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Female athletes have a 4 to 6 times higher incidence of anterior cruciate ligament injury than do male athletes participating in
the same landing and pivoting sports. This greater risk of anterior cruciate ligament injury, coupled with a geometric increase in
participation (doubling each decade), has led to a significant rise in anterior cruciate ligament injuries in female athletes. The
gender gap in anterior cruciate ligament injury, combined with evidence that the underpinnings of this serious health problem are
neuromuscular in nature, leads to the development of neuromuscular interventions designed to prevent injury. A systematic
review of the published literature yielded 6 published interventions targeted toward anterior cruciate ligament injury prevention
in female athletes. Four of 6 significantly reduced knee injury incidence, and 3 of 6 significantly reduced anterior cruciate liga-
ment injury incidence in female athletes. A meta-analysis of these 6 studies demonstrates a significant effect of neuromuscular
training programs on anterior cruciate ligament injury incidence in female athletes (test for overall effect, Z = 4.31, P < .0001).
Examination of the similarities and differences between the training regimens gives insight into the development of more effec-
tive and efficient interventions. The purpose of this “Current Concepts” review is to highlight the relative effectiveness of these
interventions in reducing anterior cruciate ligament injury rates and to evaluate the common training components between the
training studies. In addition, the level of rigor of these interventions, the costs and the difficulty of implementation, the compli-
ance with these interventions, and the performance benefits are discussed. This review summarizes conclusions based on evi-
dence from the common components of the various interventions to discuss their potential to reduce anterior cruciate ligament
injury risk and assess their potential for combined use in more effective and efficient intervention protocols.
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Anterior cruciate ligament research has resulted in more compared with their male counterparts playing at similar
than 2000 scientific articles published outlining injury inci- levels in the same sports."**** The increased ACL injury
dence, mechanism, surgical repair techniques, and rehabili- risk coupled with increased sports participation by young
tation of this important stabilizing knee ligament.' women over the past 30 years (9-fold increase in high
However, despite the many scientific advances in the treat- school’” and 5-fold increase in collegiate sportssﬁ) have
ment of ACL injury, osteoarthritis occurs at a 10 times increased public awareness and fueled many gender-specific
greater rate in ACL-injured patients, regardless of the treat- mechanistic and interventional investigations. This signifi-
ment (nonsurgical management vs surgical treatment).® cant problem is associated with a large health care cost, in
Epidemiologic research has demonstrated that female the range of $625 million annually, in addition to increased
athletes have a 4- to 6-fold increased risk of ACL injury potential for loss of entire seasons of sports participation,
loss of possible scholarship funding, lowered academic per-
*Address correspondence to Timothy E. Hewett, PhD, Cincinnati formance, long-term disability, and up to 100 tin;%sng‘reater
Children’s Hospital, 3333 Burnet Avenue, MLC 10001, Cincinnati, OH risk of radiographically diagnosed osteoarthritis.””
45229 (e-mail: tim.hewett@cchme.org). Efforts to prevent ACL injury in female athletes should

No potential conflict of interest declared. focus on the factors that make women more susceptible to

The American Journal of Sports Medicine, Vol. 34, No. 3 injury and to develop interventions to aid in the prevention
DOI: 10.1177/0363546505282619 ’ ' of these injuries. The following meta-analysis attempts to
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TABLE 1
Estimation of Injury Incidence per 1000 Exposures
Exposure: ACL Knee Injuries, Noncontact ACL,
Game and incidence/1000 incidence/1000
Study Sport Age,y Group Practice exposures exposures
Hewett et al'’ Basketball, 14-18 Trained (n = 366) 17 222 0.12° 0.00"
soccer,
volleyball
Untrained (n = 463) 23138 0.22° 0.22°
Heidt et al'® Soccer 14-18 Trained (n = 42) 3948° 0.25
Untrained (n = 258) 24 252° 0.33
Soderman et al*® Soccer 20.4+4.6 Trained (n = 62) 4123° 0.73
20.5+5.4 Untrained (n = 78) 4631° 0.22
Myklebust et al** Team 16-35 Trained (n = 263)" 38 085° 0.08
handball
Untrained (n = 645)7 55 318° 0.25
Trained (n = 850)° 93 403° 0.18 0.08"
Untrained (n = 942) 104 468° 0.28 0.17¢
Mandelbaum et al®*! Soccer 14-18 Trained (n = 1885) 67 860 0.09“
Untrained (n = 3818) 137 448 0.49°
Petersen et al* Team Adult Untrained (n = 134) —° 0.08
handball
Untrained (n = 142) — 0.42

“Significant decrease in injuries through training intervention.

b . . 17 .
Injury exposures estimated from Hewett et al** soccer exposures times 2 seasons.

‘Injury exposures estimated as 2 hours = 1 practice or game exposure.

Screening year 2000-2001, completed intervention versus dropped out.

*Screening year 2000-2001, intervention, all athletes.
f Screening year 1998-1999, no intervention.

drawn from a systematic review of the published literature
regarding ACL injury interventions in female athletes. This
analysis summarizes and synthesizes the findings of all
6 studies to draw generalized conclusions on the effective-
ness of neuromuscular training interventions in reducing
ACL injuries during sports competition in female athletes.

METHODS

This meta-analysis was designed to identify the effectiveness
of training interventions to prevent ACL injuries during ath-
letics. We searched electronic databases, Medline (1966-
2004) and CINAHL (1982-2004), with the subject terms knee
injury and sports injury.** The results were further limited to
the terms intervention and control. Articles were included in
the meta-analysis if they were a randomized controlled trial
(RCT) or prospective cohort study and investigated a neuro-
muscular training intervention used for prevention of ACL
injury in female athletes. Abstracts were excluded from this
review. Six articles were identified that met the systematic
review criteria (Table 1). The total number of ACL injuries in
the training and control groups was entered into a statistical
package to calculate the overall effect of training.4 The
analysis used weighted sample sizes for each study.

RESULTS

The results of the meta-analysis are outlined in Figure 1.
The meta-analysis shows the total ACL injuries in the train-
ing group (n = 29) versus the control group (n = 110). These
6 studies significantly favor injury prevention training
programs for reducing ACL injuries (test for overall effect,
Z = 4.31, P < .0001). A power analysis yielded a required
minimum number of 344 athletes in both the trained and
untrained groups for 80% power in the reviewed studies.
The 6 studies are described in the following section by order
of publication date.

The Effects of Intervention Training
on ACL Injury Incidence

Hewett et al. Hewett et al"’ (Table 2) conducted a prospective
cohort study monitoring high school-aged female soccer, bas-
ketball, and volleyball players; 15 female teams (n = 366) were
included in the neuromuscular training intervention, and an
additional 15 female teams (n = 463) were used as a control
group. Thirteen male teams (n = 434) were also included as an
additional control group. A limitation of this study was that
there were more volleyball players in the trained group than
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Studies OR (fixed) OR (fixed)
95% CI 95% CI

Hewett et al (1999) —_— 0.50[0.10, 2.61]

Heidt et al (2000) —_——— 0.76 [0.09, 6.25]

Soderman et al (2000)

. 3.92 [0.40, 38.60]

Myklebust et al (2003) —i 0.64 [0.35, 1.18]
Mandelbaum et al (2005) —— 0.18[0.08, 0.41]
Petersen et al (In press) — = 0.21[0.02, 1.79]
Total (95% Cl) P 0.40 [0.26, 0.61]
Test for overall effect
Z=4.31 (P<.001)

0.01 0.1 10 100

Favors Training

Favors Control

Figure 1. Effect of injury prevention training programs on the odds of an ACL injury occurring. Total ACL injuries in the training
group (n = 29) versus the control group (n = 110). Meta-analysis favors injury prevention training on ACL injury outcome. OR, odds

ratio; Cl, confidence interval.

in the untrained group. The intervention consisted of a 6-week
neuromuscular training intervention® performed 3 times a
week (60-90 min/session) before their competitive season.

Noncontact ACL injury risk was significantly reduced in
the trained female athletes (P <.05). The rate of noncontact
ACL injury was decreased 72% in those athletes who
underwent preseason neuromuscular training compared
with the untrained group. Five untrained female athletes
(3 basketball, 2 soccer) sustained a noncontact ACL injury
compared with none of the trained female athletes (P <.05).
This was the first study to demonstrate the effects of neu-
romuscular training on reducing ACL injury rates in female
athletes. It is a well-designed prospective study but would
be stronger as an RCT.

Heidt et al. Heidt et al’® performed a neuromuscular
training intervention on high school female soccer players
(Table 1). The study consisted of a control group (n = 258)
and an intervention group (n = 42) trained before the start
of their competitive seasons. The intervention group partic-
ipated in 13 treadmill speed-training sessions (2 times/wk)
and 7 foot agility sessions (line jumps that progress from
unidirectional to multidirectional to 2-in incremented
barrier hops) completed within a 7-week period.

The trained group had significantly fewer (14%) over-
all injuries than did the control group (33.7%, P < .01).
However, there were no differences in the occurrence of
ACL injuries between the groups. Anterior cruciate liga-
ment rupture occurred in 2.4% of the trained group com-
pared with 3.1% of the controls. The occurrence of medial
collateral ligament sprain/tear was 2.4% compared with
2.3% in the intervention and control groups, respectively.

The lack of significant difference in ACL injury rates may
possibly be attributed to the fact that only minimal low-
intensity plyometrics were incorporated into the training
protocol (footwork and agility drills). In addition, the study
was underpowered (the N was too low) to demonstrate dif-
ferences in ACL injury rates. Furthermore, the definitions
of injuries were vague and nonobjective (eg, bursitis was
defined as a knee injury in this study).

Soderman et al. A randomized control trial on profes-
sional female soccer players from Sweden was conducted
by Soderman et al*® (Table 1). Seven teams (n = 62) were
randomized into the intervention group, and 6 teams (n="78)
served as controls. There were no significant differences in
traumatic injuries or ACL injuries between groups. The
intervention group had 4.45 injuries per 1000 hours of prac-
tices and games compared to 3.83 in the control group. The
intervention group sustained significantly more major
injuries, 8 major injuries, than did the controls (1 major
injury, P = .02).

This study was conducted with a very low number of sub-
jects and inappropriate statistical power. The treatment did
not appear to be effective in reducing ACL injury incidence.
The lack of significant difference in ACL injury rates may
possibly be attributed to the fact that only minimal balance
training was incorporated into the protocol. Furthermore,
the injury reporting mechanisms were poorly described. In
addition, the balance board training was performed by the
athlete at home. This training approach may have poor com-
pliance. The balance training program performed 3 times per
week did not reduce lower extremity sprains.

Myklebust et al. Myklebust et al* performed an ACL
intervention study in female team handball players. This
prospective cohort study monitored ACL injury incidence for
3 consecutive seasons in 3 divisions of Norwegian female
handball. An intervention designed to prevent ACL injuries
was instituted during the second (58 teams, n = 855) and
third seasons (52 teams, n = 850) of play. There were 29 ACL
injuries in the initial control season compared with 23 and
17 in the next 2 intervention seasons, respectively (P = .62
and .15, respectively). There was a significant reduction in
the number of noncontact injuries from the control season to
the second intervention year (18 control year, 7 intervention
year 2; P = .04). When separated by division and training
intervention compliance, the elite division that performed
the intervention had a significant reduction in ACL injuries
(2.3%) compared with the athletes who did not complete the
intervention (8.9%, P = .01). When normalized to injury



Juer[duroo paIapISU0D 9JoM UIBd) 93 U0 S9I9[YIR [[B USY) ‘POUINSI SBM SITeU
-uonsenb oy J1 "[090301d paqLIvsard Sy} pauLIofIad Wes) SY} U0 SIIYYE S} JI SAIISO 0} POYSE SEM PUE UOSESS d) JO YIIM SB[ 9} U0 dIreuuonsanb oy} UsALS Sem Yor0d Y,
‘uoseas 1od 919[YIe I9d,
'SOIPN)S U99M)9( POZIPIBPUR]S PUR PIJRUITSS SOOLIJ ‘BNPIAIPUL A19A9 0} USALS j0U sem juewdmbe J1 ures) qod 10 uosess Jod aj9[je 1d,
*(UOTYRIOOSSY SIOUTRL], OT}O[YIY [BUOIIBN 9} Pue uorjenossy Adetoy], [eorsAyJ
UBOLIOWY 93} WOy sogeloAr [euoljel) Are[es ()V) IoUleI} dII9[Uje PayIeo 10f Y/0g GT$ pue Arefes (L) 1stderays [eotsAyd 1oj y/08°'8g¢ Uo peseq -uosess 1od 939[yle I9J,

(q[m/ewry T) uosess [[BqpUBRY
(sureay O1) SY90M UOSBIS-Ul [§ ur pajedronaed
(yoeod 00°08$) SoWINSse {(SyoaMm § I0J pue wexsoxd
Sjew pue spIeoq m/sewiry ¢) Sururexy oy
0L°L8 0sy douereq g 02'€c  Ld 10 Yyoeop 80T uoseasald §g 1G9 0T peredurod weay, €8 oy B 30 UesIa)od

(seorpoead pue
sowre3—saiansodxa
[1e 10J pouriojrod

sem dn-urnrem 9y} yey) LoIreuuonsonb
050 090 (00°0T$) 09PIA 0 yoeon 48 SOWINSSE) UOSEDS UL 9g (114 pauIniay 86 1g[€ 30 WneqEpuey
(suresy 8%) (S[oMm TF 10§
(00°0T$) S09pIA S[M/OWI) T) UOSEIS UL (Suotssas (reak
{(yoe9 00°05$) 1§ pue (Syoom J, 10J uoseasaxd UOTJUSAIOUL
Syewr pue spreoq (Swea) 7f) Jm/sowny §) 12/ST) Ppu0o9s)
09°LS ov'v¢ douereq g  0T'€s wesy/Id T g'GT uosessaid 1g :g9 ST 1L 65
(surea} gg) (S399M T¥ I0J S{M/oWIT} T) (Suotssas (reak
(00°0T$) S09pIA UoSE9s Ul [§ pue uoseasard UOTJUSAIOJUL
(Yoo 00°0G$) srew (S3[P9M 1, 10} S[m/SoWT} €) 16/ST) s11g)
0T's¥ 0T'g¥ pue spreoq aduereq g1 0 djewWwed], g'GT uosessaid 1g :g9 ST 1L 93 sel® 10 1SNAOAY
(pTROQ/0G$) (SY[90M Q7 I0J M/SOWII} (Suorssas
spreoq € ‘qyuow 81y Ul 0F) 801/5€)
00°09 0009 aduereq 68 0 Jes §'%% uosess ur g0 gel 45 oL ¢p[€ 30 UBUWLIDPOg

(SyeoMm ), Ul
Jam/sowny g)
00°GLE 00°GLE 9OIAISS 0] 89 0 Jauredf, 0% uoseasad (g 09 popraoad JoN 00T o[® 10 PO H

(sureoy GT) (0T$)
S09pIA {(009%)

SjeuW SO1ISBUWAS (Syeom 9 J10J
(000%$) Wiy ordwk(Q (suresy GT) foom Jod ¢) (S399Mm 9/F)
0L EvT 09°6¢1 U [esteAtu)  TTHI wesl/ DLV 1 §'¢c uosessaad g1 GL 99 0L ,1[B 10 1jomoy
$ ,’5180D  § 59800 qyuewrdinby ¢ ‘51500 Isurtel], 939[YIe/y SUOISSOG [BJ0], UIW ‘QuIl], SUOISSos % Apmig
e  yuowdinby Ioqe] ‘ot Surureuf, Gururexy ‘ouerdwo))
pejewmisy pojewysy Sururear, uoIssog % “BLISILID
[®101, souerdwo)

swre1S01J UOTJUSAINU] 9 9} Jo souerduro)) uo s[rejsq
¢ U'TdV.L



Vol. 34, No. 3, 2006

exposures (player-hours), ACL injury risk decreased 36%. In
the elite division among those who met the compliance
criteria (at least 15 training sessions of 15-21 possible ses-
sions), there was a significant drop in injury rates (P = .01).
Half of the ACL injuries were noncontact injuries. When the
authors separated out the contact injuries, they observed 18
noncontact ACL injuries in the control season and 7 in the
second intervention season (P = .04).

Although there was a trend toward a reduction in ACL
injuries for the entire cohort (P =.15), it was not statistically
significant except for the elite division (P =.06). One expla-
nation for this phenomenon is the fact that the elite players
participated in 5 to 10 practice sessions per week (in con-
trast to the minimum 15 sessions) over the 5- to 7-week
training period. Therefore, the Division I athletes may have
had more training opportunities to gain ACL injury preven-
tion protective effects through training.

Mandelbaum et al. This controlled cohort study®’ enrolled
soccer players between the ages of 14 and 18 years over a
2-year period. During the first year, 52 teams (n = 1041)
were enrolled in the intervention group, and 95 age- and
skill-matched teams (n = 1905) that were untrained served
as controls. The second-year intervention group consisted of
45 teams (n = 844), and 112 teams (n = 1913) served as the
control group.

During the first season, there were 2 noncontact ACL
injuries resulting from 37476 athlete exposures in the
intervention group (0.05 incidences per 1000 exposures),
which was significantly fewer (P < .001) than the injuries
of the control group—32 ACL injuries resulting from
68 580 athlete exposures (0.47 incidences per 1000 expo-
sures). Similar results were found in the second year, with
0.13 and 0.51 incidences per 1000 exposures in the inter-
vention and control groups, respectively (P < .01). Combined
over the 2 years of the study, a total of 6 ACL ruptures
occurred in the training group in comparison with 67 in
the control group.

This was a prospective study that would be stronger as
a randomized control trial. Furthermore, the mechanism of
injury to differentiate contact from noncontact injuries was
not clearly defined. This study employed end-of-season
injury reporting, which can be problematic. The ACL
injuries may have been underreported in this setting. In
addition, the mechanism (contact vs noncontact) may have
potential inaccuracies.

Petersen et al. Petersen et al*’ performed a controlled,
prospective case control study of ACL injury prevention in
German female team handball players. An intervention
designed to prevent ACL injuries was instituted with
10 teams, with a total of 134 players, 10 other teams
(142 players) followed their normal training routines. The
ACL injury prevention intervention was based primarily
on the work of Myklebust et al** and consisted of 3 exercise
components: balance board exercises, jump exercises, and
balance mat exercises. Each component was progressed in
6 phases from easy to more difficult.

There were 5 ACL injuries in the control group compared
with 1 in the trained group (odds ratio, 0.17; 95% confidence
interval, 0.02-1.5). There was not a significant reduction in
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the number of ACL injuries in the intervention compared
with the control group, although ACL injury risk was 80%
lower in the intervention group.

Although the findings of the study were not statistically
significant, the results looked potentially promising. A prob-
lem with this study was that it was underpowered; the num-
ber of subjects was likely too low to accept the null
hypothesis of no difference. Our power analysis predicted
that 134 players in the intervention group and 142 players
in the control group would not give sufficient power to detect
differences between groups. However, in this case, the treat-
ment did not appear to be effective in bringing about the
desirable change (ACL injury reduction).

DISCUSSION

Common Components of the Effective Interventions

The effects of 3 of the 6 interventions that reduced ACL
injury rates appear to be relatively similar, arising from a
common rationale derived from performance enhancement
training and physical rehabilitation for athletes,'>!"31:344043
A comprehensive review of all 6 interventions reviewed
suggests that multiple neuromuscular training compo-
nents may provide some level of ACL injury risk reduction.
Neuromuscular training likely alters active knee joint sta-
bilization and appears to aid in decreasing ACL injury
rates in female athletes.

An examination of the data extracted from the interven-
tion studies leads one to a few potentially valuable general-
izations. Plyometric training combined with biomechanical
analysis and technique training were common components
of all 3 studies that effectively reduced ACL injury rates.
Balance training alone is probably not as effective for injury
prevention as when it is combined with other types of train-
ing. One needs to consider whether the teams’ or athletes’
primary goal is injury prevention, performance enhance-
ment, or both. In-season training alone is probably the most
cost-effective and efficient method for achieving beneficial
injury prevention effects, although the lack of high-intensity
overload in these programs likely precludes measurable per-
formance enhancement effects. Recent studies employing
the in-season training program of Mandelbaum et al** demon-
strated that the ACL injury reduction is not observed until
later in the season in collegiate soccer, and this in-season
program did not appear to change biomechanical risk fac-
tors.”>*! Finally, the most effective and efficient programs
appear to require a combination of components, and the
effects of these components are potentially additive.

Plyometric Component of the Effective Interventions. The
studies by Hewett et al,'” Myklebust et al,** Mandelbaum
et al,’! and Petersen et al* incorporated high-intensity
jumping plyometric movements that progressed beyond
footwork and agility into their intervention designs. The
studies by Heidt et al”® and Soderman et al*® did not. All 4
studies that incorporated plyometrics reduced ACL risk,
whereas the 2 studies that did not incorporate plyometrics
did not reduce ACL injury risk. The plyometric component
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of an exercise intervention, which trains the muscles,
connective tissue, and nervous system to effectively carry out
the stretch-shortening cycle and focuses on proper technique
and body mechanics, appears to reduce serious ligamentous
injuries, specifically ACL injuries. Training interventions
that incorporate plyometrics with safe levels of varus or val-
gus stress may induce more muscle-dominant neuromuscu-
lar adaptations to correct for neuromuscular imbalances in
female athletes.'®*® Such adaptations may better prepare an
athlete for more multidirectional sport activities and may
reduce positioning that puts high loads on the ACL.*

Biomechanics Technique Feedback Effects. The 3 programs
that significantly reduced ACL injury risk also used analy-
sis of the movement biomechanics and feedback to the
athlete regarding proper body position and technique.
The studies by Hewett et al,"’ Myklebust et al** and
Mandelbaum et al®’ all incorporated critical technique
analysis and feedback during training into their inter-
vention designs. The studies by Heidt et al’® and Soderman
et al*® did not. Of these 2 studies, neither reduced ACL
injury risk. Education and enforced awareness of dangerous
positions and mechanisms of ACL injury have also been
shown to decrease ACL injuries.”* Ski instructors viewed
videotapes of ACL injuries and were encouraged to formu-
late their own preventive strategies. Anterior cruciate liga-
ment injuries were decreased by more than 50% with this
technique. Olsen et al® reported that a video-based injury
awareness program did not decrease injury rates in soccer.
Awareness programs alone without training may not be
effective in landing and cutting sports. However, elements
from this ski study may be applicable to other sports. It is
important to teach athletes to avoid biomechanically disad-
vantageous and dangerous positions in any sport. Griffin®
identified 3 potentially dangerous maneuvers in basketball
that she proposed should be modified through training to
prevent ACL injury. She suggested that athletes land in a
more bent knee position and decelerate before a cutting
maneuver. Preliminary work implementing the different
techniques on a small sample of athletes showed a trend
toward a decrease in injury rates between the trained versus
untrained study groups.”

Hewett et al'” expanded this concept and used a trainer to
provide feedback and awareness to an athlete during train-
ing. Verbalization and visualizations such as “on your toes,”
“straight as an arrow,” “light as a feather,” “shock absorber,”
and “recoil like a spring” were used by the trainer as verbal
and visualization cues for each phase of the jump. Athletes
were required to perform jumps using only proper technique.
As the athletes became fatigued, they were required to stop if
they could not execute each jump with correct biomechanics.
Myklebust et al** used partner training to provide the criti-
cal feedback. Partners encouraged each other to focus on the
quality of their movements, specifically on the knee-over-
the-toe position. Mandelbaum et al®' used a training video
to emphasize proper body position and movement mechanics
during running and landing. Three studies'*"** specifically
cited critical analysis and feedback as contributors to the
reduction of ACL injuries in their respective studies.

Balance and Core Stability Training. Balance training
alone may not be sufficient to produce significant ACL
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injury prevention effects. Soderman et al*® focused on
balance training, primarily using unstable wobble boards.
However, the intervention in this study was not effective in
reducing ACL injuries. Caraffa et al® prospectively evalu-
ated the effect of balance board exercises on noncontact
ACL injury rates in male soccer players. Soderman et al*
attempted to replicate the Caraffa et al® study performed
in male athletes with female athletes, although the
impressive effect on ACL injury was not replicated in the
female soccer players. The training consisted of approxi-
mately 20 minutes of balance board exercises divided into
5 phases. They compared athletes who participated in
proprioceptive training before their competitive seasons
versus controls and found a significantly decreased rate of
ACL injuries in the trained group.?’

The studies by Hewett et al'” and Mandelbaum et al*
incorporated single-leg core stability (functional balance)
training, primarily using hold positions from a decelerated
landing, into their intervention designs. Myklebust et al®*
examined the effects of a relatively comprehensive functional
balance training intervention. Their intervention elaborated
on the balance board protocol of Caraffa et al® by adding
a focus to improve awareness and knee control during
standing, cutting, jumping, and landing. They demonstrated
a reduction in the incidence of ACL injury in women’s elite
handball division over 2 competitive seasons.>* Others have
shown that this type of proprioceptive and balance training
can improve postural control and that lack of postural con-
trol and stability was also related to increased risk of ankle
injury.®**5%6 1 jkewise, improvement in single-leg stability
can be gained with a neuromuscular training intervention
that incorporates perturbations into balance training on
unstable surfaces.*® Balance training has also been shown to
improve maximum lower extremity strength and decrease
side-to-side imbalances in stabilometric measures.'® Side-to-
side imbalances in lower extremity measures have been
shown to be a risk factor for ACL injury.?® The above findings
support the integration of proprioceptive stability and bal-
ance training in ACL injury interventions. However, it
appears that balance drills using unstable platforms alone
may not be sufficient to reduce ACL injury risk.

Strength Training. The studies by Hewett et al'’ and
Mandelbaum et al*! incorporated strength training in their
intervention protocols. Myklebust et al,** Heidt et al,*®
Soderman et al,43 and Petersen et al* did not include
strength training in their interventions. The designs that
incorporated strength training were among the most effec-
tive at decreasing ACL injury rates, but strength training
may not be a prerequisite for prevention, as the Myklebust
et al** study was effective and it did not incorporate strength
training. Strength training may be optional for injury pre-
vention; however, the biomechanical and strength changes
observed may have been owing in part to the strength train-
ing component."” Resistance training alone has not been
shown to reduce ACL injuries. However, there is inferential
evidence that resistance training may reduce injury based
on the beneficial adaptations that occur in bones, ligaments,
and tendons after 1;1‘aining.7’23 Lehnhard et al®® were able
to significantly reduce injury rates with the addition of a
strength training regimen to a men’s soccer team. They
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monitored injuries for 2 years without training and 2 years
with the strength training treatment added. Although they
did not observe a reduction specifically in ACL injuries, they
did report a decrease in percentage of injuries that were lig-
ament sprains. The significant reduction of ligament sprains
may have been related to reduced knee injury (43%)
reported in the second year of posttrained competition.”®
Resistance training may aid in the reduction of ACL injuries
when combined with other training components; however,
the efficacy of a single-faceted resistance training protocol
on ACL injury prevention has yet to be determined.

Efficacy and Efficiency of These Interventions

Relative Difficulty, Intensity, and Time Cost. The relative
difficulty, cost, and efficiency of these interventions need to
be addressed. The details of each program are shown in
Table 2. The relative training volume and intensity could
be ranked as follows: Hewett et al'” > Heidt et al’® >>
Myklebust et al** = Petersen et al*’ > Mandelbaum et al®* >>
Soderman et al.** The studies by Hewett et al,'”” Heidt
et al,’® Mandelbaum et al® and Myklebust et al®* incor-
porated more high-intensity movements into their inter-
vention designs. The Hewett et al'” and Heidt et al'® study
involved preseason high-intensity neuromuscular train-
ing, Myklebust et al** and Petersen et al*’ involved both
preseason and in-season medium-intensity (prepractice
warm-up) training, Mandelbaum et al*! involved in-season
medium-intensity (prepractice warm-up) training, and
Soderman et al*® involved in-season low-intensity balance
board neuromuscular training. The training time per ath-
lete is initially high for the preseason programs, but this
time per athlete tends to balance out over the length of the
season. These programs also save time during the season.
However, a combination preseason and in-season program,
similar to that of Myklebust et al,** may prove the most
efficacious.

Compliance. Reported compliance rates and definition of
compliance vary greatly between studies (Table 2). Hewett
et al'” reported 70% compliance rates, Soderman et al*
reported 63%, Heidt et al®® reported 100%, Mandelbaum
et al® reported 98%, and Myklebust et al** reported rates as
low as 28%. Petersen et al*’ did not report compliance rates.
Myklebust et al* examined compliance with the greatest
rigor and in the greatest detail, which may account for their
relatively low percentage compliance. They separated their
data by training intervention compliance. In the elite divi-
sion among those who met the compliance criteria (at least
15 training sessions of 15-21 possible sessions), there was a
significant drop in injury rates. Myklebust et al** should be
commended for their more detailed analysis of compliance,
which was not well addressed in the other studies. They
also had the most stringent inclusion criteria. Their data
demonstrate what a challenge compliance is, even with ath-
letes of high caliber, as only 26% of the teams were judged
compliant the first year and 29% the second year of inter-
vention. Table 2 indicates that when compliance is an impor-
tant consideration, the team coaches are likely to direct the
most compliant programs, and they are the most inexpen-
sive source of training assistance.
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Relative Performance-Enhancement
Effects of the Interventions

The high-intensity neuromuscular overload associated with
strength training and plyometrics likely enhances both mus-
cular power and performance and the injury prevention
effects of neuromuscular training. Strength training may
be optional for injury prevention; however, this type of train-
ing is prerequisite to overloading the muscle and gaining opti-
mal performance-enhancement effects. Overload is required
for measurable muscular adaptation. Hewett et al'’ and
Mandelbaum et al®* both incorporated a strength training
component into their interventions. The difficulty in assessing
the relative effects on performance is that only one study has
assessed effects on performance.lg These authors demon-
strated an approximately 10% increase in vertical jump height
with 6 weeks of training. However, numerous neuromuscular
training programs designed for young women can be effective
at improving performance measures of speed, strength, and
pox1&7e1‘.19’24’25’32 Female athletes may especially benefit from
neuromuscular training, as they often display decreased base-
line levels of strength and power compared with their male
counterparts.'”® Dynamic neuromuscular training has also
been demonstrated to reduce gender-related differences in
force absorption, active joint stabilization, muscle imbalances,
and functional biomechanics while increasing strength of
structural tissues (bones, ligaments, and tendons) 8719323342

Neuromuscular training may reduce the risk of injury
in female athletes; however, without the performance-
enhancement effects, athletes may not be motivated to par-
ticipate in a neuromuscular training program. Prevention
training that is oriented toward reducing ACL injuries in
female athletes may have compliance rates as low as 28%.%*
However, training for performance enhancement can have
better compliance ranging from 80% to 90%.>'***447
Hence, if protocols are designed for both performance
enhancement and ACL injury prevention techniques, neu-
romuscular training may be instituted on a widespread
basis with potentially higher athlete compliance.

Limitations of These Intervention Studies

There are several limitations to this body of studies as a
whole and to each of the 6 individual studies. The number
of participants in each study is low for epidemiologic stud-
ies. Therefore, the number of both injuries and exposures is
relatively low, and statistically, these studies are under-
powered. In addition, the measure of exposures was not
consistent. Four of these studies are not randomized con-
trolled trails. Randomized controlled trials are needed to
better discern the effects of these interventions. There was
no mention made of a power analysis in these studies.
Teams in the Hewett et al'”’ study were not cluster ran-
domized, and compliance was not rigorously assessed. The
Soderman et al*® and Petersen et al*’ studies were under-
powered to attempt to examine ACL injury epidemiology.
Soderman et al*® had only 62 trained and 78 untrained
athletes, and Petersen et al*” had only 137 and 142 athletes
in their intervention and control groups, respectively. The
training protocol was not well documented in the Soderman
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et al*® study. Compliance was also not well documented by

either of these studies.

The Heidt et al*® study also had low numbers for attempt-
ing to examine injury epidemiology. The lack of a random-
ized design was also a distinct weakness. The lack of
significant difference in ACL injury rates in the Heidt et al*®
study may possibly be attributed to the fact that only mini-
mal low-intensity plyometrics were incorporated into the
training protocol (footwork and agility drills). Furthermore,
the injury reporting methods and the injury definitions were
poorly described. In addition, although the study was pur-
ported to be randomized in the methods, it was not an RCT.
Subjects volunteered to either participate in the training or
not (personal communication from author).

The Myklebust et al** study was a well-done prospective
study. However, there were methodological limitations to this
study. They include a lack of sufficient documentation of ACL
injury status. In addition, the authors make several refer-
ences to nonsignificant results without performing a power
analysis for the study. A power analysis should have been
performed to determine if the lack of significance was likely
owing to an insufficient number of subjects. This inaction is
a potential weakness of all the reported studies. The
Mandelbaum et al®’ study also had poor compliance reporting.
Exposures were not closely surveyed, as the reported num-
bers appear to be gross estimates of exposure. In addition, the
incidence of injury in the untrained athletes was high for that
age group compared to other values reported in the literature.

Limitations of the Meta-analysis

There are several limitations to our meta-analysis of the
literature. One potential limitation is publication bias. Only
positive findings tend to get published in the literature. This
factor could potentially bias our analysis toward positive
results. An important potential limitation of this analysis is
general heterogeneity between studies. Another potential
problem, which is a subset of the previous limitation, is the
mixed designs between studies. It may not be appropriate to
compare studies with different study designs. Yet another
potential limitation of this analysis related to study hetero-
geneity in the different treatments. It is not clear whether
one should expect the same effect from the 5 different treat-
ments we analyzed. However, each of the authors did hypoth-
esize that the intervention would reduce ACL injury. Finally,
there is the problem of different follow-up times in the vari-
ous investigations, implying that the odds ratio is potentially
not the best statistic to meta-analyze. However, it would be
very difficult to calculate relative risks (adjusted to follow-up
times and expressed in person-years), so all that can be done
is to list these problems as limitations of the analysis.

CONCLUSION AND FUTURE DIRECTIONS

There is evidence that neuromuscular training decreases
potential biomechanical risk factors for ACL injury and
decreases ACL injury incidence in female athletes. Three
of the 6 interventions in this meta-analysis demonstrated
significant effects on ACL injury rates.
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Five of 6 demonstrated positive trends and reduction in
odds ratios. However, we do not yet know which of these
components is most effective or whether their effects are
combinatorial. Future directions will be to assess the rela-
tive efficacy of these interventions alone and in combination
to achieve the optimal effect in the most efficient manner
possible. Final conclusions from this examination of these 6
studies are that neuromuscular training may assist in the
reduction of ACL injuries in females athletes if

1. plyometrics, balance, and strengthening exercises are
incorporated into a comprehensive training protocol;

2. the training sessions are performed more than
1 time per week; and

3. the duration of the training program is a minimum
of 6 weeks in length.

The studies by Hewett et al,'” Myklebust et al®* and
Mandelbaum et al*’ incorporated high-intensity plyomet-
ric movements that progressed beyond footwork and
agility in the intervention. The studies by Heidt et al'®
and Soderman et al*® did not. All 3 studies that incorpo-
rated high-intensity plyometrics reduced ACL risk,
whereas the studies that did not incorporate high-inten-
sity plyometrics did not reduce ACL injury risk. The plyo-
metric component of these interventions, which trains
the muscles, connective tissue, and nervous system to
effectively carry out the stretch-shortening cycle and that
focuses on proper technique and body mechanics, appears
to reduce ACL injuries.
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