for the
past 15 years and we have published more than 25 papers
in peer-reviewed journals dedicated to neuromuscular
training strategies to identify and address neuromuscular
control deficits related to ACL injury [27-30, 32, 34, 38,
40, 41, 58, 60, 61, 64, 66, 67, 69, 70, 74, 77-79, 84].
Neuromuscular control deficits are defined as muscle
strength, power, coordination, or activation patterns that
potentially increase injury risk owing to increased joint
loads [67]. Females often have one or more neuromuscular
control deficits such as ligament, quadriceps, trunk, or leg
dominance and these deficits likely play a role in ACL
injury risk [67]. During landing, pivoting, or deceleration,
the motion of the female athlete’s trunk is often excessive
and directed, to a greater extent, by that body segment’s
inertia, than by the athlete’s core muscle function. This

@ Springer



2936  Hewett et al.

Clinical Orthopaedics and Related Research®

decreased core control and ability to dissipate force results
in excessive trunk motion, especially in the frontal plane,
and high ground reaction forces and knee abduction tor-
ques (knee load) [59].

Neuromuscular control deficits may persist or develop
during puberty and if left unaddressed, may continue into
adulthood and place many females at increased risk for
ACL injury [16, 19, 33, 36, 90]. It is well established that
neuromuscular training programs can result in increased
strength, power, and coordination [41, 60, 64]. Induction of
a neuromuscular spurt and reduction of neuromuscular
control deficits may be possible with training, particularly
in females [29, 64]. Coincident with increased performance
measures, neuromuscular training has shown potential for
approximately 50% reduction of ACL injury risk in female
athletes [29, 30, 64]. Neuromuscular training protocols that
integrate biomechanical, proprioceptive, and strength
training techniques have shown induction of an appreciable
neuromuscular spurt, positive performance enhancements,
and improved biomechanical techniques that lower ACL
injury risk [29, 30, 64, 74]. However, training protocols
that target single-component training approaches have had
limited success at reducing knee injuries in female athletes
[86, 101]. The assessment and training of power (via
plyometrics), strength (via resistance training), and coor-
dination of muscle recruitment (via dynamic stabilization/
balance training) individually and in combination are
important considerations to enhance potential ACL injury
prevention strategies.

The comprehensive interventions currently used in ACL
injury prevention programs [29] often involve an extensive
time commitment, player and coach involvement, and
training volumes. Each of these can deter widespread
acceptance of and commitment to the training necessary to
reduce injury risk. Our research has focused on identifying
targeted training protocols to more effectively and effi-
ciently alter high-risk landing and cutting biomechanics
and improve neuromuscular deficiencies. We compared the
effects of maximum-effort plyometric training versus
dynamic stabilization exercises, trunk- and hip-focused
training, and functional proprioceptive training on power,
strength, coordination, and high-risk lower extremity bio-
mechanics (ie, limb asymmetry, high ground reaction
forces, knee abduction measures, and knee flexion mea-
sures) [13, 29, 58, 60, 64, 74, 83]. In relation to high-risk
lower extremity biomechanics, plyometric and balance
training can reduce high-risk knee abduction and flexion
measures [29, 64, 74]. Trunk-focused neuromuscular
training increases hip abduction strength which may
improve neuromuscular control of lower limb alignment
and decrease knee loads that occur as a result of increased
trunk displacement during sports activities [58]. Neuro-
muscular training programs that target core and lower
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extremity strength can improve single-limb postural sta-
bility and neuromuscular control [13, 83]. In addition,
female athletes categorized as high risk based on knee
abduction measures are more responsive to neuromuscular
training than teammates who do not exhibit high-risk
measures [64]. However, even after 4 to 7 weeks of
training, the mean high-risk values were not reduced to
values similar to those of the low-risk group. Although
training improves high-risk lower extremity biomechanics,
isolated preseason or in-season training in short doses may
not provide the training dosage necessary to reduce ACL
injury risk in females [64].

Collectively, our training studies [30, 41, 58, 63, 64, 74,
75] indicate a combination of plyometric, resistance, and
balance training with technique biofeedback may further
maximize the effectiveness of preseason training and ACL
injury prevention strategies. The additive effect of
improved performance measures and neuromuscular func-
tion, particularly in athletes with specific deficits or altered
biomechanics, may lead to more efficacious, efficient,
targeted ACL injury prevention programs. Our goals are to
develop programs for early identification of at-risk athletes
and implement targeted, efficient ACL prevention pro-
grams to improve compliance with training and lead to
more widespread acceptance and use of ACL injury pre-
vention programs.

Timing of Intervention

The emergence of sex differences in laxity and neuro-
muscular control during maturation, coupled with a
divergence in ACL injury rates between the sexes after the
onset of puberty, indicates that preadolescence or early
puberty seems to be a critical phase related to the increased
ACL injury risk factors [16, 19, 90, 91, 96]. Preliminary
data indicate integrative neuromuscular training protocols
implemented in preadolescent and early adolescent stages
may artificially induce the neuromuscular spurt, especially
related to relative posterior chain strength, postural control,
and neuromuscular power [60]. An induced neuromuscular
spurt may decrease differences in neuromuscular control of
the lower extremity between adolescent male and female
athletes and has the potential to reduce the risk of sports-
related injury in adolescent female athletes [30, 34, 41, 62].
These data provide further support that preadolescence
may be an essential time to institute programs to reduce
these deficits that accelerate during maturation and lead to
increased musculoskeletal injury risk [70].

There has been movement to promote youth involve-
ment in strength and conditioning activities, which has
resulted in concern regarding the most appropriate age to
safely incorporate strength training programs [3, 12, 80]. In
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addition, while resistance training is an integral part of
most high school sports programs for males, females likely
have not had similar access, desire, or available resources
to incorporate strength training measures into their sports
programs [44]. Resistance training can be safe, effective,
and valuable for children and adolescent female athletes.
Training sessions should be supervised by qualified pro-
fessionals and age-appropriate instructions on lifting
techniques and safety guidelines followed [44, 70, 71, 80].
Integrative neuromuscular training throughout childhood
and adolescence may promote positive health outcomes,
enhance sports performance, and reduce the risk of sports-
related and more specifically, ACL injury in young athletes
[60, 70, 71].

Discussion

Owing to the high risk for development of long-term
osteoarthritis in the ACL-injured population, with or
without surgical reconstruction, primary prevention of
ACL injury is currently the only effective intervention for
these life-altering injuries. During the last decade, ACL
injury mechanisms and risk factors have been described in
the work of our collaborative research team and used to
target intervention for high-risk individuals. Although we
have encompassed numerous risk factors, the bulk of our
focus has been on identification of biomechanical and
neuromuscular risk factors. Different strategies to assess
and manipulate the identified factors have been explored to
moderate an individual’s predisposition to ACL injury.
Exploration of the most advantageous timing of biome-
chanical and neuromuscular interventions has been
included in our team’s effort to develop the foundation for
an effective ACL prevention program.

Our studies are subject to certain limitations. First, they
are in large part, prospective, longitudinal, cohort studies
and as such, are not necessarily Level I studies. Second, our
prior intervention studies have not all been randomized
controlled trials. Third, since we are working with human
populations, these data are subject to highly intersubject
variability. Finally, many of our later studies have not been
repeated and corroborated. We currently are conducting
these studies with higher-level research designs and
encourage others to do so as well.

Through recognition of modifiable risk factors for pri-
mary and secondary ACL injuries, we developed and
studied various techniques in prevention programs. There
now is evidence that neuromuscular training not only
reduces the levels of biomechanical risk factors for ACL
injury, but also decreases general knee and ACL injury
incidence in female athletes. In addition to training, data
have shown that the timing of implementation of

prevention training also may be valuable in reducing the
risk of ACL injury. However, early reevaluation of ACL
injury rates indicates that this important health issue has yet
to be resolved. Continued studies should include the
assessment of relative injury risk using widespread neu-
romuscular screening techniques. Additional work toward
the development of more specific injury prevention proto-
cols targeted to high-risk athletes with determination of the
timing of when these interventions should most effectively
be used is imperative. It may be that athletes before puberty
or in early puberty may have the potential to achieve
favorable biomechanics (ie, minimal knee abduction, low
ground reaction forces, and neutral frontal plane alignment
of the lower extremity with knees and feet approximately
shoulder length apart and neutral foot progression angles
during landing and cutting activities) and the greatest
chance of injury-free sports participation throughout their
entire sports careers. Although we have made substantial
strides forward, the sequence of prevention must be con-
tinued until there is substantial epidemiologic evidence that
ACL injury risk is definitively decreased in young athletes.
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