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M
oderate evidence1 demonstrates that injury-pre-
vention training programs can substantially
reduce the risk of anterior cruciate ligament

(ACL) injury in athletes. Yet the current literature2–4

contains both positive and negative results for ACL injury
prevention. Researchers must identify the prospective risk
factors for noncontact/indirect-contact ACL injury to
ultimately improve the effectiveness of existing ACL
injury-prevention programs.

PROSPECTIVE RISK FACTORS VERSUS
MECHANISMS OF INJURY

A critical distinction needs to be made when describing
prospective risk factors for ACL injury. This involves
differentiating between ACL injury mechanisms and
prospective risk factors. An ACL injury mechanism can
be defined as the combinations of joint forces, moments,
and movements that cause failure of the ACL and occur at
the time of injury. However, ACL injury prospective risk
factors are variables that are useful for screening purposes.
Also, prospective risk factors for ACL injury are not
necessarily the same as mechanisms of ACL injury or
loading. Prospective risk factors are variables that can be
identified years before an ACL injury mechanism is
experienced. Therefore, prospective risk factors for ACL
injury can be defined as those variables (eg, signature
movement patterns, age, sex, injury history) that identify
individuals who will later experience an ACL injury
mechanism.

Risk factors and injury mechanisms are related in 2
ways. First, risk factors may work in a synergistic manner
to raise the probability that a certain individual is exposed
to high-risk biomechanical forces that create injury
mechanisms. For example, knee laxity and poor neuro-
muscular control of the hamstrings muscles are indepen-
dent risk factors that might interact to increase the
probability of an injury mechanism occurring. Second,
risk factors might be ‘‘proxies’’ or ‘‘markers’’ for unknown
factors that predispose an individual to injury mechanisms;
for example, sex may be a proxy for poor neuromuscular
control in high school-aged athletes.

Improving our understanding of mechanisms for ACL
injury has been accomplished through cadaver-based and
computer-simulation research. Cadaver-based research has
provided insight into how internal and external loads at the
knee may facilitate stress and strain on the ACL.5–7

Recently, computer simulations of ACL loading mecha-

nisms have enhanced our understanding of the loading
combination most likely to facilitate an ACL injury
mechanism.8–13 Even though cadaver-based and comput-
er-simulation–based research has greatly improved our
understanding of ACL injury mechanisms, this research
does not identify prospective risk factors. Thus, we still
have a very limited understanding of prospective risk
factors for ACL injury because injury mechanisms and
prospective risk factors, although related, are not identical.

The prospective cohort design is considered the strongest
method for identifying prospective risk factors for ACL
injury.14 This design requires testing of participants before
they experience an ACL injury mechanism, which allows
for a preinjury profile of each participant to be established.
Only 2 prospective cohort studies15,16 have been performed
to investigate biomechanical and neuromuscular charac-
teristics related to ACL injury. Hewett et al15 demonstrated
that increased external knee abduction (valgus) moment
during a drop-landing task was a prospective risk factor for
ACL injury. The sensitivity and specificity of increased
external knee-abduction moment were 78% and 67%,
respectively. Zazulak et al16 showed that increased trunk
motion after a sudden force release was also a prospective
risk factor for sustaining an ACL injury mechanism. The
associated sensitivity and specificity for increased trunk
motion after a sudden force release were 83% and 76%,
respectively. These studies provide significant insight into
prospective risk factors for ACL injury involving biome-
chanical and neuromuscular characteristics; however, a
major limitation is the small number of injury events
reported in both studies. Hewett et al15 observed a total of
9 ACL injuries, whereas Zazulak et al16 observed only 6
ACL injuries. Thus, more prospective cohort studies
investigating biomechanical and neuromuscular character-
istics associated with ACL injury are critically needed.

Overall, the occurrence of noncontact/indirect-contact
ACL injuries is relatively rare. In the general population, the
rates of these injuries are 0.52 and 0.62 per 100 000 athlete-
hours in females and males, respectively.17 The incidence of
ACL injuries is greater when considering specific popula-
tions. For example, the incidence of ACL injuries in female
youth soccer players is 1 per 1000 athlete-hours.17 However,
even in young, physically active populations, a large number
of participants (approximately 5000) would be required to
record enough ACL injury events to effectively identify
prospective risk factors. Collaborative multisite studies are
needed to efficiently test a sample size of this magnitude in a
reasonable time period.
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IDENTIFYING PROSPECTIVE RISK FACTORS FOR
NONCONTACT/INDIRECT-CONTACT ACL INJURY

The Joint Undertaking to Monitor and Prevent ACL
Injury (JUMP-ACL) is a multisite prospective cohort study
investigating biomechanical and neuromuscular risk fac-
tors for noncontact/indirect-contact ACL injuries. Approx-
imately 5500 volunteers were tested between 2005 and
2008. For the JUMP-ACL study, we have developed
testing methods to effectively collect valid and reliable
biomechanical and neuromuscular data involving 3-dimen-
sional motion analysis, strength, and postural alignment in
a large number of participants across multiple testing sites.
We propose 5 key steps to consider for successful data
collection in this type of study:

1) Develop an Interdisciplinary Team

It is critical to develop an interdisciplinary research team
that has expertise and experience in all areas important to
your study. For the JUMP-ACL study, we included experts
in the areas of epidemiology, public health, biostatistics,
biomechanics, motor control, sports medicine, and ortho-
paedics. Each team member should provide insight into
prioritizing the risk factors to study and refine your testing
procedures. In multisite studies, it is vital to have members
of your research team on-site at the testing location. These
individuals play an important role in the study’s day-to-day
operations and serve as the ‘‘public face’’ of the study team
during those time periods when data are not being actively
collected on-site. The administrative burden of large,
prospective, multisite studies is significant; thus, identifying
someone to serve as the project manager or study
coordinator is necessary for success. This person should
have sufficient experience with large-scale studies per-
formed across multiple sites. The final consideration for
developing an interdisciplinary team is to identify research
assistants who will invest in the study and consistently
work as part of the study team throughout the study’s
duration. Retaining these key personnel will allow for
consistency in data-collection procedures and a well-
established chain of command.

2) Have a Clear (but Flexible) Plan

Before beginning data collection, each research team
member should have a designated set of responsibilities.
These responsibilities should include key tasks to be
completed before, during, and after data collection on a
daily basis. It is important to not only focus on those duties
related to data collection but also to develop responsibil-
ities related to administrative tasks associated with the
study. These responsibilities and testing procedures should
then be reviewed and confirmed with the on-site research
team members to ensure that all parties understand and
agree to the study procedures.

A unique aspect of multisite studies is that the plan for
data collection will likely differ at each testing site. Each
site has its own set of unique competing demands that the
research team must consider. Thus, the research team must
develop a site-specific set of testing procedures and
responsibilities, which is best accomplished by conducting
pilot testing at each site before full-scale data collection
begins. This will enable the research team to identify the

site-specific constraints at each testing site and to develop
the most robust plan to ensure success.

3) Provide Extensive Training and Preliminary
Testing

A detailed manual of operating procedures (MOOP)
should be developed before preliminary testing and data
collection. The MOOP should provide a step-by-step
process of calibrating, testing, and troubleshooting for each
of the testing procedures involved with the study. After
developing the MOOP, the entire research team should
attend a mandatory training session at which all information
within the MOOP is reviewed. Preliminary testing should
then be performed to ensure that all research team members
are precisely following the testing procedures as outlined
within the MOOP. As part of the preliminary testing
schedule, the research team should develop methods to
assess intertester reliability, both during preliminary testing
and during actual data collection.

4) Establish Quality-Control Measures

The research team should put in place a series of quality-
control measures cueing research assistants to review the
data being collected to ensure validity and reliability. First,
the research assistant performing data collection at each
testing site should be identified on the data-collection form.
This helps to ensure that the research assistant takes
responsibility for the data he or she is collecting and allows
the research team to identify the possibility of tester bias
within the data. Second, a range of expected values for
each variable should be listed on the data-collection form
the research assistant uses to record the testing values. This
permits the research assistant to compare the recorded data
with preestablished normal ranges and to help ensure data
quality. Third, the maximum allowable range between
successive trials should also be listed on the data-collection
form. This will allow the research assistant to ensure that
participants are providing consistent data across trials. Our
allowable range values between trials were established by
determining the SDs for each measurement based on our
preliminary data (approximately 1000 participants). We
then set allowable range values across trials to be equal to
the 1-SD value for each measurement. Fourth, create blank
space on your data-collection form to allow the research
assistant space for taking notes. Unexpected circumstances
often arise when collecting data from a large number of
volunteers; thus, providing blank space for field notes will
allow the research team to later identify these cases. An on-
site notebook for data-collection notes is also essential.
Last, if large numbers of participants are to be tested,
create a data-collection form that can be later scanned into
a data spreadsheet, using software such as TeleForms
(Teleforms Inc, Winnipeg, MB, Canada). This will help to
eliminate expensive data-entry errors and minimize data-
entry costs over the long term.

5) Develop Clear and Consistent Injury Definitions

The ultimate goal of a prospective cohort study is to
identify individuals who go on to experience injury. Thus,
the research team must establish clear operational defini-
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tions for the injury and injury event. For the JUMP-ACL
study, an ACL injury was defined as a tear or rupture of the
ACL that was verified (1) during surgery or (2) by magnetic
resonance imaging and clinical examination (in those cases
where nonsurgical intervention was selected). Also, it is
critical to collect full details of the injury event because the
prospective risk factors for ACL injuries involving direct
contact to the knee may be quite different than for ACL
injuries that do not involve direct contact. For the JUMP-
ACL study, the primary endpoint was a noncontact/
indirect-contact ACL injury, defined as involving a cogni-
tive or physical perturbation but not involving direct
impact to the knee. An indirect contact event, in which the
injured athlete was pushed or knocked off balance by an
opponent but without forceful direct contact to the knee, is
an example of a physical perturbation.

After developing clear definitions for injuries and injury
events, it is important to ensure that these definitions are
consistently applied over the course of the study. Multiple
checks should be in place to ensure all injury cases are
recorded. For example, injury cases can be captured by
reports from the orthopaedic surgeon along with review of
medical records. A respondent questionnaire should also
be completed by all individuals who experience an ACL
injury. This will allow the research team to review the
injury events as described by the patient and better
determine whether the mechanism of injury was direct
contact or noncontact/indirect contact. In the JUMP-ACL
study, we were able to use the Defense Medical Epidemi-
ology Database (DMED) as an additional source to help
identify injuries. Finally, a single person should be
responsible for medical-record abstraction and verifying
all injury cases and events. This will allow for consistency
across multiple sites.

ROLE OF PROSPECTIVE RISK FACTORS AND
INJURY MECHANISMS IN ACL INJURY PREVENTION

Following these 5 steps will help to facilitate successful
data collection during a prospective cohort study across
multiple sites. As previously stated, continued research in
this area is needed to identify modifiable prospective risk
factors for ACL injury. Both identifying prospective risk
factors and understanding the mechanisms of ACL injury
are necessary to develop effective ACL injury-prevention
programs. Because prospective risk factors and mecha-
nisms for ACL injury are related but are not identical, we
must have a strong understanding of both. Successful ACL
injury-prevention programs will likely need to address both
the prospective risk factors and the mechanisms associated
with ACL injury.
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