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Abstract

During landing and cutting, females exhibit greater frontal plane moments at the knee (internal
knee adductor moments or external knee abduction moments) and favor use of the knee extensors
over the hip extensors to attenuate impact forces when compared to males. However, it is not
known when this biomechanical profile emerges. The purpose of this study was to compare
landing biomechanics between sexes across maturation levels. One hundred and nineteen male and
female soccer players (9—22 years) participated. Subjects were grouped based on maturational
development. Lower extremity kinematics and kinetics were obtained during a drop-land task.
Dependent variables included the average internal knee adductor moment and sagittal plane knee/
hip moment and energy absorption ratios during the deceleration phase of landing. When averaged
across maturation levels, females demonstrated greater internal knee adductor moments
(0.06£0.03 vs. 0.01+0.02 Nm/kg*m; P<0.005), knee/hip extensor moment ratios (2.0£0.1 vs.
1.4+0.1 Nm/kg*m; P<0.001), and knee/hip energy absorption ratios (2.9+0.1 vs. 1.96+0.1 Nm/
kg*m; P<0.001) compared to males. Higher knee adductor moments combined with
disproportionate use of knee extensors relative to hip extensors observed in females reflects a
biomechanical pattern that increases ACL loading. This biomechanical strategy already was
established in pre-pubertal female athletes.
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Introduction

When comparing males and females participating in similar sports, females have been
reported to have a 3-5 times greater incidence of non-contact ACL injury.(Agel et al. 2005;
Messina et al. 1999; Myklebust et al. 1998) The risk for ACL injury has been reported to
increase with age and maturation.(Hewett et al. 2007; Michaud et al. 2001) In particular,
post-pubertal athletes are thought to be at the greatest risk for ACL injury. (Garrett et al.
2006)

Sex related differences in anatomical, hormonal and neuromuscular factors are thought to
contribute to the disproportionate incidence of ACL injury in females. With respect to
neuromuscular factors, sex differences in lower extremity biomechanics during the

Corresponding author: Susan Sigward, University of Southern California, Division of Biokinesiology and Physical Therapy,
CHP-155, Los Angeles, CA. 90089. sigward@usc.edu, Fax: (323) 442-1515, Phone: (323) 442-2454.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sigward et al.

Page 2

performance of athletic tasks are believed to put females at greater risk for injury than their
male counterparts. In general, females exhibit differences in knee mechanics that are thought
to increase strain on the ACL. For example, females have been shown to perform landing
and cutting tasks with less knee flexion,(Decker et al. 2003; Lephart et al. 2002; Malinzak et
al. 2001; McLean et al. 2005; McLean et al. 2004; Salci et al. 2004; Sell et al. 2006; Yu et
al. 2005) increased quadriceps activity, (Malinzak et al. 2001; Sigward & Powers 2006) and
greater knee extensor moments when compared to males.(Chappell et al.2002; Salci et al.
2004) In addition, females have been shown to exhibit greater knee valgus angles (Ford et
al. 2003; Ford et al. 2006; Kernozek et al. 2005; Malinzak et al. 2001; McLean et al. 2004;
Salci et al. 2004; Sell et al. 2006; Yu et al. 2005; Pappas et al. 2007; Sell et al. 2006) and
knee valgus moments (Chappell et al.2002; McLean et al. 2005; Sigward & Powers 2006)
when compared to their male counterparts. Increased frontal plane loading of the knee is of
particular concern as it has been reported that and knee abduction angles and external knee
abduction moments (ie. internal knee adductor moments) are predictors of ACL injury.
(Hewett et al. 2005)

Pollard and colleagues (2010) have reported that the higher knee valgus moments and angles
observed in female athletes is reflective of a movement strategy in which there is greater
emphasis on knee extensors over hip extensors to decelerate the body center of mass. These
authors reported that females who exhibited greater knee valgus angles and moments had
lower hip extensor moments and less energy absorption at the hip and higher knee extensor
moments and greater energy absorption at the knee during the deceleration phase of a drop-
jump task.(Pollard et al. 2010) More specifically, females who exhibited greater knee valgus
moments and angles had greater knee to hip extensor moment ratios and higher knee to hip
extensor energy absorption ratios compared to females who exhibited smaller knee valgus
moments and angles (2.5 vs. 1.5 and 3.5 vs. 2.3, respectively).(Pollard 2010)

Although females differ from males in the performance of sports activities it is not known at
what age these biomechanical differences emerge. The development of movement strategies
is thought to be influenced by physical maturation. Observable changes in height and weight
occur during adolescence, a time period that can span from 9-18 years of age. Concurrent
with these changes, increases in muscular strength and strength related performance occur.
(Bale et al. 1992; Quatman et al. 2006) During puberty, differences between males and
females are magnified as a result of distinct hormonal changes between the sexes. (Beunen
& Malina 1988; Roemmich & Rogol 1995; Tanner 1962) It is generally assumed that the
growing disparity in strength and performance accounts for the larger proportion of ACL
injuries in athletes 14-18 years old. (Griffin et al. 2006) Given that sex differences in
skeletal growth, body composition and muscle development occur at the onset of puberty, it
is likely that the emergence of sex differences in the performance of sport related activities
occurs at this time.

To date, existing research regarding the influence of maturation and sex on lower extremity
biomechanics on the performance of athletic tasks is inconsistent(Hewett et al. 2004;
Quatman et al. 2006; Swartz et al. 2005; Yu et al. 2005) . Yu and colleagues (2005) reported
that kinematic differences between males and females emerge at approximately 12 years and
continue to increase with age. However, this study only considered the effects of age
without regard to physical maturation. Given that the timing of hormonal and physical
changes differs by almost 2 years between males and females and varies considerably within
the sexes, (Roemmich & Rogol 1995) stratification of subjects by age provides little insight
into the effects of maturation. Two studies that classified subjects by stage of maturation
report contradictory results. Hewett and colleagues (2004) reported that sex differences in
the knee valgus angle at initial contact of a drop-land task were not evident in pre-pubertal
athletes, but emerged in post-pubertal athletes. In contrast, a study comparing pre-pubertal
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and post-pubertal males and females found that pre-pubertal athletes performed a drop land
with smaller hip and knee flexion angles and greater knee valgus when compared to post-
pubertal athletes.(Swartz et al. 2005) The disparate findings between the studies of Hewett et
al.(2004) and Swartz et al.(2005) may be attributed to differences in the maturational
stratification of subjects. Hewett et al. (2004) classified subjects as pre-pubertal, early
pubertal or post-pubertal with the average age of the subjects in the post-pubertal group
being 15.6 years. In contrast, Swartz and colleagues (2005) only classified subjects as being
pre-pubertal or post-pubertal with the average age of subjects in the post-pubertal group
being 23.9 years old. Currently, no study has comprehensively evaluated sex differences
across all levels of maturation (i.e. pre-pubertal to young adult).

Given the inconsistencies of the previous work in this area, the purpose of the current study
was to compare landing biomechanics between male and female soccer athletes across
different stages of maturational development. We theorized that sex differences in landing
biomechanics would emerge in the post-pubertal group. More specifically, we hypothesized
that post-pubertal females would exhibit higher internal knee adductor moments and a
greater tendency to use the knee extensors over the hip extensors to attenuate impact forces
when compared to post-pubertal males.

Materials and methods

Subjects

One hundred and nineteen soccer players (59 male and 60 females) between the ages of 9
and 22 participated in this study. At the time of recruitment, all subjects were participating
in organized soccer at the club or collegiate level. Training schedules typically required
athletes at each level to participate in practice or competition 3 to 5 days a week. Subjects
had no complaints of lower extremity pain or injury and were excluded from participation if
they reported any of the following: 1) history of previous ACL injury or repair, 2) previous
injury that resulted in ligamentous laxity at the ankle, hip or knee, or 3) presence of any
medical or neurological condition that would impair their ability to perform a landing task.

Subjects were divided into four groups based on their stage of maturational development:
pre-pubertal, pubertal, post-pubertal or young adult (Table 1). As stages of pubertal
development generally coincide with changes in physical characteristics (Bale 1992) the
presence or absence of secondary sex characteristics (i.e. stage of pubic hair development) is
generally used to classify pubertal stages. While observational evaluation of these
characteristics is considered the gold standard,(Tanner 1962) less intrusive methods of self
report have been validated. (Leone & Comtois 2007; Schlossberger et al. 1992; Schmitz et
al. 2004) The classification of subjects was based on scores obtained from a self-report of
Tanner stages for pubic hair development from figured drawings (Schlossberger et al. 1992;
Tanner 1962; Schmitz 2004 et al.) and the modified Pubertal Maturation Observational
Scale (PMQS). (Davies & Rose 2000; Davies & Gavin 1997) For improved accuracy,
parents assisted participants under the age of 18 in identifying Tanner stage and completing
the PMOS. In cases where scores from the PMOS and the Tanner scale did not match,
subjects were excluded from the study.

For both males and females, a self reported Tanner staging for pubic hair of 1 classified
them as pre pubertal, 2—4 as pubertal, and 5 as post-pubertal or young adult. Post-pubertal
and young adult groups were further differentiated by age. Participants over the age of 18
(close to or past the age of skeletal maturity) were admitted to the young-adult group.

Tanner stage classification was supported with items identified on the modified Pubertal
Maturation Observational Scale (PMOS) (Davies & Rose 2000; Davies & Gavin 1997). The
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PMOS categorization is based on an unobtrusive observation of 8 secondary sex
characteristics such as muscle development, increased perspiration with physical activity,
acne, facial or body hair, deepening of the voice, menarche and breast development, in
addition to parent report of less obvious characteristics such as growth spurt. Based on the
number of items identified on the PMOS questionnaire, subjects were classified as follows:
1 or less: pre-pubertal; 2-5 with growth spurt: pubertal; 6 or greater with growth spurt
completed: post-pubertal. A growth spurt was defined as an increase in height 3 to 4 inches
in the past year.

Testing took place at the Jaquelin Perry Musculoskeletal Biomechanics Research Laboratory
at the University of Southern California. All procedures were explained to each subject and
informed consent was obtained as approved by the Institutional Review Board for the
University of Southern California Health Sciences Campus. Parental consent and youth
assent were obtained for all subjects under the age of 18.

Kinematic data were collected using an eight-camera, motion analysis system at a sampling
frequency of 250 Hz (Vicon, Oxford Metrics LTD, Oxford, England). Reflective markers
(10 mm spheres) placed on specific boney landmarks (see below for details) where used to
quantify segment motion. Ground reaction forces were obtained using two AMTI force
platforms at a rate of 1500 Hz (Model #OR6-61, Advanced Mechanical Technologies, Inc.,
Newton, MA, USA).

Reflective markers were placed bilaterally over the following anatomical landmarks: 15t and
5t metatarsal heads, medial and lateral malleoli, medial and lateral femoral epicondyles,
greater trochanters, iliac crests, and a single marker on the joint space between the fifth
lumbar and the first sacral spinous processes. In addition, reflective markers secured to rigid
plates were placed bilaterally on the lateral surfaces of the subject’s thigh, leg and heel
counter of the shoe. The rigid plates, iliac crest markers and lumbar marker remained on the
subject during testing. All other markers were removed following a static calibration trial.
To control for the potential influence of varying footwear, subjects were fitted with same
style of cross-training shoe (New Balance Inc., Boston, MA, USA).

Participants performed 4 trials of a drop landing task from a 36 cm platform. Subjects were
instructed to drop off the platform and land with their feet on adjacent force plates and to
jump as high as they could after landing. Good to excellent within and between day
reliability has been established for kinematic and kinetic variables during this task. (Ford et
al. 2007) Subjects were not given any verbal cues on landing or jumping technique. Practice
trials were permitted to allow subjects to become familiar with the procedures and
instrumentation.

Data Reduction

Coordinate data were digitized using Vicon Workstation software and filtered using a
fourth-order zero-lag Butterworth 12-Hz low-pass filter. Visual3D™ software (C-Motion,
Inc., Rockville, MD, USA) was used to calculate three dimensional knee and hip kinematics
and net joint moments. Joint kinematics were calculated using a joint coordinate system
approach (Grood et al. 1984). Internal net joint moments were calculated using standard
inverse dynamics equations (Bresler 1950), and were normalized to body mass times height.
Sagittal plane joint power of the hip and knee was computed as the scalar product of angular
velocity and net joint moment. The energy absorbed at the hip and knee was calculated by
integrating the respective power-time curves during the deceleration phase of landing.
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The landing cycle was identified as the period from foot contact to toe-off as determined by
the force plate recordings. For the purposes of this study, only the deceleration phase of the
drop land task was examined. The deceleration phase was defined as the period between foot
contact to peak knee flexion. Data were obtained from each subjects” dominant limb
(defined as the leg used to kick a ball).

The biomechanical variables of interest included the average knee adductor moment as well
as the knee/hip extensor moment ratio and the knee/hip energy absorption ratio during the
deceleration phase of the drop land task. The rationale for evaluating the knee adductor
moment was based on the work of Hewett et al.(2005) who reported a high external knee
abduction moment (equivalent to an internal knee adductor moment) was a predictor of ACL
injury. The justification for evaluating the ratio variables was based on the findings of
Pollard et al.(2010) who reported that females who exhibited greater knee valgus moments
had lower hip extensor moments and less energy absorption at the hip and higher knee
extensor moments and greater energy absorption at the knee during the deceleration phase of
a drop-jump task.

To examine the relative contributions of the hip and knee to deceleration of the center of
mass during landing, the knee and hip extensor moments as well as energy absorbed at these
joints were averaged across the deceleration phase. The average knee to hip extensor
moment ratio and the average knee to hip energy absorption ratio were then calculated by
dividing the respective values at each joint. Using these ratios, a value greater than “1”
would indicate a greater contribution of the knee relative to the hip while a value of less than
“1” would indicate a greater contribution of the hip relative to the knee. All variables were
averaged over the 4 trials.

Statistical Analysis

Results

To assess differences between sexes across maturational stages, two-way ANOVAS (sex x
maturation) were performed (P < 0.05). This analysis was repeated for each dependent
variable of interest. In the event of a significant main effect of maturation or a significant
interaction between sex and maturation, Least Significant Difference (LSD) post-hoc testing
was performed. All statistical analyses were performed using SPSS statistical software
(Chicago, IL, USA) and a significance value of P <0.05.

No significant sex x maturation interactions were observed for any of the variables of
interest. Significant main effects for sex and maturation were found for the average knee
adductor moment (P=0.005, power=0.81 and P=0.04, power=0.67, respectively; Figure 1),
knee/hip extensor moment ratio (P=0.001, power=0.92 and P=0.02, power=0.76,
respectively; Figure 2), and knee/hip energy absorption ratio (P< 0.001, power=0.99 and
P=0.003, power=0.90, respectively; Figure 3).

When averaged across all maturation groups, females (0.06 £ 0.03 Nm/kg*m) demonstrated
significantly greater average knee adductor moments than males (0.01 £ 0.02 Nm/kg*m; P<
0.005; Figure 1B). When averaged across seX, post-pubertal athletes exhibited greater
average knee adductor moments (0.074 + 0.02 Nm/kg*m) than the young adult athletes
(-0.001 £ 0.02 Nm/kg*m; P=0.004; Figure 1C). No other group differences were observed.

When averaged across all maturation groups, females demonstrated greater knee/hip
extensor moment ratios than males (P=0.001; Figure 2B). When averaged across sex,
pubertal athletes had a greater knee/hip extensor moment ratios than the pre-pubertal and
young adult athletes (p=0.05 and 0.04, respectively; Figure 2C). In addition, post-pubertal
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athletes had a larger knee/hip extensor moment ratio than the pre-pubertal and young adult
athletes (P=0.02 and 0.01, respectively; Figure 2C). No other group differences were
observed.

When averaged across maturation groups, females exhibited significantly greater knee/hip
energy absorption ratios compared to males (P< 0.001; Figure 3B) When averaged across
sex, pubertal athletes had a larger knee/hip energy absorption ratio than the pre-pubertal and
young adult athletes (P=0.02 and 0.01, respectively; Figure 3B). In addition, post-pubertal
athletes had a larger knee/hip energy absorption ratio than the pre-pubertal and young adult
athletes (P=0.006 and 0.003, respectively; Figure 3C). No other group differences were
observed.

Discussion

Consistent with previous literature in this area, the results of the current study indicate that
female athletes exhibit a biomechanical profile during landing that is thought to place them
at an increased risk for ACL injury. In particular, females exhibited significantly greater
knee adductor moments. When averaged across maturation groups, females exhibited
average knee adductor moments that were more than 5 times greater than those
demonstrated by males. This finding is of concern as the internal knee adductor moment has
been shown to be a predictor of ACL injury risk.(Hewett et al. 2005) Our finding of
increased internal knee adductor moments in female athletes is consistent with several
studies. (Chappell et al. 2002; McLean et al. 2005; Sigward & Powers 2006)

Pollard et al.(2010) have reported that a movement strategy in which there is greater
emphasis on knee extensors over hip extensors to decelerate the body center of mass may
underlie the higher knee adductor moments observed in females. This premise is supported
by the current study in that females exhibited 30% and 32% larger knee/hip moment and
energy absorption ratios than males, respectively. This finding is consistent with previous
studies that have reported that males tend to engage the hip to a greater extent than females
during landing.(Decker et al.2003). Given the importance of the hip extensors in modifying
landing stiffness,(DeVita & Skelly 1992) the diminished utilization of the hip musculature in
the female group is suggestive of impaired sagittal plane shock absorption. The combined
finding of diminished utilization of the hip extensors and higher knee adductor moments in
the female athletes may reflect a landing strategy that that relies more on the frontal plane to
attenuate impact forces that should ideally be absorbed by the sagittal plane hip musculature.

Contrary to our hypothesis, the sex specific biomechanical profile described above did not
emerge post-puberty. In fact, sex differences in landing biomechanics already were present
in pre-pubertal athletes. This finding is in contrast to Hewett and colleagues (2004) who
found that sex differences in frontal plane angles were not present in pre-pubertal and early
pubertal groups, but were evident in the post-pubertal athletes. Our findings do indicate
however, that differences between males and females become magnified post-puberty. This
was illustrated by the fact that the largest sex differences in the knee/hip extensor moment
and energy absorption ratios were evident in the post-pubertal groups (Figures 2-3).

In addition to sex related differences, our data lend support to the theory that biomechanical
strategies are influenced by maturation. When averaged across sex, pubertal and post-
pubertal athletes had significantly greater knee/hip moment and energy absorption ratios
than both the pre-pubertal and young adult athletes. As evident in Figures 2 and 3, the knee
to hip sagittal plane moment and energy absorption ratios followed the same trend,
increasing from the pre-pubertal group, peaking in the post-pubertal group before returning
to pre-pubertal levels in the young adult group. Interestingly, the peak in average knee
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adductor moments corresponded to the peak in sagittal plane knee to hip moment and energy
absorption ratios (Figure 3).

In contrast to previous studies, the current investigation included a maturation group
classified as young adult. The addition of this group provided additional insight into changes
in performance following puberty, but during a period of more stable growth. During stages
of maturation associated with rapid growth (pubertal and post-pubertal) large increases in
the knee/hip moment and energy absorption ratios were evident (Figures 2-3). During stages
associated with stable growth (pre-pubertal and early adult) the knee/hip moment and energy
absorption ratios and knee adductor moments actually were lowest. Interestingly, the pre-
pubertal and early adult groups (averaged across sex) did not differ for any variable
analyzed. The similarity of pre-pubertal athletes and young adult athletes may be attributed
to the fact that the young adult group reached a stable period of growth; however, it also is
possible that the young adult group is representative of a group of athletes with good
biomechanics who have successfully participated in soccer throughout the developmental
years without sustaining a major injury.

Perspectives

The higher knee adductor moments and disproportionate use of the knee extensors relative
to the hip extensors observed in females reflects a biomechanical pattern that places greater
mechanical loads on the knee joint and ACL. Contrary to our hypothesis, the biomechanical
profile exhibited by females did not emerge post-puberty, but instead, was already present in
pre-pubertal athletes. Our findings suggest that the implementation of injury prevention
strategies should be considered at this stage of maturational development.
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Figure 1.

Average knee frontal plane moment (Nm/mass*height) A) individual group data stratified
by sex and maturation, B) data collapsed across maturation levels, C) data collapsed across
sex. Data represents mean + standard error.
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Figure2.

Knee/hip extensor moment ratio A) individual group data stratified by sex and maturation,

B) data collapsed across maturation levels, C) data collapsed across sex. Data represents
mean + standard error.
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Figure 3.

Knee/hip energy absorption ratio A) individual group data stratified by sex and maturation,

B) data collapsed across maturation levels, C) data collapsed across sex. Data represents
mean + standard error.
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