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ABSTRACT

This invited clinical commentary summarizes the current state of knowledge in the area of prevention of 
anterior cruciate ligament (ACL) injuries. ACL injuries occur with a four to six fold greater incidence in 
female compared to male athletes playing the same high risk sports. The combination of increased risk of 
ACL injury and a 10-fold increase in sports participation since the enactment of Title IX in 1972 has led to 
an almost epidemic rise in ACL injuries in female athletes. Examination of the mechanisms responsible for 
this sex disparity in ACL rupture accelerated in the last two decades. A summary of these findings and a 
synthesis and framework for understanding the results of the intense investigation of this research are 
detailed herein. This clinical commentary focuses on the current understanding, identification and inter-
ventional targeting of the primary neuromuscular and biomechanical risk factors associated with the ACL 
injury mechanism in high-risk individuals.
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INTRODUCTION
Anterior cruciate ligament (ACL) injury occurs with a 
four to six fold greater incidence in female athletes 
compared to males playing the same landing and cut-
ting sports.1 The elevated risk of ACL injury in females 
coupled with the 10-fold increase in high school and 
5-fold increase in collegiate sport participation in the 
last 30 years has led to a rapid rise in ACL injuries in 
females.2-3 This increase in ACL injuries in the female 
sports population has fueled intense examination of 
the mechanisms responsible for the gender disparity 
in these debilitating sports injuries.4-12 ACL rupture is 
costly, with conservative estimates of surgery and 
rehabilitation at $17,000-$25,000 per injury.6, 13 This is 
in addition to potential loss of entire seasons of sports 
participation, decreased scholarship funding, lowered 
academic performance, long term disability, and sig-
nificantly greater risk of radiographically diagnosed 
osteoarthritis.14-15 The mechanism underlying gender 
disparity in ACL injury risk is likely multi-factorial in 
nature. Several theories have been proposed to explain 
the mechanisms underlying the gender difference in 
ACL injury rates. These theories include related extrin-
sic (physical and visual perturbations, bracing, and 
shoe-surface interaction) and intrinsic (anatomic, hor-
monal, neuromuscular, and biomechanical differences 
between genders) variables. This clinical commentary 
focuses on the authors latest understanding of the 
identification of the neuromuscular and biomechani-
cal risk factors associated with the ACL injury mecha-
nism and provides direction for targeted prophylactic 
interventions for high-risk individuals.

ACL INJURY RISK PREDICTION 
Using coupled biomechanical-epidemiological 
approaches, the authors have studied young athletes 
in Boone County, Kentucky for nearly a decade.16-18 
In that county school system the authors have been 
tracking all the sixth- through twelfth-grade female 
soccer, basketball, and volleyball players, by assess-
ing biomechanical performance and following the 
athletes longitudinally for injury. Load and biome-
chanical profiles of young athletes can be studied in 
order to determine how these profiles relate to bio-
mechanical and neuromuscular factors, as well as to 
determine how they underlie future risk for ACL 
injury as the athlete’s age. These same profiles are 
also being studied regarding their relationship to 

patellofemoral pain syndrome, juvenile osteochon-
dritis dissecans, and osteochondral defects. The cou-
pled biomechanical-epidemiological approach has 
allowed the authors to develop a much greater 
understanding of the critical ages when females 
appear to be most vulnerable to injury, as well as the 
strategies that can be undertaken in order to prevent 
and treat ACL injuries.16, 19-21

When video sequences of actual ACL injury are exam-
ined, it appears that there are four common motor per-
formance components that occur, especially in 
women.16, 22 As the at risk female athlete lands, her knee 
buckles inward. The injured knee is relatively straight. 
Most if not all of her weight is on a single lower extrem-
ity. Finally, her trunk tends to be tilted laterally. In sum-
mary, her center of mass is outside of her base of foot 
support. These same mechanisms also occur in men 
but the exaggeration of the positioning of the lower 
extremities and trunk is much greater in women. 

Directly related to the aforementioned four com-
mon components of the typical mechanism of injury 
are four neuromuscular imbalances that the authors 
term ligament dominance, quadriceps dominance, 
leg dominance, and trunk dominance. Existing evi-
dence suggests that these four neuromuscular imbal-
ances may be associated with the underlying ACL 
injury mechanisms. Therefore, these imbalances 
should be screened for and indentified in individual 
athletes. Identification of faulty movement patterns 
would allow for implementation of specific inter-
ventions, targeted at prevention.

Ligament Dominance
Recall the component of the typical injury mechanism 
where the knee collapses into a valgus position. The 
neuromuscular imbalance observed more frequently in 
women than men responsible for this biomechanical 
deficit is termed ligament dominance. In the condition 
termed ligament dominance, muscles do not suffi-
ciently absorb the ground reaction forces, so the joint 
and the ligaments must absorb high amounts of force 
over a brief time period. High amounts of force sus-
tained over a short period of time lead to higher impulse 
forces, which is what likely results in ligament rupture. 

Ligament dominance is characterized by use of ana-
tomic (bony configuration and articular cartilage) 
and static stabilizers (ligaments) to absorb the ground 
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mass moves with it. As the GRF tracks the COM, and 
if it progresses lateral to the center of the knee joint, 
the result is movement of the knee joint into a val-
gus alignment. Thus, the problem with excessive lat-
eral trunk motion or the lack of adequate 
neuromuscular control of the motion of the trunk in 
the frontal plane during sports movements: the 
ground reaction force moves in the direction of the 
center of mass, lateral to the knee joint, and forces 
the lower leg into an abducted position (valgus posi-
tion at the knee). (Figure 1)

Quadriceps Dominance
Recall that females tend to land from a jump with less 
knee flexion than males. The extended knee joint 
component of the injury mechanism relates to a neu-
romuscular imbalance that occurs in females that the 
authors term quadriceps dominance. Quadriceps 
dominance refers to the tendency to stabilize the 
knee joint by primarily using the quadriceps muscles. 
Women appear to preferentially use the quadriceps 

reaction forces encountered during activity, rather 
than the use of the muscular prime movers of the 
lower extremity. Especially important for lower 
extremity muscular control (and avoidance of liga-
ment dominance) is the group of muscles that com-
prise the posterior kinetic chain: the gluteals (both 
maximus and medius), the hamstrings, and the gas-
trocnemius and soleus. The large, powerful poste-
rior chain muscles must be properly recruited in 
order to absorb the substantial reaction forces 
imparted by the ground, or they travel to the joint 
and the ligament. Newton’s third law of equal and 
opposite reaction forces is always obeyed. There-
fore, when a female soccer player makes a one-
footed cut on the field, or a female basketball player 
lands from a rebound on a court, she hits the ground 
or court, and that surface hits her back with an equal 
and opposite reaction force. The reaction force expe-
rienced by the athlete is actually significantly greater 
than her body weight because her body and body 
segments have inertia and impart a force to the 
ground greater than their collective mass. These 
inertial properties related to velocity of movement 
lead to forces in multiples of body mass impacting 
the ground and body. For example, when a female 
athlete is simply walking across the court, she is 
impacting the ground and the ground is impacting 
her back with two to three times her body mass. 
Forces experienced during the landing, cutting, run-
ning and jumping tasks performed during sports 
activities occur in multiples of body mass much 
greater than two to three times. 

During all activities, the ground reaction force (GRF) 
is directed toward the center of mass (COM) of the 
body. The COM, which resides in the trunk segment 
of the body, is the target of the GRF, and therefore 
the trunk and control of trunk motion is vitally 
important for control of GRF’s imparted to the body. 
In addition to the trunk, the positioning of the COM 
relative to the knee joint and the plantar surface of 
the foot is crucial with regard to knee protection or 
injury. The trunk plays a crucial role in the female 
athlete’s ability to control her body in space. This 
will be further discussed in the upcoming section on 
trunk dominance. However, in the context of liga-
ment dominance, if the trunk moves, the GRF tracks 
or follows the movement of the trunk; if an athlete 
allows her trunk to move laterally, her center of 

Figure 1. Example of dynamic lower extremity valgus: A 
combination of motions and rotations at all 3 lower extremity 
joints, potentially including hip adduction and internal rota-
tion, knee (tibial) abduction, tibial external rotation and ante-
rior translation and ankle eversion.
Figure reproduced from Hewett, TE, et al. Biomechanical measures 
of neuromuscular control and valgus loading of the knee predict 
anterior cruciate ligament injury risk in female athletes: A prospec-
tive study. Am J Sports Med. 2005;33(4):492-501. Used with permis-
sion, Sage Publications.
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because he/she just blocked the ball over the net, 
and the landing knee is often near full extension, 
demonstrating the lack of knee flexion.

If the athlete’s COM is forward and the knee is 
extended, the GRF (when assessing from the side, in 
the sagittal plane) slams the knee back further into 
extension. In biomechanical terminology this is 
referred to as an external force, because the force is 
coming from the ground. In essence, as the athlete 
hits the ground, the ground offers an external exten-
sion force which extends the hinge of the knee joint. 
As previously mentioned, according to Newtonian 
mechanics the mechanisms inside the body must 
generate an equal and opposite torque in order to 
 prevent the athlete from falling backwards. That 
torque is called an internal flexion moment or flexion 
torque, and it is provided mainly by the hamstrings 
and gastrocnemius at that point of landing. Deficits in 
recruitment of hamstrings and gastrocnemius during 
landing may allow for excessive extension torques 
that increase stress on knee joint passive stabilizers, 
and provide enough torque to cause injury. The 
authors of this commentary further determined in 
the same study of volleyball players that the posterior 
kinetic chain muscles that flex the knee were acti-
vated at three times the level in size-matched males 
as compared to females when landing from a jump.5 
This early study provided documentation of quadri-
ceps dominance in women5. Other researchers exam-
ined the muscular reactions that occurred after 
pushing the tibia forward with an experimental turn-
buckle device. In this study, men activated their ham-
strings first, while females first activated their 
quadriceps.23 In summary, primary activation of the 
hamstrings is desirable because the hamstrings pull 
the tibia posteriorly and take stress off the ACL. The 
quadriceps first muscular control strategy used by 
women, where the quadriceps pull forward adding to 
the anterior stress on the ACL, is exactly opposite of 
the preferred activation pattern used by males.

Leg Dominance
The authors call the third type of imbalance leg dom-
inance. In tasks that normally require side-to-side 
symmetry of the lower extremities, women tend to be 
more one-leg dominant than their male counterparts. 
When a female tears her ACL, most if not all her 
weight is on a single leg.22 When considering the 

more than males in order to stiffen and stabilize the 
knee joint.5 When females contract their quadriceps 
it extends their knee, which likely relates to the more 
extended knee position observed during an ACL 
injury. In addition to that, the quadriceps serve to 
stiffen or compress the tibiofemoral joint. The com-
mon quadriceps tendon attaches at the superior 
patella, and then attaches via the infrapatellar tendon 
to the tibial tubercle on the anterior tibia. When the 
quadriceps contract they pull the tibia anterior rela-
tive to the femur. The resultant biomechanical prob-
lem is that the ACL serves to hold the tibia posteriorly 
(or check anterior translation), and when a female 
athlete uses her quadriceps to stabilize the joint she 
induces an anterior shear stress to the tibia and there-
fore also to the ACL.

Quadriceps dominance relates to ligament domi-
nance. If an athlete preferentially uses the quadri-
ceps instead of the posterior chain muscles to control 
the limb, she uses a single muscle with a single ten-
dinous insertion for stability and control. This is in 
contrast to using the group of posterior chain mus-
cles that possess multiple muscles with varied ten-
don insertions that can be selectively utilized to 
control the limb during functional tasks. For instance, 
the hamstring has both medial and lateral tendons 
that play a vital role in stiffening and stabilizing the 
knee joint, in the exact opposite direction of the 
quadriceps at low knee flexion angles. The ham-
strings are able to increase flexion at the knee, which 
provides a better position (mechanical advantage) 
for using the muscles to absorb force. The ham-
strings are considered a synergist with the ACL and 
are able to pull the tibia posteriorly thereby decreas-
ing the stress on the ACL. Finally, the hamstrings 
have tendons that insert on either side of the joint 
that can offer the frontal plane control of motion at 
the knee that is vital for injury prevention.

The authors’ early studies compared high school 
male and female volleyball players who were on 
average the same weight and height. Hence, biome-
chanically, they were quite similar.5 When an ath-
lete blocks a volleyball over a net, two significant 
force spikes occur right at the point of landing, when 
the ball of the foot hits and when the heel hits. These 
forces are in the range of five to seven times body 
weight. The athlete’s center of mass is forward 
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than their male counterparts. Her center of mass is 
higher off the ground, therefore, it is harder for her 
to control and balance her body. After the adoles-
cent growth spurt, males get what is called a “neuro-
muscular spurt” where they experience muscular 
development and get proportionately more power-
ful. So, although males also get a bigger “machine” 
after a growth spurt they get a much bigger sized 
engine in relation to the size of the machine. In con-
trast, in women and girls, that ratio between the size 
of the machine and the size and the power output of 
the engine, basically stays the same and does not 
adapt to the increased demands.

After maturation, females experience a more mas-
sive trunk, a center mass located higher off the 
ground and fat and lean body mass redistributed in 
novel ways, but don’t get the more powerful engine 
to control that bigger “machine”. When examining 
videos of a woman rebounding a basketball or cut-
ting on the soccer field, she will frequently have 
excess motion of the trunk. Recall, that as discussed 
in the context of ligament dominance, the uncon-
trolled side to side movements and GRF’s create 
medial-lateral torques on the knee. 

In summary, the authors believe that these four 
neuromuscular imbalances underlie the mecha-
nisms that relate to ACL injury risk that is greater in 
females than in males. We have demonstrated these 
four dysfunctional movement strategies both in the 
controlled environment of the laboratory and during 
sport performance and injury analysis on the field 
or court. Acknowledging that there are differences 
between males and females in the observed ACL 
injury mechanism, it is important to understand the 
important variations observed in prevention strate-
gies.29 When interventions are designed, the observed 
differences in injury mechanisms should be consid-
ered and unique programs that specifically address 
the neuromuscular deficits observed should be 
developed for males and females. For example, in 
females there should be a greater focus on dynamic, 
ground based core or dynamic trunk training than in 
a program developed for males.27-28Authors have dem-
onstrated that single limb balance and wobble board 
training is more important for men than women, who 
are on average more proficient than men at single 
leg balance. Hence, single limb balance training 

imbalance of leg dominance, it should be acknowl-
edged that most athletes have a preferred plant leg 
and a preferred kick or drive (in the case of a single 
leg jump task) leg. However, the difference between 
limbs in muscle recruitment patterns, muscle 
strength, and muscle flexibility, tends to be greater, in 
women than men.10, 21, 24-26 So, in the context of a pre-
season screening process neuromuscular/biome-
chanical tests should attempt to identify side-to-side 
differences. Regarding muscular symmetry, if side to 
side muscle strength or relative recruitment differ-
ences are measurable, then an athlete is asymmetric 
and is considered to be leg dominant. What the 
authors of this commentary have shown is that those 
that have greater asymmetry in these force and 
torque profiles have greater risk of future injury.20

Trunk (Core Dysfunction) Dominance
Those athletes, typically women, who do not adequately 
sense the position of their trunk in three-dimensional 
space, or allow greater movement following a perturba-
tion or disturbance of their trunk, have greater risk of 
future knee, ligament, and ACL injury.22, 27 Diminished 
proprioception of the trunk is one difference that exists 
between men and women. In women a valgus position-
ing of the knee is frequently observed during varied 
motor tasks, and is considered to be high risk for ACL 
injury. The same positioning is not frequently observed 
in men, and the trunk is a more common contributor 
to the at risk position demonstrated by women. For 
instance, in those studies performed by Zazulak et al27-28 
on the association between trunk proprioception and 
control and future risk of knee ligament injury, trunk 
motion and trunk proprioception predicted risk of 
future knee ligament injury in females, but not males.27

Trunk dominance is simply defined as the inability 
to precisely control the trunk in three dimensional 
space. Trunk dominance may be related to growth 
and maturation factors. For example, if you observe 
a young woman who has just experienced a growth 
spurt; she has a bigger “machine” to manage with 
her existing motor programs and neuromuscular 
strategies. This growth spurt may be likened to put-
ting someone on stilts. So, if an average 10 or 11 year 
old female grows ten to fifteen centimeters (4-6 
inches) in a year she basically functions as if on 
stilts. As females mature, they also increase body 
mass and add proportionally more fat body mass 
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The authors believe that the muscles of the posterior 
chain are present, but are often under-recruited or 
not effectively “turned on” in many female athletes. 
For instance, Zazulak et al presented data regarding 
hip muscular recruitment of women and men, show-
ing that women activate their hamstrings and gluteals 
less than men.32 The gluteus maximus, the biggest, 
strongest muscle in the body, is the only triaxial, 
three plane controller of femoral position. When an 
athlete primarily contracts her quads, and reduces 
the contraction of her gluteals and hamstrings, the 
result is the position of valgus knee collapse. Recall 
that this is problematic because as an athlete allows 
the ground to push her knee into the valgus position, 
her muscle contraction patterns further reinforce 
that position and the loads experienced at the knee 
can become high enough to be injurious. 

Interventions to encourage female athletes to become 
less quadriceps dominant emphasize “turning on” or 
emphasizing the recruitment of the posterior kinetic 
chain muscles. This can be achieved in multiple 
ways. Plyometric exercises that utilize the position of 
90/90 degrees flexion at the knee and hip are highly 
effective. (Figure 2) Russian hamstring curls using a 
band across the chest facilitate control utilizing not 

should be included when designing an ACL preven-
tion program specifically for men.30-31 

Interventions to address Quadriceps 
Dominance
After conducting two decades of research investiga-
tions and closely following the emerging evidence 
published by other researchers, it has become apparent 
that females are in fact highly quadriceps dominant. 

Table 1. Relationship between Mechanism, Neuromuscu-
lar Imbalance, and Neuromuscular Intervention for ACL 
Injury Prevention in Female Athletes.

Figure 2. Squat jump sequence. Note, in a tuck jump the knees are fl exed toward the trunk while in the air. See Appendix 1 for 
more detail on the tuck jump.
Figure reproduced from: Myer GD, et al. Rationale and clinical techniques for anterior cruciate ligament injury prevention among female ath-
letes. J Athl Train. 2004;39(4):352-364. Used with permission, Journal of Athletic Training.
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increase the difficulty, the athlete can do the same 
movement using a single leg which incorporates both 
balance and strengthening work. 

Interventions to address Leg Dominance 
Single leg balance and single leg hopping techniques 
are useful for addressing leg dominance. (Figure 5) 
Although it may seem counterintuitive, the more sin-
gle leg activities an athlete performs, the more side to 
side symmetry is restored. The human body pos-
sesses complex neurologic mechanisms that attempt 
to achieve balance, one side versus the other. This is 
especially true when performing single leg tasks; the 
body makes use of neuromuscular feedback loops 
and bilateral neurological systems to influence sym-
metry during dynamic control of such tasks. Note 

only the eccentric (lowering) part of a closed kinetic 
chain hamstring curl, but also the concentric (rais-
ing) part. (Figure 3) Athletes benefit by training all 
muscles of the posterior kinetic chain in both eccen-
tric and concentric modes.

The authors also use exercises that enhance recruit-
ment of the posterior chain while requiring core acti-
vation of the abdominals and hip stabilizers. Instruct 
the athlete to put their heels on a medium size swiss 
ball, and assume a plank position, maintaing a neu-
tral pelvis (a flat body position) and then pull the 
knees into flexion, by rolling their heels on the ball. 
The athlete pulls the ball toward their rear-end by 
flexing the knees, achieving a dynamic hamstring 
curl while the pelvis remains stable. (Figure 4) To 

Figure 3. “Russian” hamstring exercise with elastic resistance around the trunk to emphasize concentric and eccentric hamstring 
contractions.

Figure 4. Dynamic core stabilization and hamstring curl on swiss ball. Note: the athlete must stabilize the trunk/core as the legs 
fl ex and extend.
Figure reproduced from: Myer, G. D., D. A. Chu, et al. Trunk and hip control neuromuscular training for the prevention of knee joint injury. 
Clin Sports Med. 2008;27(3): 425-448, ix. Used with permission, Clinical Sports Medicine.
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the pelvis in the transverse and frontal planes. When 
an athlete lacks core stability the pelvis deviates into 
rotated or anterior/posterior tilted positions. 

Another important consideration of core stability is 
the ability of the patient to control the pelvis on the 
hips and lower extremity in space via the stabilization 
functions of the abductors and rotators of the hip. 
Therapists who work with athletes after an ACL tear 
and subsequent reconstruction should be aware that 
one of the best predictors of future risk is hip external 
rotation strength. The hip external rotators serve as a 
proximal stabilizing component of the core and lower 
extremity. In a recent article published by Paterno et 
al, subjects whose hip external rotation strength was 
less than optimal after an ACL reconstruction had an 
eight times greater chance of sustaining another ACL 
injury.21 An exercise to address the hip rotation facet of 
core control is closed chain internal and external rota-
tion of the hip using elastic resistance. (Figure 6) In 
this exercise the patient assumes a single limb stance 
position, wraps elastic tubing around their pelvis and 
concentrically and eccentrically controls the trans-
verse plane rotation/derotation of the pelvis on the 
hip, while keeping the trunk erect. Feedback about 

that maximum cross-over effects are achieved when 
both lower extremities are utilized in single limb 
activities, alternately. Additionally, single leg hop 
activities may influence synergistic recruitment of 
the posterior chain musculature, which facilitates not 
only the muscular control to be successful with uni-
lateral tasks, but may also decrease quadriceps domi-
nance during dynamic tasks. 

Interventions to address Trunk Dominance
Addressing trunk dominance is achieved by core 
training, but not necessarily the core training related 
to the increase in performance of the prime movers 
(such as the rectus abdominis). Instead, contempo-
rary focus regarding training for the core relates to 
the specific instruction in activities that provide sta-
bility offered by the local musculature (such as 
transversus abdominis and multifidus) and pelvic/
hip stabilizers. Trunk dominance is difficult to mea-
sure in real time, especially during dynamic function. 
Many of the training techniques described within 
this commentary are testing procedures at the same 
time. The swiss ball exercise described previously (see 
Figure 4) can be used as a measure of an athlete’s abil-
ity to control their core, by assessing the stability of 

Figure 5. Example of three components of dynamic neuromuscular training: plyometrics, single limb balance, and perturba-
tions. Note: Single limb balance and perturbations are especially helpful in decreasing leg dominance.
Figure reproduced from: Hewett TE, et al. Anterior cruciate ligament injuries in female athletes:Part 1, mechanisms and risk factors. Am J 
Sports Med. 2006;34(2):299-311. Used with permission, Sage Publications.
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they had about three times greater risk of a second 
ACL injury.21

THE APPROACH FOR PREVENTION: 
ADDRESSING THE PROBLEM
Picture the female athlete landing during sport perfor-
mance; the knee is relatively straight and collapsing 
into valgus. Most, if not all of the weight is on a single 
foot, and the trunk is tilted to one side. These four 
neuromuscular imbalances comprise the formula for 
an ACL tear. The contributory factors for each are well 
described, and are affected either directly or indirectly 
by the position of the trunk. Each of these neuromus-
cular imbalances contributing to the mechanism of 
injury can be affected by targeted training. The athlete 

maintaining upright posture and neutral pelvic posi-
tion both the sagittal and frontal planes is essential. 

Finally, those athletes that went on to sustain a sec-
ond ACL injury had increased frontal plane excur-
sion of the trunk and knee, and decreased flexion 
through the knee and hip during sport competition.21 
Trunk deviations seem to be closely related to lower 
quarter deviations as previously described in the 
discussion about the COM and base of support rela-
tionship to valgus positioning of the lower extrem-
ity. If athletes allow significant medial collapse at 
the knees they had approximately a four and a half 
fold greater risk of injury. If athletes showed asym-
metry during landing, one side versus the other, 

Figure 6. Closed-kinetic chain hip internal and external rotation using elastic resistance. Elastic resistance is secured lateral to 
the pelvis at the level of the hip/pelvis, and is wrapped around the pelvis in order to exert a pull opposite the desired rotation. The 
athlete assumes single limb stance on the leg to be trained. The contralateral limb is fl exed at the hip and knee. The athlete con-
tracts the external rotators of the hip, thereby moving the pelvis on the femur, in this case into a relatively externally rotated posi-
tion. (Figure 6A) Eccentric control by the hip external rotators is required to return to neutral position and beyond into an 
internally rotated position. (Figure 6B) Close attention must be paid to the position of the pelvis, to not allow alterations in the 
frontal (Trendelenburg) or sagittal plane (anterior or posterior tilt).
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sport participation subsequent to an ACL reconstruc-
tion and the associated rehabilitation. The neuromus-
cular control deficits demonstrated by many female 
athletes may have been present prior to the initial 
ACL rupture. Such deficits may worsen after the ACL 
is ruptured, because the mechanoreceptors that com-
prise a significant percentage of the ACL are damaged 
and no longer functional. Hence, physical therapists 
must address neuromuscular deficits specifically and 
have a strong focus on preventative type training in 
order to help the athletes compensate for the loss pro-
prioceptive sensors of 3-D kinematics and kinetics in 
the knee. Prevention of subsequent re-injury to the 
ACL demands careful attention to building the opti-
mal neuromuscular strategies for control of the body 
during all functional tasks. 

DEVELOPMENT AND APPLICATION OF ACL 
INJURY RISK SCREENING TEST - FROM 
THE LABORATORY TO THE FIELD

Development of Screening Test
A scientifically based approach is recommended for 
the development of any strategy designed to prevent 
sports injuries.34 The authors have incorporated the 
sequence of a prevention model34 to systematically 
organize specific scientifically based principles that 
can be used to effectively develop injury prevention 
programs. The initial steps involve understanding 
and establishing the extent of the problem based on 
injury incidence and severity. As detailed earlier, 
ACL injuries are a significant and extensive problem 
in female athletes. 

The next step in the sequence of injury prevention 
is to establish the injury mechanism and etiology. 
The relative importance of each risk factor is diffi-
cult to evaluate for each individual athlete. However, 
a detailed description of the inciting event (injury 
mechanism) is suggested in order to identify the 
appropriate methods for injury prevention and to 
allow for the description of the theoretical potential 
intrinsic and extrinsic risk factors.34 The literature 
is full of information about injury mechanism in 
females: most ACL injuries occur in a non-contact 
episode during sport performance, typically during 
deceleration, lateral pivoting, or landing tasks that 
are associated with high external knee joint loads.35-36 
Video analysis techniques have confirmed that most 

must be taught the following concepts for correct 
neuromuscular control during motor tasks: the trunk 
should not swing side to side during motion; the knee 
should not collapse medially; the posterior chain 
musculature must be turned on so that her knee is in 
a position of controlled flexion and she uses the cor-
rect muscles to absorb forces; and she must use her 
lower extremities equally. 

Many studies and several meta-analyses of the litera-
ture have shown that the prevention programs that 
incorporate the above stated concepts and directly 
address the four critical neuromuscular imbalances 
that directly relate to injury mechanism, reduce 
injury risk between 30 and 80 percent.18, 26 If a girl or 
woman is five times more likely than a boy or man to 
rupture her ACL, an intervention that can gradually 
decrease risk from five times down to one reduces 
the risk by 80 percent, creating an equal injury rate 
between males and females. Some of the current 
popular intervention or prevention programs have 
been shown to be able to drop the risk experienced 
by females down to male levels.33 On average, inter-
ventions can drop risk by about 50 percent (risk is 
cut approximately in half) which is a huge effect on 
relative risk provided by neuromuscular training.6

The authors have shown that the effects of specific 
interventions on the four neuromuscular imbalances 
are great. As an example, when first examining the 
effects of knee abduction torque (which forces the 
knee into the valgus position) on the knee, subjects 
showed a 50 percent reduction in torque at the knee 
after participation in a neuromuscular and strength-
ening program.5 Subsequently, in a follow up clinical 
study, the authors showed a 50 and 60 percent drop in 
relative risk after participation in a neuromuscular 
training program.6 Thus, knee torques that push the 
knees inwards, are directly related to relative risk. 

Second ACL injury is a major problem. The risk in the 
general population, and especially in the young 
female population, of first time tear of the ACL is 
somewhere between 1 in 50 and 1 in 100.26 After young 
female athletes tear their ACL and undergo recon-
struction, their risk of rupturing their ACL again is 
near 1 in 4.21 Hence, therapists should be aware of, 
screen for, and attempt to correct all identifiable neu-
romuscular deficits prior to returning an athlete to 
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landing maneuvers with three-dimensional motion 
analysis techniques.9-10, 41-64 The majority of the studies 
found an increased knee abduction (valgus) motion or 
moment in females compared to males. In a recent lon-
gitudinal study, Ford et al.19 identified that during a land-
ing task pubertal females have an increased change in 
knee abduction motion within a year of rapid adoles-
cent growth. In addition, important reported risk factors 
of knee abduction motion and torque were significantly 
greater over consecutive years in young post-pubertal 
female athletes as compared to males.19 If pre-season 
testing methods could identify an athlete who is at 
higher risk for an ACL injury, coaches may more likely 
institute and remain committed to injury prevention 
programs for those athletes. 

Application of Clinic Based Screening Test
The presence of altered movement patterns may be 
responsible for the increased rates of knee injury in 
females, but is not typically measured in athletes 
prior to participation. Standard pre-participation phys-
icals assess static measures of joint stability. Few, if any, 
dynamic measures are assessed during these exams 
and plans for movement training interventions are 
rarely implemented. No method for the accurate and 
practical screening and identification of athletes at 
increased risk of ACL injury is currently available. 
The assessment of potential injury risks prior to 
sports participation followed by targeted intervention 
aimed at correcting measured neuromuscular imbal-
ances may decrease the relative injury incidence in 
athletes.65 Preparticipation screening of athletes may 
be used to identify those athletes prone to knee injury 
and who would benefit from a training intervention 
to enhance strength, proprioception, and neuromus-
cular stabilization about the knee joint. Simple meth-
ods to determine which athletes are at increased risk 
of injury, which are readily available to coaches, ath-
letic trainers, physical therapists, and athletes, might 
allow for large scale screening for injury-prone ath-
letes and clearly identify those athletes who need 
preparticipation training. With the ever-increasing 
popularity of sports like soccer, volleyball, basketball, 
and softball, and the rapidly growing number of par-
ticipants, higher numbers of injuries could be avoided 
in the future.

Laboratory based screening tools demonstrate that 
altered neuromuscular strategies or decreased 

non-contact ACL injuries occur during a sharp decelera-
tion or landing maneuver with the knee close to exten-
sion at initial ground contact.36 Olsen et al. performed a 
videographic examination of ACL injury mechanisms in 
team handball.35 They found that the ACL injury mech-
anism in women was a forceful valgus collapse with the 
knee close to full extension combined with tibial rota-
tion, validating the contribution of both ligament and 
quadriceps dominance dysfunctions.

Risk factors for most sports injuries are classified into 
internal (intrinsic) and external (extrinsic) to the ath-
lete. Risk factors such as age, maturation, and neuro-
muscular performance may predispose the athlete to 
injury. The potentially modifiable intrinsic variables 
of interest in the authors screening program are those 
that are neuromuscular/biomechanical. Specifically, 
the authors believe in targeting altered movement pat-
terns that may increase ACL injury risk. Altered 
movement patterns can be described by the specific 
plane which the majority of the deficit occurs. For 
example, the sex-based disparity observed in ACL 
injury rates may be strongly influenced by differ-
ences in the frontal plane joint motions and moments. 
The link between frontal plane knee loading and 
resultant increases in ACL strain is demonstrated by 
cadaveric, in vivo and computer modeling experi-
ments.37-40 Physiologic dynamic valgus torques on the 
knee can increase anterior tibial translation and load 
on the ACL several-fold39, also validating the concepts 
of ligament and quadriceps dominance. 

Application of Laboratory Based 
Screening Test
A prospective combined biomechanical-epidemio-
logic study showed that knee abduction moments 
(valgus torques) and angles were significant predic-
tors of future ACL injury risk. Knee abduction 
moments predicted ACL injury risk with 73% sensi-
tivity and 78% specificity.20 Knee abduction angles 
(valgus angulation at the knee) were 8 degrees greater 
in the ACL-injured group than those in the unin-
jured groups. It is therefore likely that increases in 
knee abduction moment and motion in the injured 
group were significant risk factors that predisposed 
each athlete to an ACL injury. 

Sex differences in knee abduction motion and moment 
have been investigated in numerous studies during 



North American Journal of Sports Physical Therapy | Volume 5, Number 4 | December 2010 | Page 245

potential to target large numbers of high injury risk 
athletes with the appropriate intervention strategies. 

In order to achieve the objective of reducing non-
contact injury risk in female athletes, identification 
of those who preferentially demonstrate high knee 
abduction moment landing mechanics appears 
salient. Therefore, a field-based assessment algo-
rithm was systematically developed to improve the 
potential to identify and target injury prevention 
training to female athletes with increased knee 
abduction moment.24-25, 70 The validated field-based 
assessment algorithm delineated five biomechanical 
factors that could be captured in clinic and filed set-
tings which, when combined, identify high knee 
abduction moment during landing with high accu-
racy.24-25, 70 (Figure 7) This clinic-based assessment 
tool can be administered in a clinic or field testing 
environment. It has been validated by the highly 
accurate laboratory-based assessment and facilitates 
screening for ACL injury risk on a more widespread 
basis. However, it does not as readily allow for real-
time feedback from clinicians to utilize during neu-
romuscular training to correct deficits.

APPLICATION OF A FIELD-BASED 
FUNCTIONAL ASSESSMENT TOOL 
While the above mentioned clinic-based assessment 
tool is valuable to identify athletes who should be 

 neuromuscular control during the execution of 
sports movements, as evidenced by abnormal lower 
limb joint mechanics (motions and loads), may 
underlie the increased risk of ACL injury in female 
athletes.4, 9-10, 20, 66-67 Prospective measures of external 
knee abduction moment during landing predict non-
contact ACL injury risk in young female athletes.20 

Calculation of knee injury risk factors such as knee 
abduction moment through inverse dynamics requires 
complex laboratory-based three-dimensional kine-
matic and kinetic measurement techniques. Myer et al 
have described isolated biomechanical measures 
that contribute to nearly 80% of the measured vari-
ance in knee abduction moment during landing.16 

These biomechanical predictors of knee abduction 
moment, which include increased knee abduction 
angle, increased relative quadriceps recruitment and 
decreased knee flexion range of motion (ROM), con-
comitant with the increased tibial length and body 
mass (normalized to body height) that accompanies 
growth, are measurements that have all been related 
to increased risk of ACL injury in previous prospective 
and retrospective epidemiological reports.20, 36, 68-69 Unfor-
tunately, expensive biomechanical laboratories, with 
the costly and labor intensive measurement tools used 
to test individual athletes, are required to acquire these 
measurements. This restricts the potential to perform 
athlete risk assessments on a large scale, limiting the 

Figure 7. Injury Prediction Nomogram. 
Figure reproduced from: Myer GD, et al. Clinical correlates to laboratory measures for use in non-contact anterior cruciate ligament injury risk 
prediction algorithm. Clin Biomech (Bristol, Avon). 2010;25(7):693-699. Used with permission, Clinical Biomechanics.
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TARGETING NEUROMUSCULAR DEFICITS 
RELATED TO ACL INJURY WITH THE TUCK 
JUMP ASSESSMENT
For organizational ease, the criteria assessed during 
the tuck jump tool can be grouped into the neuro-
muscular risk factor categories described in this clini-
cal commentary. (Figure 8) The tuck jump assessment 
tool can be utilized to improve techniques (thus 
decreasing risk) during an exercise that requires a 
high effort level from the athlete. As suggested ear-
lier, an athlete may place most of his or her cognitive 
efforts solely on the performance of this difficult 

targeted with neuromuscular training, it was imper-
ative to develop an additional “clinician friendly” 
field-based, functional performance landing and 
technique assessment to identify and then target 
high risk ACL injury mechanisms. For this reason 
the tuck jump assessment tool was developed to aid 
clinician decision making during training sessions.71 
The tuck jump is also well suited as a training tool to 
improve neuromuscular technique because it incor-
porates limb symmetry, trunk control, recruitment 
of the posterior chain musculature, and sagittal 
plane control of the limbs.

REAL TIME FIELD ASSESSMENT AND 
TRAINING TOOL
The tuck jump exercise may be useful to the clini-
cian for the identification of lower extremity tech-
nical flaws during a plyometric activity.72 The tuck 
jump (Figures 1 and 3) requires a high-level effort 
from the athlete. Initially, the athlete may place 
most of his or her cognitive efforts solely on the 
performance of this difficult jumping task. The 
 clinician may readily identify potential deficits 
especially during the first few repetitions. In addi-
tion, the tuck jump exercise may be used to assess 
and track improvement in lower extremity biome-
chanics as the athlete progresses through their 
training.71-72 

Appendix 1 provides the “clinician friendly” landing 
technique assessment tool clinicians may use to 
monitor an athlete’s performance of the tuck jump 
before, during, and after training. Specifically, the 
athlete performs repeated tuck jumps for 10 sec-
onds, which allows the clinician to visually grade the 
outlined criteria. To further improve accuracy of the 
assessment, a standard 2D camera in the frontal and 
sagittal planes may be utilized to assist the clinician. 
The athlete’s techniques are subjectively rated as 
either having an apparent deficit (checked) or not. 
The deficits are then tallied for the final assessment 
score. Indicators of flawed techniques should be 
noted for each athlete and should be the focus of 
feedback during subsequent training sessions. The 
athlete’s baseline performance can be compared to 
repeated assessments performed at the midpoint 
and conclusion of training protocols, to objectively 
track improvement with jumping and landing 
technique.

Figure 8. Tuck jump Criteria grouped into Dominance cat-
egories. Figure reproduced from “Myer, G. D., J. L. Brent, et al. 
(2010). ”Real-time assessment and feedback techniques for use 
in neuromuscular training aimed to prevent ACL injury.” 
Strength and Conditioning Journal In Press.” With permis-
sion from the editor.
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court or field in athletic female populations.5-6, 74-75 
Neuromuscular training facilitates neuromuscular 
adaptations that teach athletes to utilize joint stabi-
lization patterns that employ safer muscular pre- 
and mid stance activation patterns (Figure 5). This 
training allows female athletes to adopt muscular 
recruitment strategies that decrease joint motion 
and protect the ACL from high, potentially injurious 
impulse loads sustained during athletic perfor-
mance.74, 76-77 However, more clear identification of 
the modifiable mechanisms would increase the 
potential for both screening for high risk athletes 
and targeting interventions to address the specific 
mechanisms that increase ACL injury risk in female 
athletes.

Increased dynamic valgus position and abduction 
loads in the lower extremity successfully predict 
increased risk of ACL injury in female athletes. 
These loads are often driven by dysfunction of the 
core or trunk, as well as loss of symmetry between 
limbs. The tuck jump assessment has been pre-
sented as one field-based method to assess risk for 
ACL injury by assessing the four neuromuscular 
imbalances during a functional task. The authors are 
currently developing additional field-based assess-
ments using 2-D camcorder-based methods to 
develop simple yet objective measures to monitor 
multiple facets of neuromuscular control in female 
athletes. Using coupled biomechanical-epidemiolog-
ical approaches, high-risk female athletes can be 
identified and be directed to engage in effective, tar-
geted interventions to prevent ACL injury.

ACKNOWLEDGEMENTS
The authors would like to acknowledge funding sup-
port from National Institutes of Health Grant 
R01-AR049735, R01-AR055563 and R01-AR056259.

REFERENCES
1. Arendt EA, Agel J, Dick R. Anterior Cruciate 

Ligament Injury Patterns Among Collegiate Men and 
Women. J Athl Train. 1999;34:86-92.

2. NCAA. NCAA injury surveillance system summary. 
Indianapolis: National Collegiate Athletic 
Association; 2002.

3. NFHS NFoSHSA. 2008-09 High School Athletics 
Participation Survey. Kansas City, Missouri: 
National Federation of State High School 
Associations; 2009.

jump and demonstrate many technical flaws that are 
indicative of increased risk for injury. However, if she 
can improve her neuromuscular control and biome-
chanics during this difficult jump and landing 
sequence, she may gain dynamic neuromuscular 
control of the lower extremity and create a learned 
skill that can be transferred to competitive play. 
Empirical evidence from the authors’ laboratory sug-
gests that athletes who do not improve their scores, or 
who demonstrate 6 or more flawed techniques, 
should be targeted for further technique training. 
Pilot work in the laboratory indicated that the intra-
rater reliability for the tuck jump assessment was 
high r=0.84 (range 0.72-0.97). These data indicate 
that this assessment may be adequate for a single cli-
nician to re-assess athletes to determine changes in 
technical performance of the tuck jump exercise.73

CONCLUSIONS: NEUROMUSCULAR 
CONTROL DEFICITS CAN PREDICT ACL 
INJURY IN FEMALE ATHLETES
Increased ACL injury incidence in female athletes is 
likely a multi-factorial neuromusculoskeletal phe-
nomenon. Potential factors that have not been dis-
cussed may play a role (e.g. genetics). In addition, 
injury data from many fields demonstrate that 
numerous physical and psychological parameters 
affect injury rates.14 Though there likely are multi-
ple factors underlying the differences in ACL injury 
rates in male and female athletes, neuromuscular 
control may play an important role in injury risk 
and is the most modifiable factor. While the preven-
tion and treatment focus should remain in areas that 
are modifiable, investigations should continue into 
the relative contribution of less modifiable factors. 
This is especially important in the pubescent female 
athlete, where significant developmental changes 
occur both anatomically and hormonally. The epi-
demiologic data indicate that the changes that occur 
as a female athlete moves through puberty may lead 
to higher injury rates in this vulnerable, high-risk 
population. The neuromusculoskeletal changes that 
can alter both passive joint laxity and decrease 
dynamic joint stability could be modified if interven-
tions were instituted at the right time.

Neuromuscular training in females has been shown 
to increase active knee stabilization in the laboratory 
and decrease the incidence of ACL injury, on the 



North American Journal of Sports Physical Therapy | Volume 5, Number 4 | December 2010 | Page 248

17. Ford KR, Myer GD, Hewett TE. Longitudinal Effects 
of Maturation on Lower Extremity Joint Stiffness in 
Adolescent Athletes. Am J Sports Med. Epub ahead of 
print, Jun 3, 2010.

18. Hewett TE, Johnson DL. ACL prevention programs: 
fact or fi ction? Orthopedics. 2010;33(1):36-39.

19. Ford KR, Shapiro R, Myer GD, van den Bogert AJ, 
Hewett TE. Longitudinal Sex Differences during 
Landing in Knee Abduction in Young Athletes. Med 
Sci Sports Exerc. 2010;42(10):1923-1931.

20. Hewett TE, Myer GD, Ford KR, et al. Biomechanical 
Measures of Neuromuscular Control and Valgus 
Loading of the Knee Predict Anterior Cruciate 
Ligament Injury Risk in Female Athletes: A 
Prospective Study. Am J Sports Med. 2005;33(4):
492-501.

21. Paterno MV, Schmitt LC, Ford KR, et al. 
Biomechanical Measures During Landing and 
Postural Stability Predict Second Anterior Cruciate 
Ligament Injury After Anterior Cruciate Ligament 
Reconstruction and Return to Sport. Am J Sports Med. 
Epub ahead of print, Aug 11, 2010.

22. Hewett TE, Torg JS, Boden BP. Video analysis of 
trunk and knee motion during non-contact anterior 
cruciate ligament injury in female athletes: lateral 
trunk and knee abduction motion are combined 
components of the injury mechanism. Br J Sports 
Med. 2009;43(6):417-422.

23. Huston LJ, Wojtys EM. Neuromuscular performance 
characteristics in elite female athletes. Am J Sports 
Med. 1996;24(4):427-436.

24. Myer GD, Ford KR, Hewett TE. New method to 
identify high ACL injury risk athletes using clinic-
based measurements and freeware computer 
analysis. Br J Sports Med. 2010;In Press.

25. Myer GD, Ford KR, Khoury J, Succop P, Hewett TE. 
Development and Validation of a Clinic-Based 
Prediction Tool to Identify Female Athletes at High 
Risk for Anterior Cruciate Ligament Injury. Am J 
Sports Med. Epub ahead of print, Jul 1, 2010.

26. Hewett TE, Myer GD, Ford KR. Anterior Cruciate 
Ligament Injuries in Female Athletes: Part 1, 
Mechanisms and Risk Factors. Am J Sports Med. 
2006;34(2):299-311.

27. Zazulak BT, Hewett TE, Reeves NP, Goldberg B, 
Cholewicki J. The effects of core proprioception on 
knee injury: a prospective biomechanical-
epidemiological study. Am J Sports Med. 
2007;35(3):368-373.

28. Zazulak BT, Hewett TE, Reeves NP, Goldberg B, 
Cholewicki J. Defi cits in neuromuscular control of 
the trunk predict knee injury risk: a prospective 

4. Ford KR, Myer GD, Toms HE, Hewett TE. Gender 
differences in the kinematics of unanticipated 
cutting in young athletes. Med Sci Sports Exerc. 
2005;37(1):124-129.

5. Hewett TE, Stroupe AL, Nance TA, Noyes FR. 
Plyometric training in female athletes. Decreased 
impact forces and increased hamstring torques. Am J 
Sports Med. 1996;24(6):765-773.

6. Hewett TE, Lindenfeld TN, Riccobene JV, Noyes FR. 
The effect of neuromuscular training on the 
incidence of knee injury in female athletes. 
A prospective study. Am J Sports Med. 1999;27(6): 
699-706.

7. Besier TF, Lloyd DG, Ackland TR, Cochrane JL. 
Anticipatory effects on knee joint loading during 
running and cutting maneuvers. Med Sci Sports Exerc. 
2001;33(7):1176-1181.

8. Malinzak RA, Colby SM, Kirkendall DT, Yu B, Garrett 
WE. A comparison of knee joint motion patterns 
between men and women in selected athletic tasks. 
Clin Biomech (Bristol, Avon). 2001;16(5):438-445.

9. Chappell JD, Yu B, Kirkendall DT, Garrett WE. 
A comparison of knee kinetics between male and 
female recreational athletes in stop-jump tasks. Am J 
Sports Med. 2002;30(2):261-267.

10. Ford KR, Myer GD, Hewett TE. Valgus knee motion 
during landing in high school female and male 
basketball players. Med Sci Sports Exerc. 
2003;35(10):1745-1750.

11. McLean SG, Huang X, Su A, van den Bogert AJ. 
Sagittal plane biomechanics cannot injure the ACL 
during sidestep cutting. Clin Biomech (Bristol, Avon). 
2004;19:828-838.

12. McLean SG, Neal RJ, Myers PT, Walters MR. Knee 
joint kinematics during the sidestep cutting 
maneuver: potential for injury in women. Med Sci 
Sports Exerc. 1999;31(7):959-968.

13. de Loes M, Dahlstedt LJ, Thomee R. A 7-year study 
on risks and costs of knee injuries in male and 
female youth participants in 12 sports. Scand J Med 
Sci Sports. 2000;10(2):90-97.

14. Freedman KB, Glasgow MT, Glasgow SG, Bernstein 
J. Anterior Cruciate Ligament Injury and 
Reconstruction Among University Students. Clin 
Orthop Related Res. 1998;356:208-212.

15. Ruiz AL, Kelly M, Nutton RW. Arthroscopic ACL 
reconstruction: a 5-9 year follow-up. Knee. 
2002;9(3):197-200.

16. Myer GD, Ford KR, Khoury J, Succop P, Hewett TE. 
Biomechanics laboratory-based prediction algorithm 
to identify female athletes with high knee loads that 
increase risk of ACL injury. Br J Sports Med. Epub 
ahead of print, Jun 17, 2010.



North American Journal of Sports Physical Therapy | Volume 5, Number 4 | December 2010 | Page 249

42. Chappell JD, Creighton RA, Giuliani C, Yu B, Garrett 
WE. Kinematics and electromyography of landing 
preparation in vertical stop-jump: risks for 
noncontact anterior cruciate ligament injury. Am J 
Sports Med. 2007;35(2):235-241.

43. Chaudhari AM, Lindenfeld TN, Andriacchi TP, et al. 
Knee and hip loading patterns at different phases in 
the menstrual cycle: implications for the gender 
difference in anterior cruciate ligament injury rates. 
Am J Sports Med. 2007;35(5):793-800.

44. Cortes N, Onate J, Abrantes J, Gagen L, Dowling E, 
Van Lunen B. Effects of gender and foot-landing 
techniques on lower extremity kinematics during 
drop-jump landings. J Appl Biomech. 2007;23(4):
289-299.

45. Earl JE, Monteiro SK, Snyder KR. Differences in 
lower extremity kinematics between a bilateral 
drop-vertical jump and a single-leg step-down. 
J Orthop Sports Phys Ther. 2007;37(5):245-252.

46. Ford KR, Myer GD, Smith RL, Vianello RM, Seiwert 
SL, Hewett TE. A comparison of dynamic coronal 
plane excursion between matched male and female 
athletes when performing single leg landings. Clin 
Biomech (Bristol, Avon). 2006;21(1):33-40.

47. Garrison JC, Hart JM, Palmieri RM, Kerrigan DC, 
Ingersoll CD. Comparison of Knee-Joint Moments in 
Male and Female College Soccer Players During a 
Single-Leg Landing. Journal of Sport Rehabilitation. 
2005;14(4):332.

48. Gehring D, Melnyk M, Gollhofer A. Gender and 
fatigue have infl uence on knee joint control 
strategies during landing. Clin Biomech (Bristol, 
Avon). 2009;24(1):82-87.

49. Hart JM, Garrison JC, Palmieri-Smith R, Kerrigan 
DC, Ingersoll CD. Lower extremity joint moments of 
collegiate soccer players differ between genders 
during a forward jump. J Sport Rehabil. 
2008;17(2):137-147.

50. Hewett TE, Myer GD, Ford KR. Decrease in 
neuromuscular control about the knee with 
maturation in female athletes. J Bone Joint Surg Am. 
2004;86-A(8):1601-1608.

51. Hughes G, Watkins J, Owen N. Gender differences in 
lower limb frontal plane kinematics during landing. 
Sports Biomech. 2008;7(3):333-341.

52. Jacobs C, Mattacola C. Sex Differences in Eccentric 
Hip-Abductor Strength and Knee-Joint Kinematics 
When landing from a Jump. Journal of Sport 
Rehabilitation. 2005;14:346-355.

53. Jacobs CA, Uhl TL, Mattacola CG, Shapiro R, Rayens 
WS. Hip abductor function and lower extremity 
landing kinematics: sex differences. J Athl Train. 
2007;42(1):76-83.

biomechanical-epidemiologic study. Am J Sports 
Med. 2007;35(7):1123-1130.

29. Krosshaug T, Nakamae A, Boden BP, et al. 
Mechanisms of anterior cruciate ligament injury in 
basketball: video analysis of 39 cases. Am J Sports 
Med. 2007;35(3):359-367.

30. Caraffa A, Cerulli G, Projetti M, Aisa G, Rizzo A. 
Prevention of anterior cruciate ligament injuries in 
soccer. A prospective controlled study of 
proprioceptive training. Knee Surg Sports Traumatol 
Arthrosc. 1996;4(1):19-21.

31. Hewett TE, Paterno MV, Myer GD. Strategies for 
enhancing proprioception and neuromuscular 
control of the knee. Clin Orthop. 2002;402:76-94.

32. Zazulak BT, Ponce PL, Straub SJ, Medvecky MJ, 
Avedisian L, Hewett TE. Gender comparison of hip 
muscle activity during single-leg landing. J Orthop 
Sports Phys Ther. 2005;35(5):292-299.

33. Mandelbaum BR, Silvers HJ, Watanabe DS, et al. 
Effectiveness of a neuromuscular and proprioceptive 
training program in preventing anterior cruciate 
ligament injuries in female athletes: 2-year 
follow-up. Am J Sports Med. 2005;33(7):1003-1010.

34. van Mechelen W, Hlobil H, Kemper HC. Incidence, 
severity, aetiology and prevention of sports injuries. 
A review of concepts. Sports Med. 1992;14(2):82-99.

35. Olsen OE, Myklebust G, Engebretsen L, Bahr R. 
Injury mechanisms for anterior cruciate ligament 
injuries in team handball: a systematic video 
analysis. Am J Sports Med. 2004;32(4):1002-1012.

36. Boden BP, Dean GS, Feagin JA, Garrett WE. 
Mechanisms of anterior cruciate ligament injury. 
Orthopedics. 2000;23(6):573-578.

37. Markolf KL, Burchfi eld DM, Shapiro MM, Shepard 
MF, Finerman GA, Slauterbeck JL. Combined knee 
loading states that generate high anterior cruciate 
ligament forces. J Orthop Res. 1995;13(6):930-935.

38. Kanamori A, Woo SL, Ma CB, et al. The forces in the 
anterior cruciate ligament and knee kinematics 
during a simulated pivot shift test: A human 
cadaveric study using robotic technology. 
Arthroscopy. 2000;16(6):633-639.

39. Fukuda Y, Woo SL, Loh JC, et al. A quantitative 
analysis of valgus torque on the ACL: a human 
cadaveric study. J Orthop Res. 2003;21(6):1107-1112.

40. Lloyd DG, Buchanan TS. Strategies of muscular 
support of varus and valgus isometric loads at the 
human knee. J Biomech. 2001;34(10):1257-1267.

41. Benjaminse A, Habu A, Sell TC, et al. Fatigue alters 
lower extremity kinematics during a single-leg 
stop-jump task. Knee Surg Sports Traumatol Arthrosc. 
2008;16(4):400-407.



North American Journal of Sports Physical Therapy | Volume 5, Number 4 | December 2010 | Page 250

67. Myer GD, Ford KR, McLean SG, Hewett TE. The 
Effects of Plyometric Versus Dynamic Stabilization 
and Balance Training on Lower Extremity 
Biomechanics. Am J Sports Med. 2006;34(3):490-498.

68. Uhorchak JM, Scoville CR, Williams GN, Arciero RA, 
St Pierre P, Taylor DC. Risk factors associated with 
noncontact injury of the anterior cruciate ligament: 
a prospective four-year evaluation of 859 West Point 
cadets. Am J Sports Med. 2003;31(6):831-842.

69. Padua DA, Marshall SW, Beutler AI, Garrett WE. 
Prospective cohort study of biomechanical risk 
factors of ACL injury: The JUMP-ACL Study. 
American Orthopaedic Society of Sports Medicine 
Annual Meeting. Keystone, CO; 2009:393-395.

70. Myer GD, Ford KR, Khoury J, Succop P, Hewett TE. 
Clinical correlates to laboratory measures for use in 
non-contact anterior cruciate ligament injury risk 
prediction algorithm. Clin Biomech (Bristol, Avon). 
2010;25(7):693-699.

71. Myer GD, Ford KR, Hewett TE. Tuck Jump 
Assessment for Reducing Anterior Cruciate 
Ligament Injury Risk. Athletic Therapy Today. 
2008;13(5):39-44.

72. Myer GD, Ford KR, Hewett TE. Rationale and 
Clinical Techniques for Anterior Cruciate Ligament 
Injury Prevention Among Female Athletes. J Athl 
Train. 2004;39(4):352-364.

73. Myer GD, Paterno MV, Ford KR, Quatman CE, 
Hewett TE. Rehabilitation after Anterior Cruciate 
Ligament Reconstruction: Criteria Based Progression 
Through the Return to Sport Phase. J Orthop Sports 
Phys Ther. 2006;36(6):385-402.

74. Myer GD, Ford KR, Hewett TE. The Effects of 
Gender on Quadriceps Muscle Activation Strategies 
During a Maneuver that Mimics A High ACL Injury 
Risk Position. J Electromyogr Kinesiol. 2005;15(2):
181-189.

75. Myklebust G, Engebretsen L, Braekken IH, Skjolberg 
A, Olsen OE, Bahr R. Prevention of anterior cruciate 
ligament injuries in female team handball players: 
a prospective intervention study over three seasons. 
Clin J Sport Med. 2003;13(2):71-78.

76. Solomonow M, Krogsgaard M. Sensorimotor control 
of knee stability. A review. Scand J Med Sci Sports. 
2001;11(2):64-80.

77. Lloyd DG, Buchanan TS. A model of load sharing 
between muscles and soft tissues at the human 
knee during static tasks. J Biomech Eng. 1996; 
118(3):367-376.

54. Kernozek TW, Torry MR, H. VH, Cowley H, Tanner 
S. Gender differences in frontal and sagittal plane 
biomechanics during drop landings. Med Sci Sports 
Exerc. 2005;37(6):1003-1012; discussion 1013.

55. Kernozek TW, Torry MR, Iwasaki M. Gender 
differences in lower extremity landing mechanics 
caused by neuromuscular fatigue. Am J Sports Med. 
2008;36(3):554-565.

56. Kiriyama S, Sato H, Takahira N. Gender differences 
in rotation of the shank during single-legged drop 
landing and its relation to rotational muscle strength 
of the knee. Am J Sports Med. 2009;37(1):168-174.

57. McLean SG, Fellin RE, Suedekum N, Calabrese G, 
Passerallo A, Joy S. Impact of fatigue on gender-
based high-risk landing strategies. Med Sci Sports 
Exerc. 2007;39(3):502-514.

58. Nagano Y, Ida H, Akai M, Fukubayashi T. Gender 
differences in knee kinematics and muscle activity 
during single limb drop landing. Knee. 
2007;14(3):218-223.

59. Pappas E, Hagins M, Sheikhzadeh A, Nordin M, Rose 
D. Biomechanical differences between unilateral and 
bilateral landings from a jump: gender differences. 
Clin J Sport Med. 2007;17(4):263-268.

60. Pappas E, Sheikhzadeh A, Hagins M, Nordin M. The 
effect of gender and fatigue on the biomechanics of 
bilateral landings from a jump: Peak values. Journal 
of Sports Science & Medicine. 2007;6(1):77-84.

61. Russell KA, Palmieri RM, Zinder SM, Ingersoll CD. 
Sex differences in valgus knee angle during a 
single-leg drop jump. J Athl Train. 2006;41(2):166-171.

62. Swartz EE, Decoster LC, Russell PJ, Croce RV. Effects 
of Developmental Stage and Sex on Lower Extremity 
Kinematics and Vertical Ground Reaction Forces 
During Landing. J Athl Train. 2005;40(1):9-14.

63. Wallace BJ, Kernozek TW, Mikat RP, Wright GA, 
Simons SZ, Wallace KL. A comparison between back 
squat exercise and vertical jump kinematics: 
implications for determining anterior cruciate 
ligament injury risk. J Strength Cond Res. 
2008;22(4):1249-1258.

64. Yu B, McClure SB, Onate JA, Guskiewicz KM, 
Kirkendall DT, Garrett WE. Age and gender effects 
on lower extremity kinematics of youth soccer 
players in a stop-jump task. Am J Sports Med. 
2005;33(9):1356-1364.

65. Chandy TA, Grana WA. Secondary school athletic 
injury in boys and girls: A three-year comparison. 
Phys Sportsmed. 1985;13(3):106-111.

66. McLean SG, Lipfert SW, van den Bogert AJ. Effect of 
gender and defensive opponent on the biomechanics 
of sidestep cutting. Med Sci Sports Exerc. 
2004;36(6):1008-1016.



North American Journal of Sports Physical Therapy | Volume 5, Number 4 | December 2010 | Page 251

Appendix 1. The Tuck Jump Assessment, criteria 1-6 are pictured below. Score any deviations from correct performance 
before, during, and after the performance of several tuck jumps over 10 seconds. More checked boxes indicates poorer tech-
nique, and also suggests the areas upon which the athlete should concentrate during training.

Figure reproduced from: Myer GD, et al. Tuck jump assessment for reducing anterior cruciate ligament injury risk. Athletic Therapy Today. 
2008;13(5):39-44. Used with permission, Athletic Therapy Today. 


