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Abstract

Economic and societal pressures influence modern medical practice to develop and implement
prevention strategies. Anterior cruciate ligament (ACL) injury devastates the knee joint leading to
short term disability and long term sequelae. Due to the high risk of long term osteoarthritis in all
treatment populations following ACL injury, prevention is the only effective intervention for this
life-altering disruption in knee health. The “Sequence of Prevention” Model provides a framework
to monitor progress towards the ultimate goal of preventing ACL injuries. Utilizing this model, our
multidisciplinary collaborative research team has spent the last decade working to delineate injury
mechanisms, identify injury risk factors, predict which athletes are at-risk for injury, and develop
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ACL injury prevention programs. Within this model of injury prevention, modifiable factors
(biomechanical and neuromuscular) related to injury mechanisms likely provide the best
opportunity for intervention strategies aimed to decrease the risk of ACL injury, particularly in
female athletes. Knowledge advancements have led to the development of potential solutions that
allow athletes to compete with lowered risk of ACL injury. Design and integration of personalized
clinical assessment tools and targeted prevention strategies for athletes at high risk for ACL injury
may transform current prevention practices and ultimately significantly reduce ACL injury
incidence. This 2016 OREF Clinical Research Award focuses on the authors' work and
contributions to the field. The author's acknowledge the many research groups who have
contributed to the current state of knowledge in the fields of ACL injury mechanisms, injury risk
screening and injury prevention strategies.
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Establishment of the Extent of the Acl Injury Problem

Anterior cruciate ligament (ACL) injury in a young athlete leads to short term disability,
possible loss of scholarship funding and often results in knee articular cartilage destruction
and osteoarthritis as early as 10 years after the initial injury insult. 1-8 Since 1980, it is
estimated that more than 1.5 million ACL reconstructions were performed in the United
States with the expectation that reestablishment of knee joint stability would prevent risk of
further joint degeneration. 210 With estimated costs for treatment in ACL injured patients in
the United States over three billion dollars annually, the physical, emotional and financial
consequences for patients, families, and the orthopaedic community are profound.3-11

Adolescent and mature females who participate in pivoting and jumping sports suffer
anterior cruciate ligament (ACL) injuries at a 2- to 10-fold greater rate than male athletes
participating in the same high-risk cutting and landing sports.12-17 The combination of this
greater susceptibility and a 10-fold increase in the female sports population since the
inception of Title IX has resulted in a dramatic increase in the number of ACL injuries in
females.16 In the United States, 100,000-250,000 ACL injuries occur each year. 11.18 The
costs exceed $650 million annually in female varsity athletics alone.1® Neuromuscular
control deficits at the hip and trunk may contribute to decreased active neuromuscular
control of the lower extremity (LE) that may lead to increased knee abduction loads and
strain on the knee ligaments.29-23 The costs associated with ACL injury do not end with the
ACL reconstruction and rehabilitation. There is a strong association between ACL injury
and development of posttraumatic knee osteoarthritis at a relatively young age, which also
occurs with much greater incidence in females than males.”+24 It is estimated that between
50% and 100% of women with an ACL injury will show significant pain, functional
limitations, and radiographic signs of knee osteoarthritis within 12—20 years of the index
injury.>7
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Although surgical techniques and rehabilitation programs have significantly improved over
the past two decades, long-term follow-up studies indicate that restoration of knee joint
laxity does not appear to correlate with clinical outcomes. ACL injured patients exhibit
osteoarthritis symptoms and radiographic evidence of knee joint degeneration, irrespective
of surgical intervention.*® Thus, the initial joint trauma suffered during the ACL injury
event may serve as a major precursor to joint degeneration that may not be avoided despite
ACL reconstruction. ° In order for many young adults to safely participate and enjoy the
health benefits of sports and physical activity, prevention of ACL injury may be the most
effective intervention.

Many intrinsic and extrinsic risk factors have been theorized to place certain athletes at risk
for ACL injury. Even though an athlete exhibits predisposing factors that may place them at
high risk for ACL injury, this does not guarantee they will tear their ACL. An inciting event
(mechanism of injury) must occur that leads to the ACL injury. To achieve the ultimate goal
of ACL injury reduction in high-risk populations, it is important to both identify the risk
factors that predispose an athlete to injury and clearly define what occurs during an inciting
ACL injury event in order to develop the best intervention strategies for targeted treatments
of risk factors.

Coronal plane knee motion and moments and trunk displacement predict ACL injury risk in
female athletes. Knee abduction loads and neuromuscular control of the trunk both predict
ACL injury risk with high sensitivity and specificity. Knee abduction load predicted ACL
injury risk with 78% sensitivity and 73% specificity.?2 Trunk displacement predicted risk of
knee, knee ligament and ACL injuries with high sensitivity and specificity in female, but not
male, athletes.2> A logistic regression model that incorporated lateral trunk motion predicted
ACL injury risk in females with 83% sensitivity and 76% specificity, but did not predict
knee or ACL injury risk in males. The mechanism of ACL injury may differ in females and
males, especially with respect to the dynamic positioning of the knee, as females
demonstrate greater valgus collapse of the LE primarily in the coronal plane.26 Most ACL
injuries in females occur by non-contact mechanisms during landing and lateral pivoting.2”
The mechanism of non-contact ACL injuries as observed on video has several common
components in female athletes: high knee abduction, lateral trunk motion with the body
shifted over one leg and the plantar surface of the foot fixed flat on the playing surface,
displaced away from the trunk and low knee flexion.26-2% Unanticipated perturbation of the
trunk is another common component of the mechanism.26

In 1992, van Mechelen and colleagues provided a framework to monitor progress in
musculoskeletal injury prevention via the ‘Sequence of Prevention’ Model (Fig. 1).3° Within
this model of injury prevention, our work over the past 15 years has focused on utilizing this
model to target the most modifiable risk factors (biomechanical and neuromuscular) related
to ACL injuries with the goal to provide the most effective interventions for the orthopaedic
community. Specifically, we have focused on defining what are the underlying risk factors
for ACL injury, who are the athletes at risk for ACL injury, and determination of when those
athletes become most vulnerable to injury. In addition, we have targeted /owto prevent ACL
injury by identifying which prevention strategies are most effective and when
implementation of these strategies offer the greatest benefit to young athletes. The current
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manuscript summarizes the findings of over 100 reports related to sequence of ACL injury
prevention published by our research team from 1996 to 2016 presented in various
orthopaedic, sports medicine, and biomechanic related peer-reviewed journals (Fig. 2). Our
research was collectively funded by numerous institutions including the National Institutes
of Health/NIAMS, The Orthopaedic Research and Education Foundation (OREF), National
Football League Charities, American College of Sports Medicine, The Ohio State University
Sports Health and Performance Institute, and the Cincinnati Children's Hospital Research
Foundation.

Establish The Etiology And Modifiable Mechanisms Of Acl Injuries

Risk Factors

Female athletes have a 2-8 fold greater ACL injury rate compared to male athletes and it is
estimated that 5% of female high school varsity athletes per year sustain a primary ACL
injury.11.13.15.31 However, prior to puberty, ACL injuries are relatively rare and no sex-
related differences in ACL ruptures are observed in pre-pubertal athletes.32:33 Females and
males demonstrate important anatomical, hormonal, and neuromuscular factors differences
after the onset of puberty which potentially influences the divergence in ACL injury rates
between the sexes after puberty.34-36 It is theorized that males and females may even have
different mechanisms of ACL injury.37:38

Sex and Hormonal Risk Factors

The sex differences in anatomy, hormones, neuromuscular control and biomechanics likely
contribute to ACL injury rate disparity and have been explored extensively in our
laboratory.35:3%-51 Non-contact ACL injuries during sports likely occur within 30-100 ms
from initial contact of the foot onto the ground during sports movements.38:52 Safe
attenuation of landing forces and efficient neuromuscular control (recruitment of muscular
restraints to resist perturbations and control dangerous external loads to the lower extremity)
is essential for the prevention of injury during sports. Post-pubertal females exhibit greater
landing forces and force loading rates, lower hamstrings to quadriceps torque ratios at high
angular velocities and altered quadriceps and hamstrings activation strategies compared to
males. Females may preferentially rely on higher activations of quadriceps muscles relative
to hamstrings muscles with incremental increases in landing intensities.>3 These
neuromuscular differences in females may increase frontal plane knee motions and loads
during sports movements.35:40-42:46,48-51,54-56 post-pubertal females also demonstrate
altered hip recruitment strategies for controlling landing with significantly greater hip
moments, higher knee to hip moment ratios, decreased gluteus maximus activation,

increased rectus femoris activation, and greater hip adduction angles and moments compared
to males.39.47:49.57

A large systematic review performed by our group demonstrated that males and females
differ in trunk and hip neuromuscular control and biomechanics in all planes of motion
(sagittal, coronal, and transverse). Females show greater lateral trunk displacement, altered
trunk and hip flexion angles, and greater ranges of trunk motion compared to males.>8 The s
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ex differences in landing strategies combined with decreased torsional stiffness and
increased joint laxity in females may increase females risk for ACL injury.41:45.47.59

After the onset of puberty, the sexes differ significantly in hormonal milieu. It has been
postulated that the cyclic fluctuations of hormones during the follicular and ovulatory stages
of the menstrual cycle may affect the mechanical properties of the ACL.42:60-64 Systematic
reviews performed in our laboratory support the theory that the menstrual cycle may be
associated with increased knee laxity and ACL injury.#2:60.65.66 However, we found no effect
of either the menstrual cycle or hormone stabilization (oral contraceptives) on knee or hip
joint loading during high risk sport maneuvers.43 Currently, the downstream effects of
female hormones associated with the menstrual cycle on ACL injury risk and the ability to
modify these effects remain unclear.

Evidence indicates that there may be a link between ACL injury and knee joint laxity and
generalized joint laxity.>%67 The ovulatory phase of the menstrual cycle has been associated
with increased knee joint laxity while the pre-ovulatory phase may be the phase during the
cycle when females may be most at risk for ACL injury.85 Studies in our laboratory indicate
that after the onset of puberty, females have significantly higher generalized joint laxity
compared to males.*> Athletes with increased generalized joint laxity also demonstrate
increased midfoot loading that may affect lower extremity biomechanics and potentially
increase ACL injury risk.58 The associations between laxity and hormones, coupled with
increased generalized joint laxity may contribute to the increased risk of ACL injury in
female athletes after puberty.42:59.65 Although laxity may increase the risk for ACL injury,
particularly in females, the ability to modify joint laxity presents a challenge. However, it
may be possible to indirectly overcome the effects of joint laxity with increased muscular
strength and heightened neuromuscular control.

The rapid anatomic, hormonal, neuromuscular and biomechanical changes that occur during
maturation differ significantly between the sexes and may partially explain the divergence in
ACL injury rates between the sexes after puberty.35:50.69 Although often at different rates
and chronological ages, both males and females 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. In contrast, our laboratory demonstrated that the sexes have significantly different
neuromuscular and biomechanical changes that accompany puberty,39:40.44.70
Neuromuscular function appears to dynamically change throughout the adolescent time
period and some individuals experience delays or even regressions in neuromuscular
function.36.71 In addition, the importance and function of co-contraction of the hamstrings
and quadriceps muscles related to age and skill development varies in the literature due to
technical and practical considerations. However, adequate dynamic knee joint stability and
efficient movement patterns during adolescence appear to be a necessary component for all
functional movements and likely helps resist against excessive knee joint loads.”! Functional
deficits in neuromuscular control have been associated with increased ACL injury risk in
female athletes.#0:47.72
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Pre-pubertal children do not appear to demonstrate measurable sex differences in lower
extremity bio-mechanical and neuromuscular differences are detectable between the
sexes.20:69.73 |n contrast, after puberty females exhibit measurable quadriceps dominance,
ligament dominance, leg dominance (lower extremity asymmetry) and trunk dominance
compared to males.?1:74-77 post-pubertal females also have higher coronal plane knee
motions, knee abduction angles and moments and decreased active knee joint stiffness
compared to mature males. 40:50.70 Males and females demonstrate increases in active
stiffness at the knee after puberty. However, males have greater magnitudes of knee, ankle
and hip stiffness throughout the adolescent growth spurt compared to females.3°

In contrast to females, males experience increases in power, strength and coordination
(neuromuscular spurt) coincident with the anthropomorphic and hormonal changes that
accompany puberty.3550.57 A [ongitudinal study from our laboratory demonstrated that
males exhibit increases in neuromuscular measures such as vertical jump height and ability
to attenuate landing forces.3® A longitudinal study of 351 athletes found that males exhibit
significant increases in normative hip abduction strength as they mature while females do
not.5” For females, the absence of a neuromuscular spurt potentially increases knee injury
risk due to possible deficiencies in neuromuscular control and the ability to adapt to
perturbations to the longer bony levers and greater mass that accompanies the maturation
process.32:44.50.70 Fortunately, evidence from our laboratory demonstrates that a
neuromuscular spurt can be induced in females with neuromuscular training programs.
Neuromuscular and biomechanical ACL injury risk factors such as poor landing mechanics,
inadequate force attenuation abilities and inefficient muscle recruitment can be modified and
neuromuscular training programs that target improvements in strength, power and
coordination appear to reduce the risk of ACL injury.11:47.75.78,79

Biomechanical and Neuromuscular

Biomechanical and neuromuscular ACL injury risk factors have been extensively explored in
our laboratory over the past 15 years. In contrast to anatomic risk factors, neuromuscular and
biomechanical deficits can be addressed with intervention strategies.89.7480 Core body
control and lower extremity proprioception are modifiable risk factors and are important for
attenuating and adapting to perturbations during sports tasks.81 Decreased ability to control
trunk displacement after rapid perturbations, is a highly sensitive for predictor of knee,
ligament and ACL injury.81 Deficits in the ability to control the body's core during external
perturbations predict knee injury with 90% sensitivity and 56% specificity.81 Single-leg
postural control deficits following ACL reconstruction place an athlete at risk for a second
ACL injury.”2

Muscle strength, activation and synergistic coordination are important to overall
neuromuscular function, may enhance proprioception and performance and are likely
important factors that could be modifiable for ACL injury prevention tactics. 8 Studies
performed in our laboratory demonstrate that males and females exhibit different hip and
knee joint muscular activation and recruitment strategies. Females who have decreased
relative hamstring strength but high relative quadriceps strength may be at greater risk for
ACL injury. 83 Females also adopt different hip muscular recruitment strategies than males,
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which appears to predispose the females to lower extremity postures (e.g., knee abduction
motions, angles, and moments) associated with increased risk for ACL injury. 39:47:49,58,84

Large scale biomechanical evaluations in our laboratory have identified knee abduction, hip
external rotation and asymmetries between lower extremities as strong predictors for ACL
injury. 22:72 \We prospectively measured 3-dimensional kinematics of female athletes (V=
205) during a landing task. Compared to their team controls, the athletes that subsequently
sustained an ACL injury after screening exhibited eight degrees greater knee abduction
angles and 2.5 times greater knee abduction moments during landing. In addition the athletes
that went on to subsequent ACL injury had 20% higher ground reaction forces at landing
compared to control teammates.22 Coronal plane motions at the hip significantly contribute
to increased knee abduction and likely increase ACL injury risk.8% Reduction of coronal
plane hip motion via neuromuscular training that targets the hip and trunk may be necessary
to decrease high risk knee abduction postures and ultimately reduce ACL injury risk. 8°

Previous Injury

Previous ACL injury significantly increases the odds of sustaining another ACL injury.86-88
Healthy athletes reportedly have a 1 in 60 to 1 in 100 chance of sustaining a primary ACL
injury. Return to high activity levels after ACL injury can lead to a 15-25 times greater
chance of subsequent re-injury or contralateral ACL injury.89-91 A recent study in our
laboratory found that females are four times more likely to suffer a second ACL injury and
six times more likely to suffer a contralateral ACL injury than males.%! A systematic review
of the literature indicates that female patients who have had ACL reconstruction with a
hamstring autograft exhibit greater anterior-posterior knee laxity measures compared to
males with hamstring autograft reconstruction.%2 Deficits in postural control and knee and
hip neuromuscular function strongly predict second ACL injury risk after return to sport
from ACL reconstruction.?3

ACL reconstructed patients often demonstrate asymmetric loading of the lower extremities
during sports tasks.* Specifically, ACL reconstructed patients cleared to return back to
sports frequently exhibit patterns of favoring their uninjured contralateral limb and this
deficit may persist even after 2 years post-operatively.293.94 This asymmetric loading of the
contralateral limb may place athletes at further risk for second ACL injury as limb loading
asymmetry has been identified as a potential ACL injury risk factor.5! Identification of
asymmetry is an important component for safe reintegration of patients back to sports
activities. However, bipedal tasks may not be sensitive enough to identify asymmetries in
lower extremity loading. Instead, incorporation of single limb tests such as single leg
hopping may be important to identify limb asymmetries in strength, landing and movement
patterns.%> In addition, after ACL reconstruction, evaluation of ACL integrity of
contralateral limbs and alterations of laxity in reconstructed limbs can be difficult. Our
laboratory demonstrated that curve shapes from knee arthrometry can serve as a simple and
accurate diagnostic tool for individuals without a healthy contralateral limb.% Persistent
lower extremity asymmetries during functional activities may further increase and ACL
reconstructed athlete's chance for sustaining a second ACL injury (contralateral or
ipsilateral). Rehabilitation programs that target reduction in functional asymmetries prior to
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the return to sports after ACL reconstruction may be necessary to more safely reintegrate
these patients back to sports.

It is speculated that genetics may play a role in the risk for ACL injury. Genetics influence
laxity as demonstrated by inheritable collagen disorders such as Ehlers Danlos and Marfan's
Syndrome. Although limited information is currently available in the literature about the
genetic factors that may increase ACL injury risk, it is probable that ACL injury risk factors
may be partially influenced by genetics.97-99 We tested fraternal twin sisters prior to their
sports seasons and both went on to subsequent ACL injuries. Both sisters demonstrated
multiple potential ACL injury risk factors including increased knee abduction angles,
decreased knee flexion angles, increased generalized joint laxity, decreased hamstrings/
quadriceps torque ratios and smaller femoral condylar notch widths.190 The genetic traits
that may predispose athletes to ACL injury are not clear at this time. However, a pleiotropic
genetic predisposition is likely and identification of such genetic traits may potentially help
clinicians identify at risk athletes and target specific risk factors within family members to
minimize ACL injury risk.

Mechanisms of ACL Injury

The knee joint potentially translates and rotates within all three planes (sagittal, frontal and
transverse). The majority of motion occurs in the sagittal plane (knee flexion/extension) and
motion beyond the normal physiologic ranges in any plane may result in ligamentous injury.
A systematic review by our laboratory demonstrated that ACL injuries are more likely to
occur during multi-planar rather than uni-planar mechanisms. Evaluation of videos of ACL
injury events provide evidence that during the injury athletes have increased lateral trunk
motion, greater knee abduction motions, flatfoot position at initial ground contact and
increased hip flexion compared to non-injury conditions.38101.102 Npales and females also
demonstrate differences in mechanisms of injury. 34:37:38.102 Females often demonstrate the
same knee valgus collapse ACL injury mechanism as males, but they often had significantly
higher knee and hip flexion during injury compared to males.38

Although many techniques exist to study ACL injury mechanisms such as athlete interviews,
arthroscopic studies, video analyses, cadaveric studies, in vivo laboratory studies and
mathematical modeling, the inherent limitations of each technique makes it challenging to
make clearly define ACL injury mechanisms.102 In order to address this problem, our
laboratory has developed a new research paradigm (/n sim) that integrates in vivo, in vitro
(cadaveric), and in silico (computer modeling methods).193 The goal of the in sim approach
is to provide a more comprehensive understanding of the complex joint biomechanics that
lead to ACL injury. Our laboratories have utilized the 7n sim approach to evaluate ACL
injury mechanisms and tibio-femoral cartilage pressure distributions with comparisons to in
vivo bone bruise patterns (occurs in over 80% of patients with acute ACL injury).104.105
Landing data from young female athletes that went on to subsequent ACL injury was used as
input into a validated finite element model and normal landing and injury conditions were
simulated in silico. In vivo video data of female athletes during an ACL injury event was
used to provide input for simulated ACL injury conditions.38:52 The results supported a
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valgus collapse mechanism with potential multi-planar loads of tibial abduction combined
with anterior tibial translation or external or internal tibial rotations.14 Many ACL injury
mechanism studies demonstrate lower extremity biomechanical loading patterns that may be
avoided with neuromuscular training programs. Madification of landing techniques and
education of dangerous knee postures may be important injury prevention strategies in the
future.

Prediction of Risk

Over the past two decades we have prescreened biomechanical, anatomical and
neuromuscular measures on over 3,000 athletes prior to their athletic seasons and tracked
them to determine who sustained subsequent ACL injury.10:46.74.77.78 Qyr hiomechanical
epidemiologic studies indicate that high knee abduction moments and knee abduction angles
and ground reaction forces during a jump landing task are important predictors for ACL
injury risk (78% sensitivity and 73% specificity).22 Athletes that went on to subsequent ACL
injury also demonstrated a 16% shorter stance time and high ground reaction forces at
landing compared to uninjured teammates.?2 Side-to-side differences in anterior-posterior
knee displacement (1.3mm or greater) and positive knee hyperextension increased the odds
of ACL injury, fourfold and fivefold, respectively.>® Decreased hamstring strength but
similar quadriceps strength to males was often exhibited by females that went on to
subsequent ACL injury. In contrast, females that did not suffer an ACL injury demonstrated
decreased quadriceps strength relative to males.83

Deficits in the ability to control the body's core appears to be important predictor for knee
injuries in female athletes.81 Deficits in core stability predicted knee injury with 90%
sensitivity and 56% specificity in females, while no similar associations were apparent in
male athletes.81 Athletes that exhibited large lateral trunk excursions after sudden
perturbation often went on to sustain knee injuries. Trunk displacement, proprioception and
history of low back pain was highly predictive of ACL injury risk in females (91% accuracy)
and ligamentous injury of the knee (91% sensitivity and 68% specificity).81

Athletes that have sustained a previous ACL injury are at high risk of second ACL injury if
they return to sport.”2 In a cohort of athletes that returned to sport after ACL reconstruction,
net hip torque impulse, frontal knee plane range of motion during landing, asymmetries in
sagittal plane knee moments during landing and deficits and postural stability predicted
second ACL injury risk with 92% sensitivity and 88% specificity.%3 Identification of the
specific deficits that can be addressed during the rehabilitation stage may be a critical step in
reduction of up to a 25% chance of second ACL injury in young athletes that return to sport.

Clinical Assessment Tools to Identify At-Risk Athletes

Development of clinical assessment tools to identify athletes at risk for ACL injury would
aid clinicians to target the populations that will benefit most from intervention. Although we
have identified important predictors of ACL injury that are potentially modifiable like
measures of high knee abduction moment during landing tasks, these measurements utilized
expensive measurement tools (e.g., motion analysis systems, force plates) and labor-
intensive data collection and reduction techniques to identify important biomechanical risk
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factors.22 Our research has helped us develop inexpensive; less labor intensive assessment
tools that can be performed relatively quickly and easily in the clinical setting and have been
shown to identify high knee abduction moments with 73% sensitivity and 70%
specificity.”7106-110 Clinjcal correlates to laboratory-based measures identify, stratify and
can used to target subjects at increased risk for highly effective interventions.109
Identification of athletes with high knee abduction moments is possible with less expensive
equipment and time because measures that can be performed without a motion analysis
system of knee abduction motion, knee flexion range of motion, body mass, tibial length and
quadriceps to hamstring ratio account for nearly 80% of the measured variance in knee
abduction moment during landing.107 These clinical prediction tools show moderate to high
inter-rater reliability (intra-class correlation co-efficiencies 0.60-0.97) and we have
continued to simplify and optimize the screening tools to include a calibrated physician's
scale, a standard measuring tape, standard camcorder, ImageJ software, and an isokinetic
dynamometer. These optimized measures predict high knee abduction moments status with
84% sensitivity and 67% specificity.108.111 A clinician-friendly nomogram tool
demonstrates over 75% prediction accuracy for identification of high knee abduction
moments in individual athletes.108:111 Creation of clinician-friendly, inexpensive techniques
to identify and subsequently enroll athletes into appropriate injury prevention programs may
help reduce ACL injuries in athletes.

Prevention Techniques

Overview of Prevention Techniques

Identification of risk factors and mechanisms of injury that are modifiable through
neuromuscular based injury prevention programs would allow many athletes to continue
sports participation and reduce risk for ACL injury.}12 Detection and treatment of
quantifiable neuromuscular control deficits and functional movements that significantly
increase risk for ACL injury has been a high priority in our laboratory because these are
likely the most modifiable risk factors,11:21,60,74-76,78,80,84,94,106,110-120

We define deficits in muscle strength, power, coordination or activation patterns that
potentially increase injury risk due to increased joint loads as neuromuscular control
deficits.11® Females often demonstrate neuromuscular control deficits that likely play a role
in ACL injury risk.11® One neuromuscular deficit, which is operationally termed “ligament
dominance,” can be defined as an imbalance between the neuromuscular and ligamentous
control of dynamic knee joint stability.12! This control imbalance is demonstrated by an
inability to control lower extremity frontal plane motion during landing and cutting. A
second modifiable neuromuscular control deficit often observed in female athletes, which is
termed “quadriceps dominance,” can be defined as an imbalance between knee extensor and
flexor strength, recruitment and coordination.12 A third neuromuscular control deficit, often
observed in female athletes is “leg dominance,” which can be defined as an imbalance
between the two lower extremities in strength, coordination and control.121 The fourth
neuromuscular control deficit, often observed in female athletes is “trunk dominance” or
“*core’ dysfunction,” which can be defined as an imbalance between the inertial demands of
the trunk and control and coordination to resist it. Deficits in control of the body's core
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during sports tasks make it difficult to dissipate external perturbations and lead to excessive
frontal plane trunk displacements, high ground reaction forces and large knee abduction
loads.”7:122

The adolescent phase is a critical stage for neuromuscular control development during which
children may overcome certain deficits or develop new ones. If not addressed,
neuromuscular deficits may continue into adulthood and increase an athlete's risk for ACL
injury.22:35.39.40.50 There is clear evidence that neuromuscular training programs can
enhance athletic performance through increased strength, power and coordination as well as
address neuromuscular deficits.”>78.114 We have demonstrated that it is possible to induce a
neuromuscular spurt and improve neuromuscular deficits in females with training. 112:114
Neuromuscular training potentially reduces ACL injury risk by approximately 50% and
enhances athletic performance measures in females.11:112.114

Studies of Prevention Techniques

Integrated neuromuscular training programs (biomechanical, neuromuscular control, and
strength training techniques) have effectively improved performance and decreased risk for
ACL injury. 11112114117 Cyrrent neuromuscular training programs necessitate integrated,
somewhat comprehensive protocols with a combination of power, strength and coordination
training since single neuromuscular component interventions have failed to significantly
impact knee injury rates in females.123:124 Compliance to training programs is crucial for
prevention techniques to successfully work. Unfortunately, comprehensive ACL injury
prevention programs often require extensive commitments in time and involvement for
players and coaches, which has impeded widespread acceptance and utilization by athletes
and teams to implement the training necessary to reduce ACL injury risk. In order to address
this challenge, our laboratory has focused on creating more efficient and effective training
protocols to address neuromuscular deficits and high risk landing biomechanics.125:126 we
have conducted comparative studies of plyometric training versus dynamic stabilization as
well as evaluated the effects of targeted training of the trunk, hip and knee on power,
strength, coordination, limb asymmetries, ground reaction forces at landing, and knee
abduction measures.’8:79.112-114,117,127

Plyometric and balance training both appear to reduce high-risk knee abduction and flexion
measures.112.114.117 Targeted core muscular (trunk) training can increase hip abduction
strength and potentially improve neuromuscular control of lower limb alignment during
sports activities.113 Studies from our lab show that targeted core training and improvements
in lower extremity strength can improve single-limb postural stability and neuromuscular
control.79:127

The optimal length of training necessary to reduce ACL injury risk and whether it can be
incorporated with in season sports training remains unclear. Females that demonstrate high
knee abduction measures appear to be more responsive to neuromuscular training than
athletes with lower knee abduction measures. However, despite 4—7 weeks of training, their
reduced knee abduction measures were not reduced to levels consistent with their control
teammates.114 There is some evidence that isolated preseason or in-season training in short
doses may not provide the training dosage necessary to reduce ACL injury risk in
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females.114.128 Collectively, our research indicates that comprehensive protocols that
incorporate plyometric, strength and balance exercises may provide the most effective ACL
injury prevention strategies.

Timing of Intervention

Preadolescence or early puberty seems to be a critical phase related to the increased ACL
injury risk in female athletes. After the onset of puberty, the sexes demonstrate differences in
laxity and neuromuscular control in addition to a divergence in ACL injury rates,3%:36:39.40.45
With the increased obesity problem in children, there has been a greater promotion of
physical activity and interest in strength and conditioning programs. However, there is
concern about the optimal age to safely incorporate strength training programs.129-131 |n the
past, high school female athlete participation in weightlifting activities was significantly less
than males with access, desire or available resources likely limiting the incorporation of
strength training measures into their sports programs.132

Integrative neuromuscular training can lead to significant improvements in health and motor
skill performance fitness components in children and can be successfully integrated into
physical education activities.133 Given the evidence that neuromuscular training programs
that incorporate strength training may help reduce ACL injury risk, introduction and
participation in such programs even at an early age may be important for preventing ACL
injuries. Resistance training can be safely effectively implemented provided that the training
is supervised by qualified professionals and age appropriate techniques and safety guidelines
are followed.107,111,129,134

Preliminary data indicate integrative neuromuscular training protocols implemented in pre-
adolescent (Tanner [1] and early adolescent (Tanner [2] stages may artificially induce the
“neuromuscular spurt”).”8 Induction of a neuromuscular spurt, particularly in females has
the potential to reduce the risk of sports-related injury.11:75.135.136 The gptimal time to
provide injury prevention is not fully delineated. However, introduction of integrative
neuromuscular training at any age and maintained throughout childhood into adulthood
promotes positive health outcomes, has the potential to enhance sports performance and

reduce the risk of sports-related and more specifically, ACL injury in young
athletes.78.107,111,137

Assess The Effectiveness Of Intervention

The development of clinical assessment tools that reliably and accurately assess high risk
neuromuscular deficits are important to provide clinicians with objective, inexpensive
feedback about the effectiveness of neuromuscular training programs.”” Common
assessment tools such as the star excursion balance test, functional hop tests, strength
measures, balance and stability measures and dynamometry, in addition to development of
new techniques to help identify lower extremity asymmetry and high risk landing and
cutting techniques are paramount to evaluating our effectiveness of neuromuscular
training.’9:106.109.110,127,128,134 Deyelopment of real-time assessment tools provides
clinicians with the ability to offer immediate biofeed-back and targeted directions for
neuromuscular training programs.111 These assessment tools as well as standard
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performance tests (e.g., power cleans, bench press, leg press) have been used to identify
biomechanical and neuromuscular risk factors for ACL injury and provide measures of
athletic performance.128 Assessments of the reliability of the assessment tools and
performance measures have helped evaluate and optimize intervention strategies.138 In order
to provide immediate, objective feedback that can be systematically tracked and used to
evaluate intervention effectiveness, we have developed a tuck jump assessment tool that
measures limb symmetry, foot positioning, knee abduction, technique degradation,
coordination and landing forces during a high-level effort movement.106:128 |n addition, we
have developed techniques to assess frontal and sagittal plane biomechanics using
inexpensive tools that can be used for individual assessments as well as large-scale screening
techniques similar to what occurs during NFL combine testing.94:109.110,134,139

Clinical assessment tools such as the tuck jump assessment and nomogram that predicts high
knee abduction measures may also help rehabilitation specialists working with athletes to
monitor functional deficits and determine level of readiness to meet the functional demands
of sports with minimal risk of reinjury. History of previous ACL injury is one of the highest
predictive risk factors for future ACL injury risk and of the athletes that return to sport after
ACL reconstruction nearly 25% may experience a second ACL injury.”? It is paramount that
we identify clinical assessment tools that help improve functional deficits during the
rehabilitation phases after ACL reconstruction and evaluate functional readiness to return to
sport safely. Future work in our laboratory will focus on development of new clinical
assessment tools of function and evaluation of the effectiveness and predictive ability of
these tools on ACL injury risk.

Summary and Conclusions

There is strong, nearly unequivocal evidence that neuromuscular training reduces
biomechanical risk factors for ACL injury and decreases ACL injury incidence in athletes.
Assessment of relative injury risk using widespread neuromuscular screening techniques
should be further employed. Development of more specific injury prevention protocols that
are designed to decrease risk in high risk athletes and more precise determination of the
most efficacious timing of intervention is important. Pre- or early adolescent athletes may
have the greatest potential for both the development of optimal biomechanical movements
and decreased injury risk during sports participation. Neuromuscular training is currently the
only effective tool for lowering the incidence rate of ACL injuries which, in turn, has a direct
link to reduction in the rate of post traumatic osteoarthritis associated with severe joint
trauma associated with participation in sport and activity. This post traumatic osteoarthritis
occurs with or without surgical reconstruction. We have made significant strides toward
these goals, but we must ontinue until strong epidemiological evidence shows that ACL
injury risk is unequivocally decreased in young athletes.

The findings of the authors' studies outlined above were the first to identify the mechanisms
that underlie increased risk of ACL injury in high risk athletes, especially in female athletes,
to develop validated ACL injury risk screening approaches and to direct athletes into
neuromuscular training designed for and targeted to those specific injury mechanisms.
Athletes who are in the higher percentiles for specific risk factors can be identified for
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neuromuscular training prior to participation. Education and public awareness of the high
occurrence and mechanisms of ACL injury has been shown to decrease injuries in skiers by
greater than 50%.140 Critical analysis and verbal, visual, or bio-feedback regarding
technique may decrease reaction forces and lead to a reduction of ACL injuries.141
Questions remain to be answered, including: (i) when interventions should be instituted and
(i) whether a “neuromuscular spurt” to increase lower extremity neuromuscular control can
be induced with training at the proper age.

In conclusion, the summarized findings have led to advances in the understanding of the
mechanisms and prevention of ACL injuries in female athletes, who are at a 2- to 10-fold
increased risk of ACL injury than males. Finally, our objectives were to determine the
mechanisms by which athletes become more susceptible to ACL injury, to develop screening
tools to quantify risk levels and to optimize the effectiveness of interventions designed to
prevent ACL injuries. Prophylactic interventions to reduce the risk of suffering ACL injury
could prevent a significant percentage of the 100,000-250,000 injuries that occur each year
in the United States and likely greater than 350,000 worldwide.1118 The President's council
on physical fitness recommends that women, both young and old, remain active to maintain
optimal health.142 Reduction of female injury rates from five times to equal males' would
potentially allow females annually to continue the health benefits of sports participation and
avoid the long-term complications of osteoarthritis, which occurs with a 10-100-fold greater
incidence in ACL-injured than in uninjured athletes.>’
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The Sequence of Prevention Model3° applied to ACL injury prevention measures explored
in our laboratory. Published manuscripts available from our laboratory are categorized

within the model.
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