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Gender has been identified as a risk factor for non-contact anterior cruciate ligament (ACL) injuries.

Although some possible biomechanical risk factors underlying the gender differences in the risk for
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non-contact ACL injuries have been identified, they have not been quantitatively confirmed yet because

of the descriptive nature of the traditional epidemiological methods. The purpose of this study was to

validate a stochastic biomechanical model for the risk and risk factors for non-contact ACL injuries. An

ACL loading model was developed and instrumented to a Monte Carlo simulation to estimate the ACL

injury rate for a stop–jump task in which non-contact ACL injuries frequently occur. Density

distributions of independent variables of the ACL loading model were determined from in-vivo data

of 40 male and 40 female athletes when performing the stop–jump task. A non-contact ACL injury was

defined as the peak ACL loading being greater than 2250 N for males and 1800 N for females. The

female-to-male non-contact ACL injury rate ratio was determined as the ratio of the probability of ACL

ruptures of females to that of males. The female-to-male non-contact ACL injury rate ratio predicted by

the stochastic biomechanical model was 4.96 (SD ¼ 0.22). The predicted knee flexion angle at the peak

ACL loading in the simulated injury trials was 22.0 (SD ¼ 8.0) degrees for males and 24.9 (SD ¼ 5.6)

degrees for females. The stochastic biomechanical model for non-contact ACL injuries developed in the

present study accurately predicted the female-to-male injury rate ratio for non-contact ACL injuries and

one of the kinematic characteristics of the injury.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Anterior cruciate ligament (ACL) tear is one of the most
common knee injuries in sports (Griffin et al., 2006). The majority
of ACL injuries occur with a non-contact mechanism (Boden et al.,
2000) and can be potentially prevented (Griffin et al., 2006).
Significant research efforts have been made in the last decade to
determine modifiable risk factors of sustaining non-contact ACL
injuries so prevention strategies can be developed. Although
previous studies have indicated that biomechanical factors such
as increased knee valgus moment, quadriceps muscle activation,
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and proximal anterior tibia shear force may be risk factors for
non-contact ACL injuries (Malinzak et al., 2001; Chappell et al.,
2002; Ford et al., 2003; Sell et al., 2007), a recent extensive
literature review (Yu and Garrett, 2007) failed to find any
convincing scientific evidence to support a cause-and-effect
relationship between those proposed risk factors and non-contact
ACL injuries.

The lack of scientific confirmation of biomechanical risk factors
for non-contact ACL injuries is mainly due to a lack of effective
and efficient research methods for identifying risk factors. The
longitudinal cohort research design is the most commonly used
traditional epidemiological method for identifying risk factors for
an injury or disease. The studies using the longitudinal cohort
design are usually complicated, labor intensive, time consuming,
and expensive because of the need to test and follow a large group
of subjects for a long time period to obtain a certain number of
injury cases (Portney and Watkins, 2000). In addition, the results
l model for risk and risk factors of non-contact anterior cruciate
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of the studies using the traditional cohort design are descriptive
and lack cause-and-effect relationships between risk factors and
the risk of an injury or disease (Portney and Watkins, 2000).

Stochastic biomechanical modeling is an effective and efficient
research method for investigating the random outcomes of
human movement (Hughes and An, 1997). This method allows
investigators to determine the risk for an injury without following
subjects to obtain actual injury cases. This enables the execution
of the study to be less complicated, less labor intensive, less time
consuming, and less expensive in comparison to traditional
epidemiological methods. Also, stochastic biomechanical model-
ing method allows investigators to identify risk factors with
cause-and-effect relationships to the injury in the absence of any
observed injuries.

Stochastic biomechanical modeling method has been success-
fully applied to studies on the variation of human movements and
prevention of a variety of musculoskeletal system injuries
(Davidson et al., 2004; Langenderfer et al., 2006; McLean et al.,
2004; Mirka and Marras, 1993; Santos and Valero-Cuevas, 2004;
Valero-Cuevas et al., 2003). Stochastic biomechanical modeling
methods have also been applied to recent research pertaining to
ACL injury prevention. McLean et al. (2004) estimated the
variation of ACL loading in a sidestep cut task using a stochastic
biomechanical model. Garrett and Yu (2004) also examined the
effects of proximal tibia anterior shear force and knee valgus–
varus and internal–external rotation moments on ACL loading
using a stochastic biomechanical modeling approach.

The purpose of this study was to validate a stochastic
biomechanical model to predict the risk (injury rate or probability
for injury) and risk factors (factors that contribute to the risk) for
non-contact ACL injuries. We hypothesized that the female-to-
male non-contact ACL injury rate ratio estimated using the
stochastic biomechanical model proposed in this study would
be similar to that determined using traditional epidemiological
methods. We also hypothesized that the injury characteristics
estimated by the Monte Carlo simulation using the stochastic
biomechanical model proposed in this study would be similar to
those reported in the literature.
2. Materials and methods

A total of 40 male and 40 female recreational athletes without known history

of lower extremity disorders were recruited as the subjects for this study (Table 1).

A recreational athlete was defined as a person who played basketball, soccer,

volleyball, and lacrosse at least 3 times per week for a total of at least 6 h per week

without following a professionally designed training program. The use of human

subjects was approved by the Biomedical Internal Review Board of the University.

Each subject was asked to perform five successful trials of a stop–jump task

that consisted of an approach run of 4–5 steps with maximum effort followed by a

two-footed landing, and an immediate two-footed vertical jump for maximum

height (Yu et al., 2006). The subjects were asked to perform the stop–jump task as

they would naturally do for a jump shot or grabbing a rebound in basketball. The

specific techniques of the stop–jump task were not demonstrated to subjects to

avoid a coaching effect. A videographic and analog acquisition system with 6 video

cameras (Peak Performance Technology, Inc., Englewood, CO, USA) and 2 force

plates (Bertec Corporation, Worthington, OH, USA) were used to collect 3-D

coordinates of reflective markers on critical body landmarks at a sampling rate of

120 frames/s and ground reaction forces during each trial at a sampling rate of

2000 samples/channel/s.

A telemetry electromyographic (EMG) data acquisition system (Konigsburg

Instruments, Pasadena, CA, USA) was used to collect EMG signals of the
Table 1
Subject age, body mass, and standing height.

Age (years) Body mass (kg) Standing height (m)

Male (SD) 22.4 (3.1) 78.8 (9.4) 1.78 (0.06)

Female (SD) 23.2 (2.7) 60.1 (11.5) 1.63 (0.07)

Please cite this article as: Lin, C.-F., et al., A stochastic biomechanica
ligament injuries. Journal of Biomechanics (2009), doi:10.1016/j.jbio
semimembranosus, biceps femoris, and medial and lateral heads of the gastro-

cnemius at a sampling rate of 2000 samples/channel/s. Pregelled silver/silver-

chloride surface electrodes (Ambu Inc., Glen Burnie, MD, USA) were placed on the

skin over the belly of each muscle. A ground electrode was placed over the tibial

tuberosity. Each subject’s skin over the muscle bellies was shaved and cleaned

with isopropyl alcohol before electrode placement. Three trials of maximum

voluntary contraction (MVC) were performed for the hamstring muscle group for

5 s with the hip and knee flexed at 901. Three trials of MVC were also performed for

the gastrocnemius muscle group for 5 s with the knee fully extended and the ankle

flexed at 901.

The raw 3-D coordinates of the markers during each stop–jump trial were

filtered through a Butterworth low-pass digital filter at a cutoff frequency of 10 Hz.

The 3-D coordinates of the lower extremity joint centers were estimated from the

3-D coordinates of the reflective markers. The knee joint angle, tibia tilt angle

(the angle between the line connecting the knee and ankle joint centers and the

vertical), location of center of pressure (COP), knee joint resultant anterior shear

force, and valgus–varus and external–internal rotation moments due to ground

reaction forces at the time of peak posterior ground reaction force were

determined for each trial as described in a previous study (Yu et al., 2006).

Raw EMG signals were processed as described in a previous study (Chappell

et al., 2007) to obtain linear envelope EMGs (Gerleman and Cook, 1992). The linear

envelope EMGs were normalized to the corresponding linear envelope EMG for the

associated MVC. The normalized linear envelope EMG of semimembranosus and

biceps femoris muscles were averaged to represent activation of the hamstring

muscles. The normalized linear envelope EMG of medial gastrocnemius and lateral

gastrocnemius muscles were averaged to represent activation of the gastrocne-

mius muscles.

A biomechanical model of ACL loading developed by McLean et al. (2004) was

modified to estimate ACL loading from given lower leg kinematics and kinetics

(Appendix). Peak ACL loading occurs at the time of peak vertical ground reaction

force in a hop–stop task (Lamontagne et al., 2005) similar to the stop–jump task in

this study. The peak posterior ground reaction force occurred less than 0.001 s

earlier than the peak vertical ground reaction forces in the stop–jump task

performed by the subjects in this study (Yu et al., 2006). The modified ACL loading

model was, therefore, instrumented into a Monte Carlo simulation to estimate the

probability that the ACL loading at the time of the peak posterior ground reaction

force was greater than the strength of the ACL in the stop–jump task. The density

distribution of ACL loading was expressed as a function of density distributions of

the independent variables at the time of peak posterior ground reaction force

using the ACL loading model through the Monte Carlo simulation. A non-contact

ACL injury was defined as an ACL loading at the time of peak posterior ground

reaction force during the landing of the stop–jump task equal to or greater than the

strength of the ACL. The strength of the ACL was set at 2250 N for males and 1800 N

for females, respectively (Stapleton et al., 1998). The number of injuries was

incremented when a calculated ACL loading was equal to or greater than the

strength of the ACL of the given gender. The output of the simulation was the

probability of ACL rupture for a given gender.

The density distribution of each independent variable of the ACL loading

model at the time of peak posterior ground reaction force was determined for each

gender from the in-vivo empirical data of the 40 male and 40 female subjects.

Skewness and kurtosis were determined for each independent variable (Table 2). A

normality test (Gujarati, 2003) was performed to determine if the density

distribution of a given independent variable in the ACL loading model at the time

of posterior ground reaction force was a normal distribution or gamma

distribution. Density distributions of the hamstring and gastrocnemius forces

were determined from the mean and standard deviation of the linear envelope

EMGs of hamstring and gastrocnemius muscles at the time of posterior ground

reaction force collected in this study and the mean hamstring and gastrocnemius

muscle forces in a similar task (Pflum et al., 2004). This was accomplished

assuming a linear relationship between muscle force and muscle activation (Hatze,

1981; Kaufman et al., 1991), without considering the length–tension and

force–velocity relationships. The cumulative density distribution function was

then determined for each independent variable. The cumulative density function is

a distribution function that describes the probability distribution of a real-valued

random variable or describes the probability that a variable takes on a value less

than or equal to a number (Evans et al., 2000). A random number generator was

assigned to each independent variable to sample each independent variable

randomly from the corresponding cumulative density distribution function.

Among the independent variables of the ACL loading model, the magnitudes of

the peak posterior and vertical ground reaction forces are correlated (Yu et al.,

2006). Considering this correlation, the vertical ground reaction force at the peak

posterior ground reaction force was determined as

FVGRF ¼ 567:884þ 1:406� FPGRF � 232:803� Gþ 0:044� FPGRF � Gþ �
ðG ¼ 0 for males; G ¼ 1 for femalesÞ ðr2 ¼ 0:65; po0:001Þ

where e is the regression residual considered as a random variable distributed as a

normal distribution with a mean of zero.

The number of iterations in each Monte Carlo simulation was arbitrarily set at

100,000 to ensure that a sufficient number of simulated injuries occurred in each

simulation for statistical analysis. The number of simulated non-contact ACL
l model for risk and risk factors of non-contact anterior cruciate
mech.2008.12.005
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Table 2
Skewness and kurtosis of each independent variable for Monte Carlo simulation.

Male Female

Skewness Kurtosis Skewness Kurtosis

Knee flexion angle (deg.) 0.25 3.38 0.05 4.81

Tibial tilting angle (deg.) �0.02 3.63 0.09 2.64

COP to ankle distance (m) �0.65 3.68 �0.68 3.42

Posterior ground reaction force (BW) 1.09 4.01 0.66 2.94

Knee varus–valgus moment (BH.BW) 0.04 3.02 �0.15 2.62

Knee internal–external rotation moment (BH.BW) 0.20 2.99 �0.07 2.62

Hamstring EMG 0.24 2.28 0.11 2.20

Gastrocnemius EMG 0.58 2.55 0.40 2.23

BH.BW: moment normalized to body height (m) and body weight (N).

Table 3
Normality test and types of distributions of independent variables for male subjects.

Variable Normality test

(p-value)

Distribution Mean SD Shape Scale

Knee flexion angle (deg.) 0.13 Normal 36.7 9.7

Tibia tilt angle (deg.) 0.20 Normal �5.1 6.5

COP to ankle distance (m) 0.00 Normal 0.03 0.03

Posterior ground reaction force (BW) 0.00 Gamma 0.68 0.42 2.66 0.26

Knee varus–valgus moment (BH.BW) 0.06 Normal 0.01 0.05

Knee internal–external rotation moment (BH.BW) 0.20 Normal 0.01 0.04

Hamstring muscle force (N) 0.01 Gamma 500 203 6.01 83.13

Gastrocnemius force (N) 0.00 Gamma 200 109 3.35 59.69

BH.BW: moment normalized to body height (m) and body weight (N).

Table 4
Normality test and types of distributions of independent variables for female subjects.

Variable Normality test

(p-value)

Distribution Mean SD Shape Scale

Knee flexion angle (deg.) 0.00 Gamma 32.5 8.3 15.47 2.10

Tibia tilt angle (deg.) 0.20 Normal �5.85 5.62

COP to ankle distance (m) 0.00 Normal 0.04 0.03

Posterior ground reaction force (BW) 0.00 Gamma 0.68 0.42 3.91 0.21

Knee varus–valgus moment (BH.BW) 0.20 Normal 0.02 0.05

Knee internal–external rotation moment (BH.BW) 0.20 Normal 0.02 0.05

Hamstring muscle force (N) 0.00 Gamma 500 203 6.09 82.05

Gastrocnemius force (N) 0.00 Gamma 200 96 4.31 46.41

BH.BW: moment normalized to body height (m) and body weight (N).

Table 5
Simulated injury rates and female-to-male injury rate ratio.

Injury rate (SD) Female-to-male injury

rate ratio

Male Female

0.0097 (0.0003) 0.0480 (0.0005) 4.96 (0.22)
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injuries and the values of randomly sampled independent variables in each

simulation were recorded. A total of 10 Monte Carlo Simulations were performed

for each gender. Injury rate in each simulation was calculated as the number of

simulated injuries divided by 100,000.

The means and standard deviations of the number of simulated non-contact

ACL injuries, injury rate, female-to-male injury rate ratio, and the values of

independent variables in simulated non-contact ACL injury trials and non-injury

trials were calculated. t-Tests were performed to compare the variables with

Normal distributions while Mann–Whiney tests were performed for variables with

Gamma distributions between simulated injury and non-injury trials to reveal

biomechanical characteristics of the simulated injury trials. A Type I error rate of

0.05 was chosen as an indication of statistical significance.
3. Results

The density distributions of the knee valgus–varus and
internal–external rotation moments, tibia tilt angle, and COP to
ankle distance at the time of posterior ground reaction force were
distributed as a Normal distribution for both genders (Tables 3
and 4). The density distributions of the peak posterior ground
Please cite this article as: Lin, C.-F., et al., A stochastic biomechanica
ligament injuries. Journal of Biomechanics (2009), doi:10.1016/j.jbio
reaction force, and hamstring and gastrocnemius muscle forces at
the time of posterior ground reaction force were distributed as
Gamma distributions for both genders (Tables 3 and 4). The
density distribution of the knee flexion angle was distributed as a
Normal distribution for male subjects but as a Gamma distribu-
tion for female subjects (Tables 3 and 4).

The injury rate of simulated non-contact ACL injuries during
the stop–jump task was 0.0097 (SD ¼ 0.0003) for males and
0.0480 (SD ¼ 0.0005) for females (Table 5). The simulated female
non-contact injury rate was significantly greater than male’s
l model for risk and risk factors of non-contact anterior cruciate
mech.2008.12.005
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Table 6
Mean (SD) of biomechanical characteristics of simulated injury and non-injury

trials of male subjects.

Variable Injury Non-injury p-Value

Knee flexion angle (deg.) 22.0 (8.0) 36.8 (9.6) 0.000

Tibia tilt angle (deg.) �2.0 (6.2) �5.1 (6.5) 0.000

COP to ankle distance (m) 0.02 (0.03) 0.04 (0.03) 0.000

Posterior ground reaction force (BW) 1.44 (0.57) 0.67 (0.41) 0.000

Knee valgus moment (BH.BW) 0.07 (0.07) 0.01 (0.05) 0.000

Knee internal rotation moment (BH.BW) 0.02 (0.04) 0.01 (0.04) 0.000

Hamstring muscle force (BW) 0.62 (0.26) 0.67 (0.28) 0.000

Gastrocnemius force (BW) 0.26 (0.14) 0.27 (0.15) 0.023

Sagittal plane loading (N) 1840 (895) 61 (409) 0.000

Non-sagittal plane loading (N) 927 (666) 187 (428) 0.000

BH.BW: moment normalized to body height (m) and body weight (N).

Table 7
Mean (SD) of biomechanical characteristics of simulated injury and non-injury

trials of female subjects.

Variable Injury Non-injury p-Value

Knee flexion angle (deg.) 24.9 (5.6) 32.9 (8.2) 0.000

Tibial tilt angle (deg.) �3.4 (5.4) �6.0 (5.6) 0.000

COP to ankle distance (m) 0.02 (0.03) 0.04 (0.03) 0.000

Posterior ground reaction force (BW) 1.45 (0.47) 0.78 (0.38) 0.000

Knee valgus moment (BH.BW) 0.06 (0.05) 0.02 (0.05) 0.000

Knee internal rotation moment (BH.BW) 0.03 (0.04) 0.02 (0.05) 0.000

Hamstring muscle force (BW) 0.78 (0.33) 0.86 (0.36) 0.000

Gastrocnemius muscle force (BW) 0.33 (0.16) 0.34 (0.17) 0.000

Sagittal plane loading (N) 1773 (604) 347 (445) 0.000

Non-sagittal plane loading (N) 501 (389) 166 (298) 0.000

BH.BW: moment normalized to body height (m) and body weight (N).
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(po0.001). The female-to-male injury rate ratio was 4.96
(SD ¼ 0.22).

The comparison of biomechanical characteristics at the time of
peak posterior ground reaction time between simulated injury
and non-injury trials showed that the simulated injury trials had
smaller knee flexion angles (po0.001), posteriorly tilted tibial
angles (po0.001), COP to ankle joint distance (po0.001), and
hamstring and gastrocnemius muscle forces (pp0.028) than did
simulated non-injury trials (Tables 6 and 7). The knee flexion
angle at the peak ACL loading in simulated injury trials was 22.0
(SD ¼ 8.0) degrees for males and 24.9 (SD ¼ 5.6) degrees for
females. The comparison also showed that simulated injury trials
also had greater normalized posterior ground reaction force
(po0.001), normalized valgus moment (po0.001), and normal-
ized external rotation moment (po0.001) in comparison to
simulated non-injury trials (Tables 6 and 7).
4. Discussion

The results of this study support the validity of the stochastic
biomechanical model for the peak ACL loading. The stop–jump
task was chosen as a testing task to predict ACL injury rate in this
study. This task was frequently performed in basketball games
and training, and has been identified as a task in which ACL
injuries frequently occur. The estimated female-to-male non-
contact ACL injury rate ratio was 4.96 (SD ¼ 0.22), similar to 4.59
(SD ¼ 0.64), the mean female-to-male non-contact ACL injury rate
ratio of college basketball players over a 13-year period obtained
using traditional epidemiological methods (Agel et al., 2005).
These results indicate that the stochastic biomechanical model for
peak ACL loading developed in this study accurately estimated at
Please cite this article as: Lin, C.-F., et al., A stochastic biomechanica
ligament injuries. Journal of Biomechanics (2009), doi:10.1016/j.jbio
least the injury rate ratio for non-contact ACL injury and achieved
the purpose of this study. Therefore, these results support the
overall validity of the model.

The validity of the stochastic biomechanical model developed
in this study was also supported by some predicted biomechanical
characteristics of non-contact ACL injuries. The predicted knee
flexion angle at the peak ACL loading in the simulated injury trials
was 22.0 (SD ¼ 8.0) degrees for males and 24.9 (SD ¼ 5.6) degrees
for females. These results are consistent with those reported in
the literature. Boden et al. (2000) reported that the non-contact
ACL injuries often occurred immediately after foot contact with
the knee positioned in small flexion angles. Olsen et al. (2004)
reported that the knee flexion angles in all ACL injury cases they
reviewed ranged between 51 and 251. Cochrane et al. (2007) also
reported that most non-contact ACL injuries occurred with the
knee flexion angle smaller than 301. The similarity of the
predicted knee flexion angle at injury in this study with those
reported in the literature provides further support to the validity
of the stochastic biomechanical model developed in this study.

An ACL loading model was developed for the stochastic
biomechanical model based on in-vitro data (Markolf et al.,
1995), in-vivo data (Li et al., 2005; Nunley et al., 2003) and
mathematical analysis data (Imran et al., 2000). ACL loading was
assumed to be a linear function of anterior draw force, knee
valgus–varus and internal–external rotation moments at a given
knee flexion angle. The validity of this assumption is critical for
the validity of the ACL loading model. An in-vitro study by Hsieh
and Draganich (1998) demonstrated that the knee external flexion
moment, quadriceps muscle force, and anterior tibia translation
are linearly correlated to each other. An in-vivo study by Fleming
et al. (2001) demonstrated that ACL loading is linearly correlated
to anterior draw force at the proximal tibia with weight bearing. A
finite element modeling study by Bendjaballah et al. (1997) and
an in-vitro study by Mazzocca et al. (2003) demonstrated that ACL
loading is linearly correlated to knee valgus–varus and inter-
nal–external rotation moment as well. These previous studies
support the validity of the ACL loading model developed in this
study.

The stochastic biomechanical model for risk and risk factors of
non-contact ACL injuries developed in this study can be applied in
future research to determine biomechanical risk factors. Biome-
chanical risk factors can be identified through a sensitivity
analysis using computer simulations to demonstrate which
biomechanical factors have significant effects on the estimated
injury rate. The model can also be applied in future research on
training programs for preventing ACL injuries. The injury rates of a
group of subjects before and after training programs for modifying
biomechanical risk factors can be estimated using the stochastic
biomechanical model developed in this study. The post training-
to-pre training injury rate ratio would be an indication of the
effectiveness of the training program. These potential applications
of the model developed in this study will significantly lower the
cost and shorten the implementation time for future research
efforts.

Gastrocnemius and hamstring muscle forces were estimated
from EMGs without considering the length–tension and veloci-
ty–tension relationships in the stochastic biomechanical model
developed in the present study. The lack of consideration of
length–tension and velocity–tension relationships might have
caused errors in estimated gastrocnemius and hamstring muscle
forces. These errors, however, should not significantly affect the
estimated variation of ACL loading and female-to-male non-
contact ACL injury rate ratio. Previous studies have demonstrated
that gastrocnemius and hamstring muscle forces have little effects
on ACL loading (More et al., 1993; O’Connor, 1993; Pandy and
Shelburne, 1997; Durselen et al., 1995; Pflum et al., 2004).
l model for risk and risk factors of non-contact anterior cruciate
mech.2008.12.005
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Although the accurately predicted female-to-male injury rate
ratio and selected biomechanical characteristics of non-contact
ACL injury demonstrated the overall validity of the stochastic
biomechanical model developed in this study, future studies are
needed to improve the model. The ACL loading model used in the
stochastic biomechanical model in this study was a modification
of the model developed by McLean et al. (2004). An ACL anterior
shear force share coefficient was added to the model (Eq. (2)),
which eliminated the assumption that the ACL is the only
structure to bear the anterior shear force at the knee. The ACL
elevation angle was also added to the model (Eq. (2)), which
eliminated the assumption that ACL loading is the same as the
anterior shear force it bears. In addition, cadaver data obtained in
previous studies have been included in the model to establish the
relationships among biomechanical factors in the model. These
modification efforts should have improved the validity of the
original ACL loading model. The current ACL loading model,
however, assumed that the patella tendon force was the only knee
extension moment generator. A knee extension moment sharing
coefficient may need to be determined as a function of knee
flexion angle to improve the accuracy of estimated patella tendon
force and ACL loading. Further, the effect of ACL loading rate on
ACL mechanical properties (Danto and Woo, 1993; Lydon et al.,
1995; Noyes et al., 1974) may also need to be considered in future
studies to determine ACL strength more accurately. Future studies
may also proportionally include multiple tasks in the model to
improve the accuracy of the predicted injury rate. Finally, the unit
of estimated injury rate in this study may need to be converted to
that used in traditional epidemiological studies. The unit of the
estimated injury rate in this study was in number of injuries per
100,000 stop–jumps while the unit of the injury rate in traditional
epidemiological studies is in number of injuries per 1000
exposure hours. Making the estimated injury rate in stochastic
biomechanical modeling studies consistent with that in tradi-
tional epidemiological studies will allow us to further validate our
models.

A stochastic biomechanical model for risk and risk factors of
non-contact ACL injuries has been developed. The estimated
female-to-male non-contact ACL injury rate ratio was similar
to that reported in the literature, which supports the overall
validity and application of the model for estimating relative risk
of non-contact ACL injuries. The estimated knee flexion angle
for the injury was also similar to that reported in the literature,
which also supports the validity of estimated biomechanical
characteristics of non-contact ACL injuries. Future studies are
needed to further validate the estimated injury characteristics of
the model.
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