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Testing for neuromuscular deficits helps physicians determine interventions

Preventing ACL injuries in women

ABSTRACT: Anterior cruciate ligament (ACL) injuries often occur in
adolescent athletes in sports that involve pivoting and jumping.
Neuromuscular control deficits (ligament, quadriceps, and leg domi-
nance) may contribute to a much higher incidence of ACL injury in
females than in males. Methods for identifying these deficits during
tasks related to ACL injury may help in the development of neuro-
muscular screening and training interventions. A protocol that was
developed to reduce ACL injury risk improved sports-related
performance. Physicians should assess pubertal and postpubertal
female athletes to determine whether they display any neuromuscu-
lar deficits. If a patient is identified as being at risk, the physician
should recommend neuromuscular training designed to ameliorate
specific identified deficits. (J Musculoskel Med. 2006,23:12-38)

Adolescent female athletes who
participate in sports that involve
pivoting and jumping experience
anterior cruciate ligament (ACL)
injuries 4 to 6 times more often
than adolescent male athletes par-
ticipating in the same sports.!?
The elevated risk of ACL injury,
coupled with a geometric increase
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in female sports participation in
the past 30 years, has led to a rise
in ACL injuries in female athletes.
(For more information about the
statistical increase in injuries, see
the Box, “Defining the problem of
ACL injury incidence in female
athletes,” on page 13.) Because of
this increase in injury incidence,
several studies have been done of
both the mechanisms of injury and
interventions to prevent injury.

Using tools to assess for neuro-
muscular deficits in young female
athletes and then addressing iden-
tified deficits may help physicians
in interventions with athletes who
are in need of neuromuscular train-
ing. Targeted training applied to
high-risk athletes may decrease
ACL injury risk and help more fe-
male athletes enjoy the benefits of
sports participation without the
long-term disabilities associated
with injury.

In this article, we summarize
the investigations related to mod-
ifiable (biomechanical and neuro-

muscular) mechanisms that form
the basis for the development of
feasible interventions to lower
ACL injury risk in high-risk female
athletes. We also describe simple
screening tools to help clinicians
identify female athletes who are at
high risk for this injury.

The mechanisms and

risk factors

Most ACL injuries that female ath-
letes experience in sports activity
occur during a noncontact epi-
sode, typically during decelera-
tion, lateral pivoting, or landing
maneuvers that are often associat-
ed with high external knee-joint
loads.** High knee-loading ma-
neuvers occur during sports activ-
ity in both sexes; the mechanisms
that underlie the greater incidence
of ACL injury in female athletes
are not completely defined.

Three major causative mecha-
nisms are suggested to explain the
disparity between sexes observed
in ACL injury rates: anatomic dif-
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ferences, female hormonal fluctu-
ations, and neuromuscular control
deficits in female athletes. A num-
ber of studies of ACL injury risk
factors have focused on anthropo-
metric and anatomic measures,
such as thigh length® and height
and femoral notch width.® Howev-
er, static anatomic measures, such
as quadriceps angle, often do not
correlate with a dynamic injury
mechanism or ACL injury risk,”®
and these anatomic characteris-
tics are nonmodifiable.

Hormonal factors, particularly
those associated with fluctuations
that occur during the follicular,
ovulatory, and luteal phases of the
menstrual cycle, also have been
linked to ACL injury risk.%!! How-
ever, the precise means by which
they may contribute to injury risk
and the extent to which they may
be modified remain unclear.

The working hypothesis:
Neuromuscular control
deficits

Research geared to gaining under-
standing of modifiable risk factors
has focused on the working hy-
pothesis that ACL injury risk is re-
lated to measurable deficits in
neuromuscular control (defined as
muscle strength, power, or activa-
tion patterns that lead to in-
creased knee joint load) in female
athletes.!?' It is hypothesized that
female athletes demonstrate neu-
romuscular control deficits that
increase lower extremity joint loads
during sports activities and make
important contributions to a higher
incidence of knee injury. Risk fac-
tors include the following deficits:
eLigament dominance, an imbal-
ance between the neuromuscular
and ligamentous control of dy-

namic knee joint stability, is
demonstrated by an inability to
control lower extremity coronal
plane motion during landing and
cutting.
eQuadriceps dominance is an im-
balance between knee extensor
and flexor strength, recruitment,
and coordination.
eLeg dominance is an imbalance
between the 2 lower extremities in
strength and coordination.'®

ACL injury probably occurs un-
der conditions of high dynamic
loading of the knee joint, when
active muscular restraints do not
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adequately compensate for and
dampen joint loads.'® Decreased
neuromuscular control of the knee
joint may place stress on the pas-
sive ligament structures that ex-
ceeds the failure strength of the
ligament.!” 18

Neuromuscular control of high-
load movements is required to
maintain dynamic knee stability
during landing and pivoting.!”!®
Neuromuscular control deficits
that limit the effectiveness of the
active neuromuscular control sys-
tem to work synergistically with
the passive joint restraints to cre-
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Figure 1 — Three-dimensional motion analyses to assess female athletes per-
forming the box drop vertical jump are depicted. The athlete is told to stand with
her feet shoulder width apart on the box. She is instructed to drop (not jump) off
the box. Once she contacts the ground, she should immediately redirect her cen-
ter of mass into a maximume-effort vertical jump. In high-risk landing tech-
niques, a female athlete shows visually evident medial knee motion (A). The skele-
tal representation shows the simultaneous landing recorded with 3-dimensional
motion-analysis techniques (B). The increased ligament dominance alignment
(medial knee collapse) is the result of ground reaction force vectors (shown in
red) that cross lateral to the center of the knee joint. Female athletes who use this
technique during a drop vertical jump landing demonstrate increased knee
joint loads and have an increased risk of anterior cruciate ligament injury. Cli-
nicians can visually assess ligament dominance in athletes with the use of a
video camera to determine whether medial collapse occurs during the stance
phase of the box drop vertical jump.

ate dynamic knee stability proba-
bly increases the risk of ACL in-
jury. Methods for identifying neu-
romuscular control deficits during
tasks related to actual ACL injury
(eg, landing, cutting, and deceler-
ating) may offer the greatest po-
tential for development of neuro-
muscular screening interventions
and application of them to target-
ing of high-injury-risk populations

14

for neuromuscular training that
is designed to correct observed
deficits.?*

Identifying neuromuscular
control deficits during landing
and cutting

Hewett and colleagues? tested the
hypothesis that poor or inade-
quate neuromuscular control of
the lower limb biomechanics—in

particular, the dynamic biome-
chanics of the knee joint during
the execution of common but po-
tentially hazardous sports move-
ment—may contribute to high-risk
mechanics used by female ath-
letes. The study results demon-
strated that peak landing forces
are predicted by valgus torques at
the knee in female athletes with
significance; that female athletes
use decreased hamstring activa-
tion when landing, compared with
male athletes; and that female ath-
letes have greater side-to-side dif-
ferences in normalized hamstring
peak torque and power.

Ford and coworkers'? obtained
similar findings when they evalu-
ated sex differences in the per-
formance of a box drop vertical
jump (Figure 1). They determined
that female athletes land with a
greater maximum valgus knee an-
gle and greater total valgus knee
motion than do male athletes. The
female athletes had significant
differences in maximum valgus
knee angle between their domi-
nant and nondominant sides.
These differences in valgus mea-
sures (ligament dominance) and
limb-to-limb asymmetries (leg
dominance) reflect neuromuscular
deficits that may indicate de-
creased dynamic knee joint control
in female athletes.!?

In follow-up to the assessment
of high-risk landing positions,
subsequent laboratory work fo-
cused on analysis of unanticipat-
ed, high-velocity, high-load cutting
movements.?! The hypothesis was
that female athletes would display
increased lower extremity coronal
plane motions in the absence of
appropriate sagittal plane me-
chanics during the unanticipated
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Figure 2 - To improve active control of valgus knee collapse, the box heel touch

exercise can be performed by stepping off a 12-inch box and touching the heel to
the floor as shown (A). Clinicians should instruct the athlete to maintain neutral
knee alignment while performing this maneuver. Difficulty is increased by plac-
ing a balance pad on the box top to decrease stability (B).
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cutting maneuver when compared
with male athletes. The study re-
sults showed that female athletes
exhibit greater knee abduction
(valgus) angles than do male ath-
letes. McLean and associates? al-

so found increased coronal plane
measures at the knee when evalu-
ating a similar sidestep cutting
maneuver.

Findings of sex differences in
knee and ankle kinematics in the
frontal plane during cutting cor-
roborate the findings of the land-
ing studies. They further explain
the sex differences in neuromus-
cular control during high-force,
high-torque, and high-risk sports
maneuvers.?!

Manifestation of
neuromuscular control deficits
Neuromuscular control deficits
appear to be strongly related to an
increased relative incidence of
ACL injury in female athletes. In
an extensive review of the litera-
ture, however, there was no appar-
ent disparity in ACL injury risk be-
tween sexes before puberty.?2*

The next research question was,
When during growth and develop-
ment are neuromuscular control
deficits and increased risk of ACL
injury manifest? The biomechanics
of growth and development show
similar trends between the sexes
before puberty; however, male and
female neuromuscular patterns
diverge significantly during and
after puberty.?®%

During puberty, adolescents
demonstrate a decline in coordi-

(continued on page 27)

Figure 3 — In this exercise, the athlete performs 3 successive broad jumps (as quick-
ly as possible and attempting to reach maximum horizontal distance) and imme-
diately progresses to a maximume-effort vertical jump. The third broad jump should
be used as a preparatory jump that allows horizontal momentum to be quickly and
efficiently transferred into vertical power. The athlete should be encouraged to pro-
vide minimal braking on the third broad jump to ensure that maximum energy
is transferred to the vertical jump. On the fourth jump, coach the athlete to go di-
rectly vertical rather than horizontal and to use full arm extension to achieve max-
imum vertical height. Clinicians should provide the athlete with feedback about
coronal plane knee alignment during all phases of this jump. (Figures 3, 4, 8, and
9 reproduced with permission of Myer GD, Ford KR, Hewett TE. J Athl Train. 2004.%)
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Figure 4 - For the tuck jump exercise, the athlete starts in the “athletic position” (feet shoulder width apart) and initiates
the jump with a slight crouch downward while she extends her arms behind her. She then swings her arms forward as
she simultaneously jumps straight up and pulls her knees up as high as possible. At the highest point of the jump, the ath-
lete’s goal should be to bring her thighs parallel to the ground. On landing, she should immediately begin the next tuck
Jjump. Encourage the athlete to land softly, using a toe to midfoot rocker landing. The athlete should not continue this jump
if she cannot control the high landing force or if she uses a knock-kneed landing.

(continued from page 16)

nation and balance,?” as well as a
distinct shift from risk of lower
extremity fractures to increased
probability of a ligament sprain.?
However, males demonstrate pow-
er, strength, and coordination in-
creases with chronologic age that
correlate with maturational stage;
females, on average, show little

change throughout puberty.?>%
Correlations among height,
weight, and neuromuscular per-
formance observed in pubescent
males are absent in pubescent fe-
males. For example, vertical jump
height (a measure of whole-body
power) increases steadily in males
during puberty but not in fe-
males.?®? In the absence of corre-

sponding neuromuscular adapta-
tion, musculoskeletal growth dur-
ing puberty may facilitate the de-
velopment of neuromuscular defi-
cits,*® which may be displayed by
decreased neuromuscular control
of the knee joint.

If not addressed at the proper
time, these deficits that accompa-
ny growth and development may

Figure 5 - When athletes perform the tuck jump exercise, clinicians should try to correct 6 common errors. The athlete
displays undesirable medial knee collapse (1), does not bring her knees to a parallel position at the top of flight (2), does
not display synchronized lower limb positions during flight (3), lands with her feet too close together (4), lands in an un-
desirable staggered position (5), and does not land with both feet at the same time (6).
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continue through adolescence into
maturity. Mature female athletes
demonstrate neuromuscular re-
cruitment and leg strength imbal-
ances well past their developmen-
tal years.®! These deficits may ex-
pose female athletes, especially
elite athletes, to increased risk
during years of intense athletic
participation.

Dynamic knee joint control was
evaluated in a large-scale 3-di-
mensional biomechanical study of
181 middle school and high school
soccer and basketball players (101
females and 80 males).*? It was

Figure 6 — Athletes may be screened for quadriceps dominance with simple leg-

measured kinematically by medi-
al knee motion and lower extrem-
ity valgus angle and kinetically by
knee joint torques; comparison
was made in females and males
by maturational stage. Lower ex-
tremity bone length also was
assessed.

Biomechanical and neuromus-
cular differences were not ob-
served between male and female
athletes before puberty. The pu-
bertal female athletes landed with
greater total lower extremity val-
gus motion and a greater maxi-
mum lower extremity valgus angle

curl and leg-extension weight machines or isokinetic dynamometry. In the lat-
ter, the clinician’s goal should be for the female athlete to demonstrate 90% limb-
to-limb symmetry in quadriceps and hamstring strength when assessed at 300°
per second. Hamstring strength also should be within two thirds of the values

relative to quadriceps strength.

30

than did male athletes after the
onset of maturation. The female
athletes also demonstrated de-
creased flexor torques and signif-
icant differences between their
dominant and nondominant sides
in maximum lower extremity val-
gus angle between successive
stages of maturation. The mature
female athletes diverged signifi-
cantly from the mature male ath-
letes in all measures of neuromus-
cular control of the knee.

Therefore, it was concluded that
growth during maturation is asso-
ciated with decreased neuromus-
cular knee control. Decreased neu-
romuscular control of the knee
was hypothesized to be responsi-
ble for the increased rates of ACL
injury in female athletes compared
with male athletes after the onset
of pubertal growth.3?

Neuromuscular control
deficits predict ACL injury

The next logical step was to deter-
mine whether measurable neuro-
muscular control deficits are actu-
al predictors of ACL injury risk. A
large-scale, prospective, 3-dimen-
sional biomechanical cohort study
was undertaken to determine
whether prescreened female ath-
letes who demonstrated decreased
neuromuscular control and in-
creased valgus joint loading would
demonstrate an increased risk of
ACL injury.*

Before their competitive season,
205 female athletes in the high-
risk sports of soccer, basketball,
and volleyball were prospectively
measured for neuromuscular con-
trol using 3-dimensional kinemat-
ics (joint angles) and joint loads
using kinetics (joint moments)
during a jump-landing task. Analy-
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Figure 7 — To improve hamstring strength, the single-leg pelvic bridge (A) and single-leg straight-leg dead lift (B) are

performed on a training device without the addition of external weight.

sis of variance and linear and lo-
gistic regression isolated predic-
tors of risk in athletes who subse-
quently ruptured their ACL.

The 9 athletes who had a con-
firmed ACL rupture had signifi-
cantly different knee kinematics
and kinetics compared with the
196 athletes who did not have an
ACL rupture. The mean knee ab-
duction valgus angle at landing
was 8° greater in the ACL-injured
group than in uninjured athletes.
ACL-injured athletes had a 2.5-
times greater knee abduction mo-
ment and 20% higher ground reac-
tion force; because their stance
time was 16% shorter, increased
motion, force, and moments oc-
curred more quickly. The knee ab-
duction moment predicted ACL in-
jury status with 73% specificity
and 78% sensitivity. The study re-
sults clearly demonstrate that fe-
male athletes who have increased
dynamic valgus and high abduc-
tion loads are at increased risk for
ACL injury.

Neuromuscular training to
address neuromuscular
deficits

Hewett and colleagues? looked at
the available literature and devel-
oped a research design to evaluate
the effects of neuromuscular
training on measures of lower ex-
tremity neuromuscular control.
Peak landing forces and valgus
torques at the knee were reduced
significantly in female athletes af-

Figure 8 - In the x-hops exercise, the
athlete faces a quadrant pattern and
stands on a single limb with her support
knee slightly bent. She hops diagonally,
lands in the opposite quadrant, main-
tains forward stance, and holds the
deep knee flexion landing for 3 seconds.
Then she hops laterally into the side
quadrant and again holds the landing.
Next, she hops diagonally backward and
holds the landing. Finally, she hops lat-
erally into the initial quadrant and
holds the landing. She repeats this pat-
tern for the required number of sets. The
athlete should be encouraged to main-
tain balance during each landing, keep-
ing her eyes up and her visual focus
away from her feet.
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Figure 9 — Athletes should perform balance drills on a balance device that has
an unstable surface. The athlete begins on the device with a 2-legged stance and
feet shoulder width apart, in the “athletic position” (A). As the athlete improves
in performing the training drills, she can incorporate ball catches and single-
leg balance drills. Encourage the athlete to maintain deep knee flexion when per-

forming all drills (B).

ter 6 weeks of neuromuscular
training. Increased relative ham-
string recruitment and normal-
ized side-to-side differences in

strength and power measures also
were found. The study results also
demonstrated potential for neuro-
muscular control deficits to be

Practice Points

Neuromuscular control deficits (ligament, quadriceps, and leg domi-
nance) that limit dynamic knee stability probably increase the risk of an-
terior cruciate ligament (ACL) injury in female athletes.

Assessment of sex differences in the performance of a box drop verti-

cal jump and analysis of unanticipated, high-velocity, high-load cutting
movements may help identify neuromuscular deficits.

Training (eg, plyometric jumping and dynamic resistance exercises) may
be used to modify neuromuscular control deficits, reduce ACL injury risk,
and improve sports-related performance.

34

modified through neuromuscular
training.

Myer and associates® expanded
this concept by evaluating the ef-
fects of a neuromuscular training
protocol that was developed to re-
duce ACL injury risk and improve
sports-related performance mea-
sures. This study incorporated ply-
ometric jumping, dynamic resis-
tance training, and postural con-
trol and balance training exercises
into a comprehensive preseason
training program that was imple-
mented in a group of high-risk fe-
male athletes for 6 weeks. The pro-
tocol significantly reduced coronal
plane measures that increase risk
of injury and improved vertical
jump, sprint speed, single-leg hop
distance, and total body strength.

Protocols that incorporate simi-
lar techniques probably will de-
crease knee injury risk. In addi-
tion, the potential to improve per-
formance probably will make
neuromuscular training to prevent
injury more appealing to coaches
and athletes.®:34

Managing athletic female
patients: Practical
recommendations

After the onset of puberty, female
athletes may not have a “neuro-
muscular spurt” to match their
rapid increase in growth and de-
velopment. The lack of this en-
hanced neuromuscular adaptation
may facilitate the development of
neuromuscular deficits that in-
crease the risk of ACL injury.
Therefore, physicians should as-
sess pubertal and postpubertal fe-
male athletes to determine
whether they display any neuro-
muscular deficits (eg, ligament
dominance, quadriceps domi-
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nance, or leg dominance).
Ligament dominance may be
tested with box drop vertical jump
testing (Figure 1). Clinicians may
visually assess the athlete's ten-
dency to allow her knees to move
medially during landing and
jumping; video camcorders help in
this assessment. A female athlete
who demonstrates excessive me-
dial knee displacement when
landing from a box drop vertical
jump demonstrates ligament dom-
inance and probably needs neuro-
muscular training to correct this
technique (Figures 2, 3, 4, and 5).
Athletes are screened for indica-
tors of quadriceps dominance
with relatively common measure-
ment techniques, such as isokinet-
ic dynamometry (Figure 6) and,
perhaps, even use of simple leg-
curl and leg-extension weight ma-
chines. If the athlete exhibits a
high level of quadriceps strength,
a low level of hamstring strength,
or a low hamstring-to-quadriceps
ratio in 1 or both limbs, quad-
riceps dominance probably is
present. Hamstring-to-quadriceps
peak torque ratios of less than 0.55
may indicate increased injury risk.
If hamstring strength deficiencies
are identified, clinicians should
implement isolated hamstring
strengthening exercises (Figure 7).
More sophisticated measure-
ments of this imbalance may be
attained through kinetic analysis
of knee flexor-extensor torques
during high-force sports move-
ments. Extensor-to-flexor ratios
greater than 2:1 may indicate that
dynamic neuromuscular analysis
training is required.
Leg dominance also may be as-
sessed with use of a dynamometer
or leg-curl and leg-extension ma-

Figure 10 - Partner perturbation exercises are used to advance single-limb bal-
ance and postural control strategies and, especially, to correct side-to-side im-

balances in postural control strategies.

chines. A difference in strength or
power of 20% or more between
limbs indicates a neuromuscular
imbalance that may underlie sig-
nificant injury risk. Another test
that may be used to identify bilat-
eral imbalances between limbs is
a measure of the athlete's ability
to perform a single-leg balanced
stance or a variety of hopping
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tasks (eg, for distance, timed, diag-
onal) with equal proficiency in
both sides (Figures 8,9, and 10).
An athlete may have scores that
show her to be at riskin 1, 2, or all
3 of these categories. That would
warrant a physician recommenda-
tion of neuromuscular training de-
signed to ameliorate specific iden-
tified deficits. [
(continued)
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