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Introduction 
High school athletics can provide a great medium for improving physical fitness 

and has recently been found to be the best predictor of physical activity after age 70.1  
Sports participation has also been associated with increased academic performance.2  
Unfortunately, participation in athletics also carries an increased risk of injury.  In 
general, knee injuries account for approximately 15.1% of all high school injuries.3  Of 
those, 16.9% occur specifically to the anterior cruciate ligament (ACL),3 with 75-95% 
being non-contact ligament ruptures.4,5  Females are disproportionately affected by ACL 
injuries, with data showing a female-to-male injury ratio of 3:1 in basketball and soccer, 
and 4:1 in softball/baseball.5   More than any other injury, ACL ruptures typically lead to 
the end of an athletic season and subsequent reconstructive surgery.  While surgery is 
currently the best treatment option for young athletes to return to sport, the injury can 
negatively affect their psychology6 and increases the likelihood of future orthopedic 
issues.7  Also, the economic burden placed on families and the medical system can be 
substantial.3   

Despite current reconstructive and rehabilitative advancements, an athlete’s 
short- and long-term outlook still appears grim.  In the 24 months following 
reconstructive surgery, athletes carry a six-times greater risk of subsequent ACL injury 
compared to healthy counterparts.8  Studies on long-term effects of ACL reconstruction 
have shown greater increases in knee degeneration and osteoarthritis within 10 years of 
surgery compared to healthy controls.7   These long-team effects can be costly for high 
school athletes suffering an ACL injury, with lifetime bills reaching upward of $40,000.9  
Clearly, the prevention of ACL injuries should be a priority amongst high school athletes 
to prevent future risk and lower economic burden. 

Physicians continue to see increases in ACL injuries with subsequent increases 
in reconstructive surgeries.10  These increases have been attributed to increased sport 
participation, particularly high-demand sports, and participation starting at an earlier 
age.  Also, improved clinical and radiological diagnostics and increased awareness of 
ACL injuries are factors leading to increased identification of pathology.11  It’s likely 
sports participation will not change, therefore sports medicine professionals should turn 
to risk factor screening and injury prevention.  ACL prevention programs have gained 
popularity, but literature reviews have shown mixed results in decreasing ACL injury 
incidence.12  Significant methodological heterogeneity appears within these programs 
making it difficult to judge their overall effectiveness.12  However, some positive results 
encourage further exploration into the important components of these programs. 

ACL injuries have remained one of the most highly studied conditions in sport 
and orthopedic research, with more than 1,100 manuscripts published in 2013.10 The 
purpose of my capstone is to investigate risk factors associated with non-contact ACL 
injury in high school athletes.  After identifying risk factors, I will further investigate 
screening tools and key prevention programs components that can used as part of 
comprehensive ACL prevention strategy for sports medicine professionals. 
 
ACL Mechanism of Injury 
 Non-contact ACL ruptures are defined as injuries occurring with no physical 
contact with another player at the time of injury.  They most often occur when an athlete 
is landing, changing direction, or decelerating on a planted foot.4,13,14  During these 
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movements, position of the body will dictate how forces are attenuated in the lower 
extremity.  Landing or cutting with an upright posture and an extended hip and knee 
often leads to increased vertical ground reaction forces and quadriceps activation, 
which can cause large anterior shear forces on the ACL.4,5,15  Quadriceps force at small 
knee flexion angles are likely the primary contributor to ACL loading.4,5  Anterior 
translation of the tibia in combination with transverse (tibial internal/external rotation) or 
frontal (abduction/adduction) plane movement, further increases ACL strain and the 
likelihood of rupture.4  The “position of no return” has been described as landing with an 
extended hip and knee, knee in valgus, internal rotation of the tibia, and a pronated 
foot.13  However, hyperextension and knee external rotation have also been attributed to 
ACL tear.4  Lastly, landing with the center of mass behind the body, resulting in large 
internal knee extensor moments and subsequent quadriceps activation, has also been 
implicated in ACL ruptures.4 

 
Figure 1.  ACL injury showing one form of the mechanism of injury.  From Alentorn-Geli et al (2009).4 

ACL Risk Factors 
 Risk factors can be divided into two categories: external and internal.  Extrinsic 
risk factors are “outside” of the athlete’s body, including environment, shoe/surface 
interaction, footwear type, and competition level.  Intrinsic risk factors are a result of an 
athlete’s body, including anatomic alignment, developmental, hormonal, biomechanical 
and neuromuscular factors.  Intrinsic risk factors can be placed into modifiable and non-
modifiable categories.  For ACL screens and prevention programs, modifiable intrinsic 
risk factors that can show improvements over time and are most meaningful.  The 
primary focus for my capstone will be on these risk factors. However, I will briefly touch 
on other external and non-modifiable internal risk factors to provide a complete 
overview. 
 
External Risk Factors. 
 Environment, shoe/surface interaction, footwear type, and competition level are 
all extrinsic risk factors for ACL injury.  Weak evidence suggests dry weather carries a 
higher risk of ACL injury compared to wet weather.4,13  Theoretically, drier weather 
results in higher shoe/surface friction and traction compared to a wet surface, which 
could increase torsional forces through the lower extremity.4  Differences in playing 
surface also alter shoe/surface interaction.  Artificial turf has been associated with a 
greater risk of ACL tears compared to natural grass.4,13  For natural grass, thicker thatch 
layers in Bermuda grass make it associated with a higher risk of ACL injury compared to 
rye grass.4,13  Cleats with longer and greater number of spikes has been associated with 
a higher ACL injury rate.4,13  There appears to be a higher rate of ACL injuries in college 
level competition compared to high school competition.16  Overall, studying external risk 

111, 141, 182, 194]. The anterior translation force, spe-

cifically at flexion angles around 20–30!, may be the most
detrimental isolated force associated with ACL injury, and

is often identified as a contributing factor to ACL injury

mechanisms [10, 17, 110, 117, 194]. However, cadaveric
studies indicate that a combination of forces produces a

higher strain on the ACL than isolated motions and torques.

Thus, pure knee internal rotation, external rotation, valgus,
and varus moments do not strain ACL [10] to the magni-

tude of combined rotations such as an anteriorly directed
force added to valgus or internal rotation (Fig. 1) [10, 110].

Boden et al. utilized retrospective video analysis in

attempt to define the most common kinematic positions
related to ACL injury during competitive play. They

reported a lower extremity alignment associated with non-

contact ACL injury in which the tibia was externally
rotated, the knee was close to full extension, the foot was

planted during deceleration with valgus collapse at the

knee [17]. More recent reports have also indicated this
common mechanism of valgus collapse at the knee in

female athletes [94, 141]. Teitz reported very similar

deceleration positions in the majority of the ACL injuries
she examined; however, she also indicated that most often

the center of mass of the body was behind and away from

the base of support (area of foot to ground contact) [177].
Thus, there is mounting evidence that the most common

non-contact injury mechanism of injury in female athletes

occurs during a deceleration task with high knee internal
extension torque (with or without a visual perturbation)

combined with dynamic valgus rotation with the body

weight shifted over to the injured leg and the plantar sur-
face of the foot fixed flat on the playing surface [17, 94,

141, 177]. Interestingly, both male and female athletes may

demonstrate similar body alignment during competitive
play without succumbing to an ACL injury. Thus, it is

crucial to determine the underlying risk factors that con-

tribute to an increased propensity for this high-risk posi-
tion. Ultimately, it is the goal of clinicians and researchers

to determine the risk factors that preclude the actual ACL

injury.

Risk factors

Risk factors have been divided into extrinsic (those outside

the body) and intrinsic factors (those within the body)

[128]. However, other classification schemes do exist when
considering non-contact ACL injuries. In this article, risk

factors will be divided into environmental, anatomical,

hormonal, neuromuscular, and biomechanical, relative to
the guidelines established by the Hunt Valley meeting [62].

Environmental risk factors

Overview

Environmental factors include those aspects extrinsic to the

athlete such as sport, playing surface, weather character-
istics, the type of footwear, the shoe to surface interaction

(friction coefficient). There is a clear lack of randomized

controlled studies regarding environmental factors in soc-
cer players. The existing evidence on environmental factors

related to ACL injuries is mainly based on American

Football, Australian Football, or indoor sports like handball
[20, 21, 96, 143, 144, 162]. American Football, Australian

Football, and soccer are contact sports sharing some

common features regarding ground characteristics, shoe
choice, and many playing situations like cutting, landing,

or a change of direction with high acceleration and/or
deceleration components.

Weather

A relationship between meteorological conditions and the

incidence of ACL injuries was noted in Australian Football
by Scranton et al. [162]. The authors found a higher ACL

injury rate on natural grass during dry compared to wet

conditions. However, the report did not control for weather
conditions where injuries did not occur. Subsequently,

Orchard et al. [144] found that high water evaporation in the

month before the match and low rainfall in the year before

Fig. 1 ACL injury through a combination of knee valgus and anterior tibial translation force during a side-cut maneuver in soccer players

Knee Surg Sports Traumatol Arthrosc (2009) 17:705–729 707
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factors in ACL injuries is challenging because many confounding variables cannot be 
controlled. 
 
Non-Modifiable Internal Risk Factors. 
 As mentioned previously, girls are at a greater risk of ACL rupture compared to 
boys in sports involving cutting and jumping, like basketball and soccer.  Some have 
suggested hormonal and anatomic differences between males and females contribute 
to this increased incidence.  The human ACL contains estrogen and progesterone 
receptors.  It has been suggested the female menstrual cycle may affect the laxity of the 
knee during certain phases of the cycle.  While research hasn’t provided a clear answer, 
a systematic review by Hewett et al (2007) suggests an increased risk of ACL injury 
during the first half (preovulatory phase) of the menstrual cycle.17  Interestingly, their 
report indicates ACL mechanical properties are not changed by hormones during of the 
menstrual cycle, rather, other neuromuscular factors (strength, movement patterns, etc) 
may be affected by estrogen, which results in an increased risk of injury.17  However, 
other groups have found anterior knee laxity to increase during the ovulatory or post-
ovulatory phases of the menstrual cycle.4  Oral contraceptives have been associated 
with decreased risk of ACL injury, however more clinical studies must be performed to 
understand if a causal relationship exits.18  At this point, hormonal effects appear to 
increase the risk of ACL injuries in females, although the specific mechanism is less 
understood.  Protection could come in form of preventative strategies that would 
improve dynamic stability of the knee joint. 
 Anatomic risk factors for ACL injury have been studied extensively, but 
practitioners have a limited ability to change their influence.  Femoral notch width has 
been investigated as a potential risk factor.  The ACL passes between the femoral notch 
as it spans from the posterior medial side of the lateral epicondyle to the anterior tibial 
plateau.  Regardless of gender, some research has indicated a narrower notch size has 
been associated with increased risk of noncontact ACL.13  Other research has not 
connected notch size with an increased risk of ACL injury.14  Further research is 
necessary to fully understand femoral notch implications.  The Q-angle, formed by one 
line from the ASIS to the center of the patella and another from the center of the patella 
to the tibial turbercle, has been suggested as a risk factor by many.4,13,14  In general, the 
Q-angle is larger in females compared to males due to a wider pelvis in women.14  
Recent studies have not been able to find an association between Q-angle and an 
increased risk of ACL injury.4  Additionally, the Q-angle likely changes with activity, 
which invalidates the measure in my opinion.14  Since altering gender, hormonal, and 
anatomic factors are outside of a physical therapists’ scope of practice, no further 
discussion is warranted.  
 Previous injury is consistently found to increase the risk of future ACL injury.  A 
systematic review by Fulton et al (2014) found 10-12% of athletes will reinjure their 
reconstructed or contralateral ACL.19  Paterno et al (2012) found the incidence rate of 
an ipsilateral or contralateral injury to the ACL following reconstruction to be 15 times 
greater compared to healthy controls without injury.8  The same study found female 
athletes to be four times more likely to suffer another ACL injury to the reconstructed 
graft and six times more likely to suffer an ACL injury to the contralateral knee 
compared to male athletes.8  Inadequate rehabilitation and prevention programs have to 
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garner some responsibility for such high re-injury rates in athletes following ACL 
reconstruction.  Screening and prevention programs would help identify athletes at risk 
of future injury. 
 
Modifiable Internal Risk Factors. 

In general, females have more general ligamentous laxity than males.14,20  A 
prospective study by Uhorchak et al (2003) found joint laxity to be a risk factor for ACL 
injury in male and female military cadets.21  Myer et al (2008) found increased anterior-
posterior knee joint laxity, side-to-side differences in joint laxity, and knee 
hyperextension to be associated with increased risk of ACL injury.22  A study by Vaishya 
et al (2013) found an increased presence of general joint hypermobility (using the 
Beighton score) in patients who had suffered an ACL rupture compared to healthy 
controls.23  A recent study by Junge et al (2015) investigated relationships between 
generalized joint hypermobility and it’s influence on a single leg hop task in 10-15 year 
old athletes.24  Subjects with generalized joint hypermobility showed altered muscle 
activation patterns during landing with higher reliance on the gastrocnemious compared 
to the hamstrings.24  This neuromuscular pattern has been associated with increased 
strain on the ACL.24  All of these studies imply a need for increased knee stability in 
individuals with general joint hypermobility.  A recent study by Shultz et al (2015) 
demonstrated increased knee laxity with fatiguing exercise, which is a common 
characteristic of sport in later stages of a game or practice.25  While joint laxity or 
hypermobility is likely related to genetic disposition, motor control factors and exercise, 
neuromuscular and fitness training has been suggested to help improve joint stability by 
training muscles to be dynamic restraints.26  Assessing general joint hypermobility, 
particularly knee hyperextension, may be component of ACL injury risk screening. 

Differences in neuromuscular control of the body have been associated with 
increased loading of the knee and ACL.  The amount of strain placed on the ACL during 
sporting movements is related to forces imposed on the ligament and timing of ground 
reaction forces.15  Therefore, not only is total force imposed important, but also the rate 
at which it is applied.  As mentioned previously, altered mechanics during high-risk 
movements could lead to rapidly imposed anterior shear forces in combination with 
frontal and transverse plane motion, leading to significant strain on the ACL.4   
Research on high-risk athletic movements like landing, cutting, or deceleration, have 
found gender-related differences in movement strategies in all three planes of motion.  
During these movements, females exhibit smaller knee flexion angles, greater knee 
valgus angles, and greater hip internal rotation angles, all with greater forces and 
torques.5  Also, females tend to have lower gluteus maximus activity and greater 
quadriceps-to-hamstring activation ratio.5  These alterations are associated with 
increased load at the knee and potentially increase the risk for ACL rupture.  Male 
athletes may face the same neuromuscular control issues.27  More prospective studies 
investigating ACL injuries would improve our understanding of neuromuscular risk 
factors. 

One such study is a prospective study of female athletes by Hewett et al (2005). 
The authors were able to identify neuromuscular control differences between ACL-
injured and non-injured athletes by assessing a jump-landing task at the onset of the 
study and comparing results of injured athletes to healthy athletes.  Their research 
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found knee abduction angles to be 8.4o greater at initial contact, knee flexion angles to 
be 10.5o less during landing, and vertical ground reaction forces to be 20% higher in 
ACL-injured female athletes.28  Also, all of these differences occurred with a 16% 
shorter stance time, meaning increased motion, forces and moment all occurred more 
rapidly than their non-injured counterparts.28  The authors found knee abduction 
moments to predict ACL ligament injury with 73% specificity and 78% sensitivity.28  
Another study by Lin et al (2009) used a stochastic biomechanical model to identify risk 
factors of ACL injuries.29  The model was based off a stop and jump task, described as 
an athlete running and jumping off two feet similar to a basketball player jumping for a 
rebound.  They found decreased knee flexion angles, increased posterior ground 
reaction forces, increased knee valgus, lower hamstring and gastroc muscle force and 
increased sagittal plane loading to be risk factors associated with ACL injury.29  Both 
studies presented similarities and differences that are important to consider for 
developing screening tests for athletes.  Based on the results of these studies, 
promoting hip, knee, and ankle flexion with limited frontal and transverse plane 
movement during landing or deceleration tasks could minimize the risk of ACL injury.  
Additionally, strengthening the quadriceps and hamstrings in functional, closed-chain 
exercise may prepare athletes to attenuate landing and cutting forces.  Lastly, and 
maybe more important, assessing movement patterns appears necessary to help 
identify excessive motion in the frontal and transverse plane in athletes. 

Trunk position has also been identified as a possible risk factor ACL injury.  
Research has shown a more upright and/or laterally flexed trunk is common during ACL 
injuries.26  This position can alter hip extensor and knee flexor muscle function by 
altering length-tension relationships of the muscles.  Increased trunk flexion results in 
lengthening of the hamstring and gluteus maximus muscles allowing them to produce 
an increased hip extension moment, reduced knee extension moment, and reduced 
knee valgus moments during landing.26  Additionally, trunk position will affect the center 
of mass of the body, with decreased trunk flexion moving it posterior.26  As mentioned 
previously, a posterior center of mass is described as part of the mechanism of injury for 
ACL ruptures because it increases quadriceps activation.5  Feedback to athletes 
encouraging them to increase trunk flexion during landing has lead to decreased ground 
reaction forces in a number of studies reviewed by Hughes et al (2014).26  Therefore, in 
addition to lower extremity movement patterns, sports medicine professionals should 
also assess trunk position when screening for movement patterns.   

Hamstring muscle activation can effectively reduce shear forces on the ACL 
produced by the quadriceps during landing, cutting, and deceleration maneuvers.  Co-
contraction of the hamstrings with the quadriceps has been proposed an as important 
element of dynamic knee stability, including control of the transverse and frontal plane.26  
Therefore, weakness in the hamstring muscles could increase risk of ACL injury.  
Hewett et al (2006) propose proper hamstring activation is required for effective co-
contractions with the quadriceps to create knee stability.  Without quality hamstring 
activation, the quadriceps cannot activate properly, and increased ground reaction 
forces during sport movements will place increased strain on passive tissue structures, 
including the ACL.30  This is supported by the stochastic biomechanical model of Lin et 
al (2009) where decreased hamstring activation coincided with increased forces in all 
three planes of motion.29  Additionally, a systematic review by Shimokochi et al (2008) 
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highlighted the danger of unopposed, excessive quadriceps force with reduced 
hamstring activation.31  Asymmetrical activation of the hamstring muscles could also 
lead to decreased control of forces in the frontal plane, as studies have shown 
increased lateral hamstring activation leading to increased strain on the ACL in female 
athletes.30  Wild et al (2013) actually displayed this in their study in adolescent females, 
where a group with lower peak isokinetic knee flexion force displayed altered lower 
extremity biomechanics during a landing task that would potentially increase strain on 
the ACL.32 Optimal timing of hamstring muscle activation may be important to attenuate 
forces at the right time.30  While research has focused often on hamstring strength, 
decreased quadriceps strength may also contribute to an inability to attenuate forces 
and strain on the ACL.14,15  As an athlete prepares to strike the ground during an athletic 
movement, the lower extremity and core muscles pre-activate prior to foot contact.  This 
pre-programming is necessary to help attenuate forces, but may be altered in athletes 
at risk of ACL injury.30  Based on this information, a stronger, trained athlete may be 
better prepared for the rigors of competition.  Assessment of lower extremity strength, 
particularly the hamstring group, may be an important consideration for sports medicine 
professionals. 

Muscle fatigue has also been implicated as a risk factor for ACL injury.  Shultz et 
al (2015) showed a repeated sprint protocol significantly alters landing biomechanics in 
both male and female competitive athletes.25  Additionally, Iguchi et al (2014) 
demonstrated that fatigue-inducing exercise can alter unanticipated side-step 
maneuvers leading to decreased hip flexion at both initial contact and overall.33  The 
alterations in biomechanical and neuromuscular control associated with fatigue are 
likely to increase the risk of ACL injury in athletes.14,15  Assessing the fitness of athletes 
and testing their ability to execute high-risk movement patterns in a fatigued state may 
be important. 
 
ACL Screening Procedures 
 There is a need for injury prediction screening measures that are time and cost-
effective for sports medicine professionals.28,34,35  Additionally, these screening tests 
should show sufficient psychometric properties including reliability, validity, and 
sensitivity.  Screening tests, therefore, need to be quick, easy, have well-defined rating 
critieria, and require minimal equipment and/or technology.  At the current time, there is 
not one screening procedure that fulfills all of these requirements for predicting an 
athlete’s risk of ACL injury.  Dallinga et al (2012) published a systematic review of lower 
extremity screening tests and only found two tests predictive of ACL injury.36  Since their 
publication, new research has come out in support of other tests and a number of them 
have been predictive of ACL injury.  This portion of my capstone will highlight some of 
these tests. 
 
General Joint Hypermobility. 
 General joint hypermobility has been associated with increased risk of ACL 
injury.4,22–24  The Beighton score for general joint hypermobility may be used to screen 
for this risk factor.  Criteria for the test is defined in Table 1 below.  Positive scores 
receive a ‘1’ for each body part, with a total of nine scores added together for a 
composite score. 
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Positive if 5th finger 
extends beyond 90 
degrees. Test left 
and right.  

Positive if the knee 
hyperextends > 10 
degrees.  Test left 
and right. 

 

Positive if thumb can 
be abducted to 
touch the forearm. 
Test left and right. 

 

Positive if the 
subject can place 
palms flat on floor 
with knees straight. 

 

Positive if the elbow 
hyperextends > 10 
degrees. Test left 
and right. 

Positive scores are added up to create a 
composite score with a maximum of 9. 

Table 1. Beighton score for joint hypermobility criteria. Methods from Boyle et al (2003)37 and images from 
Naal et al (2014)38. 

 Inter- and intra-rater reliability was found to be good to excellent for both the 
composite and specific category scores.37  Scores are often placed into three ranges: 0-
2, 3-4, and 5-9, with a score of 5 or greater representing general joint hypermobility. 
Beighton scores greater than 5 have correlated with increased joint hypermobility.39  No 
research has been performed to identify whether comprehensive test scores could be 
used as a screening tool for ACL injury risk.  However, as mentioned previously, Meyer 
et al (2008) was able to show a 5 times greater odds of ACL injury with positive knee 
hyperextension test.22  The Beighton score may be useful in conjunction with other tests 
to characterize each athlete. 
 
The Functional Movement Screen. 
 Dysfunctional movement patterns may be associated with increased injury risk in 
athletic populations.  Evidence presented above shows less than optimal movement 
patterns are associated with increased loading of the ACL.  The Functional Movement 
Screen (FMS) was developed to assess general movement proficiency and specifically 
identify dysfunctional movement patterns.40  The screen consists of seven different 
tests: 1) deep squat, 2) hurdle step, 3) in-line lunge, 4) shoulder mobility, 5) active 
straight leg raise, 6) trunk stability pushup, and 7) rotary stability.  Test descriptions and 
grading criteria are readily available through other resources40 and pictures of the tests 
are seen in Figure 2 below.  Each test receives a score of 0-3.  A score of ‘0’ indicates 
pain is present and the athlete should seek medical attention.  A score of ‘1’ indicates 
poor movement quality based on the criteria each test.  A score ‘2’ indicates acceptable 
movement quality based on the criteria each test.  A score ‘3’ indicates perfect 
movement quality based on the criteria each test.  Originally, a composite score was 
used as a cutoff to predict injury (typically < 14/21), but recently the test’s creator has 
advised practitioners using the screen to focus on individual test scores. 

Appendix 2
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Figure 2.  Functional Movement Screen tests receiving a '3' score. From Cook (2011). 

 The Functional Movement Screen is the most commonly used test for identifying 
injury risk amongst international premier league soccer clubs, however evidence 
supporting it’s use at that level of competition has relied mostly on expert opinion.41,42  
McCall et al (2015) reports some limitations including that test scores may change if the 
subject is aware of scoring criteria and adequate training in the test is required to 
improve reliability of testing.42  Some studies have supported the FMS’s ability to detect 
injury, especially specific tests.  One relevant to this paper is by Zalai et al (2015), who 
found elite soccer athletes who suffered a knee injury during the a season scored 
significantly lower on the deep squat.43  However, a small sample size is a significant 
limitation of this study.  Additionally, a number of studies have shown the FMS to have 
variable sensitivity (8.3%-91%), suggesting more research is needed to truly determine 
the screens value in predicting injury.44  No research has looked at the FMS’s ability to 
specifically identify ACL injury risk. 
 
The Landing Error Score System (LESS) and The Tuck Jump Assessment. 
 Proper force attenuation through optimal movement patterns during landing from 
a jump appears to be important for preventing ACL injury based on the neuromuscular 
and biomechanical risk factors presented above.  Since many injuries occur during 
landing, screening tests incorporating jumping seems appropriate.  The Landing Error 
Score System (LESS) and the Tuck Jump Assessment are two proposed screening 
tests that may be implemented on the field with minimal equipment. 
 The LESS was designed as a field assessment tool to identify high-risk 
movement patterns during a jump-landing task.  The athlete starts on a 30-cm box.  A 
line marked with tape is placed at a distance of half the athlete’s height away from the 
edge of the box.  To complete the jump-landing task, the athlete jumps forward so both 
limbs leave the box simultaneously, land just past the line, and jump for maximal height 
immediately after landing.  Figure 3 below shows the jump-landing task in a laboratory 
setting.  Each athlete performs the task three times.  Two video cameras are required 
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and placed 10 ft away from the landing area to record each jump in the sagittal and 
frontal plane.  
 

 
Figure 3. The subject jumps from the box to the landing area, then immediately jumps for maximal height. 
From Padua et al (2015).45 

 Analysis of the movement occurs at two points: 1) initial contact, defined as the 
frame immediately before the foot was flat on the ground, and 2) between initial contact 
and maximal knee flexion.  Operational definitions of the LESS score items are defined 
in Table 2 below. 
 

 
Table 2. LESS scoring items and definitions. From Padua et al (2015).45 

Onli
ne

 Firs
tvarus moment, and knee internal-external rotation moment,

often is implicated in ACL injury7,8 and imposes the
greatest strain on the ACL.9,10 Data regarding ACL loading
and injury mechanisms help clinicians understand what
occurs at the time of injury.11 Prospective risk factors,
however, provide information for identifying individuals at
risk for sustaining injuries, potentially years before injury.11

Only a small body of evidence exists on prospective
biomechanical risk factors for ACL injury. A limitation of
these studies is the use of laboratory-based instrumentation
and testing procedures.12,13 Whereas these instruments are
the criterion standard for biomechanical measures, they are
impractical in time and cost for large-scale mass screenings
on the athletic field. To be feasible, a field-assessment tool
for high-risk biomechanics should be brief; use minimal or
inexpensive equipment; facilitate large-scale, field-based
screening; and provide a valid and reliable measure of the
biomechanics that predict injury.

The Landing Error Scoring System (LESS) is a field-
assessment tool for identifying potentially high-risk move-
ment patterns (‘‘errors’’) during a jump-landing maneuver.
Padua et al14 demonstrated that the LESS has concurrent
validity using 3-dimensional motion analysis and that good
interrater and intrarater reliability can be obtained.
However, few researchers15 have investigated the LESS
as a prospective screening tool. Therefore, the purpose of
our study was to examine the validity of the LESS (total
score and individual items) in identifying individuals at risk
for ACL injury in elite-youth soccer athletes. We
hypothesized that higher LESS scores, representing a
greater number of movement errors, would predict ACL
injury in this population.

METHODS

Design and Participants

We used a prospective cohort design to evaluate the
LESS as a predictor of ACL injury in elite-youth soccer
athletes. Two soccer leagues (1 from North Carolina, 1
from Maryland) with under-11 to under-18 age divisions
agreed to participate in the study. The 2 leagues competed

in similar levels of competition and always on natural grass.
All teams were simultaneously performing an injury-
prevention program warm-up during this study.

A total of 829 participants (348 [42%] boys, 481 [58%]
girls; age ¼ 13.9 6 1.8 years) were enrolled in this study:
565 (68%) from North Carolina (261 [46%] boys, 304
[54%] girls) and 264 (32%) from Maryland (87 [33%] boys,
177 [67%] girls). Of these participants, 207 (24.9%) were
from 11 to 12 years of age. The group accumulated 1217
athlete-seasons of observation. At the initial test session, all
participants were free from any injury or illness that
prohibited competitive soccer activity. Participants and
their legal guardians provided written informed assent and
consent, respectively, before the initial test session. All
procedures were approved by the Biomedical Institutional
Review Board of the University of North Carolina at
Chapel Hill.

Procedures

Each participant completed a baseline questionnaire and
movement assessment at the beginning of each soccer
season between August 2006 and January 2009. A brief
baseline questionnaire addressed demographics and sport-
related injury history. The movement assessment consisted
of a jump-landing task that was graded using the LESS-by-
video review at a later date. Returning athletes were
retested at the start of their returning seasons using identical
procedures.

All participants were monitored prospectively for ACL
injury from the date of their enrollment (August 2006
through May 2009). A member of the research team visited
each soccer team weekly during the monitoring period to
record injuries that participants sustained. Coaches and
participants were instructed to identify any participant who
missed a soccer-related activity during the previous week
due to an injury or an unknown reason. The research team
member followed up with all participants with suspected
injuries. All participants with reported ACL injuries
completed a specific questionnaire to verify the injury
and obtain information about the circumstances of injury.
All reported ACL injuries were verified during surgical
reconstruction and indicated on this self-reported question-
naire. Noncontact and indirect-contact ACL injuries were
defined operationally as injuries that occurred without
direct contact to the lower extremity from an external
source at the time of injury. We defined noncontact
mechanism of injury as an injury that did not involve
contact with the participant. We defined indirect-contact
mechanism of injury as an injury due to contact with a body
part other than the knee (ie, trunk).

Jump-Landing Task

Participants performed 3 trials of a standardized jump-
landing task during each test session on a soccer field
before practice (Figure 1). The participant began the task
standing on a 30-cm-high box placed at a distance of half
their body height away from a landing area, which was
marked by a line on the ground. Participants were
instructed to jump forward so that both limbs left the box
simultaneously, to land just past the line, and to jump for
maximal height immediately after landing. They practiced
until they were comfortable with the task and performed it

Figure 1. The standardized jump-landing task consists of 2
segments: A, participant jumps down from box and lands on
ground; B, participant immediately jumps vertically as high as
possible.
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correctly. Trials were excluded and repeated if the
participants jumped vertically from the box or if they did
not jump for maximal height upon landing. Two digital
video cameras (model DCR-HC30; Sony Corporation of
America, Park Ridge, NJ) were placed 10 ft (3 m) in front
of and to the right of the participants to capture frontal and
sagittal images of all jump-landing trials.14,16

Data Reduction

Two research assistants (L.J.D., M.J.D.), who were
blinded to injury status, graded the digital videos of all
participants using the LESS and free computer software
(QuickTime; Apple, Inc, Cupertino, CA). The LESS is a
valid and reliable (interrater reliability: intraclass correla-
tion coefficient [2,1] ¼ 0.84, standard error of the mean ¼
0.71) clinical movement-analysis tool that evaluates
specific jump-landing characteristics.14 Movements were
analyzed at the initial contact frame, which was defined as
the frame immediately before the foot was flat on the
ground, and between initial contact and maximal knee
flexion (Table 1). The LESS primarily uses a dichotomous
scoring rubric to identify obvious movement errors, such as
limited knee flexion or excessive medial knee displace-

ment. Therefore, a 1-point differential in the total LESS
score can be associated with moderate to large differences
in certain biomechanical variables.14 A higher LESS score
indicates a greater number of landing errors and conse-
quently poorer jump-landing technique. The average LESS
score from the 3 trials at each testing session was used for
data analyses.

Statistical Analyses

Standard statistics for screening tests were used and
included receiver operator characteristic curve analyses to
select a test cutpoint, followed by computation of
sensitivity and specificity. We compared mean LESS
scores in the injured and uninjured participants using t
tests. The 1-season risk of ACL injury in athletes who
screened positive was divided by the 1-season risk of ACL
injury in athletes who screened negative to compute the
injury risk ratio. We used SPSS software (version 16.0;
SPSS Inc, Chicago, IL) and SAS software (version 9.2;
SAS Institute, Cary, NC) to analyze the data. Returning
athletes contributed more than 1 season to the analysis, and
multiple seasons were treated as statistically independent.
Exact methods, such as the Fisher test, were used for

Table 1. Operational Definitions for Individual Landing Error Scoring System Items

Landing Error Scoring System Item Operational Definition of Error Scoring

Knee flexion: initial contact The knee is flexed less than 308 at initial contact. 0 ¼ Absent
1 ¼ Present

Hip flexion: initial contact The thigh is in line with the trunk at initial contact. 0 ¼ Absent
1 ¼ Present

Trunk flexion: initial contact The trunk is vertical or extended on the hips at initial contact. 0 ¼ Absent
1 ¼ Present

Ankle-plantar flexion: initial contact The foot lands heel to toe or with a flat foot at initial contact. 0 ¼ Absent
1 ¼ Present

Medial knee position: initial contact The center of the patella is medial to the midfoot at initial contact. 0 ¼ Absent
1 ¼ Present

Lateral-trunk flexion: initial contact The midline of the trunk is flexed to the left or the right side of the body at initial contact. 0 ¼ Absent
1 ¼ Present

Stance width: wide The feet are positioned greater than a shoulder width apart (acromion processes) at
initial contact.

0 ¼ Absent
1 ¼ Present

Stance width: narrow The feet are positioned less than a shoulder width apart (acromion processes) at initial
contact.

0 ¼ Absent
1 ¼ Present

Foot position: external rotation The foot is internally rotated more than 308 between initial contact and maximum knee
flexion.

0 ¼ Absent
1 ¼ Present

Foot position: internal rotation The foot is externally rotated more than 308 between initial contact and maximum knee
flexion.

0 ¼ Absent
1 ¼ Present

Symmetric initial foot contact:
initial contact

One foot lands before the other foot or 1 foot lands heel to toe and the other foot lands
toe to heel.

0 ¼ Absent
1 ¼ Present

Knee-flexion displacement The knee flexes less than 458 between initial contact and maximum knee flexion. 0 ¼ Absent
1 ¼ Present

Hip-flexion displacement The thigh does not flex more on the trunk between initial contact and maximum knee
flexion.

0 ¼ Absent
1 ¼ Present

Trunk-flexion displacement The trunk does not flex more between initial contact and maximum knee flexion. 0 ¼ Absent
1 ¼ Present

Medial-knee displacement At the point of maximum medial knee position, the center of the patella is medial to the
midfoot.

0 ¼ Absent
1 ¼ Present

Joint displacement Soft: the participant demonstrates a large amount of trunk, hip, and knee displacement. 0 ¼ Soft
Average: the participant has some, but not a large amount of, trunk, hip, and knee

displacement.
1 ¼ Average

Stiff: the participant goes through very little, if any, trunk, hip, and knee displacement. 2 ¼ Stiff
Overall impression Excellent: the participant displays a soft landing with no frontal-plane or transverse-

plane motion.
0 ¼ Excellent

Poor: the participant displays large frontal-plane or transverse-plane motion, or the
participant displays a stiff landing with some frontal-plane or transverse-plane motion.

1 ¼ Average

Average: all other landings. 2 ¼ Poor

Journal of Athletic Training 0
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 Higher scores indicate more errors in the athlete’s movement pattern.  Data from 
a prospective cohort study by Padua et al (2015) on male and female youth soccer 
athletes showed uninjured athletes had lower LESS scores in athletes who suffered an 
ACL injury compared to uninjured athletes.45  Receiver operator curves suggested a 
score of 5 was the cut-point for the LESS with a sensitivity of 86%.  The LESS has been 
shown to be reliable and valid.46  Only one other study has used the LESS as a 
screening test to identify ACL injury risk.  Smith et al (2012) used it as a screening test 
for high school and college athletes, but their study found no relationship between LESS 
scores and the risk of suffering an ACL injury.47  However, in investigating the methods, 
the authors only had the subjects drop immediately off a box and jump rather than 
having the subjects jump off the box to a landing area half the subject’s height.  It is 
likely this would have decreased the ground reaction forces placed through the lower 
extremity and may have hidden abnormal movement patterns that would have identified 
if the LESS methods were followed. 
 The Tuck Jump Assessment has also been proposed to assess abnormal 
movement patterns within a repeated jumping task.48  A tuck jump is when an athlete 
brings their knees to their chest during the ascent of the jump.  For the assessment, an 
athlete performs a repeated tuck jump for 10 seconds.  Figure 4 shows the 
demonstration of a repeated tuck jump. 
 

 
Figure 4. Demonstration of a tuck jump.  From Myer et al (2008).48 

The assessor visually grades the quality of the athlete’s movements based on 
ten different criteria divided into three categories: 1) knee and thigh motion, 2) foot 
position during landing, and 3) plyometric technique.  See Figure 5 with categories and 
associated pictures of poor technique.     

 

 
Figure 5.  Criteria for the Tuck Jump Assessment and pictures show faulty movement patterns.  From 
Herrington et al (2013).35 

Figure 1.
Tuck jumps are an example of an exercise used to train athletes to increase lower body power.
The tuck jump can also be used as an assessment to grade improvement in technique. to perform
the tuck jump, athletes start in the athletic position with feet shoulder-width apart. They initiate
the jump with a slight crouch downward while extending their arms behind them. They then
swing their arms forward as they simultaneously jump straight up and pull their knees up as
high as possible. At the highest point of the jump, the athletes are in the air with thighs parallel
to the ground. When landing, the athletes should immediately begin the next tuck jump.
Encourage the athletes to land softly, using a toe to mid-foot rocker landing. The athletes should
not continue this jump if they cannot control the high landing force or if they demonstrate a
knock-kneed landing.

Myer et al. Page 7
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Marking criteria 

If the participant fails to meet the criteria below then they score 1, if they meet the 
criteria they score 0 for the respective category. 

Knee & Thigh Motion 

1. Knee valgus on landing 
 Hip, knee and foot aligned, no collapse of the 

knee inwards 
2. Thighs not reaching parallel (peak of jump) 
3. Thighs not equal side to side (during flight) 

Foot position during landing 

4. Foot placement not shoulder width apart 
 Inside of tape marks 

5. Foot placement not parallel (front to back) 
6. Foot contact timing not equal 

 Asymmetrical landing 
7. Does not land in same foot print 

 Consistent point of landing  
8. Excessive landing contact noise 

Plyometric technique 

9. Pause between jumps 
10. Technique declines prior to 10seconds 

erocS:emaN

Knee & thigh motion 

gnidnalnosuglaveenK
Thighs not reaching parallel (peak of jump)  
Thighs not equal side to side (during flight)  
Foot position during landing 

Foot placement not shoulder width apart  
Foot placement not parallel (front to back)  
Foot contact timing not equal  
Does not land in same foot print  
Excessive landing contact noise  
Plyometric technique 

spmujneewtebesuaP
Technique declines prior to 10 seconds  

Total Score

Fig. 1. Tuck jump test scoring criteria.

L. Herrington et al. / Physical Therapy in Sport 14 (2013) 152e155154
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 If the athlete fails to meet the specific criteria, they are given a ‘1’, while a ‘0’ is 
awarded to the athlete if criteria is met.  Like the LESS, higher scores indicate more 
movement pattern errors.  To improve accuracy of the assessment, assessors are 
encouraged to use two video cameras to assess views from the frontal and sagittal 
plane.  A study by Herrington et al (2013) found very good to excellent inter-tester 
reliability and excellent intra-tester reliability.35  Evidence to support the ability to predict 
injury is currently lacking and a prospective study design would be beneficial in 
determining it’s clinical usefulness. 
 
Nordic Hamstring Test. 
 Hamstring activation and strength are important for proper co-activation of lower 
extremity muscles and improving dynamic stability of the knee.  Additionally, hamstring 
activation can reduce strain on the ACL be opposing excessive anterior shear forces 
produced by the quadriceps.31  The Nordic hamstring exercise is a lower extremity 
exercise used to target the hamstring group and has been very prominent in hamstring 
strain prevention programs.49,50  Recently, the exercise has been proposed as a test for 
hamstring strength.  Figure 6 shows the exercise and test.  To perform the test, the 
subject assumes a kneeling position.  While maintaining extension of the hips, the 
subject slowly lowers their body until he or she can no longer maintain a slow descent. 
The arms and hands are then used to buffer the fall.  

 
Figure 6.  The Nordic Hamstring Test. From Sconce et al (2015).49 

In theory, a greater controlled range of motion achieved by an individual, the 
greater that individual’s hamstring strength because the exercise gets progressively 
more challenging as the body leans forward.  For the Nordic hamstring test, a video 
camera is used to record three repetitions. In the test, assessment of the “break point” is 
measured, which is the angle where a subject’s hamstrings can no longer resist the 
gravitational moment and falls to the floor.49  The angle was determined by lines created 
from the greater trochanter to lateral epicondyle and the horizontal.  Sconce et al (2015) 
investigated the validity of the Nordic hamstring test and was able to demonstrate a 
strong relationship between the Nordic break-point angle and eccentric knee-flexor peak 
torque (r = -0.808, r2 = 65%).49  Currently, there is no published data on the test’s 
reliability and it has not been used as a screen for populations at risk of ACL injury.  
Opar et al (2013) created a device for the Nordic hamstring exercise that measures 
hamstring strength and symmetry with force transducers.50  It could be used as a 
screening device, but special equipment is necessary limiting its practical use in the 
field at this time. 

In conclusion, a number of tests have been provided, but none has enough 
empirical evidence to be considered a gold standard in ACL injury risk screening.  
Therefore, combinations of the tests mentioned may be useful in identifying generalized 
joint hypermobility, less than optimal movement patterns, and decreased strength.  

14  Sconce et al

Although isokinetics have also been used to evaluate 
hamstring injuries retrospectively by assessing eccentric 
hamstring strength13 and angle of peak torque,8 a major 
drawback of using isokinetics for assessing hamstring 
strength and reciprocal knee-joint muscle balance for 
injury screening is the accessibility of isokinetic equip-
ment for practitioners. Furthermore, isokinetic testing 
is expensive and time-consuming and may be regarded 
as nonfunctional with regard to most sporting actions. 
Moreover, often assessments are performed in a seated 
position,8,9,13,14,22–24 which may further limit the investiga-
tion of relationships to functional activities with the hip in 
an extended position. Therefore, there is a need to develop 
alternative tests of eccentric hamstring strength, particu-
larly those that can be used in the field by practitioners.

The inclusion of hamstring exercises such as Nordic 
curls (Nordic hamstring lowers) in a training program 
has been shown to improve hamstring strength by 11% 
and dynamic-control ratios in soccer players over 10 
weeks,26 reduce the angle of peak torque (closer to full 
knee extension) for the hamstrings in athletic males,20 
and reduce the incidence of hamstring injuries in various 
team-sport athletes during the subsequent season.16–18 
Theoretically, the greater range achieved by an individual 
during a Nordic hamstring lower reflects the individual’s 
eccentric hamstring strength, as the gravitational moment 
progressively increases throughout the range of the 
exercise (Figure 1). Therefore, the “break point” (the 
angle at which the individual can no longer resist the 
increasing gravitational moment and falls to the floor) 
could be used as an assessment of eccentric hamstring 
strength. One previous investigation reported that the 
break-point angle was significantly correlated with peak 
concentric hamstring torque at both 60°/s and 240°/s.27 
The aim of this study was to assess the validity of the 
Nordic hamstring-lower exercise to assess eccentric 
hamstring strength. The relationship between the break 
point achieved by individuals during Nordic hamstring 
lowers (Figure 1) and peak eccentric knee-flexor torque as 
measured during isokinetic dynamometry was explored. 
We hypothesized that the break point would be related to 
isokinetic peak eccentric knee-flexor torque. If such as 
relationship does exist, it provides support for the use of 
the Nordic break-point test as a field-based assessment 
for eccentric hamstring strength and would overcome 
many of the practical limitations of isokinetic testing.

Methods

Design
To investigate the study hypothesis and validate the use of 
the Nordic break-point angle as a field-based assessment 
of eccentric hamstring strength, a cross-sectional design 
was used to explore relationships between the Nordic 
break-point angle (the point at which the subject can no 
longer resist the increasing gravitational moment during 
a Nordic hamstring lower [Figure 1]) measured from 
video and traditional measures of eccentric hamstring 

strength such as isokinetic eccentric knee-flexor peak 
torque (average of right and left limbs). Furthermore, 
the relationship between Nordic break-point angle and 
angle of peak torque (average of right and left limbs) and 
a new method of reciprocal knee-joint muscle balance 
(average of right and left) and the angle of crossover,25 
was also explored.

Participants
Sixteen male (n = 7) and female (n = 9) soccer players of 
various playing positions, experience, and ability acted 
as subjects for the study (mean ± SD age 24 ± 6 y, height 
1.77 ± 0.12 m, and body mass 68.5 ± 16.5 kg). The study 
was approved by the university’s ethical committee, and 
all subjects provided written informed consent to partici-
pate in the spirit of the Helsinki declaration.

Figure 1 — Nordic hamstring-lower exercise: (a) start, (b) 
midpoint indicating the Nordic break-point angle, and (c) end.
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Every clinical situation will vary, so clinical judgment will be required when selecting 
appropriate tests. 
 
ACL Prevention Program Components 
 After identifying athletes with an increased risk of ACL injury, prevention 
programs have been proposed to help reduce this risk.  There is mounting evidence that 
ACL prevention programs can reduce the risk of ACL injury.  Pooled data in a meta-
analysis by Sadoghi et al (2012) found risk reductions of 52% in female athletes and 
85% in male athletes participating in various ACL prevention programs.51  However, 
many of these programs exhibit significant heterogeneity in their design.  Determining 
the most important components of a successful prevention program would allow for 
effective and efficient use of time for athletes, coaches, and practitioners.  Based on a 
systematic review by Michaelidis et al (2014), multiple component prevention programs 
including plyometrics, dynamic stabilization, strength training for the trunk, upper and 
lower body, and sport specific agility training appear most beneficial.52  Additionally, 
athlete education and feedback on proper technique appear critically important.13,52–54  
Sugimoto et al (2015) also investigated the effects of specific exercise components and 
found training programs incorporating plyometrics, strength training, and proximal 
control exercises to significantly reduce ACL injuries, while balance exercises did not 
appear to have an effect.  As far as duration and frequency of training sessions, a meta-
analysis by Sugimoto et al (2014) found multiple single sessions longer than 20 minutes 
that accumulate to more than 30 minutes per week were associated with greater 
reduction in injury risk during an in-season period.55  Lastly, compliance with the 
prevention program is critically important.  A systematic review by Sugimoto et al (2012) 
found significantly reduced ACL injury incidence in studies with high compliance rates 
(greater than 66% of sessions attended) compared to moderate and low compliance 
rates.56  The data showed moderate compliance rates increased the risk of ACL injury 
by 3.1 times compared to high compliance rates.  Also, low compliance rates increased 
the risk to 4.9 times compared to high compliance rates.   This highlights the importance 
of not only designing a great program, but finding ways to motivate athletes to 
consistently participate in the program.  Research regarding preventative programs is 
becoming more abundant and many programs are currently being developed.  
Improving prevention program methodology is key to helping our athletes remain 
healthy. 
 
Conclusion 
 Preventing ACL injuries is not easy task.  The complexity of risk factor 
identification, screening tests, and prevention programs are still being investigated.  
While research has moved sports medicine in the right direction, plenty of work still 
needs to be done in implementing this information into practice.  As sports medicine 
practitioners, we can take this information back to our schools and clinics with hopes of 
making our sports safer. 
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