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Abstract

Since previous numbers-needed-to-treat (NNT) and relative risk reduction (RRR) report, a few
studies were published to evaluate prophylactic effectiveness of neuromuscular training for
anterior cruciate ligament (ACL) injury in female athletes. The purpose of the current analyses
was to determine the effectiveness of neuromuscular training interventions in reducing both non-
contact and overall ACL injury risk in female athletes through RRR and NNT. The keywords
‘knee’, ‘anterior cruciate ligament’, ‘ACL’, ‘prospective’, ‘neuromuscular’, ‘training’, ‘female’
and ‘prevention’ were searched to find studies published from 1995 to 2011 in PubMed and
EBSCO (CINAHL, Health source, MEDLINE and SPORT Discus). Inclusion criteria required
that relevant studies: recruited physically active young girls as subjects, documented the number
of ACL injuries, employed a neuromuscular training intervention, and used a prospective
controlled study design. The numbers of non-contact and overall ACL injuries, subjects and
observation time period were used to calculate RRR and NNT for each study. A total of 12 studies
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met the inclusion criteria. There was a 73.4% (95% CI 62.5% to 81.1%) and 43.8% (95% ClI
28.9% to 55.5%) of RRR for non-contact and overall ACL injuries. From the NNT analysis, it was
determined that, respectively, 108 (95% CI 86 to 150) and 120 (95% CI 74 to 316) individuals
would need to be trained to prevent one non-contact or one overall ACL injury over the course of
one competitive season. Although the RRR analysis indicated prophylactic benefits of
neuromuscular training, the relatively large NNT indicated that many athletes are needed to
prevent one ACL injury. A future direction to reduce NNT and improve the efficiency of ACL
injury-prevention strategies is to develop a screening system for identifying at-risk athletes.

INTRODUCTION

Each year, it is estimated that 250 000 anterior cruciate ligament (ACL) reconstruction
surgeries are performed in the USA.I The average cost associated with ACL injuries,
including diagnostic tests, surgery and rehabilitation, is conservatively estimated to be $17
000 per each reconstructive case from 1999 data.? In sum, the financial burdens associated
with ACL reconstruction surgery is estimated to be more than $2 billion annually.! Time
lost from ACL injury can be 6 months3* or longer. In addition to these substantial financial
and time costs associated with ACL injury, various negative consequences have been
documented such as mood disturbance® as well as increased risks of a second ACL injury.5”
Specifically, female athletes who suffer ACL injuries are more likely to experience
premature osteoarthritis® and a reduced quality of life because of limited knee function.®

Approximately 70% of ACL injuries occur with a non-contact mechanism,19-12 and the rate
of ACL injury occurrence in female athletes is higher in cutting, jumping and pivoting sports
compared with males.13-15 Risk factors14-17 associated with neuromuscular control are
potentially modifiable and may reduce the risk of non-contact ACL injury.18 Since the
1990s, several prospective cohort studies have been performed to determine the effect of
neuromuscular training interventions targeted to reduce ACL, knee and other lower-
extremity injuries.19-32 Studies often utilised single or limited training modes in their
neuromuscular training interventions such as plyometric exercises, balance exercises or a
combination of both.192223 More comprehensive approaches have been initiated recently,
which consist of a combination of different types of exercises such as plyometrics,
strengthening, stretching and balancing training. The ‘Dynamic Neuromuscular Analysis
(DNA\) training’,18 ‘Prevent Injury and Enhance Performance (PEP)’,2429 *11°28 and *11+31
programmes are examples of comprehensive neuromuscular training protocols. In addition,
some components of the newly developed neuromuscular training protocols include sports-
specific exercises.3? However, prophylactic effectiveness of those neuromuscular training
programmes have shown mixed results.

To assess the effectiveness of various neuromuscular training programmes, Grindstaff et
al33 applied relative risk reduction (RRR) and number-needed-to-treat (NNT) analyses on
the available neuromuscular training cohort studies that aimed to reduce ACL injury in
female athletes. The analyses demonstrated a 70% total RRR in subjects in the intervention
groups compared with those in control groups. Furthermore, the NNT analysis concluded
that 89 was the minimum number of athletes needed to prevent one non-contact ACL injury
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per competitive season.33 However, since this previous assessment of the effectiveness of
neuromuscular training,33 the number of large-scale cohort studies has nearly doubled,
which warranting reassessment of the effectiveness of ACL injury reduction achieved
through neuromuscular training interventions. Therefore, the purpose of the current analysis
was to provide an up-to-date analysis aimed at determining the effectiveness of
neuromuscular training interventions designed to reduce both non-contact and overall ACL
injury risk in female athletes through RRR and NNT.

METHODS

Literature search

A literature search was performed using PubMed and EBSCO (CINAHL, MEDLINE and
SPORT Discus) database from 1995 to 2011 in January 2012. The keywords searched were
performed by applying a combination of following words: ‘knee’, “anterior cruciate
ligament’, ‘ACL’, “prospective’, ‘neuromuscular’, ‘training’, ‘female’ and ‘prevention’
(table 1). Studies were limited to English language, human subject investigations. The
following inclusionary criteria were applied: (1) the number of ACL injury incidents were
reported, (2) a neuromuscular training intervention that aimed to reduce ACL incidence was
applied, (3) a control group was used, (4) a prospective controlled trial study design was
employed and (5) females were included as subjects. Abstracts, posters and unpublished
data were excluded. Literature found by the keyword search was screened in a step-by-step
procedure based on the above inclusionary criteria. During this process, a potential inclusion
of studies that hold very similar characteristics of the above five inclusionary criteria was
considered. Egger’s regression was used to examine a potential risk of publication bias.

Quality of methodology evaluation method

The Physiotherapy Evidence Database (PEDro) scale is a widely used measurement tool and
was employed to analyse methodological quality of the included studies.29-3032 Two
reviewers independently examined the methodological quality of each study using the
PEDro scale. Discrepancies between reviewers were settled by arbitration and consensus.

Level of evidence and strength of recommendation assessment method

To evaluate the quality of the current analysis, the Centre of Evidence Based Medicine
(CEBM)-Level of Evidence was implemented. The CEBM-Level of Evidence is used to
assess the research design quality of the included studies and facilitates the generation of a
grade of strength of recommendation for the current analyses.

Data extraction

The number of ACL occurrences in each group (control and intervention), the number of
athletes in each group (control and intervention) and athletic exposures were extracted from
each study. Whether or not the ACL injuries were contact or non-contact in nature was also
extracted from each study. When the mechanism of injury was not documented as either
contract or non-contact, an email was sent to the corresponding author in the original paper
asking for the mechanism of the ACL injuries. From studies that had both male and female
subjects,2125 only data regarding female subjects were utilised. To calculate athletic
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exposure data, the number of hours and days of participation were extracted from each
study. Each day of participation was estimated as 2 h and then converted to hours of
participation as used in previous studies.33

Operational calculations

The number of ACL injuries, number of athletes and athletic exposures in both the
intervention and control groups were extracted from each study and used to calculate the
NNT and RRR. Initially, the control event rate (CER) and intervention event rate (IER) were
calculated

CER=# ACL-injured subjects in control group/total number of subjects in the control
group

IER=# ACL-injured subjects in intervention group/total number of subjects in the
intervention group

Absolute risk reduction (ARR), the absolute difference in event rate between control and
intervention groups, was then calculated:

ARR=CER-IER

The inverse of the ARR is used to calculate NNT and was based on the number of athletes
across one competitive season. It is mathematically expressed as

NNT=1/ARR

A positive NNT value represents a beneficial preventive effect because of the intervention
and is referred to as NNT to benefit (NNTB). Conversely, a negative NNT value is
indicative of a harmful effect and is referred to as NNT to harm (NNTH). If the ARR is
zero, the NNT values would approach infinity (c0), indicating no beneficial or harmful
effects and meaning that an infinite number of athletes might have been needed to
demonstrate the benefit or harm from the given intervention.

RRR was then calculated using the following formula:

RRR=[1-(IER/CER)] x 100

The RRR value indicates the percentage by which the intervention reduces risk compared to
the controls. Positive RRR values suggest reduced risk by the given intervention. In contrast,
negative RRR values indicate increased risk compared with the controls. In addition, 95%
Cl were calculated for all NNT and RRR values.34 A set of matrix laboratory (MATLAB)
codes were made and used for the NNT and RRR calculation with 95% CI.
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A total of 440 unique publications were collected including cross-referenced studies, and 11
studies met the inclusionary criteria. One study that did not completely fulfil the inclusion
criteria because of an absence of control group due to the study design was actually included
since the study met the purpose of current project. Thus, a total of 12 studies were included
in the current analyses (figure 1). The neuromuscular training of each study is summarised
in table 2 and the relevant methodological quality as evaluated by the PEDro scores is
expressed in table 3. The non-contact and overall ACL injury incidence rates in each group,
NNT, RRR and 95% CI were reported in tables 4 and 5. The mean PEDro score was 4.3/10
for the 12 reviewed studies. Two studies?>28 were rated as high as 7/10 while two
studies2627 were classified 2/10 in PEDro score.

Summaries of included studies

Hewett et al in 199921 (PEDro score 3, level of evidence 2b)—This research team
used a prospective cluster study design and provided 6 weeks of heuromuscular training,
consisting of weight training, plyometrics and flexibility, to a total of 43 teams (volleyball,
soccer and basketball) from area high schools. Each neuromuscular training session lasted
60-90 min and took place three times per week for 6 weeks. Certified athletic trainers and
physical therapists gave technique instructions and the training sessions progressed through
three phases: (1) technique phase, (1) fundamental phase and (I11) performance phase. The
15 girls’ teams that received the intervention (6 weeks of neuromuscular training) consisted
of 366 athletes: 185 volleyball (50.5%), 97 soccer (26.5%) and 84 basketball (23%) players.
An ACL incidence rate of the intervention group was 0.06 per 1000 h of Athletic-Exposure
(1000 h AE) in the intervention group and 0.11 per 1000 h AE in the control group.

Soderman et al in 200022 (PEDro score 4, level of evidence 2b)—This prospective
randomised controlled trial provided 10-15 min of balance training utilising dynadiscs and
balance boards to a total of 221 soccer players for 6 months. After randomisation, 121
athletes (seven teams) were assigned to the intervention group and 100 athletes (six teams)
were assigned to the control group. The athletes in the intervention group were asked to
perform the balance training with balance boards everyday for the first month. After the first
month, training was decreased to 3 days per week. This study reported an ACL incidence
rate of 0.68 per 1000 h AE in the intervention group and 0.12 per 1000 h AE in the control

group.

Heidt et al in 200020 (PEDro score 5, level of evidence 1b)—This research group
employed a 75-min long custom-made speed and agility programme to 42 randomly selected
high-school-age soccer players for a total of 21 sessions (first session is an orientation) over
7 weeks. The randomly selected subjects in the intervention group commuted to a local
fitness gym to perform the intervention programme in preseason. Over the course of 4
months, an ACL injury rate in the intervention group was 2.38% and 3.10% in the control
group. This study did not record or report exposure data.
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Myklebust et al in 200323 (PEDro score 5, level of evidence 2b)—A 3-year
prospective cross-over study (the first year was an observational year, whereas the two
subsequent years were intervention periods) recruited a total of 1705 female handball
athletes playing for the top three Norwegian handball leagues. A 15-min session of balance
exercises with mats and wobble boards was implemented 3 days per week in the initial 5-7
weeks, which was subsequently reduced to once a week for the remainder of the handball
season (~5 months). During the study period, an ACL incidence rate were: control (Year 1)
0.14 per 1000 h AE, intervention (Year 2) 0.13 per 1000 h AE and intervention (Year 3)
0.09 per 1000 h AE were recorded.

Mandelbaum et al in 200524 (PEDro score 3, level of evidence 2b)—Using a
prospective cluster cohort study design, the research team applied a neuromuscular and
proprioceptive programme to a total of 1885 female soccer players (1041 subjects in first
year and 844 in second year) and compared the number of ACL injuries with age- and skill-
matched controls. The programme was 20 min in duration, which consisted of education,
basic warm-up, stretching for trunk and lower extremity, strengthening for trunk and lower
extremity and plyometrics, and was performed two to three sessions per week. This
investigation reported an ACL incidence rate of 0.04 per 1000 h AE in the intervention
group and 0.24 per 1000 h AE in the control group over two competitive soccer seasons.

Olsen et al in 20052° (PEDro score 7, level of evidence 1b)—With cluster
randomised controlled trial design, a 15-20 min long structured warm-up programme was
implemented to improve awareness of neuromuscular control, balance and strength of knees
and ankles in running, cutting and landing techniques in Norwegian handball players (808
subjects in the intervention group). The structured warm-up programme had four different
exercises (warm-up, technique, balance and strength and power), and each exercise was
progressed with increasing the level of difficulty. The structured warm-up programme was
performed in 15 consecutive sessions and then once a week during one competitive
Norwegian handball season. During the study period, an ACL incidence rate in the
intervention group was 0.03 per 1000 h AE, whereas the control group was of 0.10 per 1000
h AE.

Petersen et al in 200528 (PEDro score 2, level of evidence 2b)—A prospective
cohort study incorporated 10 min of injury-prevention training into a team warm-up. The
injury-prevention training programme consisted of improving awareness of injury
mechanisms and prevention strategies, balance-board exercises and jump training and was
executed three times per week in the preseason and once a week in competition period.
Lower-extremity injuries were tracked in 134 female handball players who performed the
training programme and compared with age-matched and skill-matched controls. The study
reported an ACL incidence rate 0.04 per 1000 h AE in the intervention group and 0.21 per
1000 AE in the control group.

Pfeiffer et al in 200627 (PEDro score 2, level of evidence 2b)—This research team
implemented a 20 min plyometric-based exercise programme twice a week in high-school
female soccer, volleyball and basketball athletes for 2 years. The plyometric-based exercise
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programme, ‘Knee Ligament Injury Prevention’ (KLIP), was developed by various
healthcare practitioners and experts. A total of 577 athletes (43 teams) were classified in the
intervention group and 862 athletes (69 teams) were categorised into the control group.
During the investigation, an ACL incidence rate of 0.08 per 1000 h AE in the intervention
group and 0.04 per 1000 AE in the control group were documented.

Steffen et al in 200828 (PEDro score 7, level of evidence 1b)—Using a cluster-
randomised controlled trial (113 teams, 2100 players) this research team prescribed 15 min
of a structured warm-up programme called ‘11°. The 11, which consisted of core stability,
balance, plyometrics and hamstrings strengthening exercises, was applied to 1073 young
female soccer players (51 teams) for the first 15 consecutive sessions and once a week for
the remaining 7% months. The study documented an ACL incidence rate of 0.06 per 1000 h
AE in the intervention and 0.08 per 1000 h AE in the control group.

Gilchrist et al in 20082° (PEDro score 4, level of evidence 1b)—In the randomised
cluster-controlled study, investigators applied the 20 min long programme, previously
reported by Mandelbaum et al,?4 to high-level college female soccer teams. The intervention
and control groups were paired and formed a cluster. The clustered pairs were purposefully
allocated different geographic regions throughout the USA. Then, one cluster of each region
was randomly selected for the study. Soccer players (583 players, 26 teams) classified in the
intervention group performed the programme three times per week for the entire fall soccer
season (12 weeks). An ACL incidence rate in the intervention group was 0.20 per 1000 h
AE, whereas the ACL incidence rate in the control group was 0.34 per 1000 h AE.

Kiani et al in 20103C (PEDro score 4, level of evidence 2b)—This prospective
cluster-control trial (97 teams, 1506 players) included a 20-25 neuromuscular regimen
consisting of a running warm-up, isometric contraction of lower extremity muscle groups,
balance exercises with jump components, strengthening of lower extremities and core
stability to 777 young soccer players (48 teams) 2 days per week for the 2 month preseason
and once a week during 6 months of in-season sessions. This study reported an ACL
incidence report of 0 per 1000 h AE in the intervention group and 0.08 per 1000 h AE ACL
incident rate in the control group.

LaBella et al in 201132 (PEDro score 6, level of evidence 1b)—Using a randomised
cluster-controlled design, investigators applied a programme called ‘Knee Injury Prevention
Program’ (KIPP). A total of 737 athletes: 321 soccer (43.6%) and 416 basketball (56.4%)
players practised the KIPP, which comprised 20 min of progressive strengthening,
plyometric, balance and agility exercises three times per week for one competitive season.
Over the course of the study, an ACL incidence rate of 0.10 per 1000 h AE was documented
in the intervention group and 0.48 per 1000 h AE ACL incidence rate was documented in
the control group.

Data synthesis

For synthesis of thel2-included studies, the RRR for non-contact ACL injury from the
reviewed studies was 73.4% (95% CI 62.5% to 81.1%) in subjects who performed the
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assigned neuromuscular training programmes compared with subjects who were allocated in
the control group (table 4). The RRR for overall ACL injuries was 43.8% (95% CI 28.9% to
55.5%) for subjects in the intervention group compared with subjects who were in the
control group (table 5). The NNT analysis indicated that it was necessary to intervene upon
108 athletes (95% CI=NNTB 86-150) in order to prevent one non-contact ACL injury (table
4). For overall ACL injuries, the NNT analysis indicated that 120 athletes (95% CI=NNTB
74-316) are needed to participate in neuromuscular training programmes to show
prophylactic effects of preventing one injury (table 5).

Bias assessment

The bias assessment for the 12-included studies was performed using Egger’s regression.
Egger’s regression intercept was —0.29 (95% Cl -2.20, 1.61, p=0.37, one tailed), indicating
that publication bias was not detected in the current analysis.

Evidence synthesis

The CEBM-Level of Evidence of each study is listed in table 1. The CEBM level of
evidence can further generate a grade of strength of recommendation based on the level of
consistent evidence, which consists of A-D. In the current analysis, five of the included
studies were rated as level 1b, while seven studies were rated as level 2b. On the basis of
consistency of the results from included studies, the strength of recommendation grade for
the current evidence is B (consistent level of 2 or 3 studies or extrapolations from level 1
studies).

DISCUSSION

The aim of this systematic review of the literature was to identify effectiveness of
neuromuscular training programmes in preventing non-contact and overall ACL injury
incidence in large-scale studies published from 1995 to 2011 using RRR and NNT. The
RRR for non-contact ACL injury was 73.4% and 43.8% for overall ACL injuries, with CI
that do not encompass zero. It can be interpreted that female athletes who performed a given
neuromuscular training programme have 73.4% less risk to suffer a non-contact ACL injury
compared with those who did not perform NMT. Similarly, 43.8% of overall ACL injury
risk reduction can be obtained in female athletes who performed neuromuscular training
compared with those who served in a control group. To our knowledge, this may be the first
study to report prophylactic effects of NMT on the overall ACL injury risk.

Recent ACL injury classification recommendations suggest four different types of ACL
injury: direct contact, indirect contact, classic non-contact and other non-contact.3> The non-
contact ACL injuries resulted from an individual’s own movements without contact by
another person or object, which typically disturbed by some types of perturbation.3® The
classical non-contact ACL injury mechanism involves cognitive perturbation, which is
defined as a disruption to the planned motor task that requires a rapid update to the intended
motor control plan.3® Unexpected sudden movement or position give perturbation to one’s
cognition, and the ACL is torn, which is often observed in athletic setting. Conversely, other
non-contact ACL injuries occur in simple activities in daily living, sometimes without any
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specific mechanism and seemingly no cognitive perturbation was applied.3® The other two
types of ACL injury mechanisms, direct and indirect contact, involves physical perturbation
either direct to the knee joint or other body parts at the time of or immediately before the
injury.3® Since both of the classic and other non-contact ACL injury mechanisms do not
entail the physical perturbation, it was assumed that the prophylactic effects of
neuromuscular training are only applicable to non-contact ACL injury. However, the current
analysis identified prophylactic effects to overall ACL injuries, which include direct and
indirect contact mechanisms, in addition to the classic and other non-contact ACL injuries.

Two previous studies, 1636 that analysed large-scale neuromuscular training interventions
targeted to reduce ACL incidence, demonstrated lower RRR than the current analysis. A
meta-analysis of a total of seven randomised controlled and prospective cohort studies that
aimed to reduce ACL injuries among female athletes by neuromuscular training
interventions showed 60% of RRR (95% CI 40% to 73%) between athletes in the
intervention and control groups.38 This analysis did not separate ACL injuries based on the
mechanism (either non-contact or contact): thus, it can be inferred that 60% of RRR is a
reflection of neuromuscular training for a combination of non-contact and overall ACL
injuries. Another RRR study based on five prospective neuromuscular training intervention
trials aimed to reduce ACL injuries in female athletes documented 70% of RRR (95% ClI
54% to 80%).16 The study included only non-contact ACL cases for the analysis; therefore,
it is interpreted that the neuromuscular training can effectively reduce 70% of non-contact
ACL risks in female athletes compared with subjects in the control groups. The current
analysis included several recently published studies, and 73.4% (95% CI 62.5% to 81.1%) of
RRR for non-contact ACL injury were comparable with the previous reports. Based on the
RRR numbers, it can be interpreted that it is possible to prevent approximately three-
quarters of non-contact ACL injuries by applying a neuromuscular training intervention
(table 4). Furthermore, the current analysis found that neuromuscular training can effectively
reduce overall ACL injury risks by 43.8% (95% CI 28.9% to 55.5%) (table 5).

Through examining neuromuscular training programmes that demonstrated >73.4% and
43.8% of RRR in non-contact and overall ACL injuries,2124-262930 3 fewy common
characteristics were observed. It appears that those programmes combined multiple types of
exercises instead of one neuromuscular training type.2124-262930 Strengthening, plyometric
and balance exercises were primarily employed in those programmes.2124-262930 n|ike
those programmes, several studies that included in the current analysis did not show high
RRR rates applied a single type of neuromuscular training.222327 Two studies?223
implemented a set of balance exercises and one study?” tested the effectiveness of
plyometric exercises. Synthesising the information altogether, providing one type of
neuromuscular exercise is not adequate to generate a prophylactic effect; however,
combining multiple types of exercises seems to enhance the effectiveness of neuromuscular
training in female athletes.

In contrast, the NNT values obtained from the current analysis were quite different from the
previously reported values. The current NNT analysis demonstrated 108 (95% CI=NNT 86
to 150) and 120 (95% CI=NNT 74 to 316) for non-contact and overall ACL incidences. It is
interpreted that 108 athletes are needed to prevent one non-contact ACL injury as well as
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120 athletes for overall ACL injury. Previous research in NNT to reduce the risk of non-
contact ACL injury was reported at NNT=89 (95% CI=NNT 66 to 136), which is notably
fewer than the current analysis.33 The higher NNT value for overall ACL injury prevention
in the current study may be a result of the inclusion of studies that did not demonstrate
favourable prophylactic effects to the subjects in intervention groups. For instance, the
previous NNT analysis33 did not include a prospective randomised control study22 published
in 2000. The study actually observed more ACL incidence in the intervention group instead
of the control group (table 5). Additionally, a recently published study with a cluster
randomised controlled trial design?8 was not included in the previous report, but was
included in the current analysis. The study did not demonstrate strong prophylactic
neuromuscular training effects in the intervention group (tables 4 and 5). From a study-
quality standpoint, the previously published NNT analysis3? had one randomised controlled
trial,2> whereas the current analysis comprises five randomised controlled trials, 2025282932
Another analysis is imperative to find a link between the quality of the study and number of
ACL injuries. However, these study results were likely to influence the higher NNT values
in the current analysis compared with previous reports.

Coaches and clinicians may be hesitant to implement an intervention programme with an
NNT of 108 for non-contact ACL injuries and 120 for overall ACL injuries. The time
commitment for preventing one ACL injury may appear too substantial. For instance, to
generate neuromuscular training prophylactic effects, a female soccer team that consists of
20 players needs to keep performing a neuromuscular training programmes for over five
competitive seasons (20 playersx5 seasons=NNT 100) to prevent one non-contact ACL
injury. Estimating that there are approximately 15 players on one handball team, eight
competitive seasons (15 athletesx8 seasons=NNT 120) are required to reach the NNT 120,
which is the estimated number needed to prevent one overall ACL injury. The lengthy time
commitment for preventing one ACL injury may not be a primary interest of coaches and
health-care providers. Additionally, most neuromuscular training programmes take
approximately 15-20 min to complete,23-25272932 which coaches may feel is ‘too much’,
especially during in-season. In fact, most studies performed in Europe reduced the frequency
of the neuromuscular training session during in-season compared with
preseason.222325262830 Those factors may lead to a difficulty of neuromuscular training
programme inception and potentially low compliance. In fact, several reviewed studies
pointed that low compliance of assigned neuromuscular training programmes as a limitation
of the studies.2328

A potential approach to improve compliance to injury-prevention intervention is to explain
additional benefits associated with neuromuscular training. One of the reviewed studies
demonstrated not only the positive effects on ACL injury, but also significantly lower rates
of injury to other knee ligaments, and reduced moderate and major acute knee or ankle
injuries rate in those who performed neuromuscular training compared with those who did
not.2> Similarly, fewer overall knee injuries were reported in subjects in the intervention
group compared with the control group in one reviewed study.39 Another reviewed study
also showed lower ankle sprain injury rates in the intervention group.32 Performance
enhancement is an added benefit to neuromuscular training as demonstrated in one
investigation which used paediatric aged girls and boys (mean age=10+1-years-old) revealed
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improvements in balance and vertical jump height after 9 weeks of injury-prevention
programme implementation.3” This study stated that those performance changes may help
gaining support from coaches and potentially increase compliance to the preventive
neuromuscular training.

The current analysis generated effectiveness of neuromuscular training as an intervention to
prevent non-contact and overall ACL injuries. However, a significant number of athletes are
needed to demonstrate prophylactic effects of the neuromuscular training; thus, the next
logical step is to establish a method to screen athletes for injury risk. To detect potential at-
risk athletes for future ACL injury, the current gold standard is usage of a three-dimensional
laboratory-based motion analysis system. This system is specialised to capture the three
(sagittal, frontal and transverse) plane kinematic motions with high-frequency cameras.
However, it requires expensive equipment, extensive time and skillful biomechanists to
analyse the data. To make the screening more efficient and applicable to larger populations,
development of a valid and reliable tool with low cost and high efficiency is ideal. Several
screening methods, aimed to identify at-risk athletes for future ACL injury without the
three-dimensional laboratory motion analysis, were developed and introduced in recent
publications.38-43

In place of the expensive three-dimensional motion analysis cameras, several screening tools
were recently introduced using two-dimensional cameras. A landing error scoring system
(LESS) was a clinical screening tool generated by Padua and his research team.3° Two
standard video cameras are placed to capture the athlete’s landing kinematics from sagittal
and frontal plane views. The landing patterns captured by the video cameras were examined
and provided a total error score. Another tool developed by Myer and colleagues used a
nomogram scale, which consists of total points from a combination of static (body mass and
tibia length) and dynamic (knee valgus motion, knee flexion range of motion, quadriceps/
hamstring strength ratio) measures captured with two standard video cameras.*? Also, a
study conducted by Stensrud et al*3 utilised a standard video camera to capture an image of
knee joint alignment in the frontal view during dynamic movements. However, validation of
those two-dimensional video screening tools for a clinical use is warranted in future studies.

Several limitations to this study should be stated. Although each study was carefully
reviewed, only half2124272930 of the reviewed studies (5/12) documented the nature of the
ACL injury mechanism. The lead author contacted the corresponding authors of each study.
However, only one?8 of the six studies who did not document the nature of the injury
mechanism responded with full information. When the corresponding authors did not
respond to the question, the status of ACL injury mechanism was cited from the previously
published study.33 The lead author contacted a primary author of the study and assured
accuracy of the ACL mechanism information presented.33

One study?3 did not meet one of the inclusion criteria, which was a presence of control
group; however, the study was included in the current analysis. The study had a large sample
size with a good methodological quality (PEDro score 5/10) so that it was too difficult to
exclude. The study implemented a cross-over study design instead of prospective cohort
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design and the intervention periods were actually 2 years followed by 1 year of control
period. Therefore, the current analysis extracted only 1 year (first year) of intervention and
control period.

Wide varieties of neuromuscular training programmes were noted across the reviewed
studies (table 2). Frequency, duration and intensity varied across studies; therefore, even
though the RRR 73.7% and 43.8% for non-contact and contact ACL injuries were found, it
was difficult to point out what frequency, duration and intensity would maximise the
neuromuscular training prophylactic effect to reduce future ACL injury risk among female
athletes. Furthermore, different types of neuromuscular training were applied to different
sports, ages and study designs. All of those variables made this analysis challenging to
identify imperative aspects of neuromuscular training.

CONCLUSION

A review of 12 large-scale neuromuscular training studies aimed to lower ACL injuries in
female athletes demonstrated an RRR of 73.4% and 43.8% for non-contact and overall
contact ACL injury, respectively. Neuromuscular training may reduce non-contact ACL
injury risk and overall ACL injury risk, which includes contact ACL mechanisms (direct and
indirect). NNT analysis estimated that 120 athletes need to perform a neuromuscular training
programme to prevent one overall ACL injury. Similarly, the NNT estimated that 108
athletes need to execute a neuromuscular training programme to prevent one non-contact
ACL injury. Although the current analysis demonstrated prophylactic effectiveness of
neuromuscular training, the NNT values yielded high NNT values, which may cause a
difficulty in gaining support from a coaching staff. However, several studies documented
benefits of neuromuscular training beyond ACL injury prevention, which include reduction
in other knee and ankle injuries and performance improvement. Another possible direction
to reduce the NNT is to identify at-risk athletes using two-dimensional camera systems,
which have begun showing potential, but more studies are needed for these tools to be
implemented in clinical use. Future training prophylactic effects to specific populations
(gender, age and sports) as well as pursue more efficient methods to identify at-risk athletes.
The resulting findings could lead to a more desirable outcome for ACL injury prevention
and could promote safe and long-lasting athletic participation in a physically active
population.
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PubMed, EBSCO (Database: CINAHL, Medline, SPORT
Discus); 1995 —2011. N = 449 studies

Duplicates between Pubmed and EBSCO I |:>
> 16 studies excluded

433 studies
Cross referencing. N =7 studies | :>

440 studies

Articles

Abstracts
Review papers
Irreverent studies >| 377 studies excluded

Prospective controlled trial design 63 studies

Neuromuscular training intervention

Record of number of ACL injuries in [:>
both intervention and control groups 3

S1 stidies exclided
Female athletes as subjects

Figure 1.
Flow chart of literature search.
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Stepped PubMed/EBSCO host search strategy with the number of studies

Table 1

Step  Strategy PubMed EBSCO
#17  Search (#11) AND (#16) 390 59
#16  Search (#12) OR (#13) OR (#14) OR (#15) 23899 18522
#15  Search ‘preventing’ [TIAB] 4916 996
#14  Search ‘preventive’ [TIAB] 2373 2143
#13  Search ‘prevent’ [TIAB] 8219 1660
#12  Search ‘prevention’ [TIAB] 12956 1367
#11  Search(#5) AND (#10) 4151 2185
#10  Search (#6) OR (#7) OR (#8) OR (#9) 73052 62290
#9 Search ‘female’ [TIAB] 14981 15682
#8 Search ‘training’ [TIAB] 9806 24398
#7 Search ‘neuromuscular’ [TIAB] 1412 2278
#6 Search ‘prospective’ [TIAB] 50692 20738
#5  Search (#1) OR (#2) OR (#3) OR (#4) 12480 53232
#4 Search ‘ACL’ [TIAB] 411 1001
#3 Search ‘anterior cruciate ligament’ [TIAB] 554 4001
#2 Search ‘knee’ [TIAB] 4827 17026
#1 Search “injury’ [TIAB] 7824 33140

Page 18

Date were limited from 1 January 1995 to 31 December 2011. Language was limited in English. Species were limited in humans. Sex was limited

in female. CINAHL, MEDLINE and SPORT Discus were included in the EBSCO search. TIAB, title and abstract.
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