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Reducing the Risk of Noncontact Anterior Cruciate
Ligament Injuries in the Female Athlete
Sue D. Barber-Westin, BS; Frank R. Noyes, MD; Stephanie Tutalo Smith, MS; Thomas M. Campbell, BA

Abstract: High school and collegiate female athletes have a significantly increased risk of sustaining a noncontact anterior cruciate
ligament injury compared with male athletes participating in the same sport. This review summarizes the current knowledge of the risk
factors hypothesized to influence this problem, and the neuromuscular training programs designed to correct certain biomechanical
problems noted in female athletes. The risk factors include a genetic predisposition for sustaining a knee ligament injury, environmental factors, anatomical indices, hormonal influences, and neuromuscular factors. The greatest amount of research in this area has
studied differences between female and male athletes in movement patterns during athletic tasks; muscle strength, activation, and
recruitment patterns; and knee joint stiffness under controlled, preplanned, and reactive conditions in the laboratory. Neuromuscular
retraining programs have been developed in an attempt to reduce these differences. The successful programs teach athletes to control
the upper body, trunk, and lower body position; lower the center of gravity by increasing hip and knee flexion during activities; and
develop muscular strength and techniques to land with decreased ground reaction forces. In addition, athletes are taught to preposition the body and lower extremity prior to initial ground contact to obtain the position of greatest knee joint stability and stiffness.
Two published programs have significantly reduced the incidence of noncontact anterior cruciate ligament injuries in female athletes
participating in basketball, soccer, and volleyball. Other programs were ineffective, had a poor study design, or had an insufficient
number of participants, which precluded a true reduction in the risk of this injury. In order to determine which risk factors for noncontact
anterior cruciate ligament ruptures are significant, future investigations should include larger cohorts of athletes in multiple sports,
analyze factors from all of the major risk categories, and follow athletes for at least one full athletic season. Future risk assessment
studies should incorporate reactive tasks under more realistic sports conditions.
Keywords: ligament; noncontact; neuromuscular; female
Sue D. Barber-Westin, BS 1
Frank R. Noyes, MD 1
Stephanie Tutalo Smith, MS 1
Thomas M. Campbell, BA 1
Cincinnati Sportsmedicine
Research and Education
Foundation, Cincinnati, OH
1

Correspondence:
Sue D. Barber-Westin, BS,
Cincinnati Sportsmedicine Research
and Education Foundation,
12146 Hidden Links Dr.,
Fort Myers, FL 33913.
Tel: 239-561-7335
E-mail: sbwestin@csmref.org

Introduction
The higher incidence of noncontact anterior cruciate ligament (ACL) injuries in female athletes compared
with male athletes participating in the same sport has received a substantial amount of attention in
the orthopedic literature in the last 2 decades. A study from the authors’ institution published in 1994
was one of the first to report this problem, as female soccer players were found to have nearly 6 times
the rate of serious knee ligament injuries compared with male players (0.87 and 0.29 per 100 playerhours, respectively; P  0.01).1 In 2000, Gwinn et al2 reported that women at the US Naval Academy
had a 4-fold increase in this injury compared with men in intercollegiate soccer, basketball, and rugby,
collectively (0.511 and 0.129 per 1000 athlete-exposures, respectively; P = 0.006). During military
training, women had nearly 11 times the incidence of ACL ruptures as men during obstacle course
running (6.154 and 0.567 per 1000 athlete-exposures; P = 0.004). Agel et al3 reported a noteworthy
gender disparity in ACL injury rates assessed over a 13-year period between collegiate female and
male basketball and soccer players.
Many studies have attempted to delineate what factors are responsible for the increased incidence
of noncontact ACL injuries in female athletes. Other investigations have focused on neuromuscular
retraining programs designed to alter movement patterns and improve strength in women in an
attempt to reduce the risk of this injury. This review will summarize the current knowledge regarding
the risk factors for noncontact ACL ruptures in female athletes and analyze neuromuscular retraining programs designed to reduce this problem. The reader is referred to other sources for further
detail.4–10
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Methods
We used the Medline database to search the literature (English
language) for articles under the topics “ACL prevention,”
“ACL injury risk factors,” “neuromuscular retraining,”
and “ACL noncontact injuries” over a 15-year period from
1994 to 2009. Each article considered relevant was read in full,
and references were cross-checked to ensure that other relevant
articles were not missed from this review.

Risk Factors for ACL Ruptures
Despite many investigations that have been conducted on
potential risk factors for noncontact ACL ruptures, our review
found that definitive conclusions could not be reached for
either men or women regarding what factor(s) may predispose
an athlete to this injury. The majority of studies published have
either examined a small sample size of each gender (therefore
containing insufficient power to avoid a type II statistical
error11), only focused on one possible risk category, or examined neuromuscular characteristics in a controlled laboratory
environment instead of reactive or actual playing conditions.

Nonetheless, a brief discussion of the potential risk factors
(Table 1) is important to understand what variables may be
altered or improved through training to reduce the risk of
this injury.
Few studies have been conducted to determine the effect
of genetics12,13 and environmental factors14–17 on noncontact
ACL injuries, and therefore, no conclusion may be reached
at present regarding these factors. Some researchers believe
that shoe surface interaction may affect ACL injury risk, both
directly and indirectly.8 The direct effect is through higher
traction, which may transmit excessive loads to the knee during
activities such as cutting and pivoting. The indirect effect is
through alterations in neuromuscular movement patterns as
the athlete attempts to adapt to differences in shoe and surface
factors. In terms of prophylactic knee bracing, no study to date
has demonstrated a significant reduction in the incidence of
ACL injuries in normal healthy athletes with any commercially
available knee brace.18 Only 2 epidemiologic investigations19,20
have been published on this topic, both of which followed male
football players only.

Table 1. Potential Major Risk Factors for Anterior Cruciate Ligament (ACL) Injury
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Gender

Category

Risk Factor

Summary of Literature

Males and Females

Familial

Genetics, possibly related to anatomical
structures (size intercondylar notch)

Only 2 studies published to date,
no conclusion can be reached

Males and Females

Environmental

Climate conditions
Playing surface
Footwear
Interaction of footwear with playing surface
Prophylactic knee braces

Too few studies published for conclusions,
shoe-surface interaction may affect ACL
injury risk, further investigations required

Females

Anatomical

Q-angle
Size and shape of the intercondylar notch
Size of the ACL
Material properties of the ACL
Foot pronation
Body mass index
Generalized ligament laxity

Conflicting study designs and published data,
no definite evidence that any anatomic risk
factor is associated with increased risk ACL
injury

Females

Hormonal

Acute fluctuations of estrogen and
progesterone during the menstrual cycle

There appears to be an uneven distribution
of ACL injuries in the follicular phase of the
menstrual cycle, but more data required
before definitive conclusions may be reached

Females

Neuromuscular/
Biomechanical

Movement and muscle activation patterns
Ground reaction forces
Knee adduction/abduction moments
Knee and hip flexion angles during landing,
jumping, cutting, pivoting
Muscle strength
Knee joint stiffness

Significant differences have been documented
between males and females in multiple
neuromuscular indices (Table 2)
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Inherent anatomic differences between genders have been
proposed as being responsible or partially responsible for the
disparity in noncontact ACL injury rates. Although evidence
exists to support differences between men and women in
many of these factors, including quadriceps femoris angle
(Q angle), femoral anteversion, tibial torsion, foot pronation,
size of the intercondylar notch size, and size of the ACL itself,
no investigation has demonstrated that these differences
alone are responsible for an increased risk of noncontact ACL
injuries in female athletes.
Uhorchak et al21 measured height, weight, body mass index
(BMI), condylar width, notch width, eminence width, tibial
width, notch width index, generalized joint laxity, anteriorposterior displacement on knee arthrometer testing, isokinetic
quadriceps and hamstrings concentric and eccentric strength,
and hamstrings flexibility in a group of 859 West Point cadets
(120 women, 739 men) upon their entrance into the academy.21
The cadets were followed up for 4 years for ACL injuries, during
which time 24 noncontact ACL ruptures occurred (16 in men,
8 in women). Using a hypothesis-driven logistic regression
model, the factors of a narrow femoral notch, BMI 1 standard
deviation or more above the mean, and generalized joint laxity explained 62.5% of the variability of the noncontact ACL
tears in the female athletes. In addition, this model correctly
predicted 75% (6 of 8) of the noncontact ACL injuries. The
most predictive model in the men explained only 15% of the
variability in the noncontact ACL injuries and was unable to
predict any of the 16 injuries that occurred throughout the
study period in the male athletes.
Some authors have speculated that excessive subtalar
joint pronation leads to increased internal tibial rotation
and resultant high forces on the ACL.22–25 Three investigations involving small sample sizes reported significantly
higher navicular drop values bilaterally in patients who
sustained ACL ruptures compared with matched control
subjects,22,23,25 whereas another failed to find an association
between excessive pronation and noncontact ACL injuries.26
A combination of postural “faults” was found to have a
greater predictive value for ACL injury than a single problem
(such as excessive pronation) by Loudon et al.24 In 20 female
athletes with unilateral ACL ruptures, the combination of
excessive knee hyperextension, navicular drop, and subtalar joint pronation was a strong discriminator between the
patients and 20 control subjects. The authors concluded that
an association existed between noncontact ACL injuries in

females who had a standing posture of genu recurvatum and
subtalar joint overpronation.
A few authors have reported that females appear to have
greater inherent joint laxity than males.27–31 However, there
is no evidence that an increase in generalized ligament laxity
in females is associated with the increased risk of noncontact
ACL injuries. During the last decade, the hypothesis has been
advanced that fluctuations in sex hormones during certain
periods of the menstrual cycle could be deleterious to the
material and mechanical properties of the female ACL. The
question of whether hormonal surges could have a deleterious effect on muscle and neuromuscular indices, thereby
increasing the vulnerability of the ACL to rupture during
certain phases of the menstrual cycle, has also been raised.32
A series of investigations33,34 reported that the acute hormonal
fluctuations that occur during the menstrual cycle may
induce changes in the metabolism of the ACL, weakening the
ligament’s strength and potentially increasing its vulnerability
to injury.
Three investigations32,35,36 that investigated 145 women
who sustained ACL ruptures reported an association toward
a greater proportion of female athletes suffering this injury
in the preovulatory (follicular) phase compared with later
phases of the cycle. Whether this observation is due to deleterious effects of hormonal fluctuations on collagen metabolism or
to changes in muscle contraction and neuromuscular control
remains to be determined. From these investigations, there
appears to be an uneven distribution of ACL injuries in the
follicular phase of the menstrual cycle; however, more data
are required before definitive conclusions may be reached.
Several neuromuscular and biomechanical factors have
been hypothesized to be responsible for the disparity between
genders in noncontact ACL injury rates (Table 2), and
this represents the area of greatest research concentration.
Differences between female and male athletes in movement
patterns; muscle strength, activation, and recruitment
patterns; and knee joint stiffness have been demonstrated
under controlled, preplanned, and reactive conditions in the
laboratory. Videotape analyses of noncontact ACL injuries
also demonstrate certain lower extremity positions and
characteristics that lend support to the theory that these
differences may likely play a role in this problem.37,38 Many
noncontact ACL ruptures occur when an athlete lands from
a jump,9,39–41 in which ground reaction forces are 3 to14 times
that of the individual’s body weight.42–47 When analyzed on
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Table 2. Hypothesized Neuromuscular and Biomechanical Risk Factors for Noncontact ACL Injury in the Female Athlete
Category

Risk Factor

Hypothesized Gender Difference

Movement patterns

Knee flexion
Hip flexion
Hip internal rotation
Hip abduction
External tibial rotation
Abduction moment
Adduction moment

Compared with males, females have
− Smaller knee and hip flexion angles during high risk activity
− Greater internal hip rotation, hip abduction, external tibial rotation,
and knee abduction/adduction moments during high risk activity

Muscle strength, activation,
recruitment patterns

Lower extremity muscle strength
and activity
Hip muscle strength
Lower extremity muscle
recruitment patterns
Fatigue
Core stability

Compared with males, females have
− Smaller quadriceps and hamstrings muscle torques
− Slower times to reach lower extremity muscle peak torques
− Higher quadriceps activity and reduced hamstrings activity during
athletic maneuvers
− Weaker hip muscles
− Poor core stability
− Different muscle activation patterns during preplanned and unplanned
athletic tasks
− Faster time to fatigue
Females recruit hamstrings first in response to anterior tibial translation
force, whereas males recruit quadriceps
Compared with males, females have
− Decreased inherent passive and active knee joint stiffness

Knee stiffness

Reproduced with permission from Barber-Westin SD, Noyes FR. Risk factors for ACL injuries in the female athlete. In: Noyes’ Knee Disorders: Surgery, Rehabilitation, Clinical Outcomes.
Noyes FR, Barber-Westin S, eds. Philadelphia, PA: Saunders; 2009:359–378.

videotape, noncontact ACL injuries frequently occur with a
forceful valgus and tibial rotation motion, with the knee close
to full extension.37
A study conducted at the authors’ laboratory using a
2-camera, video-based optoelectronic digitizer and a multi
component force plate was one of the first to demonstrate
gender differences in movement patterns.48 Adolescent males
demonstrated greater knee extension moments on landing and
take-off, which were interpreted to be likely due to their high
use of the hamstrings musculature. Males also had a greater
mean hamstring/quadriceps ratio on isokinetic testing at 360°
per second.
Significant differences exist between genders on the knee
flexion angle measured at impact from a drop-jump49–51
and during single-leg hopping,52,53 with men consistently
demonstrating greater knee flexion angles than women.
Females tend to land in a more erect posture on initial impact
compared with males and appear to use the ankle musculature
to absorb impact forces, which is accompanied with greater
knee extension and ankle plantar-flexion angles. Conversely,
men demonstrate greater knee flexion and less plantar-flexion

4

angles on impact, allowing a transfer of the forces to the larger
muscles such as the hip extensors.
Chaudhari et al54 observed a correlation between frontal
plane lower limb alignment and knee moments, as subjects
who assumed a valgus lower limb position during a 90° lateral
run-to-cut maneuver had significantly higher knee abduction moments than those who had a neutral or varus lower
limb position (P  0.01).54 Of the 21 subjects tested, 67% of
females assumed a lower limb valgus alignment compared
with 22% of males.
One study55 reported that female athletes had smaller knee
flexion angles, greater valgus angles, increased quadriceps
muscle activation, and decreased hamstring muscle activation
during the stance cycle of straight running and 2 preplanned
cutting maneuvers. Another investigation56 reported that during running, females had significantly greater hip internal
rotation, peak hip adduction, peak knee abduction, and were in
a greater abducted knee position throughout stance compared
with males (Figure 1). Women have significantly greater proximal
anterior shear forces, extension moments, and valgus moments
on landing during stop-jump tasks compared to men.57,58
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Figure 1. Left, Knee joint stability is influenced by the muscles, ligaments,
and bony geometry that act together to resist external adduction moments
that are incurred during weight bearing activities. Right, An abnormally
high adduction moment may result in laxity of the lateral soft tissues and
loss of normal lateral tibiofemoral joint contact. Termed lateral condylar
liftoff, this phenomenon increases the potential for an anterior cruciate
ligament rupture, especially if the knee is in 30° or less of flexion.

Figure 2. Comparisons of peak proximal tibia anterior shear force (A), knee
flexion-extension moment (B), and knee varus-valgus moment (C) during
the landing phase of three stop-jump tasks. Results are normalized by
body weight (Wt) (peak shear force) or by body weight times height
(BH × BW) (knee flexion-extension moment and varus-valgus moment).

Lateral
soft tissue

Axial force

Axial force
External
adduction
moment

Muscle stabilizer

Ligament stabilizer

From Barber-Westin SD, Noyes FR: Lower limb neuromuscular control and
strength in prepubescent and adolescent male and female athletes. In: Noyes’
Knee Disorders: Surgery, Rehabilitation, Clinical Outcomes. Noyes FR,
Barber-Westin SD (eds.), Saunders, Philadelphia, 2009. pp. 379–403.

A gender comparison of knee kinetics in 3 stop-jump tasks
found that women had significantly greater proximal anterior
shear forces, extension moments, and valgus moments on landing compared to men (Figure 2).57 The investigators believed that
the increased proximal shear force was due to a high quadriceps
muscle force, a low hamstrings muscle force, a straight knee on
landing, or a combination of all of these factors. A second study
was done to determine if gender differences existed during the
preparation for landing in the vertical stop-jump task.59 Female
recreational athletes displayed less knee and hip flexion, less
hip external rotation, and increased hip abduction compared
with male athletes upon preparation for landing. The authors
hypothesized that the athletes “preprogrammed” these lower
extremity motions during the flight phase of the last step of the
approach run in this task.
Colby et al60 measured hamstring and quadriceps muscle
activation and knee flexion angles during eccentric motion
of sidestep cutting, cross-cutting, stopping, and landing
in 15 collegiate athletes. A high-level quadriceps muscle

Adapted from 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. Reprinted by permission of SAGE Publications.

activation and a low hamstring muscle activation occurred
just before foot strike and peaked in mid-eccentric motion.
The authors concluded that the combination of the high level
of quadriceps activity, low level of hamstrings activity, and
low angle of knee flexion during eccentric contractions in these
maneuvers could produce significant anterior translation of
the tibia. DeMorat et al61 reported that a high quadriceps load
(4500 N) simulated in cadaveric knees at 20° of flexion produced
significant anterior tibial translation (mean, 19.5 mm).61 These
authors concluded that the quadriceps could serve as a major
intrinsic force in noncontact ACL injuries.
Sell et al53 conducted an investigation involving high
school basketball players, in which both planned and reactive
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(to a visual cue) stop-jump tasks were performed vertically,
horizontally to the left, and horizontally to the right. During the
reactive tasks, females had lower maximum knee flexion angles
than males (68.4° and 74.9°, respectively; P = 0.001), greater
maximum knee valgus angles (–7.5° and –4.2°, respectively;
P  0.05), greater anterior shear force at peak posterior
ground-reaction force (P  0.05), and greater knee flexion
moment at peak posterior ground-reaction force (P  0.05).
The authors’ hypothesized that these differences could place
greater strain on the female ACL.
Marked differences between adolescent and adult male
and female athletes in quadriceps and hamstrings peak
torques, even when normalized for body weight, have been
documented by numerous investigations.51,52,62 One of the
largest studies conducted to date on 853 females and 177 males
aged 9 to 17 years reported that significant gender differences in lower extremity strength become evident at age 14
(Figures 3 and 4).62 This investigation revealed that females
appear to reach peak hamstrings strength at age 11, with no
significant difference found in this factor between girls 11 years
of age and those up to 17 years of age.
In one study,63 female athletes had significantly weaker
knee flexor and extensor peak torques (normalized for
body weight, 60° per second and 240° per second) and
endurance values than the male athletes, and were only
marginally stronger than the female controls. Female athletes
Figure 3. No significant difference was found in the mean extensor peak
torque ratio values between females and males in the 9- to 13-year-old age
groups. However, from the ages of 14 to 17 years, males had significantly
greater mean extensor peak torque ratio values than females.

Adapted from Barber-Westin SD, Noyes FR, Galloway M. Jump-land
characteristics and muscle strength development in young athletes:
a gender comparison of 1140 athletes 9 to 17 years of age. Am J Sports Med.
2006;34(3):375–384. Reprinted by permission of SAGE Publications.

6

Figure 4. No significant difference was found in the mean flexor peak
torque ratio values between females and males in the 9 to 13-year
old age groups. However, from the ages of 14 to 17 years, males had
significantly greater mean flexor peak torque ratio values than females.

Adapted from Barber-Westin SD, Noyes FR, Galloway M. Jump-land
characteristics and muscle strength development in young athletes:
a gender comparison of 1140 athletes 9 to 17 years of age. Am J Sports Med.
2006;34(3):375–384. Reprinted with permission from SAGE Publications.

had slower time-to-peak torque values for knee flexors than
the male athletes (430 and 328 msec, respectively; P  0.001).
Fatigue appears to increase the risk of ACL injury in both
genders.64,65

Neuromuscular Retraining Programs
to Decrease the Risk of Noncontact
ACL Injuries
Although many knee ligament injury prevention training
programs have been published, 66–80 few have presented
scientific justification that the training effectively improved
neuromuscular deficiencies and reduced the incidence of
noncontact ACL injuries in female athletes (Table 3). Some
programs had either small sample sizes or few noncontact
ACL injuries69–71,75,77,78,80 and were thus underpowered to avoid
the potential for a type II statistical error.11 Most studies were
not randomized, and several did not contain a control group
studied concurrently with a trained group. Although some
investigations cited a reduction in noncontact ACL injury rates,
others failed to find a statistically significant effect.69–71,75,77,78,80,81
Some programs were published even though the investigators
did not follow athletes over a season or period of time to
determine if a reduction in ACL injuries occurred as a result
of training.73,74,82
The amount of time in which an ACL rupture occurs
was recently estimated to range from 17 to 50 ms after initial
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ground contact.38 It is evident that there is not enough time
for an athlete, upon sensing a knee injury about to occur, to
alter the body or lower extremity position to prevent the injury.
In order to have a significant impact on reducing the incident
rate of this injury, the authors believe that a training program
must teach athletes to control the upper body, trunk, and lower
body position; lower the center of gravity by increasing hip and
knee flexion during activities; and develop muscular strength
and techniques to land with decreased ground reaction forces.
In addition, athletes should be taught to preposition the body
and lower extremity prior to initial ground contact to obtain
the position of greatest knee joint stability and stiffness. Others
have stressed that a training program should consist of a
dynamic warm-up, plyometric jump training, strengthening
exercises, aerobic conditioning, agility, and risk awareness
training.8 Only 2 studies68,79 to date have reported a significant impact from neuromuscular retraining on reducing the
incidence of noncontact ACL ruptures in female athletes, both
of which incorporate the principles outlined previously.
The first published successful neuromuscular program,
SportsmetricsTM,48 is a 6-week program that entails 3 training sessions per week of 60 to 90 minutes duration which
has been described in detail elsewhere.6 Prior to training and
immediately upon completion of the program, athletes are
taken through a series of tests including single-leg hops, dropjumps, vertical jumps, flexibility, and agility and speed tasks.
The program stresses jump retraining exercises that place a
major emphasis on correct body posture, form, and techniques.
Specific drills and instruction are used to teach the athlete to
preposition the entire body safely when accelerating or decelerating on landing (Figures 5 and 6). Next, strength training
designed to focus on the development of core, hip, and lower
extremity strength is performed. Based on preferences of the
coach and athletes, sports-specific conditioning and agility
drills may then be conducted, followed by static stretching of
all major muscle groups.
This training program is effective in inducing changes
in neuromuscular indices in female athletes, as studies have
shown improved overall lower limb alignment on a dropjump test,83 increased hamstrings strength,48,83,84 increased
knee flexion angles on landing,48,85 and reduced deleterious
abduction/adduction moments and ground reaction forces.48
A controlled prospective investigation was conducted in
1263 high school athletes to determine if SportsmetricsTM
training reduced the incidence of noncontact ACL injuries

in female athletes over the course of a season. 68 Three
groups of soccer, volleyball, and basketball players
were followed: 366 females who underwent training
before the beginning of their sport season, 463 untrained
females, and 434 untrained males. The total numbers of athlete
exposures were 23138 for the untrained group, 17 222 for the
trained group, and 21 390 for the male control group. There
were 14 serious knee ligament injuries in 10 of 463 untrained
female athletes (8 noncontact), 2 of 366 trained female athletes
(0 noncontact), and 2 of 434 male athletes (1 noncontact). The
knee injury incidence per 1000 athlete exposures was 0.43 in
untrained female athletes, 0.12 in trained female athletes, and
0.09 in male athletes (P = 0.02). Untrained female athletes
had a 3.6 times higher incidence of knee injury than trained
female athletes (P = 0.05) and 4.8 times higher than male
athletes (P = 0.03). The incidence of knee injury in trained
female athletes was not significantly different from that in
untrained male athletes (P = 0.86).
The second training program, which significantly reduced
the incidence of noncontact ACL injuries in females, was
designed specifically for soccer players.79 The prevent injury
and enhance performance program (PEP) was first published
in 2005 and was described as a 20-minute warm-up program
available on videotape. Coaches who agreed to replace their
traditional warm-up with this program implemented the
training on the soccer field before practices and games. The
program consists of 3 basic warm-up activities, 5 stretching
exercises for the trunk and lower extremity, 3 strengthening
exercises, 5 plyometric drills, and 3 soccer-specific agility
activities. The videotape provides instruction, including proper
biomechanical technique, for the drills and jump exercises.
To date, there are no data on the effect of this training program
on specific neuromuscular indices such as lower extremity
muscle strength, ground reaction forces, knee abduction/
adduction moments, or knee/hip flexion angles on landing.
Mandelbaum et al79 followed 1885 trained female soccer
players and 3808 untrained female soccer players over the
course of one season (over a 2-year period). The athletes
were 14 to 18 years of age and participated in a youth soccer
league. The total number of athlete exposures was 205 308.
There were 73 ACL injuries that were sustained in 67 of
the untrained female athletes and in 6 of the trained female
athletes. The knee injury incidence per 1000 athlete exposures
was 0.49 in untrained female athletes and 0.09 in trained
female athletes (P  0.001). These authors agreed with
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Table 3. Anterior Cruciate Ligament (ACL) Injury Prevention Training Programs
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Citation

Number of Athletes,Type of Sports,
Number of Seasons in the Study

Duration of Training

Plyometrics

Strength

Ettlinger et al66

4000 trained patrollers and instructors,
gender unknown, 22 “ski areas” control;
number not given; gender unknown Alpine
skiers; 3 ski seasons

One hour reviewing video clips of
injuries, awareness training sessions,
small group discussions prevention
strategies

No

No

Caraffa et al67

300 trained males, 300 control males; semiprofessional soccer players; 3 seasons

20 minutes every day × 30 consecutive
days preseason

No

No

Hewett et al68

366 trained females, 463 untrained females,
434 untrained males; soccer, basketball,
volleyball; 1 season (high school)

1 hour 3 days/week for 6 weeks

Yes

Yes

Wedderkopp et al69

111 trained females, 126 untrained females;
team handball; 1 10-month season

10–15 minutes every practice for entire
season

No

No

Heidt et al70

42 trained females, 258 control females;
soccer players, high school; 1 season

3 sessions/week for 7 weeks

Yes

Yes

Myklebust et al72

1705 trained females (855 season 1,
850 season 2); 942 control females; team
handball; 3 seasons

15 minutes 3 times/week for 5–7 weeks,
then 1 time/week during season

Yes

No

Olsen et al76

808 trained females, 778 control females,
150 trained males, 101 control males, team
handball, high school, 1 season

15–20 minutes, average 27 sessions

Landing
technique

Yes

Petersen et al77

134 trained females, 142 control females,
team handball, several divisions, adult
players, 1 season

10 minutes, 3 times/week for 8 weeks

Yes

No

Mandelbaum et al79

1885 trained females, 3818 control females,
soccer, 14–18 years of age, 2 years

20 minutes, replaced traditional
warm-up

Yes

Yes

Pfeiffer et al75

577 trained females, 862 control females,
soccer, basketball, volleyball high school
athletes, 1 season

20 minutes, 2 times/week throughout
season

Yes

No

Steffen et al78

1073 trained females, 947 control females;
soccer; 1 season

15 minutes, 3 times/week for 1 season

Yes

Yes

Gilchrist et al80

583 trained females, 852 untrained females;
soccer; 1 season; collegiate players

20 minutes, replaced traditional
warm-up

Yes

Yes
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Agility

Balance

Flexibility

Total Number
of Exposures

Number of ACL
Injuries

Study Limitations

No

No

No

Not given

179, 62% decline in
serious knee ligament
injuries among trained
patrollers and instructors.
No decline in control
group.

Not randomized, no exposure data, no
medical documentation of ACL injuries.
“any mention of a grade II or III ACL
sprain or grade III knee sprain included” unknown which knee ligaments torn,
unknown number of contact vs.
non-contact injuries.

No

Yes

Yes

Not given

10 in trained group, 70 in
control group

Not randomized, no exposure data,
unknown number of training sessions
completed, no training of females

Yes

No

Yes

23 138 trained, 17 222
untrained, 21 390 males

0 trained, 5 (0.35)
untrained females, 1
(0.05 males) (P = 0.05)

Not randomized or double-blinded,
higher number volleyball players in
trained group, low number of noncontact
ACL injuries.

No

Yes

No

14 578 trained, 17 945
untrained

“knee sprains” 1 trained
5 untrained

No significant difference knee “sprains”
trained vs. control group, unknown
documentation method of injuries,
unknown number training sessions
completed.

Yes

No

Yes

Not given

1 in trained group,
8 in control group

Not randomized, no exposure data, no
statistically significant difference ACL
injury rates trained vs. control group.

Yes

Yes

No

172 692 trained (season
1), 186 805 trained (season 2), 208 936 control

23 in trained season
1 (0.13), 17 injuries in
trained season 2 (0.09), 29
injuries control (0.14)

Poor compliance with training,
intervention training methods changed
from 1st to 2nd season, unknown
contact vs. noncontact injuries, No
significant difference ACL injury rates
trained vs. control group.

Planting, cutting,
jumping control,
awareness

Yes, on
mats and
boards

Yes

93 812 trained, 87 483
control

Not given

ACL ruptures not sorted per group,
all knee ligament injuries combined.

Planting, cutting,
jumping control,
awareness

Yes

No

Not given

1 in trained group (0.04),
5 in control group (0.21)

Not randomized, no statistically
significant difference ACL injury rates
trained vs. control group.

Yes

No

Yes

67 860 trained, 137 447
control

6 in trained group (0.09),
67 in untrained group
(0.49), P  0.0001

Not randomized, voluntary enrollment
training, unknown number of training sessions completed.

Landing technique
control and
awareness

No

No

17 954 trained, 38 662
control

3 in trained group (0.167)
3 in control group (0.078)

Not randomized, no statistically
significant difference ACL injury rates
trained vs. control group.

Landing technique
control and
awareness

Yes

No

66 423 trained, 65 725
control

4 in trained group, 5
in control group

No statistically significant difference ACL
injury rates trained vs. control group.
Poor compliance completing training.

Yes

No

Yes

35 220 trained, 52 919
untrained

2 (0.057) trained
10 (0.189) control

No statistically significant difference
ACL injury rates trained vs. control
group, only 12 noncontact ACL injuries
sustained in entire study.
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Figure 5. The mattress jump, side-to-side is demonstrated. A cone or barrier is placed on a cushioned surface approximately
2” to 3” deep. The athlete performs a double foot jump from one side (A) over the barrier (B) to the other side (C). The feet
are kept together and the athlete is instructed to begin and end the jump in the same amount of knee flexion.

A

B

C

Reproduced with permission from Barber-Westin SD, Noyes FR. Decreasing the risk of anterior cruciate ligament injuries in female athletes.
In Noyes FR, Barber-Westin SD, eds. Noyes’ Knee Disorders: Surgery, Rehabilitation, Clinical Outcomes. Saunders; Philadelphia, PA; 2009:428–463.

others that a preventative training program should focus on
developing neuromuscular control of the lower extremity
through strengthening exercises, incorporate jump retraining with emphasis on proper landing technique, promote
deeper hip and knee flexion during landing and lateral athletic
maneuvers, teach proper deceleration techniques, and use
sports-specific agility drills when appropriate.
The authors of the PEP study conducted a second investigation on female collegiate soccer athletes whose mean age
was 19.8 years; 583 underwent training, and 852 served as
controls.80 The athletes were followed during the course of one
season. The total number of athlete exposures was 88 139. There
were 12 noncontact ACL injuries that occurred in 2 athletes
in the trained group and 10 athletes in the control group.
The incidence of noncontact ACL ruptures per 1000 athleteexposures was 0.189 in untrained female athletes and 0.057 in
trained female athletes (P = 0.066) The study lacked the statistical power to compare subgroups because of the smaller than
expected number of noncontact ACL injuries reported.

Conclusions
The increased incidence of knee ligament injuries in female
athletes is multifactorial, and it is currently unknown which
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factors are dominant and which play a smaller role. A number
of intrinsic factors inherent in women have been suggested,
including a narrow intercondylar notch, smaller-sized ACL,
pelvic-hip-knee-foot alignment, generalized knee laxity, foot
pronation, and hormonal fluctuations. Extrinsic factors related
to athletic conditioning, skill, training, and equipment have also
been discussed. Although issues related to differences in neuromuscular control, muscle reaction patterns, coordination and
control of body and lower-extremity positions during athletics
are usually related to extrinsic factors, it may be that these
factors are both intrinsic and extrinsic in their development.
In order to determine which risk factors for noncontact
ACL ruptures are significant and which may play a more
negligible role, future investigations must include greater
sample sizes, analyze factors from all of the major categories
(anatomical, environmental, hormonal, and neuromuscular),
and follow athletes for at least one entire athletic season for
injury. Athletes from multiple sports should be included to
determine if certain factors are sports specific in terms of
injury risk. Future studies need to incorporate reactive tasks,
as there appear to be significant differences in movement
and muscle activation patterns under these conditions versus
those of controlled preplanned maneuvers. As technology
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Figure 6. Demonstration of the squat jump. The athlete begins in a fully crouched position as deep as comfortable (A). The knees and feet are directed
forward and are in alignment with the hips. The upper body is upright with the chest open. The hands touch or reach toward the ground on the outside of the
heels. The athlete jumps up, reaching as high as possible (B), and then returns to the crouched position with hands reaching back towards the heels (C).

A

B

C

Reproduced with permission from Barber-Westin SD, Noyes FR. Decreasing the risk of anterior cruciate ligament injuries in female athletes.
In: Noyes FR, Barber-Westin SD, eds. Noyes’ Knee Disorders: Surgery, Rehabilitation, Clinical Outcomes. Saunders; Philadelphia, PA; 2009:428–463.

improves, these studies may hopefully be able to move out
of the laboratory and measure neuromuscular indices under
actual playing conditions.
Few neuromuscular retraining programs have significantly
(and with adequate statistical power) reduced the incidence of
noncontact ACL ruptures in female athletes. The 2 published
successful programs implement specific teaching techniques
designed to alter movement patterns and strength in the core
and lower extremity. Future studies need to include larger
number of athlete exposures either over the course of a single
season or over multiple seasons in order to have sufficient
power to avoid the potential for a type II statistical error.

Conflict of Interest Statement
Sue D. Barber-Westin, BS, Frank R. Noyes, MD, Stephanie
Tutalo Smith, MS, Thomas M. Campbell, BA disclose no
conflicts of interest.

References

1. Lindenfeld TN, Schmitt DJ, Hendy MP, Mangine RE, Noyes FR. Incidence
of injury in indoor soccer. Am J Sports Med. 1994;22(3):364–371.
2. Gwinn DE, Wilckens JH, McDevitt ER, Ross G, Kao TC. The relative
incidence of anterior cruciate ligament injury in men and women at the
United States Naval Academy. Am J Sports Med. 2000;28(1):98–102.

3. Agel J, Arendt EA, Bershadsky B. Anterior cruciate ligament injury in
national collegiate athletic association basketball and soccer: a 13-year
review. Am J Sports Med. 2005;33(4):524–530.
4. Alentorn-Geli E, Myer GD, Silvers HJ, et al. Prevention of non-contact
anterior cruciate ligament injuries in soccer players. Part 2: a review of
prevention programs aimed to modify risk factors and to reduce injury
rates. Knee Surg Sports Traumatol Arthrosc. 2009;17(8):859–879.
5. Alentorn-Geli E, Myer GD, Silvers HJ, et al. Prevention of non-contact
anterior cruciate ligament injuries in soccer players. Part 1: Mechanisms
of injury and underlying risk factors. Knee Surg Sports Traumatol Arthrosc.
2009;17(7):705–729.
6. Barber-Westin SD, Noyes FR. Decreasing the risk of anterior cruciate ligament injuries in female athletes. In: Noyes FR, ed. Noyes Knee Disorders:
Surgery, Rehabilitation, Clinical Outcomes. Philadelphia: Saunders; 2009:
428–463.
7. Barber-Westin SD, Noyes FR. Risk factors for anterior cruciate ligament
injuries in the female athlete. In: Noyes FR, ed. Noyes Knee Disorders:
Surgery, Rehabilitation, Clinical Outcomes. Philadelphia: Saunders;
2009:359–378.
8. Griffin LY, Albohm MJ, Arendt EA, et al. Understanding and preventing
noncontact anterior cruciate ligament injuries: a review of the Hunt Valley
II meeting, January 2005. Am J Sports Med. 2006;34(9):1512–1532.
9. Kirkendall DT, Garrett WE Jr. The anterior cruciate ligament enigma. Injury
mechanisms and prevention. Clin Orthop Relat Res. 2000;(372):64–68.
10. Huston LJ, Greenfield ML, Wojtys EM. Anterior cruciate ligament
injuries in the female athlete. Potential risk factors. Clin Orthop Relat Res.
2000;(372):50–63.
11. Greenfield ML, Kuhn JE, Wojtys EM. A statistics primer. Power analysis
and sample size determination. Am J Sports Med. 1997;25(1):138–140.
12. Harner CD, Paulos LE, Greenwald AE, Rosenberg TD, Cooley VC.
Detailed analysis of patients with bilateral anterior cruciate ligament
injuries. Am J Sports Med. 1994;22(1):37–43.

© THE PHYSICIAN AND SPORTSMEDICINE • ISSN – 0091-3847, October 2009, No. 3, Volume 37

11

Barber-Westin et al
13. Flynn RK, Pedersen CL, Birmingham TB, Kirkley A, Jackowski D,
Fowler PJ. The familial predisposition toward tearing the anterior cruciate
ligament: a case control study. Am J Sports Med. 2005;33(1):23–28.
14. Orchard J, Seward H, McGivern J, Hood S. Intrinsic and extrinsic risk
factors for anterior cruciate ligament injury in Australian footballers.
Am J Sports Med. 2001;29(2):196–200.
15. Meyers MC, Barnhill BS. Incidence, causes, and severity of high school
football injuries on FieldTurf versus natural grass: a 5-year prospective
study. Am J Sports Med. 2004;32(7):1626–1638.
16. Olsen OE, Myklebust G, Engebretsen L, Holme I, Bahr R. Relationship
between floor type and risk of ACL injury in team handball. Scand J Med
Sci Sports. 2003;13(5):299–304.
17. Lambson RB, Barnhill BS, Higgins RW. Football cleat design and its effect
on anterior cruciate ligament injuries. A three-year prospective study.
Am J Sports Med. 1996;24(2):155–159.
18. Najibi S, Albright JP. The use of knee braces, part 1: prophylactic knee
braces in contact sports. Am J Sports Med. 2005;33(4):602–611.
19. Sitler M, Ryan J, Hopkinson W, et al. The efficacy of a prophylactic knee
brace to reduce knee injuries in football. A prospective, randomized study
at West Point. Am J Sports Med. 1990;18(3):310–315.
20. Albright JP, Powell JW, Smith W, et al. Medial collateral ligament knee
sprains in college football. Effectiveness of preventive braces. Am J Sports
Med. 1994;22(1):12–18.
21. 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.
22. Beckett ME, Massie DL, Bowers KD, Stoll DA. Incidence of hyperpronation in the ACL injured knee: a clinical perspective. J Athl Train. 1992;
27(1):58–62.
23. Allen MK, Glasoe WM. Metrecom measurement of navicular dorp in
subjects with anterior cruciate ligament injury. J Athl Train. 2000;35:
403–406.
24. Loudon JK, Jenkins W, Loudon KL. The relationship between static
posture and ACL injury in female athletes. J Orthop Sports Phys Ther.
1996;24(2):91–97.
25. Woodford-Rogers B, Cyphert L, Denegar CR. Risk factors for anterior
cruciate ligament injury in high school and college athletes. J Athl Train.
1994;29:343–346.
26. Smith J, Szczerba JE, Arnold BL, Perrin DH, Martin DE. Role of hyperpronation as a possible risk factor for anterior cruciate ligament injuries.
J Athl Train. 1997;32:25–28.
27. Larsson LG, Baum J, Mudholkar GS. Hypermobility: features and differential
incidence between the sexes. Arthritis Rheum. 1987;30(12):1426–1430.
28. Rozzi SL, Lephart SM, Gear WS, Fu FH. Knee joint laxity and neuromuscular characteristics of male and female soccer and basketball players. Am
J Sports Med. 1999;27(3):312–319.
29. Remvig L, Jensen DV, Ward RC. Epidemiology of general joint hypermobility and basis for the proposed criteria for benign joint hypermobility
syndrome: review of the literature. J Rheumatol. 2007;34(4):804–809.
30. Rosene JM, Fogarty TD. Anterior tibial translation in collegiate athletes
with normal anterior cruciate ligament integrity. J Athl Train. 1999;34:
93–98.
31. Beynnon BD, Bernstein IM, Belisle A, et al. The effect of estradiol and
progesterone on knee and ankle joint laxity. Am J Sports Med. 2005;33(9):
1298–1304.
32. Beynnon BD, Johnson RJ, Braun S, et al. The relationship between
menstrual cycle phase and anterior cruciate ligament injury: a casecontrol study of recreational alpine skiers. Am J Sports Med. 2006;34(5):
757–764.
33. Yu WD, Liu SH, Hatch JD, Panossian V, Finerman GA. Effect of estrogen
on cellular metabolism of the human anterior cruciate ligament. Clin
Orthop Relat Res. 1999;(366):229–238.

12

34. Yu WD, Panossian V, Hatch JD, Liu SH, Finerman GA. Combined effects of
estrogen and progesterone on the anterior cruciate ligament. Clin Orthop
Relat Res. 2001;(301):268–281.
35. Wojtys EM, Huston L, Boynton MD, Spindler KP, Lindenfeld TN. The effect
of the menstrual cycle on anterior cruciate ligament injuries in women as
determined by hormone levels. Am J Sports Med. 2002;30(2):182–188.
36. Slauterbeck JR, Fuzie SF, Smith MP, et al. The mesntrual cycle, sex
hormones, and anterior curicate ligament injury. J Athl Train. 2002;37:
275–278.
37. 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.
38. 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.
39. Ferretti A, Papandrea P, Conteduca F, Mariani PP. Knee ligament injuries
in volleyball players. Am J Sports Med. 1992;20(2):203–207.
40. Gray J, Taunton JE, McKenzie DC, Clement DB, McConkey JP,
Davidson RG. A survey of injuries to the anterior cruciate ligament of the
knee in female basketball players. Int J Sports Med. 1985;6(6):314–316.
41. Gerberich SG, Luhmann S, Finke C, Priest JD, Beard BJ. Analysis of
severe injuries associated with volleyball activities. Phys Sportsmed. 1987;
15:75–79.
42. Dufek JS, Bates BT. The evaluation and prediction of impact forces during
landings. Med Sci Sports Exerc. 1990;22(3):370–377.
43. Mizrahi J, Susak Z. Analysis of parameters affecting impact force attenuation
during landing in human vertical free fall. Eng Med. 1982;11(3):141–147.
44. Mizrahi J, Susak Z. In-vivo elastic and damping response of the human
leg to impact forces. J Biomech Eng. 1982;104(1):63–66.
45. Oggero E, Pagnacco G, Morr DR, Barnes SZ, Berme N. The mechanics of
drop landing on a flat surface—a preliminary study. Biomed Sci Instrum.
1997;33:53–58.
46. Simpson KJ, Pettit M. Jump distance of dance landings influencing internal
joint forces: II. Shear forces. Med Sci Sports Exerc. 1997;29:928–36.
47. Simpson KJ, Kanter L. Jump distance of dance landings influencing internal
joint forces: I. Axial forces. Med Sci Sports Exerc. 1997;29(7):916–927.
48. 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.
49. Huston LJ, Vibert B, Ashton-Miller JA, Wojtys EM. Gender differences in
knee angle when landing from a drop-jump. Am J Knee Surg. 2001;14(4):
215–219.
50. Decker MJ, Torry MR, Wyland DJ, Sterett WI, Richard Steadman J. Gender
differences in lower extremity kinematics, kinetics and energy absorption
during landing. Clin Biomech (Bristol, Avon). 2003;18(7):662–669.
51. Salci Y, Kentel BB, Heycan C, Akin S, Korkusuz F. Comparison of
landing maneuvers between male and female college volleyball players.
Clin Biomech (Bristol, Avon). 2004;19(6):622–628.
52. Lephart SM, Ferris CM, Riemann BL, Myers JB, Fu FH. Gender differences
in strength and lower extremity kinematics during landing. Clin Orthop
Relat Res. 2002;(401):162–169.
53. Sell TC, Ferris CM, Abt JP, et al. The effect of direction and reaction on
the neuromuscular and biomechanical characteristics of the knee during
tasks that simulate the noncontact anterior cruciate ligament injury
mechanism. Am J Sports Med. 2006;3491):43–54.
54. Chaudhari AM, Hearn BK, Leveille LA, Johnson ER, Andriacchi TP. The
effects of dynamic limb alignment on knee moments during single limb
landing: Implications for the analysis of the non-contact injury to the
anterior cruciate ligament. In: 2003 Summer Bioengineering Conference;
2003 June 25–29, 2003;Key Biscayne, FL; 2003.
55. 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.

© THE PHYSICIAN AND SPORTSMEDICINE • ISSN – 0091-3847, October 2009, No. 3, Volume 37

Reducing the Risk of Noncontact ACL Injuries in the Female Athlete
56. Ferber R, Davis IM, Williams DS 3rd. Gender differences in lower extremity
mechanics during running. Clin Biomech (Bristol, Avon). 2003;18(4):350–357.
57. 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.
58. Chappell JD, Herman DC, Knight BS, Kirkendall DT, Garrett WE, Yu B.
Effect of fatigue on knee kinetics and kinematics in stop-jump tasks. Am
J Sports Med. 2005;33(7):1022–1029.
59. 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.
60. Colby S, Francisco A, Yu B, Kirkendall D, Finch M, Garrett W Jr. Electromyographic and kinematic analysis of cutting maneuvers. Implications for
anterior cruciate ligament injury. Am J Sports Med. 2000;28(2):234–240.
61. DeMorat G, Weinhold P, Blackburn T, Chudik S, Garrett W. Aggressive
quadriceps loading can induce noncontact anterior cruciate ligament
injury. Am J Sports Med. 2004;32(2):477–483.
62. Barber-Westin SD, Noyes FR, Galloway M. Jump-land characteristics and
muscle strength development in young athletes: a gender comparison of
1140 athletes 9 to 17 years of age. Am J Sports Med. 2006;34(3):375–384.
63. Huston LJ, Wojtys EM. Neuromuscular performance characteristics in
elite female athletes. Am J Sports Med. 1996;24(4):427–436.
64. 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.
65. 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.
66. Ettlinger CF, Johnson RJ, Shealy JE. A method to help reduce the risk
of serious knee sprains incurred in alpine skiing. Am J Sports Med.
1995;23(5):531–537.
67. 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.
68. 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.
69. Wedderkopp N, Kaltoft M, Lundgaard B, Rosendahl M, Froberg K. Prevention of injuries in young female players in European team handball.
A prospective intervention study. Scand J Med Sci Sports. 1999;9(1):41–47.
70. Heidt RS Jr, Sweeterman LM, Carlonas RL, Traub JA, Tekulve FX.
Avoidance of soccer injuries with preseason conditioning. Am J Sports
Med. 2000;28(5):659–662.
71. Söderman K, Werner S, Pietilä T, Engstrom B, Alfredson H. Balance
board training: prevention of traumatic injuries of the lower extremities
in female soccer players? A prospective randomized intervention study.
Knee Surg Sports Traumatol Arthrosc. 2000;8(6):356–363.

72. Myklebust G, Engebretsen L, Braekken IH, Skjølberg 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.
73. Irmischer BS, Harris C, Pfeiffer RP, DeBeliso MA, Adams KJ, Shea KG.
Effects of a knee ligament injury prevention exercise program on impact
forces in women. J Strength Cond Res. 2004;18(4):703–707.
74. Holm I, Fosdahl MA, Friis A, Risberg MA, Myklebust G, Steen H. Effect
of neuromuscular training on proprioception, balance, muscle strength,
and lower limb function in female team handball players. Clin J Sport
Med. 2004;14(2):88–94.
75. Pfeiffer RP, Shea KG, Roberts D, Grandstrand S, Bond L. Lack of effect
of a knee ligament injury prevention program on the incidence of noncontact anterior cruciate ligament injury. J Bone Joint Surg Am. 2006;88:
1769–1774.
76. Olsen OE, Myklebust G, Engebretsen L, Holme I, Bahr R. Exercises to
prevent lower limb injuries in youth sports: cluster randomised controlled
trial. BMJ. 2005;330(7489):449.
77. Petersen W, Braun C, Bock W, et al. A controlled prospective case
control study of a prevention training program in female team handball
players: the German experience. Arch Orthop Trauma Surg. 2005;125(9):
614–621.
78. Steffen K, Myklebust G, Olsen OE, Holme I, Bahr R. Preventing injuries
in female youth football—a cluster-randomized controlled trial. Scand J
Med Sci Sports. 2008;18(5):605–614.
79. 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.
80. Gilchrist J, Mandelbaum BR, Melancon H, et al. A randomized controlled
trial to prevent noncontact anterior cruciate ligament injury in female
collegiate soccer players. Am J Sports Med. 2008;36(8):1476–1483.
81. Wedderkopp N, Kaltoft M, Holm R, Froberg K. Comparison of two intervention programmes in young female players in European handball—with
and without ankle disc. Scand J Med Sci Sports. 2003;13(6):371–375.
82. 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):445–455.
83. Noyes FR, Barber-Westin SD, Fleckenstein C, Walsh C, West J. The
drop-jump screening test: difference in lower limb control by gender
and effect of neuromuscular training in female athletes. Am J Sports Med.
2005;33(2):197–207.
84. Wilkerson GB, Colston MA, Short NI, Neal KL, Hoewischer PE, Pixley JJ.
Neuromuscular changes in female collegiate athletes resulting from a
plyometric jump-training program. J Athl Train. 2004;39(1):17–23.
85. Prapavessis H, McNair PJ. Effects of instruction in jumping technique
and experience jumping on ground reaction forces. J Orthop Sports Phys
Ther. 1999;29(6):352–356.

© THE PHYSICIAN AND SPORTSMEDICINE • ISSN – 0091-3847, October 2009, No. 3, Volume 37

13

