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Abstract
Purpose—The objective of this study was to determine if biomechanical and neuromuscular risk
factors related to abnormal movement patterns increased in females, but not males, during the
adolescent growth spurt.

Methods—315 subjects participated in two testing sessions approximately one year apart. Male
and female subjects were classified based on their maturation status as pubertal or post-pubertal.
Three trials of a drop vertical jump (DVJ) were collected. Maximum knee abduction angle and
external moments were calculated during the DVJ deceleration phase using a 3D motion analysis
system. Changes in knee abduction from the first to second year were compared among four subject
groups (female pubertal, female post-pubertal, male pubertal and male post-pubertal).

Results—There were no sex differences in peak knee abduction angle or moment during DVJ
between pubertal males and females (p>0.05). However, pubertal females increased peak abduction
angle from the first to second year (p<0.001), while males demonstrated no similar change (p=0.90)
in the matched developmental stages. Following puberty, the peak abduction angle and moment were
greater in females relative to males (angle: female -9.3±5.7°, male -3.6±4.6°, p<0.001; moment:
female:-21.9±13.5 Nm, male:-13.0±12.0 Nm, p=0.017).

Conclusion—This study identified, through longitudinal analyses, that knee abduction angle was
significantly increased in pubertal females during rapid adolescent growth, while males showed no
similar change. In addition, knee abduction motion and moments were significantly greater for
subsequent year in young female athletes, following rapid adolescent growth, compared to males.
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kevin.ford@chmcc.org Phone: 513-636-1231 Fax: 513-636-6374.
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The combination of longitudinal, sex and maturational group differences indicate that early puberty
appears to be a critical phase related to the divergence of increased ACL injury risk factors.
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Introduction
Biomechanical and neuromuscular risk factors may be critical components of the mechanisms
which underlie the higher rate of ACL injuries in female compared to male athletes.
Specifically, altered movement patterns such as knee abduction (valgus) may relate to an
increase ACL injury risk.(18) Several studies have shown increased knee abduction motion
and load in females compared to males during a variety of landing and pivoting movements.
(7,12-14,16-17,22,27) Similar lower extremity abduction postures have been reported in
females at the time of injury.(24,30) In addition, a prospective combined biomechanical-
epidemiologic study showed that knee abduction moments (valgus torques) and angles were
significant predictors of future ACL injury risk. Knee abduction moments predicted ACL
injury risk with 73% sensitivity and 78% specificity.(18) Knee abduction angles were 8 degrees
greater in the ACL-injured than the uninjured groups. It is therefore likely that the increases
in knee abduction moment and motion in the injured group were a significant risk factor that
may have predisposed these athletes to ACL injury.

The onset of these neuromuscular risk factors may coincide with rapid adolescent growth that
results in the divergence of a multitude of biomechanical and neuromuscular parameters
between sexes. There is little if any evidence which demonstrates a sex difference in ACL
injury rates in pre-pubescent athletes, which is in direct contrast to injury rates in adolescent
and adult populations.(1) Although ACL injuries increase with age in both males and females,
females have higher rates immediately following the growth spurt.(37) Following an
adolescent growth spurt, increased body mass and height of the center of mass may lead to
altered movement patterns.(17) Musculoskeletal growth during puberty, in the absence of
corresponding neuromuscular adaptation, may facilitate the development of certain intrinsic
risk factors.(17) These intrinsic risk factors, if not addressed at the proper time period, may
continue through adolescence into maturity and predispose athletes to ACL injuries. The
differences in neuromuscular performance between the sexes during and following puberty
may contribute to altered biomechanics and resultant forces on the knee. These excessive knee
loads, especially in the frontal plane may explain the increased risk of ACL injury in females
following puberty and may help identify the optimal time to implement injury prevention
programs. Therefore, the timing of adolescent growth may be the critical phase of growth and
development related to sex differences in ACL injury risk. However, the effects of rapid growth
and development in females on ACL risk factors is currently unknown.

The purpose of this study was to determine if neuromuscular risk factors related to abnormal
movement patterns increase in females, but not males, during the adolescent growth spurt. The
hypothesis was that during adolescent growth, pubertal females would demonstrate
longitudinal increases in knee abduction moments and motion compared to pubertal males. In
addition, we hypothesized that following the adolescent growth spurt, post-pubertal females
would have significantly greater knee abduction moments and motion than post-pubertal males.



Methods
Subjects

A nested cohort design (total sample female n = 709; total sample male n = 250) was used to
identify 401 subjects that had consecutive test session approximately one year apart. The final
study population consisted of 315 pubertal and post-pubertal subjects (pre-pubertal subjects
were excluded). The maturational status, either pubertal (n = 182) or post-pubertal (n = 133),
was based on the modified Pubertal Maturational Observational Scale (PMOS).(9,32) The
modified PMOS incorporates both parental questionnaires and investigator observations to
classify subjects into the pubertal categories. The PMOS scale has shown high reliability and
can be used to differentiate between pubertal stages.(9,17,31) The maturation observation
checklist specifically included items related to acne, recent growth spurt, sweating after
physical activities, evidence of muscular development and darkened underarm hair (or shaves).
Female specific criteria consisted of menarche, breast development and darkened leg hair (or
shaves) while male criteria were evidence of facial hair (or shaves) and deepening voice (or
currently breaking). If the subject scored a 1 or less on the checklist they were excluded from
the current study. If the subject scored a two through five in either the first or second year of
testing they were operationally categorized as pubertal. Subjects classified as post-pubertal (at
least six characteristics) had to meet the post-pubertal criteria on the first year of testing. The
subjects in this study involved one school district with a matched school for male and female
athletics in order to control for potential differences in sport exposure and level of play. The
level of sports play was similar across the male and female teams (i.e. Varsity, Junior Varsity
etc.).

Height was measured with a stadiometer with the subject in bare feet. Body mass was collected
on a calibrated physician scale. Detailed demographics of both the male and female subjects
are included in Table 1. Each subject participated in the first testing session immediately prior
to their basketball or soccer season. Approximately one year after the initial testing session
(mean 365.7 ± 14.7 days) the subjects were retested using the same methods. Subjects were
excluded from this study if they had previous history of knee or ankle surgery.. Regression
equations were used to estimate adult stature for female and males.(23)

The data collection procedures were approved by Cincinnati Children's Hospital Institutional
Review Board. Each parent or guardian reviewed and signed the Institutional Review Board
approved written informed consent to participate form prior to data collection. Child assent
was also obtained from each subject prior to study participation.

Procedures
Each subject was instrumented with 37 retroreflective markers placed bilaterally on the
shoulder, elbow, wrist, ASIS, greater trochanter, thigh, medial and lateral knee, tibial tubercle,
shank, distal shank, medial and lateral ankle, heel, dorsal surface of the midfoot, lateral foot
(5th metarsal) and toe (between 2nd and 3rd metatarsals) in addition to the sacrum, left PSIS
and sternum. A static trial was collected in which the subject was instructed to stand still in the
anatomical position with foot placement standardized. This static measurement was used as
each subject's neutral (zero) alignment. Each subject performed three trials of the drop vertical
jump (DVJ). The DVJ consisted of the subject starting on top of a 31 cm box with their feet
positioned 35 cm apart and arms held comfortably at their side. They were instructed to drop
directly down off the box and immediately perform a maximum vertical jump, raising both
arms as if they were jumping for a basketball rebound.(12)

Trials were collected with EVaRT (Version 4, Motion Analysis Corporation, Santa Rosa, CA)
using a motion analysis system consisting of eight digital cameras (Eagle cameras, Motion



Analysis Corporation, Santa Rosa, CA) positioned in the laboratory and sampled at 240 Hz.
Prior to data collection the motion analysis system was calibrated with a two-step process, first
using a static calibration frame to orient the cameras with respect to the laboratory coordinate
system and second using dynamic wand data to fine tune camera positions, calculate the lens
distortion maps and calculate the lens focal length. Two force platforms (AMTI, Watertown,
MA) were sampled at 1200 Hz and time synchronized with the motion analysis system. The
force platforms were embedded into the floor and positioned 8 cm apart so that each foot would
contact a different platform during the stance phase of the DVJ.

Data Analysis
Following data collection, 3D marker trajectories were examined for accurate marker
identification within EVaRT (Version 4, Motion Analysis Corporation, Santa Rosa, CA) and
exported to a C3D formatted file. The C3D files were then further analyzed in Visual3d
(Version 4.0, C-Motion, Inc., Germantown, MD). The procedures within Visual3D first
consisted of the development of a static model customized for each subject. The model's
coordinate system convention was +X towards the subject's right (medial-lateral), +Y forward
(posterior-anterior) and +Z up (distal-proximal).

The pelvis, thigh, shank and foot segments were generated based on reflective markers from
the static trial. Pelvis proximal joint center was assumed to be located at 50% of the distance
between left and right ASIS markers (mid-ASIS) (X direction) and 50% of the distance from
marker on the sacrum to the mid-ASIS (Y direction). The sacrum, right ASIS and left ASIS
markers were used as tracking markers for the pelvis segment. The hip joint center was aligned
in the anterior direction (Y) with greater trochanter marker. The hip joint center in the Y
direction was positioned medially from the ASIS 14% of the inter-ASIS distance.(2) In the Z
direction, the hip joint center was located distally from the ASIS 30% of the inter-ASIS
distance.(2) Tracking markers for the thigh segment were placed on the greater trochanter,
middle of the thigh and lateral knee. The knee and ankle joint centers were positioned 50% of
the distance between the medial and lateral knee and ankle markers, respectively. Markers
placed on the tibial tubercle and middle and distal portions of the shank were used as tracking
markers for the shank. The foot segment tracking markers were the heel, instep, lateral foot
and toe.

Segment lengths were estimated as the distance between the proximal and distal joint center
(e.g. thigh segment distance was equal to the distance between the hip joint center to knee joint
center). The subjects were positioned for the static trial in a standardized position in order to
align the global coordinate system with each segment coordinate system. The pelvis coordinate
system was considered aligned with the global lab. The Z axis for thigh segment coordinate
system was calculated as the unit vector from the hip to knee joint center. The Y axis was then
defined as the unit vector perpendicular to the Z axis and the anatomical plane formed based
on the hip and knee joint centers and lab projected lateral hip marker. The X axis was orthogonal
to the Y and Z axes based on the right hand rule. The local shank segment coordinate system
Z axis was the unit vector from the knee to ankle joint center. The unit vector perpendicular to
the shank Z axis and frontal plane (knee and ankle joint centers and lab projected lateral knee
marker) formed the shank Y axis. The shank X axis was then defined orthogonal to the Y and
Z axes. The foot local Y axis was calculated as the unit vector from the ankle joint center to
the toe. The local Z axis was then defined as perpendicular to the Y axis and plane formed
based on projected lateral ankle marker and toe and ankle center. The mass and inertial
properties for each segment were based on sex-specific parameters from de Leva.(10) The
subject's height and body mass were included in each model.

Custom MATLAB code was used to process each subject through the Visual3D pipeline. The
code generated a text file that the Visual3D pipeline engine could read and process the subject-



specific model and kinematic and kinetic analyses. 3D marker trajectories from each trial were
filtered at a cutoff frequency of 12 Hz (low-pass fourth order Butterworth filter) determined
based on residual analysis techniques. 3D knee joint angles were calculated according to a
cardan rotation sequence (i.e. flexion/extension, abduction-adduction and internal-external
rotation). Kinematic data were combined with force data to calculate knee joint moments using
inverse dynamics. The ground reaction force was filtered through a low-pass fourth order
Butterworth filter at a cutoff frequency of 12 Hz in order to minimize possible impact peak
errors.(6) Net external knee moments are described in this paper and represent the external
load on the joint. Knee abduction angle and knee external abduction moment are represented
as negative values based on the analysis convention. Knee abduction moment was analyzed
un-normalized (Nm) as well as normalized to body mass (Nm/kg), height (Nm/m) and body
mass times height [(Nm/(kg*m)]. The kinematic and kinetic data were exported to MATLAB
(mat file) and the peak knee abduction angle and moment (negative) were calculated during
the deceleration phase of the DVJ stance phase (ground contact). Data from initial contact
(vertical ground reaction force first exceeded 10 N) to toe off (vertical ground reaction force
dropped below 10 N) was operationally defined as the stance phase. The deceleration phase
was defined as being from initial contact to the lowest vertical position of the body center of
mass during the stance phase. The right side data were used for statistical analysis.

Statistical Analysis
Two between group independent variables of sex (female, male) and maturation level (pubertal,
post-pubertal) in addition to the within subject independent variable (repeated measure) of two
consecutive year screening sessions were used in the statistical design. The dependent variables
were peak knee abduction angle and moment. A 2X2X2 ANOVA (maturation, sex, session)
was used to test each hypothesis. It is important to clarify that longitudinal analyses were used
for the within group comparison of the change from the first to second year of testing while
cross-sectional comparisons were made between maturational levels. Post-hoc analyses with
simple mean comparisons (T-test) were used if significant interactions were observed between
factors. An α ≤ 0.05 was used to indicate statistical significance. Analyses were conducted
using SPSS v16.0 (SPSS Inc., Chicago, IL).

RESULTS
Stature Change

Percent of adult stature was estimated in order to present a related measure of somatic
maturation. The pubertal subjects (female year 1: 87.8 ± 3.4%, female year 2: 91.8 ± 2.7%;
male year 1: 87.7 ± 4.5%, male year 2: 91.7 ± 3.9%) and post-pubertal subjects (female year
1: 94.7 ± 3.4%, female year 2: 96.9 ± 3.0%; male year 1: 96.7 ± 2.3%, male year 2: 98.4 ±
1.5%) was similar (p = 0.3) between sexes. The within subject change in stature in the pubertal
group was 4.8 ± 2.4 cm in females and 6.6 ± 2.8 cm in males (within subject p < 0.001). The
increase in stature from the first to second year was less than 2 cm in post-pubertal subjects
(post-pubertal female 0.8 ± 1.5 cm, post-pubertal male 1.6 ± 2.2 cm) (within subject p > 0.05).
The percentage change in height was significantly greater in pubertal but not post-pubertal
athletes (p < 0.001, Table 1). Pubertal subjects increased in height on average 3.3 ± 1.7%
compared to 0.5 ± 0.9% for post-pubertal subjects.

The changes from year one to year two in subject height measured with a standard stadiometer
were compared to yearly changes in length of the segments calculated from the motion analysis
system (summed tibia, femur, and trunk). The average difference in stature over all subjects
measured with the stadiometer 3.4 ± 3.1 cm was not different compared to 3.2 ± 2.8 cm for the
change in summed segment length (p > 0.05). Figure 1 shows the agreement between the change



in length measured with the stadiometer and segment motion analysis. The two measures
demonstrated high reliability (ICC(3,1) = 0.83).

Knee Abduction Angle
Mean knee flexion and abduction angle during the DVJ stance phase are presented in Figures
2 and 3, respectively. There was a significant three-way interaction with peak knee abduction
angle (p = 0.029). Post hoc analysis identified, within the pubertal group, a significant
longitudinal increase in peak abduction angle in females (p < 0.001) with no change in males
(p = 0.90). Table 2 shows the longitudinal increase in knee abduction angle during one year of
adolescent growth in pubertal females compared to pubertal males.

Within this cohort of post-pubertal athletes, females and males did not show significant
longitudinal changes (p > 0.05) in peak knee abduction angle (Table 2). However, post-pubertal
females had significantly greater overall peak abduction angle following adolescent growth
compared to males (female -9.3 ± 5.7°; male -3.6 ± 4.6°; p < 0.001).

Knee Abduction Moment
Figure 4 details the mean knee abduction moment for maturation and sex groups over each
year. There was a significant main effect of year (p <0.001) indicative of longitudinal increases
in peak knee abduction moment in the subjects overall. A two-way interaction between sex
and maturation group was identified (p = 0.013). Post-hoc analysis indicated that post-pubertal
females had significantly greater peak knee abduction moment compared to post-pubertal
males (female -21.9 ± 13.5 Nm; male -13.0 ± 12.0 Nm; p = 0.017). Sex differences in knee
abduction moment were not found in pubertal subjects (p > 0.05).

Similar findings were observed when knee abduction moment was normalized to body mass
(main effect of year p = 0.001), height (main effect of year p < 0.001) and body mass times
height (main effect of year p = 0.005)(Table 3). Regardless of how the moment was normalized
there were within-subject increases in the magnitude of knee abduction moment from the first
to second year of testing. In addition, a two-way interaction between sex and maturation group
was consistent with the un-normalized moment analysis (p = 0.016). Post-hoc analysis
indicated that post-pubertal females landed with significantly greater, approximately double,
body mass normalized (female -0.37 ± 0.22 Nm/kg; male -0.18 ± 0.16 Nm/kg; p = 0.002),
height normalized (female -13.2 ± 8.0 Nm/m; male -7.1 ± 6.6 Nm/m; p = 0.006) and body mass
times height normalized (female -0.22 ± 0.14 Nm/(kg*m); male -0.10 ± 0.09 Nm/(kg*m); p =
0.001) knee abduction moment. Sex differences in normalized knee abduction moment were
not found in pubertal subjects (p > 0.05).

DISCUSSION
The purpose of this investigation was to determine if a neuromuscular risk factor related to
abnormal movement patterns increase in females, but not males, during the adolescent growth
spurt. The pubertal group of male and female athletes showed an increase in stature that
indicated they were going through rapid adolescent growth compared to the post-pubertal
group. Knee abduction angle was not changed in post-pubertal females from the first to second
year testing session. However, the post-pubertal females exhibited significantly greater knee
abduction angle than post-pubertal males.

The findings from the current study support the first hypothesis that through longitudinal
analyses pubertal female athletes increased peak knee abduction angle during a year of rapid
adolescent growth. These combined results have not been previously identified and are likely
important consequences of maturation which increase risk of injury following puberty. The



pubertal group was estimated at approximately 88% to 92% of adult stature during the first
and second year of testing, respectively. These percent adult stature values indicate that the
male and female subjects were at similar stages of somatic growth. Peak height velocity
(greatest increase in height during adolescence) occurs at approximately 91% of adult stature
in both male and females, with the onset of the adolescent growth spurt near 81 - 84%.(36)
Therefore, this further supports that the pubertal group appeared to be within the phase of rapid
growth.

Both male and female athletes had increased knee abduction moments from the first to second
testing session. The within-subject increases in moments were consistent regardless of the
normalization method (body mass, height or body mass times height). The increases in knee
abduction, a potentially modifiable risk factor, may coincide with the increased risk of ACL
injury in female athletes compared to males.(17) While several studies have demonstrated that
females land with greater knee abduction angles, the current study identifies, through
longitudinal measures, a possible relationship between maturational group and increases in
ACL injury risk factors. The combination of increased motion and torque in female athletes
may predispose them to increased risk of injury as they develop and mature.(17-18)

Cross-sectional differences in knee abduction angle among maturational groups has been
previously reported.(17) Similar to our current study, Hewett et al. found significant differences
in knee abduction angle in post pubertal but not pubertal athletes.(17) The post-pubertal females
also had a significantly greater knee abduction angle than pubertal females.(17) In addition, a
recent study showed similar results with maturing females exhibiting greater knee valgus
posture during DVJ.(33) Schmitz et al.(33) found in a cross-sectional study that females
classified as Tanner Stage 1 or 2 had less knee valgus posture compared to females classified
as Tanner Stage 4 or 5. The measure of knee valgus in the Schmitz et al.(33) study incorporated
a two-dimensional frontal plane angle calculated from digital video. While this single plane
measure may involve confounding additional rotations of the hip, knee and ankle, these authors
did find similar results based on maturation within female subjects. In the current study, we
chose to examine pubertal compared to post-pubertal athletes with the hypothesis that increased
knee abduction would be observed during puberty in females, but not in males. Yu et al.(39)
investigated the effects of age and gender on lower extremity movement in male and female
soccer players between 11 and 16 years as they performed a stop jump task. They found that
knee abduction angle was greater in female subjects that were older compared to the younger
subjects.(39)

Within subject increases in knee abduction motion and moments are of particular concern given
previous cadaveric and modeling work that have linked these measures to increased ACL strain.
(5,11,20,26,35,38) In a recent cadaveric study, Withrow et al. simulated landings in ten
specimens with knee abduction angles at 15° and 0°(neutral).(38) The impact with the knee in
abduction led to a primary abduction (valgus) moment that increased ACL strain compared to
the neutral landings. Shin et al. used a similar single leg landing impact that resulted in a knee
abduction (valgus) moment to a three-dimensional dynamic knee model and found a 35%
increase in ACL strain compared to a “neutral-lander” (zero knee abduction moment).(35)
Based on incremental increase of the knee abduction moment, these authors showed that peak
ACL strain increased rapidly between approximately 20 and 50 Nm.(35) While direct
comparisons are difficult between modeling and in vivo data, post-pubertal females (21.9 Nm)
were within the steepest region of ACL strain curve,(35) which indicates that slight increases
in abduction moments would result in large increases in ligament strain. It is important to point
out that all the knee loading conditions in this study were non-injurious (i.e. no injuries occurred
during DVJ testing). However, it is likely that repeatedly performing a task with increased knee
abduction moment and motion may place females at risk of an ACL injury when an
unanticipated or unbalanced landing occurs. For, example, during unanticipated cutting, knee



abduction-adduction and internal-external moments can be twice as high compared to pre-
planned directional cutting.(3)

Mechanisms of growth and development in females may underlie the increased risk of ACL
injury through altered neuromuscular control and movement biomechanics such as knee
abduction.(8,17) ACL injuries do not appear to be different between male and female athletes
prior to the onset of puberty and the adolescent growth spurt.(1,15) However, following rapid
pubertal growth, females have higher rates of knee sprains compared to males.(37) The lower
extremity segments also go through rapid increases in length during adolescent growth and
may potentially lead to increases in knee moments. Increased inertial properties of the segment
could partially explain the higher joint moments. Peak body mass velocity, greatest increase
in body mass during adolescence, for both sexes generally occurs after peak height velocity.
(4) It is interesting that both male and females had increases in knee abduction moment, but
knee abduction motion changes were found only in pubertal females. Therefore, growth alone
is not likely to be responsible for the increased abduction motion in females. An additional
mechanism that differs between sexes as they mature likely plays a role in increased risk of
ACL injury in females compared to males. Fat mass remains relatively consistent in males,
with skeletal tissue and muscle mass gains being primarily responsible for the observed mass
increase.(4,25) In contrast, females have less overall gains in skeletal tissue and muscle mass
compared to males, in addition to a continuous rise in fat mass throughout puberty.(4,25) The
higher center of mass, that results from skeletal growth, and subsequent mass gain during
adolescence, makes muscular control of body position more difficult and may translate into
larger joint forces at the knee.(17) Males naturally demonstrate a “neuromuscular
spurt” (increased strength and power during maturational growth and development) to match
the increased demands of growth and development.(17,19,21,25,31) A recent longitudinal
study concluded that males demonstrated a neuromuscular spurt as evidenced by increased
vertical jump height and increased ability to attenuate landing force.(31) The absence of similar
adaptations in females during maturation may facilitate the mechanisms that lead to increased
risk of ACL injury.(34)

A limitation in our study was that group differences between pubertal groups were cross-
sectional in nature. We did not follow the subjects through pubertal development and into post-
pubertal status. Knee abduction angle was decreased (closer to neutral) in the post-pubertal
males compared to pubertal males. The possible protective mechanism in post-pubertal males
should be further investigated which may limit excessive knee abduction.

The timing of rapid growth may be the critical phase of development related to sex differences
in ACL injury risk. As females reach maturity a variety of discrete sex differences in lower
extremity measures have been shown in females compared to males performing landing and
cutting maneuvers.(7,12-13,16-17,22,27) Sex differences between post-pubertal athletes,
combined with the timing of the onset of these variables, indicates that an appropriate time to
implement an intervention program would be during early puberty. A prospective study that
will investigate the timing of intervention is warranted. Prevention programs that incorporate
plyometrics, technique biofeedback, and dynamic balance components appear to be effective
and reducing measures of knee abduction and the occurrence of ACL injuries.(18,28-29)

Conclusions
Knee abduction angle was significantly increased in pubertal females during rapid adolescent
growth compared to males. In addition, important reported risk factors of knee abduction
motion and torque were significantly greater across consecutive years in young female athletes,
following rapid adolescent growth, compared to males. An important maturational time period
related to potential increase risk of ACL injury appears to be early within pubertal development.
The current investigation may also help explain the mechanisms which underlie this



phenomenon of sex related injury risk divergence. Future studies should focus on specific
mechanisms that may limit or regulate dynamic abduction motion and torque, such as lower
extremity strength, muscular co-contraction and joint stiffness parameters in young females
that are at increased risk of ACL injury.
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Figure 1.
Bland-Altman plot demonstrating the agreement between the change in length measured with
the stadiometer and segment motion analysis. Solid line represents the mean difference
between the change in height – change in segment lengths. Less than five percent of the 315
cases fall outside the 95% confidence interval.



Figure 2.
Ensemble average plot of knee flexion angle (+/- one standard deviation, gray shaded area)
throughout the stance phase of the drop vertical jump. The stance phase begins with initial
ground contact (0% stance) and ends with toe off (100% stance).



Figure 3.
Ensemble average plot of knee abduction angle (+/- one standard deviation, gray shaded area)
throughout the stance phase of the drop vertical jump. The stance phase begins with initial
ground contact (0% stance) and ends with toe off (100% stance).



Figure 4.
Ensemble average plot of knee abduction moment (+/- one standard deviation, gray shaded
area) throughout the stance phase of the drop vertical jump. The stance phase begins with initial
ground contact (0% stance) and ends with toe off (100% stance).
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