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Objective: To present the rationale and detailed techniques
for the application of exercises targeted to prevent anterior cru-
ciate ligament (ACL) injury in high-risk female athletes.

Background: Female athletes have a 4- to 6-fold increased
risk for ACL injury compared with their male counterparts play-
ing at similar levels in the same sports. The increased ACL
injury risk coupled with greater sports participation by young
women over the last 30 years (9-fold increase in high school
and 5-fold increase in collegiate sports) has generated public
awareness and fueled several sex-related mechanistic and in-
terventional investigations. These investigations provide the
groundwork for the development of neuromuscular training
aimed at targeting identified neuromuscular imbalances to de-
crease ACL injury risk.

Description: After the onset of puberty, female athletes may

not have a neuromuscular spurt to match their similar, rapid
increase in growth and development. The lack of a natural neu-
romuscular adaptation may facilitate the development of neu-
romuscular imbalances that increase the risk for ACL injury.
Dynamic neuromuscular analysis training provides the metho-
dologic approach for identifying high-risk individuals and the ba-
sis of using interventions targeted to their specific needs.

Clinical Advantages: Dynamic neuromuscular training ap-
plied to the high-risk population may decrease ACL injury risk
and help more female athletes enjoy the benefits of sports par-
ticipation without the long-term disabilities associated with in-
jury.

Key Words: knee injury, injury-prevention training, neuro-
muscular training, dynamic knee valgus, neuromuscular imbal-
ances

Anterior cruciate ligament (ACL) research has resulted
in more than 2000 scientific articles outlining injury
incidence, mechanism, surgical repair techniques, and

rehabilitation of this important stabilizing knee ligament.1

However, despite the many scientific advances in the treatment
of ACL injury, osteoarthritis occurs at a 10 times greater rate
in individuals with ACL injury regardless of the treatment
(conservative management versus surgical treatment).2 Epi-
demiologic research has demonstrated that female athletes
have a 4- to 6-fold increased risk for ACL injury compared
with their male counterparts playing at similar levels in the
same sports.3,4 The increased ACL injury risk coupled with
increased sports participation by young women over the last
30 years (9-fold increase in high school5 and 5-fold increase
in collegiate sports6) has increased public awareness and fu-
eled many sex-specific mechanistic and interventional inves-
tigations. This paradigm shift of isolated research focus away
from treatment and rehabilitation is warranted, especially to
injury mechanism and prevention, because an estimated
38 000 ACL injuries occur in young female athletes per year.7

At a cost per ACL injury of approximately $17 000,8 surgical
and rehabilitative costs total approximately $646 000 000 an-
nually in the United States. This is in addition to the traumatic

effect to these individuals of potential loss of entire seasons
of sports participation and possible scholarship funding, sig-
nificantly lowered academic performance,9 long-term disabil-
ity, and up to 105 times greater risk for radiographically di-
agnosed osteoarthritis in the future.10

Contrary to what is observed in adolescent athletes, a thor-
ough analysis of the published literature demonstrates no ev-
idence that a difference in ACL injury rates exists in prepu-
bescent athletes.11–14 Knee injuries do occur in pediatric
athletes, as evidenced by 63% of the sport-related injuries in
children aged 6–12 years being classified as joint sprains, most
of which occur at the knee.14 However, ACL sprains are more
rare in prepubescent children than in adolescents, and ruptures
do not present at significantly different rates in boys and girls
before puberty.11–13 Although equal numbers of ligament
sprains occur in girls and boys before adolescence, girls have
higher rates immediately after their growth spurt and into ma-
turity.15

The anthropometric measures of growth and development
show very similar trends between the sexes, but male and fe-
male force-production capabilities diverge significantly during
and after puberty. Men demonstrate a neuromuscular spurt,
whereas women, on average, exhibit little change throughout
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Figure 1. Free-body diagram of forces acting on the tibia, showing
the frontal-plane equilibrium between external valgus load (V), ar-
ticular contact force (C), quadriceps force (Q), medial hamstrings
(MH), and anterior cruciate ligament (ACL) force. Under external
valgus loading, contact shifts to the lateral compartment. The mo-
ment balance with respect to the contact point shows that Q and
MH both help the ACL (and the medial collateral ligament, not
shown) stabilize the joint against valgus loading. Under a given
valgus load, any reduction in these muscle forces increases liga-
ment loading.

puberty.16,17 The neuromuscular spurt is defined as increased
power, strength, and coordination that occur with increasing
chronologic age and maturation stage in adolescent boys.16,17

No similar correlations among height, weight, and neuromus-
cular performance have been demonstrated in pubescent girls.
For example, vertical jump height (a measure of whole-body
power) increases steadily in boys during puberty but not in
girls.16–19 No sex differences in peak leg power were noted
before age 14, but boys have significantly greater power after
that age.20 A plateau in the peak power of girls occurred
around 16 years of age.20 In the absence of appropriate neu-
romuscular adaptation, the musculoskeletal growth during pu-
berty may increase neuromuscular imbalances. We define neu-
romuscular imbalances as muscle strength or activation
patterns that lead to increased joint load. Female athletes may
demonstrate one or more neuromuscular imbalances that in-
crease lower extremity joint loads during sports activities.21,22

With ligament dominance, the neuromuscular and ligamentous
control of the joint is unbalanced, as demonstrated by an in-
ability to control dynamic knee valgus when landing and cut-
ting.23 Quadriceps dominance relates to an imbalance between
knee extensor and flexor strength, recruitment, and coordina-
tion.22 With leg dominance, the 2 lower extremities are un-
balanced in strength and coordination.21,23 These developmen-
tal imbalances, if left unchecked, may continue through
adolescence into maturity. Huston and Wojtys24 showed that
college-aged elite female athletes, well past their developmen-
tal years, demonstrated neuromuscular recruitment and leg-
strength imbalances when compared with male athletes and
nonathletic controls.

Neuromuscular imbalances may be important contributors
to ACL injury, which occurs under conditions of high dynamic
loading of the knee joint, when active muscular restraints do
not adequately compensate and dampen joint loads.25 De-
creased neuromuscular control of the joint may stress the pas-
sive ligament structures, exceeding the failure strength of the
ligament.26,27 High levels of neuromuscular control are nec-
essary to create dynamic knee stability.26,28 Any neuromus-
cular imbalances that limit the effectiveness of the active mus-
cular control system in working synergistically with the
passive joint restraints to create dynamic knee stability may
increase the risk for an ACL injury. Identifying these imbal-
ances may offer the greatest potential for interventional de-
velopment and application in high-risk populations.29 Our pur-
pose is to present the theory and rationale of methods that
may be helpful in identifying and correcting neuromuscular
imbalances in female athletes.

NEUROMUSCULAR IMBALANCES

Sex-related neuromuscular imbalances are often observed in
female athletes.30 Neuromuscular imbalances that women may
demonstrate include ligament dominance, quadriceps domi-
nance, and leg dominance. Ligament dominance occurs when
an athlete allows the knee ligaments, rather than the lower
extremity musculature, to absorb a significant portion of the
ground reaction force during sports maneuvers.31 Andrews and
Axe32 first introduced the concept of cruciate ligament domi-
nance in their classical analysis of knee ligament instability.
Hewett et al31 expanded the concept with their description of
ligament dominance during sports activities. Ligament domi-
nance, visually evidenced by increased medial knee motion
during sports maneuvers, can result in high valgus knee mo-

ments and high ground reaction forces.22,33,34 Typically during
single-leg landing, pivoting, or deceleration, all common ACL
injury mechanisms, the female athlete allows the ground re-
action force to control the direction of motion of the lower
extremity joints. This motion is especially evident at the knee,
which is not only influenced by direct external moments but
also by the ankle and hip internal moments.35 This lack of
coordinated muscular control of the lower extremity may lead
to high forces and potentially irrevocable loads on the knee
ligaments (Figure 1). Neuromuscular imbalances that repeat-
edly put athletes near ‘‘the position of no return’’ may increase
the risk for ligament injury.36 Several authors22,33,37,38 have
demonstrated this sex-related tendency toward imbalanced lig-
ament dominance, as evidenced by increased knee-valgus an-
gle, coronal-plane knee-valgus motion, and net knee-valgus
torques in female athletes compared with males.

Another imbalance frequently observed in female athletes
is quadriceps dominance. Quadriceps dominance is an imbal-
ance between the quadriceps and hamstring recruitment pat-
terns. With quadriceps dominance, female athletes tend to
preferentially increase their knee extensor moments over their
knee flexor moments when performing sport movements that
generate high lower extremity joint torques.22 This overreli-
ance on the quadriceps muscles is hypothesized to lead to im-
balances in strength and coordination between the quadriceps
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and the knee flexor musculature. Hewett et al22 reported that
peak flexor moments at the knee were 3-fold higher in male
high school athletes than in female athletes landing from a
volleyball block. They also demonstrated that peak hamstring
torques measured by dynamometry were significantly lower in
female athletes than in male athletes. Quadriceps dominance
has been observed in elite female collegiate athletes.24 Female
athletes reacted to a forward translation of the tibia primarily
with a muscular activation of the quadriceps muscles, whereas
male athletes relied on their hamstring muscles to counteract
the anterior tibial displacement. Malinzak et al39 examined
men and women during the sport-specific tasks of running,
cross-cutting, and side cutting. Women used less knee flexion,
increased quadriceps activation, and decreased hamstring ac-
tivation compared with men when performing the tasks. This
tendency to land with a straighter knee during high-intensity
tasks could be exacerbated with premature activation of quad-
riceps (or delayed activation of hamstring) during weight-bear-
ing stance.40 Chappell et al37 concluded that the increased an-
terior shear force demonstrated by the female athletes was
potentially due to the combination of increased quadriceps
force, decreased hamstring force, and decreased knee flexion.

Landing with the knee near full extension is a common
mechanism of ACL injury.41 At low knee-flexion angles (0 to
308 of knee flexion), quadriceps contractions pull the tibia for-
ward and increase stress on the ACL, especially without bal-
anced knee-flexor (hamstring and gastrocnemius) cocontrac-
tion to decrease strain on the ligament. At knee-flexion angles
less than 458, the quadriceps is an antagonist of the ACL. At
knee-flexion angles beyond 458, the quadriceps translates the
tibia in the opposite (posterior) direction, which reduces strain
on the ligament.27 Athletes who demonstrate quadriceps dom-
inance may increase their risk for ACL injury when they cut
and land with low knee-flexion angles.

Another neuromuscular imbalance that female athletes dem-
onstrate is leg dominance. Leg dominance is the imbalance
between muscular strength and joint kinematics in contralat-
eral lower extremity measures. Female athletes have been re-
ported to generate lower hamstring torques in the nondominant
than in the dominant leg.22 Ford et al42 showed that adolescent
female athletes had significant side-to-side differences in max-
imum knee-valgus angle compared with male athletes during
a box-drop vertical jump. Side-to-side imbalances in muscular
strength, flexibility, and coordination have been shown to be
important predictors of increased injury risk.23,43,44 Knapik et
al44 demonstrated that side-to-side balance in strength and
flexibility is important for the prevention of injuries, and when
imbalances are present, athletes are more injury prone. Baum-
hauer et al43 also found that individuals with muscle-strength
imbalances exhibited a higher incidence of injury. Hewett et
al23 developed a model to predict ACL injury risk with high
sensitivity and specificity. Half of the factors in the predictive
model were side-to-side differences in lower extremity kine-
matics and kinetics. Side-to-side imbalances may increase the
risk for both limbs. Overreliance on the dominant limb can
place greater stress and torques on that knee, whereas the
weaker limb is at risk because the musculature cannot effec-
tively absorb the high forces associated with sporting activi-
ties.

Neuromuscular imbalances may not be the only factors un-
derlying the sex differences in knee injury rates, but neuro-
muscular control may be the greatest contributor to dynamic
knee stability and offer the greatest potential for interven-

tion.29 Female athletes may especially benefit from neuromus-
cular training, because they often display decreased baseline
levels of strength and power compared with their male coun-
terparts. Comprehensive neuromuscular training programs de-
signed for young women can significantly increase power,
strength, and neuromuscular control and decrease sex differ-
ences in these measures.45,46 Dynamic neuromuscular training
also reduces sex-related differences in force absorption, active
joint stabilization, muscle imbalances, and functional biome-
chanics while increasing the strength of structural tissues
(bones, ligaments, and tendons).22,47–50 Most importantly, in-
creasing evidence suggests that different types of neuromus-
cular training can prevent injuries, specifically ACL inju-
ries.51–53

TRAINING GROUNDWORK

Injury-prevention techniques for the ACL have previously
been demonstrated.51–53 Selective incorporation and integra-
tion of these techniques could be used to address specific neu-
romuscular imbalances in female athletes.21 As Griffin report-
ed,29 Henning identified 3 potentially dangerous maneuvers in
sport that should be modified through training to prevent ACL
injury. He suggested that athletes land in a more bent-knee
position and decelerate before a cutting maneuver. Preliminary
work implementing these techniques in a pilot sample of ath-
letes suggested a decrease in injury rate in trained versus un-
trained subjects.29 Subsequently, Hewett et al52 developed a
training program, based on a thorough review of the literature
and prior athletic training experience, that included an initial
phase devoted to correcting jump and landing techniques in
female athletes. Four basic techniques were stressed: (1) cor-
rect posture (ie, chest over knees) throughout the jump, (2)
jumping straight up with no excessive side-to-side or forward-
backward movement, (3) soft landings, including toe-to-heel
rocking and bent knees, and (4) instant recoil preparation for
the next jump. Using the training program, women in the in-
tervention group were able to significantly reduce noncontact
ACL injuries compared with controls. Both studies highlight
the importance of incorporating dynamic, biomechanically
correct movements into training protocols aimed at injury pre-
vention.

Caraffa et al51 prospectively evaluated the effect of balance-
board exercises on noncontact ACL injury rates in elite male
soccer players. The training consisted of 20 minutes of bal-
ance-board exercises divided into 5 phases. Athletes who par-
ticipated in proprioceptive training before their competitive
season had a significantly decreased rate of knee injuries. Con-
versely, others have examined the effects of similar progres-
sive balance-board training and found no similar reduction in
ACL injuries in female athletes.54 Subsequently, Myklebust et
al53 examined the effects of a more comprehensive and dy-
namic neuromuscular training program on female athletes.
Their program elaborated on the balance-board protocol of
Caraffa et al51 and the techniques of Hewett et al22 by adding
a focus to improve awareness and knee control during stand-
ing, cutting, jumping, and landing. They were able to reduce
the incidence of ACL injury in women’s elite handball players
over 2 competitive seasons. These studies demonstrate the
ability of a neuromuscular/balance component to reduce knee-
injury risk in female athletes when incorporated into an injury-
prevention protocol.

Education and public awareness of the high rate of occur-
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rence and mechanisms of ACL injury have also been shown
to decrease injuries in a group of Vermont ski instructors.55

Ski instructors viewed videotapes of ACL injuries and were
encouraged to formulate their own preventive strategies. Pilot
data demonstrated a significant reduction in ACL injuries by
greater than 50% with this technique. Elements from the Ver-
mont study should be applied to other sports. It is important
to teach athletes to avoid biomechanically disadvantageous
and dangerous positions in any sport. Hewett et al22 expanded
the concept, using clinician verbal and visualization cues to
provide feedback and awareness to an athlete during training.
Each athlete was encouraged to perform as many jumps as
possible using the proper technique. As the athletes became
fatigued, they were encouraged to stop if they could not ex-
ecute each jump with correct biomechanics. Similarly Myk-
lebust et al53 used partner training to provide the critical feed-
back. Partners encouraged each other to focus on the quality
of their movements, specifically on the knee-over-the-toe po-
sition. Both Hewett et al22 and Myklebust et al53 recognized
the critical analysis as a contributor to the successful reduction
of ACL injuries in their studies. Laboratory experiments also
provide support for the efficacy of analysis and feedback in
reducing dangerous biomechanics. Onate et al56 and Prapa-
vessis and McNair57 reduced peak vertical ground reaction
forces using verbal and visual feedback. These groups sug-
gested the inclusion of critical analysis and feedback into in-
jury-prevention models for athletes who participate in sports
that require jump landings. Cumulatively, prior studies dem-
onstrated the importance of analyzing the biomechanics of
sports movements and providing constant and consistent feed-
back to the athlete regarding proper technique.

Scientific evidence combined with experience-based empir-
ical evidence allowed us to develop a neuromuscular training
rationale. Dynamic neuromuscular analysis training is a syn-
thesis of the most important findings derived from existing
research studies and prevention techniques developed through
more recent empirical and analytical evaluations of neuro-
muscular training and on-field play. In contrast to the work of
previous authors, dynamic neuromuscular analysis training is
not a protocol. Rather, it is a rationalized approach to address-
ing specific risk factors that may be evident in at-risk athletes.
The training principles and techniques provide a general
framework to clinicians who wish to design and administer
injury-prevention programs targeted to this population.

The 3 essential components of a comprehensive training
protocol are dynamic, biomechanically correct movement
skills; neuromuscular patterning based on the identification of
underlying neuromuscular imbalances; and constant biome-
chanical analysis by the instructor with feedback to athletes
both during and after training. When training to prevent injury,
athletes and clinicians must interact. This interactive form of
movement training requires intense instructor-to-athlete tech-
nique analysis and immediate and consistent feedback, with
the goal of programming the neuromuscular system to perform
athletic maneuvers in a powerful, efficient, and safe manner.

TRAINING RATIONALE

Dynamic neuromuscular analysis training should address
the neuromuscular imbalances present in the population to be
trained. Special attention should be given to the female athlete
who may display one or more neuromuscular imbalances. Dy-
namic, multiplanar, sport-specific movements that are a chal-

lenge to the proprioceptive system are a required component
of neuromuscular analysis training. The exercises selected
must challenge the dynamic joint restraints (muscle-tendon
units) that maintain limb and joint position in response to
changing loads. Dynamic sport-specific training should pro-
vide female athletes with an effective means for facilitating
the desired adaptations to the proprioceptive function of the
knee joint. The dynamic component progresses them to high-
risk, sport-specific maneuvers that can be performed in a safe
and controlled manner. Properly trained athletes are better pre-
pared both to handle the high joint forces generated during
athletic competition in order to reduce the risk of injury and
to achieve peak performance.

The neuromuscular component of this training is a balance
between challenging an athlete’s proprioceptive abilities and
exposing her to movement patterns that generate greater dy-
namic knee control. This proprioceptive stress may aid the
development of protective spinal reflexes and multijoint neu-
romuscular engrams that more effectively manage the ground
reaction forces encountered during the midstance phase of
high-risk maneuvers. However, assuming that the spinal
stretch reflex occurs in 50 to 70 milliseconds, with an addi-
tional time lag due to the electromechanical delay, an injury
may occur before the reflex response begins to generate sig-
nificant muscle force at initial contact.58 Neuromuscular train-
ing that teaches athletes to better develop joint-stabilization
patterns that employ feed-forward mechanisms (muscular
preactivation patterns) may preset muscular contraction to in-
crease knee stability at initial contact.59 This enhanced neu-
romuscular control may help decrease joint motion and protect
an athlete’s ACL from high impulse loading.58,60

The analysis component of dynamic neuromuscular-analysis
training involves exercises that provide instructors with the
tools to analyze imperfections in technique. The training
should focus on perfecting the technique of each training ex-
ercise, especially early in the training cycle. If athletes are
allowed to perform the exercise maneuvers improperly, then
the training will reinforce improper techniques. Clinicians
should give continuous and immediate feedback both during
and after each exercise bout to make athletes aware of proper
form and technique, as well as undesirable and potentially dan-
gerous positions.57 Additionally, athletes should receive visual
feedback via a video camera and television monitor or via
exercise in front of a mirror to help make them cognizant of
landings with visually identifiable poor biomechanics.56 Visual
and verbal feedback helps athletes to match their perceived
techniques to their actual techniques. Selected protocol times
are general guidelines that provide an expected and attainable
goal. Not every athlete will be at a level of muscular strength,
coordination, skill, or desire to achieve the selected exercise
duration. Clinicians should be skilled in recognizing the de-
sired technique for a given exercise and should learn to en-
courage athletes to maintain perfect technique for as long as
possible. If an athlete fatigues such that she can no longer
perform the exercise perfectly and displays a sharp decline in
proficiency, then she should be instructed to stop. The duration
of each completed exercise should be noted, and the goal of
the next training session must be to continue to improve tech-
nique and to increase volume (number of repetitions) or in-
tensity (difficulty). The goal of increasing the quantity or in-
tensity of exercises while maintaining the quality of exercises
is critical in achieving successful outcomes from the training.

Although prior research demonstrates the benefits of injury-
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Figure 2. The athletic position is a functionally stable position with the knees comfortably flexed, shoulders back, eyes up, feet ap-
proximately shoulderwidth apart, and body mass balanced over the balls of the feet. The knees should be over the balls of the feet and
the chest over the knees. This athlete-ready position is the starting and finishing position for most of the training exercises. During
some exercises, the finishing position is exaggerated with deeper knee flexion in order to emphasize the correction of certain biome-
chanical deficiencies.

prevention training among a wide variety of athletes, those
who demonstrate neuromuscular imbalances as evidenced by
poor dynamic knee stability might benefit the most from train-
ing.23 The following discussion will address the theoretic basis
for the design of a dynamic neuromuscular-analysis training
program aimed at correcting specific neuromuscular imbalanc-
es in female athletes. The goal of the discussion is to provide
clinicians and coaches with specific methods to assess neuro-
muscular imbalances and to subsequently provide training
techniques targeted to correct an athlete’s specific imbalances.

IDENTIFICATION OF LIGAMENT DOMINANCE

The measurement of neuromuscular imbalances allows in-
dividuals at potential risk for ACL injury to be identified.23

An athlete may display techniques that place her at risk be-
cause of one or more imbalances. During single-leg landing,
pivoting, or deceleration, the motion of a ligament-dominant
knee in an athlete may be directed by the external ground
reaction forces, rather than by her musculature.22 Initial eval-
uation of an athlete’s level of ligament dominance can be ac-
complished using a 31-cm box-drop test combined with a
maximum-effort vertical leap.33,49 When landing from a box,
a ligament-dominant athlete may display substantial medial
knee motion in the coronal plane that can be visually identi-

fied. Medial knee motion may be related to an overall dynamic
knee valgus (femoral adduction, femoral internal rotation in
relation to the hip, tibial external rotation in relation to the
femur with or without foot pronation). Movement patterns that
place an athlete in positions of high ACL load (excessive ex-
ternal knee-abduction moments) combined with a low knee-
flexion angle may increase the risk for ligament injury or fail-
ure.61 Landing in the valgus position also correlates with
increased impact ground reaction force.22 Thus, a female ath-
lete who lands with excessive medial knee motion may be
classified as ligament dominant.

To address ligament dominance, an athlete should be taught
to control dynamic knee motion, especially unwanted motions
in the coronal plane. She should be shown how to use the
knee as a single-plane hinge joint allowing flexion and exten-
sion, not valgus and varus. Education for dynamic control of
knee motion in the sagittal plane may be achieved through
progressive exercises that challenge the neuromuscular system.
The first step to addressing ligament dominance is to make an
athlete aware of proper form and technique as well as unde-
sirable and potentially dangerous positions. Athletes can be
videotaped or placed in front of a mirror to make them aware
that they are landing with visually identifiable medial knee
motion. Second, clinicians must critically evaluate the jumping
and landing sequence and provide constant, technique-oriented
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Figure 3. Wall jumps. The athlete stands erect with the arms semiextended overhead. This vertical jump requires minimal knee flexion.
The gastrocnemius muscles should create the vertical height, and the arms should extend fully at the top of the jump. Use this jump
as a warm-up and coaching exercise, as this relatively low-intensity movement can reveal abnormal knee motion in athletes with poor
side-to-side knee control.

feedback. This feedback is similar to the coaching required to
teach a specific skill required for a sport.57 Clinicians can use
verbal feedback such as ‘‘on your toes,’’ ‘‘soft-silent land-
ings,’’ and ‘‘straight as an arrow’’ as athletes jump; ‘‘light as
a feather’’ as they land; and ‘‘knees square,’’ ‘‘knees bent,’’
‘‘shoulders back,’’ ‘‘head up,’’ and ‘‘touch and go.’’ These
cues should be repeated often to help promote a strong foun-
dation of proper technique.22,62 Sports medicine clinicians
should attempt to continuously bridge the gap in an athlete’s
perceived technique and actual technical performance. Clini-
cians must be diligent in providing adequate feedback for cor-
rect technical performance to facilitate the desirable neuro-
muscular alterations. If the feedback is inadequate or
inappropriate, then an athlete may be reinforcing improper
techniques with the neuromuscular training.

TREATMENT OF LIGAMENT DOMINANCE

Before being taught the dynamic exercises, athletes should
be shown proper athletic position (Figure 2). The athletic po-
sition is a functionally stable position with the knees com-
fortably flexed, shoulders back, eyes up, feet approximately
shoulderwidth apart, and body mass balanced over the balls
of the feet. The knees should be over the balls of the feet and
the chest over the knees.22 This is the athlete-ready position

and should be the starting and finishing position for most train-
ing exercises.

The wall-jump exercise can be used initially to treat liga-
ment dominance (Figure 3). This low- to moderate-intensity
jump allows clinicians to begin analyzing an athlete’s level of
ligament dominance or valgus-varus motion in the knee. Dur-
ing wall jumps, athletes do not go through deep knee-flexion
angles; most of the vertical movement is provided by active
ankle plantar flexion. The relatively straight knee makes even
slight amounts of medial knee motion easy to identify visually.
When medial knee motion is observed, clinicians should begin
to give verbal feedback cues (eg, ‘‘keep knees square,’’ ‘‘no
inward knee motion,’’ ‘‘keep knees aligned straight,’’ ‘‘keep
knees apart and use your knee like a hinge, not a ball and
socket’’). This feedback allows athletes to cognitively process
the proper knee motion required to perform the exercise; ath-
letes also find this feedback easier to process because the ex-
ercise does not require maximal effort. Finally, control of me-
dial knee motion is critical when landing with knee angles
close to full extension. Direct ACL load is high during forceful
quadriceps contraction with dynamic valgus positioning at
small knee-flexion angles.63 Thus, the initial technical goal for
a ligament-dominant athlete is to keep the knees apart when
landing and to err on the side of varus knee positioning, which
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Figure 4. Tuck jumps. The athlete starts in the athletic position with her feet shoulderwidth apart. She initiates the jump with a slight
crouch downward while she extends her arms behind her. She then swings her arms forward as she simultaneously jumps straight up
and pulls her knees up as high as possible. At the highest point of the jump, the athlete is in the air with her thighs parallel to the
ground. When landing, the athlete should immediately begin the next tuck jump. Encourage her to land softly, using a toe-to-midfoot
rocker landing. The athlete should not continue this jump if she cannot control the high landing force or if she uses a knock-kneed
landing.

Figure 5. Broad jump and hold. The athlete prepares in the athletic
position with her arms extended behind her at the shoulder. She
begins by swinging her arms forward and jumping horizontally and
vertically at approximately a 458 angle to achieve maximum hori-
zontal distance. The athlete must ‘‘stick’’ the landing with her
knees flexed to approximately 908 in an exaggerated athletic po-
sition. If she cannot stick the landing during a maximal effort jump
in the early phases, have her perform a submaximal broad jump,
sticking the landing with her toes straight ahead and no inward
motion of her knees. As her technique improves, encourage her to
add distance to her jumps but not at the expense of perfect tech-
nique.

produces decreased ACL load in the knee-flexion angles used
in this jump.63

Another useful exercise to target ligament-dominant athletes
is the tuck jump (Figure 4). The tuck jump is on the opposite
end of the intensity spectrum from the wall jump and requires
a high level of effort. Initially, athletes focus most of their
cognitive efforts solely on the performance of this difficult
jump. Clinicians can quickly identify those athletes who may
demonstrate abnormal levels of coronal-plane knee displace-
ment during jumping and landing, because such an athlete usu-
ally devotes minimal attention to technique in the first few
repetitions. In addition, tuck jumps can be used to assess im-
provements in lower extremity biomechanics. If an athlete can
improve her neuromuscular control and biomechanics during
this difficult jumping and landing sequence, then she is gaining
dynamic neuromuscular control of the knee joint and may be-
gin to develop a learned skill that might be transferred to com-
petitive play.

The wall jump and the tuck jump provide clinicians with
an analysis of an athlete’s movements primarily in the coronal
plane. The broad jump and hold (Figure 5) allows clinicians
to assess an athlete’s knee motion while progressing forward
in the sagittal plane. Gaining dynamic knee control while per-
forming multiplanar tasks is critical to changing biomechanics
that can transfer to on-the-field play. Some athletes may dis-
play active valgus, a position of hip adduction and knee ab-
duction, which is a result of muscular contraction rather than
ground reaction forces. Active valgus occurs when taking off
from a jump rather than landing and should be corrected dur-
ing training. The broad jump is a moderate-intensity exercise
that offers clinicians another opportunity to provide feedback
on technique and to assist athletes to perfect their technique
during each jump. In addition, proper execution of the broad
jump requires athletes to hold the landing for 3 to 5 seconds,
which forces them to gain and maintain dynamic knee control
over a more prolonged period of time. By stabilizing her knees
over a prolonged period of time, an athlete learns to recognize
proper foot positioning and knee control, thereby enhancing
proprioceptive and kinesthetic abilities. Recognition of proper
positioning and technique is a primary goal of training; how-

ever, more reflexive motor patterns are desired for the ultimate
success of neuromuscular reprogramming.

The 1808 jump (Figure 6) can be incorporated into training
to teach dynamic body and lower extremity control in the
transverse plane. The 1808 jump creates rotational force in the
transverse plane, which must be absorbed and immediately
redirected in the opposite direction. This movement is impor-
tant for teaching an athlete to recognize and control dangerous
rotational forces, which if combined with knee abduction or
anterior load, produce additive ACL loads.63 Additionally, in-
creased body awareness and control can improve movement
patterns, which will reduce injury risk and also improve mea-
sures of performance.22,62
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Figure 6. The 1808 jump. The starting position is standing erect with feet shoulderwidth apart. The athlete initiates this 2-footed jump
with a direct vertical motion combined with a 1808 rotation in midair, keeping her arms away from her sides to help maintain balance.
When she lands, she immediately reverses this jump into the opposite direction. She repeats until perfect technique fails. The goal of
this jump is to achieve maximal height with a full 1808 rotation. Encourage the athlete to maintain exact foot position on the floor by
jumping and landing in the same footprint.

Figure 7. Single-leg hop and hold. The starting position is a semi-
crouched position on a single leg. The athlete’s arm should be fully
extended behind her at the shoulder. She initiates the jump by
swinging the arms forward while simultaneously extending at the
hip and knee. The jump should carry the athlete up at an angle of
approximately 458 and attain maximal distance for a single-leg
landing. She is instructed to land on the jumping leg with deep
knee flexion (to 908) and to hold the landing for at least 3 seconds.
Coach this jump with care to protect the athlete from injury. Start
her with a submaximal effort on the single-leg broad jump so she
can experience the level of difficulty. Continue to increase the dis-
tance of the broad hop as the athlete improves her ability to ‘‘stick’’
and hold the final landing. Have the athlete keep her visual focus
away from her feet to help prevent too much forward lean at the
waist.

Once an athlete has learned to jump, land, and hold the
broad jump in bipedal stance, the single-leg hop-and-hold ex-
ercise (Figure 7) can be incorporated into the training. Proper
progression into the single-leg hop and hold is critical to en-
sure athlete safety during training. This point is salient for
clinicians, because ACL injury-prevention techniques should

not introduce the inappropriate risk for injury during training.
Most noncontact ACL injuries occur when landing or decel-
erating on a single limb.41 The single-leg hop-and-hold exer-
cise roughly mimics a mechanism of ACL injury during com-
petitive play. When initiating the single-leg hop-and-hold, an
athlete should be instructed to jump only a few inches and to
land with deep knee flexion. As she masters the low-intensity
jumps, the distance can be increased, as long as she can con-
tinue to maintain deep knee flexion when landing and control
the coronal-plane motion at the knee. Athletes must be given
continuous feedback (with cues to ‘‘use deep knee flexion,’’
‘‘sit down deep,’’ ‘‘soft, silent landings,’’ ‘‘light as a feather,’’
‘‘knee square,’’ ‘‘knee bent’’) on both her medial-lateral knee
motion control and her ability to absorb the landing in an
appropriate manner through ankle, knee, and hip flexion.

The final level of training used to target ligament dominance
is unanticipated cutting movements. Before being taught un-
anticipated cutting, athletes should first be able to proficiently
attain the proper athletic position (see Figure 2). This athlete-
ready position is the goal position to achieve before initiating
a directional cut. Adding the directional cues to the unantici-
pated part of training can be as simple as pointing or as sport
specific as using partner-mimic or ball-retrieval drills.

Single-faceted sagittal-plane training and conditioning pro-
tocols that do not incorporate cutting maneuvers will not pro-
vide levels of external varus-valgus or rotational loads similar
to those seen during sport-specific cutting maneuvers.64 Train-
ing programs that incorporate safe levels of varus-valgus stress
may induce more muscle-dominant neuromuscular adapta-
tions.61 Such adaptations can better prepare an athlete for more
multidirectional sport activities, which can improve perfor-
mance and reduce the risk of lower extremity injury.22,52,65

Female athletes perform cutting techniques with decreased
knee flexion and increased valgus angles.39 Knee-valgus loads
can double when an athlete performs unanticipated cutting ma-
neuvers similar to those used in sport.66 Thus, the endpoint of
training designed to reduce ACL loading via valgus torques
can be achieved by teaching athletes to use movement tech-
niques that produce the low abduction knee-joint moments.61

Recent evidence demonstrates that training incorporating un-
anticipated movements can reduce knee-joint loads.62 Addi-
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Figure 8. Squat jumps. The athlete begins in the athletic position with her feet flat on the mat and pointing straight ahead. She drops
into deep knee, hip, and ankle flexion; touches the floor (or mat) as close to her heels as possible; and then takes off into a maximal
vertical jump. The athlete then jumps straight up vertically and reaches as high as possible. On landing, she immediately returns to the
starting position and repeats the initial jump. Repeat for the allotted time or until her technique begins to deteriorate. Teach the athlete
to jump straight up vertically, reaching as high overhead as possible. Encourage her to land in the same spot on the floor and maintain
upright posture when regaining the deep-squat position. Do not allow the athlete to bend forward at the waist to reach the floor. She
should keep her eyes up, feet and knees pointed straight ahead, and arms to the outside of her legs.

tionally, training individuals to preactivate their musculature
before ground contact may facilitate appropriate kinematic ad-
justments, and ACL loads may be reduced.66,67 Training an
athlete to employ safe cutting techniques in unanticipated sport
situations may instill technique adaptations that will more
readily transfer onto the field of play. A ligament-dominant
athlete may become muscle dominant, reducing her future risk
of ACL injury.22,52

IDENTIFICATION OF QUADRICEPS DOMINANCE

Athletes can be screened for indicators of quadriceps dom-
inance using relatively common measurement techniques such
as isokinetic dynamometry or perhaps even simple leg-curl
and leg-extension machines. Huston and Wojtys24 demonstrat-
ed that female athletes had increased quadriceps dominance
compared with males and nonathletic controls. If an athlete
exhibits a high level of quadriceps strength, a low level of
hamstring strength, or a low hamstring-to-quadriceps ratio in
one or both limbs, quadriceps dominance may be present.
Hamstring-to-quadriceps strength ratios of less than 55% may
indicate a quadriceps-dominant athlete who may demonstrate
inappropriate or decreased hamstring recruitment patterns dur-
ing dynamic tasks.68 If objective measures are not available,
then an athlete can be tested on her ability to hop and hold a
single-leg stance in deep knee flexion. To maintain upright
posture with deep knee flexion (.908) requires relatively more
recruitment of hamstrings than quadriceps.69 Inability to main-
tain stance with deep knee flexion may indicate some level of
quadriceps dominance.

TREATMENT OF QUADRICEPS DOMINANCE

To decrease the tendency toward quadriceps dominance, ex-
ercises are employed to emphasize cocontraction of the knee

flexor-extensor muscles.70 It is difficult to develop a more ap-
propriate firing pattern for the knee flexors while performing
exercises that also strongly activate the knee extensors. If the
hamstrings are adequately activated at the proper time, they
can decrease ACL loading. However, at low knee-flexion an-
gles, the hamstrings have little ability to protect against ACL
loads.64,71,72 Additionally, at angles greater than 458, the quad-
riceps resist anterior tibial translation, providing an agonistic
role to the ACL.73,74 Therefore, it is important to use deep
knee-flexion angles to put the quadriceps into an ACL-agonist
position and the hamstrings into an ACL-protective position.
Athletes trained with deep knee-flexion jumps can learn to
increase the amount of knee flexion at landing and decrease
the amount of time spent in the more dangerous straight-leg-
ged position. We hypothesize that the repetitive achievement
of proper positioning may facilitate increased muscle coacti-
vation and possibly lead to reduced ACL loads. When training
female athletes with dynamic exercises, especially exercises
that use deep knee-flexion angles, clinicians should be aware
of the potential introduction of anterior knee pain, which may
occur at an increased rate in this population.75 Modifying the
jump exercises with decreased knee flexion and pain-free
range of motion may be warranted for training athletes to re-
duce the potential for patellofemoral pain.76

Squat jumps (Figure 8) and broad jump and holds (see Fig-
ure 5) can specifically address the training goal of improving
the protective nature of increased sagittal-plane flexor mo-
ments. Squat jumps require an athlete to go into deep knee-
flexion angles, past 908. Squat jumps may increase the relative
recruitment and strength of the flexor musculature, as well as
provide a mechanism to learn closed-chain knee control over
a large range of motion.69 Additionally, the squat jump can
help teach an athlete to land in a more flexed-knee position,
which decreases the quadriceps’ ability to load the ACL and
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Figure 9. X hops. The athlete faces a quadrant pattern and stands
on a single limb with the support knee slightly bent. She hops
diagonally, lands in the opposite quadrant, maintains forward
stance, and holds the deep knee-flexion landing for 3 seconds. She
then hops laterally into the side quadrant and again holds the land-
ing. Next she hops diagonally backward and holds the jump. Fi-
nally, she hops laterally into the initial quadrant and holds the land-
ing. She repeats this pattern for the required number of sets.
Encourage the athlete to maintain balance during each landing,
keeping her eyes up and the visual focus away from her feet.

improves the ability of the hamstrings to offset anterior shear
forces due to their line of pull.64,71–74

Although large knee-flexion angle jumps, like squat jumps,
may provide increased hamstring activation through continu-
ous knee range of motion, the broad jump and hop-and-hold
exercises (see Figure 5) are important for training the ham-
string cocontraction to provide stabilization in static position.
When performing the broad-jump-and-hold exercise, ham-
string firing is required early in the landing to prevent the
anterior tibial shear force needed to counteract the quadriceps
firing during deceleration from a landing and later in the ma-
neuver to prevent the dangerous valgus knee motion. Ham-
string muscles work to provide resistance against these high
force motions, but they must also provide adequate cocontrac-
tion to maintain upright posture. Thus, repetitive training with
deep knee-flexion hold exercises may improve hamstring
strength and recruitment and quadriceps agonistic support and
reinforce safe positioning when performing sport maneuvers.

IDENTIFICATION OF LEG DOMINANCE

Leg dominance can be assessed using a dynamometer or
leg-curl and leg-extension machines. A difference in strength
or power of 20% or more between limbs indicates a neuro-
muscular imbalance that may underlie significant injury risk.44

Another indicator of bilateral imbalances is an athlete’s ability
to perform a single-leg balanced stance on an unbalanced plat-
form that can objectively quantify postural sway (ie, a stabi-
lometer). Women demonstrate poor scores on stabilometry
measures taken on unaffected limbs after ACL injury.31 These
pilot data may indicate some relationship between ACL injury
risk and poor stabilometric scores. Tropp and Odenrick77 re-
ported that athletes who could not demonstrate postural bal-
ance within 2 standard deviations of normal had a significantly
higher risk for an ankle injury. Increased proficiency in bipedal
and single-leg balance can be gained through balance-board
training.78 Tropp and Odenrick77 were able to reduce injury
rates in athletes returning to sport from prior injury with 10
weeks of balance-board training. Finally, field exercises such
as X hops (Figure 9) can be used as a measure to grade bi-
lateral differences in single-limb performance. Identifying
limb imbalances will assist clinicians and researchers in inter-
vening with athletes who need dynamic neuromuscular anal-
ysis training.

TREATMENT OF LEG DOMINANCE

In order to correct for leg dominance, training must pro-
gressively emphasize double-leg and then single-leg move-
ments. Equal leg-to-leg strength, balance, and foot placement
are stressed throughout the program. For example, to perform
tuck jumps (see Figure 3), a leg-dominant athlete may repeat-
edly place the weaker limb under greater stress to maintain
symmetry throughout the performance of the double-leg jump.
If she does not produce equal force output in each leg, then
she will have difficulty maintaining proper position in jumping
and landing and will have increased difficulty maintaining an
upright vertical tuck jump. Thus, to perform the tuck jump,
the weaker leg must work harder to maintain an equal position
with the stronger leg. In turn, greater neuromuscular adapta-
tion may be evoked in the weaker limb. An important training
point for clinicians is to pay special attention to foot placement
during landing and jumping. Athletes should not be allowed

to drop one leg posterior to the other leg when performing
double-leg jumps. This position will only facilitate leg-to-leg
imbalances further by overloading the stronger (posteriorly po-
sitioned) leg, while unloading the stress on the weaker (ante-
riorly positioned) leg. An athlete who continuously exhibits
the problem of dropping a leg or overusing the stronger leg
can reprogram this dangerous pattern with single-leg exercises
such as the hop-and-hold exercise mentioned earlier or with
the single-leg balance exercise on an unstable surface (Figure
10). By forcing each limb to work independently of the other
limb, no compensation can be provided by the contralateral
limb. Similar amounts of work force greater muscular adap-
tations in the weaker limb and may decrease imbalances that
may have been displayed before training.

Bounding exercises (Figure 11) can be incorporated into
training to aid in the correction of lower extremity imbalances
and to help an athlete learn to coordinate multiplanar move-
ments. To correctly perform the bounding exercise, an athlete
should jump with maximum distance in both the vertical and
horizontal planes. This power jump incorporates high-intensity
jumps and landings on a single limb. This type of high-inten-
sity, single-leg movement can accelerate the correction of im-
balances between the lower extremities. During this exercise,
the weaker leg is repeatedly and quickly exposed to the forces
generated by the other leg. The neuromuscular stress placed
on the less coordinated leg to individually dampen and quickly
redirect the forces generated by the dominant limb during this
exercise may help to normalize any bilateral strength or co-
ordination discrepancies between the lower extremities.

Correction of leg dominance requires an athlete to learn to
coordinate multijoint actions and multiplanar movements into
power skill movements that can be used during competitive
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Figure 10. Single-leg balance. The balance drills are performed on
a balance device that provides an unstable surface. The athlete
begins on the device with a 2-legged stance with feet shoulder-
width apart, in athletic position. As she improves, the training drills
can incorporate ball catches and single-leg balance drills. Encour-
age the athlete to maintain deep knee flexion when performing all
balance drills.

Figure 11. Bounding. The athlete begins this jump by bounding in
place. Once she attains proper rhythm and form, encourage her to
maintain the vertical component of the bound while adding some
horizontal distance to each jump. The progression of jumps ad-
vances the athlete across the training area. When coaching this
jump, encourage the athlete to maintain maximum bounding
height.

Figure 12. Jump, jump, jump, vertical jump. The athlete performs
3 successive broad jumps and immediately progresses into a max-
imum-effort vertical jump. The 3 consecutive broad jumps should
be performed as quickly as possible and attain maximal horizontal
distance. The third broad jump should be used as a preparatory
jump that will allow horizontal momentum to be quickly and effi-
ciently transferred into vertical power. Encourage the athlete to
provide minimal braking on the third and final broad jump to en-
sure that maximum energy is transferred to the vertical jump.
Coach the athlete to go directly vertical on the fourth jump and
not move horizontally. Use full arm extension to achieve maximum
vertical height.

play. The endpoint of training should incorporate exercises
that force an athlete to use maximum effort with perfect tech-
nique. The jump, jump, jump, vertical jump (Figure 12) can
be used to evaluate an athlete’s potential ability to transfer
proper techniques into sport-related tasks. This exercise is per-
formed with maximum effort for horizontal momentum, which
must quickly and efficiently be transferred into vertical move-
ment. Execution of this movement is similar to that during
competitive play. Examples may include a soccer player who
must rapidly stop and jump to head the ball, a basketball play-
er performing a jump-stop layup, or a volleyball player who

uses the approach to gain momentum for maximum height
during the attack. An improper or unbalanced limb in any step
of the jump sequence makes the jump difficult to execute. The
reward of a more easily accomplished task pushes an athlete
to learn bilateral limb control during this jump.

In summary, the progression from double-leg to single-leg
power maneuvers is a requirement for correcting leg-to-leg
imbalances. In addition, the incorporation of multiplanar
movements that equally recruit both lower extremities for op-
timal performance is necessary. More complex movement pat-
terns require greater synchronization and coordination in side-
to-side performance, which leads to greater balance in
side-to-side muscle recruitment and equalization of leg-to-leg
coordination and power.

CONCLUSIONS

Female athletes may demonstrate one or more neuromus-
cular imbalances of ligament dominance, quadriceps domi-
nance, and leg dominance. Dynamic neuromuscular analysis
training provides a method to specifically address and correct
these neuromuscular imbalances. Correction of neuromuscular
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imbalances is important for both optimal biomechanics of ath-
letic movements and reduction in knee injuries. Objective,
standardized jump-landing risk assessments that can be quick-
ly and easily administered by clinicians should be encouraged
for preseason screening of potentially at-risk female athletes.
Further study on the effects of neuromuscular retraining on
biomechanical performance and knee-injury incidence is im-
portant to advance injury-prevention programs and women’s
athletics. Although significant strides have been made, contin-
ued advancements in sports injury-risk screening, including
the incorporation of high-risk sports movements and matura-
tional assessment into the screening tests, are necessary. Fur-
thermore, research is warranted to determine the most effective
timing for interventional training in young female athletes,
with the goals of maximizing efficiency and precluding them
from high-risk competitive seasons.
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