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Background

The 11+ program prevents anterior cruciate ligament (ACL) injuries in athletes through
unknown mechanisms.

Purpose

The aim of the current study was to evaluate the effects of The 11+ intervention program,
performed by female soccer players during a single season, on the frequency of Early
Peaks during athletic tasks.

Methods

Three teams (69 players) of collegiate female soccer athletes (Divisions I and IT) were
recruited. Two teams (49 players) volunteered to perform The 11+ three times per week
for one season (~22 weeks plus three weeks pre-season), and one team (20 players) served
as controls. The athletes performed three repetitions of a cutting maneuver, side shuffle
direction change, and forwards to backwards running direction change before and after
the competitive season and were recorded using marker-based 3D motion capture. Knee
valgus moment time series were calculated for each repetition with inverse kinematics
and classified as either “Very Early Peak”, “Early Peak” or “other” using cluster analysis.
The classification was based timing of the peak relative to the timing of ACL injuries. The
effect of the intervention on the frequency of Very Early Peaks and Early Peaks was
evaluated with a mixed Poisson regression controlling for the movement task and
pre-season frequency.

Results

The 11+ intervention reduced the frequency of Early Peak knee valgus moment in one
intervention team (coefficient = -1.16, p = 0.004), but not the other (coefficient = -0.01, p
=0.977). No effect was observed on the frequency of Very Early Peak knee valgus
moment.

Conclusions

Reduced frequency of knee valgus moment Early Peak during athletic tasks may explain
the mechanism by which The 11+ program decreases risk of ACL injury. Prospective
studies with a much larger sample size are required to establish a link between Early Peak
knee valgus moments and risk of ACL injury.

Level of evidence
2b
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INTRODUCTION

Anterior cruciate ligament (ACL) injuries can be career-
ending for athletes,! and have life-long health conse-
quences? and economic costs.3 As such, prevention of ACL
injuries has immense potential benefits which have fueled
enough research to support both a meta-analysis of meta-
analyses# as well as a Clinical Practice Guideline.5 One of
the most effective programs, The 11+ has been shown to
have a numbers needed to treat value of 70,® preventing
about one injury every three seasons for a 20 person male
roster. This benefit comes from the investment of 20 min-
utes into a warm-up program which is performed before
training and games.® Unfortunately, coaches see the high
cost of implementation as a barrier.”8 Since the majority of
coaches who implement prevention programs only imple-
ment parts of programs? the time required to perform the
program is likely perceived by coaches as too long.

Prevention programs would be more efficient if high-
risk athletes could be directly targeted. Targeting is the-
oretically possible as the mechanisms of ACL injury are
well understood.10 The complex interplay of forces that
tear the ACL,10 as well as the gameplay situations and
kinematics occurring during the injury event are well de-
scribed.!1=15 Prospective studies have not, however, iden-
tified strong risk-factors that are consistent with the injury
mechanism.!6~19 There is a gap between injury mechanism
studies and prospective risk factor studies as the latter have
not accounted for the timing of injury in their search.16-19

Two variables are crucial in the injury mechanism and
should be accounted for: time and force. The ACL injury oc-
curs quickly after ground contact!! and one of the forces
that tear the ACL is the knee valgus moment.29 A cluster
analysis method has been developed that has identified
early peaks in knee valgus moments (simply referred to as
Early Peaks in this manuscript) with timing consistent with
the ACL injury?! and therefore is a potential risk factor for
ACL injury. It has been shown that kinematics observed
during ACL injuries are associated with the frequency of
Early Peaks,2? further strengthening the case for Early
Peaks as a risk factor for ACL injury. As ACL injuries are rel-
atively rare with only about two injuries per 10000 hours
of participation for females,23 prospective studies require
either large sample sizes or very long follow-ups for sta-
tistically robust results. Strong evidence for potential risk
factors built from basic science on ACL injury mechanisms
should precede prospective risk factor studies.

The case for Early Peaks as a potential risk factor would
be strengthened if intervention programs known to de-
crease the risk of ACL injury could decrease the frequency
of Early Peaks observed using laboratory-based motion
analysis. The aim of the current study was to evaluate the
effects of The 11+ intervention program, performed by fe-
male soccer players during a single season, on the fre-
quency of Early Peaks during athletic tasks. It was hypoth-
esized that The 11+ program decreases the frequency of
Early Peaks in valgus moments in female collegiate soccer
players.

METHODS

This is a secondary analysis of a completed prospective
cohort study on the effects of The 11+24 on kinetics and
kinematics of several tasks.2> All procedures were approved
by the Institutional Review Board at the University of
Delaware. Subjects were given written and verbal descrip-
tions of all study protocols and signed an informed consent.
A convenience sample of 10 female collegiate soccer teams
were invited to participate in the study. Three teams (NCAA
Division I and II) accepted, out of which two (Division I)
volunteered to implement The 11+ program and one team
(Division II) volunteered to serve as a control. The teams
were therefore not randomized but assigned based on their
own preference. All participants for whom data was avail-
able for both pre- and post-season motion capture were
used for this analysis.

DATA COLLECTION

Anatomical markers were placed on the pelvis (iliac crests),
thigh, shank, and feet to create a lower extremity muscu-
loskeletal model. Tracking markers attached to rigid shells
were placed on the pelvis, thighs, and shanks and secured
with elastic wraps. Tracking markers were additionally
placed on the heels of the shoes. An overview of the mark-
ers and musculoskeletal model is provided in Figure 1. All
markers were placed by the same person for all data col-
lections. The person placing the markers had additionally
passed the reliability training measures used by the lab
to ensure consistency. Marker trajectories were tracked at
240Hz using an eight-camera motion capture system (Vi-
con, Oxford Metrics Ltd, London, England). Force data were
captured with a 6-component embedded force place
(Bertec, Worthington, Ohio, USA) sampling at 960Hz.

The athletes hit the force plate three times with each leg
for each of three different change of direction tasks. Greater
approach speed has been shown to influence the knee val-
gus moment during cutting maneuvers.26 Approach speed
during the tasks was therefore not controlled but athletes
were encouraged to perform the movements with maximum
speed and intensity. The movements were:

a) Running forward-to-running backward change of di-
rection. The athlete ran forward about 3m until they
reached a force plate and pushed off it to change direction
and run backward as fast as possible.

b) Lateral shuffle change of direction. The athlete did
lateral shuffles for about 4 strides until they reached a force
plate and pushed off it to switch directions to do lateral
shuffles in the opposite direction. The leading leg was used
to change directions and was the trailing leg after the di-
rection change.

C) Cutting maneuver. The athlete ran forwards for about
3m until they reached a force plate and pushed off it to
achieve a 90° cut away from the stance leg.

INTERVENTION

The 11+24 intervention was led by team personnel (coach
/ athletic trainer). Teams were instructed to perform the
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Figure 1. Marker setup and model created in Visual3D.

intervention as described by FIFA Medicine Handbook
(https://www.fifamedicalnetwork.com/wp-content/up-
loads/cdn/11plus_workbook_e.pdf). Team staff was sup-
ported by one in-person educational session provided by a
researcher highly qualified in the implementation of injury
prevention programs at the start of the study, provided with
written materials, and a program DVD. Team staff involved
with the intervention were given the option to contact the
researchers with any questions or concerns regarding the
intervention. The program was used during the three-week
pre-season and during approximately 22 weeks of the sea-
son, but not during the off-season or into the play offs. The
teams were contacted in order to gather information re-
garding whether they were actively utilizing the interven-
tion program, but no other information regarding compli-
ance was collected.

DATA PROCESSING

Marker trajectories were used to fit a seven-segment mus-
culoskeletal model using the six degree-of-freedom
method. Knee joint moments were calculated using inverse
dynamics on raw marker and force plate data and normal-
ized by weight (kg) * height (m). The external knee joint
moment is described in this analysis.

The calculated moment was low pass filtered. A low pass
filter cut-off frequency that retains the curve shape of the
ground impact while also reducing the complexity of the
signal is required for the cluster analysis step. A fast Fourier
transform spectrum analysis was carried out on two ran-
domly selected trials. It was found that most of the signal
content was contained in frequencies below 24Hz. However,
a low pass filter cutoff of 6Hz was necessary to perform
the cluster analysis. The amplitude of the ground impact is

therefore greatly affected by the filter. However, the shape
of the waveform is retained.

CLUSTER ANALYSIS

Injuries to the ACL occur shortly after ground contact. The
first 80ms of stance was used for cluster analysis to allow
identification of knee moment peaks at or before 60ms.
Cluster analysis was conducted similarly to previous stud-
ies2122 where the time series were first transformed into
the signed difference. Thus, the only information being
clustered on was changes in direction of the signal (increas-
ing or decreasing). The Euclidean distance was used as the
distance metric and the ward d227 algorithm used to create
clusters.

The C-Index was used to determine the fit of the clus-
tering process and the appropriate number of clusters cre-
ated. The C-Index is the ratio of the sum of distances within
clusters minus the smallest distance observed, to the dif-
ference between the largest and smallest distances in the
data set.28 Values closer to zero represent better clustering.
The number of clusters to analyze was chosen as the ‘elbow’
of the C-Index plot, the point where adding more clusters
starts to have diminishing returns in fit.

The relevant waveform for the ACL injury mechanism is
an early peak in the knee valgus moment. Previous studies
with cluster analysis on knee valgus moment data?! have
shown that some of the clusters identified will show the rel-
evant early peak shapes, and some will not. Furthermore,
the timing of the peak knee valgus moment can be variable.
For those reasons, a visual inspection was used to create
subgroups which are similar in terms of whether or not an
early peak knee valgus moment is present. For this analy-
sis, subgroups of waveforms was also created depending on
if the timing of the peak is before or after 40ms, which has
been identified as the timeframe where an ACL injury is
most likely to occur.!!

STATISTICS

The main outcome measure was how frequently cluster
waveforms with peaks before 80ms were observed. Since
differences between legs were not important for this analy-
sis, legs were pooled for the analysis. To determine the ef-
fects of the intervention on the number of Early Peak knee
valgus moments, a mixed linear regression with a Poisson
link function was used.2? A regression model was calcu-
lated for each Early Peak type identified with potential rel-
evance for ACL injury. The number of times each waveform
was observed (integer scale of 0-6) after the intervention
season was the dependent variable. Independent variables
were the teams (three categories), the number of times each
waveform was observed at the pre-season data collection
(integer scale of 0-6, and the movement task (three cate-
gories). All independent variables were tested as main ef-
fects and no interactions were included in the statistical
models. The random variable was each individual athlete as
a random intercept. Primary hypothesis testing was done
comparing models with and without the inclusion of the ef-
fect of team using a Chi squared test. The primary effect
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69 athletes recruited
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Figure 2. Flow of subjects through the study.

Athletes were excluded from the analysis if they were unable to complete both follow-ups, or had no usable data.

size is the increase in fixed-effect R*2 (lognormal) of
adding the effect of team to the model and was calculated
using the MuMIn package.30 Post-hoc testing to compare
the different teams was performed using the Satterth-
waite’s method implemented with the ImerTest package3!
when the primary hypothesis test was significant. Alpha
was 0.05.

RESULTS
SUBJECTS

A total of 69 athletes were recruited. The intervention
teams confirmed that the intervention was carried out an
average of 2.2 times per week. Three subjects enrolled in
the study but did not attend any data collections. One data
file was missing. Data from 65 subjects was available for
the pre-season motion testing: 20 control athletes, 22 from
intervention team 1, and 23 from intervention team 2. An
overview of the flow of subjects through the study is shown
in Figure 2. Eight subjects (three controls, four interven-
tion) did not attend the post season testing due to injury
and one subject did not complete any of the test move-
ments analyzed in this study. All available data were used
for the cluster analysis, 2190 trials from 67 subjects. A total
of 57 athletes had complete data for both pre- and post-sea-
son testing and were used for the statistical analysis.

CLUSTER ANALYSIS

Consistent with previous studies,2! seven clusters were
formed (Appendix A, Figure 1) with a C-index of 0.05 (Fig-
ure 3) for the seven cluster solution. Visual inspection re-
vealed three distinct shapes (Figure 4) two of which had
potential relevance to the ACL injury mechanism. Similar
clusters were therefore merged into the categories Very
Early Peaks (peaks occurring within 40 ms, two clusters)
and Early Peaks (peaks occurring between 40 and 60ms, one
cluster). The remaining four clusters were categorized as
‘other’. The mean frequency of each cluster by season and
team are shown in Table 1.

FREQUENCY OF VERY EARLY PEAKS

The model for Very Early Peaks (within 40ms of ground con-
tact) had an R*2 of 0.57 for the full model, and 0.17 for the
fixed effects. The R"2 increase of adding the intervention
effect was 0.03 (p = 0.363). Full model results are reported
in Table 2. Very Early Peaks frequency was similar across
movement tasks. Pre-season frequency was associated with
post-season frequency. However, there was no effect of the
intervention on Very Early Peak frequencies.

FREQUENCY OF EARLY PEAKS

The model for Early Peaks (peaks between 40 and 60 ms af-
ter ground contact) had an R*2 of 0.45 for the full model
and 0.34 for the fixed effects. The R*2 increase of adding
the intervention effect was 0.15 (p = 0.004). Full model re-
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Table 1. Mean frequency of Very Early Peaks (within
40ms after ground contact) and Early Peaks (between
40-60 ms after ground contact) of knee valgus
moments for each team.

Very Early Peaks
Team Pre-season Post-season
Control 2.60 1.81
Intervention team 1 1.30 1.52
Intervention team 2 2.04 1.28
Early Peaks
Team Pre-season Post-season
Control 0.95 0.75
Intervention team 1 0.54 0.60
Intervention team 2 0.29 0.16
Others
Team Pre-season Post-season
Control 241 3.37
Intervention team 1 4.12 3.75
Intervention team 2 3.65 4.46

Note: Numbers are the average frequency of each knee valgus moment cluster. Frequen-
cies are averaged across three different movement tasks and both feet within the team.

0.2 1

C-Index

0.1

2 4 6 8 10 12
Number of clusters

Figure 3. C-Index by number of clusters.

The C-Index is a ratio of the summed distances within clusters minus the smallest dis-
tance in the data set, to the difference of the largest and smallest distances.

sults are reported in Table 3. Early Peaks were more com-
mon for lateral shuffles than the other movement tasks.
Pre-season frequency was associated with post-season fre-
quency. One of the two intervention teams had a lower fre-
quency of Early Peaks following the intervention, but the
other did not.

DISCUSSION

The main results of the study were that The 11+ inter-
vention reduced the frequency of Early Peaks for interven-
tion team 2, but not intervention team 1. The effect was
modest, explaining just shy of 20% of the variance in Early
Peak frequency. No intervention effect was observed on the
number of Very Early Peaks. Adherence to the intervention
may explain why only one of the teams had a reduced fre-
quency of Early Peaks. The teams were asked how often
they performed the intervention. However, the adherence
to the program in terms of the number of exercises com-
pleted or other parameters regarding the specific execution
of the program was not evaluated.

The 11+ program has been shown to reduce the relative
risk of ACL injuries in male soccer players to about 1/4th
that of control athletes,® and the risk of acute severe knee
injuries in female athletes by almost half.24 Although the
efficacy of the program to prevent female ACL injuries has,
to the author’s knowledge, not been reported, the injury
preventative effects are similar in magnitude to the reduc-
tion in Early Peak frequency observed in intervention team
2; a 45% decrease post-intervention (Table 1). Two previous
analyses from the same sample did not find evidence of a
mechanism of effectiveness of The 11+,2%:32 but those stud-
ies used peak values during weight acceptance.25,52

Extracting peak values is common practice in biome-
chanics studies and is how risk factors have been identified
by prospective studies.!316:17 Two characteristics of ACL
injuries makes the peak extraction method problematic:
timing and rarity. The extracted peaks generally occur later
in the stance phase than an ACL injury would.33 And since
the ACL injury is a rare event during a common move-
ment,23 it is likely that some element of rarity also applies
to potential risk factors. After all, if the risk factor occurs
all the time, why doesn’t the ACL injury? The Early Peaks in
the current study are not limited by these aspects. The tim-
ing of the Early Peak is consistent with the timing of ACL
injury,!! and Early Peaks were the least common waveform
- occurring only in 9% of trials.

The lateral shuffle had the highest frequency of Early
Peaks in this study. The lateral shuffle change of direction
includes a strong hip-abduction but no rotational compo-
nent.34 Studies have suggested that hip abductor muscles
are able to reduce the knee valgus moment.3> Although
speculative without direct evidence, higher demand on
those muscles may explain the higher frequency of Early
Peaks. The lateral shuffle was also the only test movement
not specifically trained in The 11+,24 which may contribute
to a higher frequency of Early Peaks if training the other
movements has reduced their Early Peak frequency. Change
of direction tasks that place higher demands on the hip ab-
ductor muscles may be ideal tasks for biomechanical stud-
ies on ACL injury risk. However, this study was not suf-
ficiently powered to examine the interaction between the
different tasks and the intervention to assess if the two
movements trained with The 11+ had greater reductions in
Early Peak frequency than the lateral shuffle change of di-
rection.

International Journal of Sports Physical Therapy


https://ijspt.scholasticahq.com/article/36524-don-t-peak-too-early-evidence-for-an-acl-injury-prevention-mechanism-of-the-11-program/attachment/92858.png

Don’t Peak Too Early: Evidence for an ACL Injury Prevention Mechanism of the 11+ Program

EarlyPeaks Other VeryEarlyPeaks
0.50
B 025
14

£

X

=]

=

£

Z 04 0.00

-

£

]

£

=]

=

o)

3

o

S
-0.256

8 0.2

=

X
-0.50

0.0 14
20 40 60 80 20 60 80 20 40 60 80

Stance phase duration (ms)

Figure 4. The three cluster groups of the knee valgus moment.

Two clusters were merged for form Very Early Peaks. Early Peaks were a single cluster (no merger). The remaining four clusters were merged into Other. Clusters were created using
signed differences, but the figure shows the normalized knee moment. Light gray shades show the range, dark gray shades show 1 standard deviation, black line shows the mean. Y-

axis scales are varying to emphasize the different shapes.

Table 2. Mixed Poisson regression for the frequency of Very Early Peak knee valgus moments.

Model effects Coefficient Std. Error 95% Cl p-value
Lower Upper

Intercept -0.29 0.27 -0.83 0.21 0.270
Intervention team 1 -0.02 0.29 -0.61 0.57 0.957
Intervention team 2 -0.35 0.28 -0.94 0.21 0.216
Pre-season frequency 0.21 0.05 0.11 0.31 <0.001
Cutting maneuver 0.21 0.17 -0.12 0.56 0.217
Lateral Shuffle 0.11 0.17 -0.22 0.46 0.505

Frequency of Very Early Peaks at the post-season data collection is the dependent variable. Intervention team coefficients are compared to the control team. The cutting maneuver

and lateral shuffle are compared to the anterior-posterior direction change.

LIMITATIONS

This secondary analysis is subject to several limitations
that affect the generalizability of the findings. Only one of
the two intervention teams saw a large effect consistent
with the expected magnitude of change from injury preven-
tion studies,® while the other team had no effects. As ex-
plained above, this may be due to adherence to the inter-
vention protocol.

Only three trials were collected per movement. As is
common with motion capture, not all participants had

three valid trials due to technical difficulties which were
only evident in post-processing. This results in the poten-
tial for under-estimatation of the frequency of each wave-
form since some collections will have a maximum fre-
quency of two but others three. Previous studies have
shown that Early Peak waveforms are relatively rarel8:21
which was also true for Early Peaks in this study. Collecting
three trials per movement is likely not sufficient to reflect
the true Early Peak frequency of the athlete.

It is likely that athletes with higher pre-season frequen-
cies of Early Peaks would display greater decreases due to
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Table 3. Mixed Poisson regression for the frequency of Early Peak knee valgus moments.

Model effects Coefficient Std. Error 95% ClI p-value
Lower Upper

Intercept -1.19 0.34 -1.36 -0.08 <0.001
Intervention team 1 -0.01 0.31 -0.91 0.71 0.977
Intervention team 2 -1.16 0.40 -1.76 -0.09 0.004
Pre-season frequency 0.31 0.10 0.04 0.22 0.003
Cutting maneuver 0.03 0.34 0.01 0.61 0.919
Lateral Shuffle 0.79 0.28 0.42 0.98 0.005

Frequency of Early Peaks at the post-season data collection is the dependent variable. Intervention team coefficients are compared to the control team. The cutting maneuver and

lateral shuffle are compared to the anterior-posterior direction change.

the intervention compared to athletes with baseline lower
frequencies since a similar pattern has been observed with
the landing error scoring system.3¢ This interaction effect
between the pre-season knee valgus moment Early Peak
frequency during athletic tasks and the intervention was
not included in the analysis as the statistical models failed
to converge on a solution due to the small sample size.

CONCLUSIONS

Post-intervention reductions in the number of early peak
knee valgus moments seen in some athletes during athletic
tasks may explain a mechanism of effect of The 11+ inter-
vention program. Future studies are required to establish
a link between early peak knee valgus moment counts and
risk of ACL injury. Future studies should include tasks more
likely to result in a higher frequency of knee valgus mo-
ment early peaks, and with enough repetitions to reflect
how frequently each athlete displays knee valgus moment
early peaks.
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