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The anterior cruciate ligament (ACL) of the knee has an
important role in joint stability, particularly in resisting
internal rotation and anterior translation of the tibia with

respect to the femur.33 Injury to the ACL can be detrimen-
tal to an athlete’s career, often requires invasive surgery to
repair, is 2 to 8 times more prevalent in women than
men,1,2 and also leads to accelerated osteoarthritic changes
to the knee joint.50 Although the ACL can be injured from
a contact blow to the knee, 70% to 80% of the time this lig-
ament is injured during a noncontact maneuver such as
landing from a jump or cutting to quickly change direc-
tions8,40 in sports like soccer, basketball, volleyball, and
European handball.
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Background: Female athletes are 2 to 8 times more likely than male athletes to injure the anterior cruciate ligament during a non-
contact athletic maneuver. Identifying anterior cruciate ligament injury risk factors in female athletes may help with the develop-
ment of preventive training programs aimed at reducing injury rates.

Hypothesis: Differences between genders in lower limb kinematics, kinetics, and neuromuscular patterns will be identified in an
adolescent soccer population during an unanticipated side-cut maneuver.

Study Design: Controlled laboratory study.

Methods: Forty-two elite adolescent soccer players (21 male and 21 female) performed an unanticipated side-cut maneuver, with the
3-dimensional kinematic, kinetic, and electromyographic lower limb data being analyzed using principal component analysis.

Results: The female athletes had higher gastrocnemius activity, normalized to maximal voluntary isometric contractions, and a
mediolateral gastrocnemius activation imbalance that was not present in the male athletes during early stance to midstance of
the side-cut. Female athletes demonstrated greater rectus femoris muscle activity throughout stance, and the only hamstring dif-
ference identified was a mediolateral activation imbalance in male athletes only. Female athletes performed the side-cut with less
hip flexion and more hip external rotation and also generated a smaller hip flexion moment compared with the male athletes. 

Conclusion: This is the first study to identify gender-related differences in gastrocnemius muscle activity during an unanticipated
cutting maneuver. 

Clinical Relevance: The increased and imbalanced gastrocnemius muscle activity, combined with increased rectus femoris
muscle activity and reduced hip flexion angles and moments in female subjects, may all have important contributing roles in the
higher noncontact ACL injury rates observed in female athletes.
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Comprehensive overview articles exist throughout the
literature that summarize the numerous studies address-
ing noncontact ACL injury risk factors and the gender dis-
parity associated with this injury.20,22 Physiologic and
biomechanical risk factors can potentially be controlled
and altered to reduce this risk, but it is difficult to accu-
rately measure these factors during sport-specific scenar-
ios where ACL injuries occur. Measuring body positioning,
joint loading, and neuromuscular coordination during ath-
letic maneuvers in a laboratory setting offers great poten-
tial for capturing and understanding risk factors related to
noncontact ACL injuries, particularly in female athletes.

Several studies focusing on the cutting-related maneu-
ver18,32,36-38,43,46 have analyzed combinations of lower limb
kinematics, kinetics, and electromyography (EMG) in an
attempt to identify ACL injury risk factors associated with
female athletes. Although findings between studies vary,
researchers have been able to identify gender-related dif-
ferences in recreational, high school, or collegiate-level
athletes during various phases of the cutting maneuver.

It has been demonstrated that contraction of the quadri-
ceps muscle at knee flexion angles less than approximately
45° strains the ACL,3,44 and hamstring muscle contraction
in a flexed knee can help protect the ACL by reducing liga-
ment strain in an agonist manner.34,39,44 Activation patterns
of the quadriceps and hamstring muscles have been com-
pared between genders for preplanned athletic maneuvers,
and differences have been detected. Malinzak et al32 demon-
strated greater quadriceps activation levels (vastus medialis
[VM] and vastus lateralis [VL] averaged together), normal-
ized to maximum voluntary contractions (MVC), in women
compared with men during preplanned straight running
and cutting maneuvers. Sigward and Powers46 analyzed
only the VL and not the VM and found that within the first
20% of the stance phase of a preplanned side-cut, the VL in
teenage female soccer players was more activated than that
of their male counterparts (191% MVC vs 151% MVC).

Gender differences in hamstring activity can vary
between different athletic tasks. Malinzak et al32 demon-
strated that although female recreational athletes have
significantly reduced hamstring activity (lateral hamstring
[LH] and medial hamstring [MH] averaged together) during
the stance portion of a preplanned straight run and cross-
cut, for a side-cut maneuver these activation differences
between genders are less evident. Sigward and Powers46

analyzed a preplanned side-cut maneuver only, and gender
differences in hamstring activity were not captured between
the male and female subject groups.

The gastrocnemii, the third main muscle group crossing
the knee, have received little attention with respect to cut-
ting studies and the potential influence of this muscle
group on the ACL. Studies using a computer-based model41

and a differential variable transducer implanted on the
ACL17 have shown that contraction of the gastrocnemii
alone or in combination with the quadriceps muscle is able
to increase the load experienced by the ACL. No study has
specifically evaluated gender differences for the gastrocne-
mii during cutting maneuvers, and identifying activation
differences between men and women for this muscle group
may provide valuable information related to the higher
prevalence of ACL injuries in female athletes.

Kinematic comparisons of athletic maneuvers between
genders are more plentiful than neuromuscular compar-
isons. Some of these studies have reported that female ath-
letes side-cut with greater knee valgus18,32,37,38 and smaller
knee flexion angles32,37 compared with male athletes,
whereas other studies have found no knee kinematic dif-
ferences between genders during a preplanned or unantic-
ipated side-cut.43,46 Gender differences in hip abduction,
hip flexion, or ankle inversion have also been identified for
the side-cut maneuver.18,37

Many studies have analyzed joint moments of the lower
limb during side-cutting,6,7,23,47 but only a select few have
made gender comparisons of the moments.43,46 Pollard
et al43 reported no gender differences in hip and knee
moments, whereas Sigward and Powers46 were able to
demonstrate that women had smaller peak net internal
knee flexion moments and greater net internal knee
adductor moments during the first 20% of the side-cut
stance phase.

Collectively, these studies have identified potential risk
factors associated with the higher prevalence of ACL
injuries in female athletes during cutting-related maneu-
vers. One of the main criticisms for most of these labora-
tory studies, however, is that the maneuvers analyzed may
not adequately represent a true gamelike scenario where
the ACL can be damaged from an unanticipated or per-
turbed noncontact maneuver. More recent laboratory stud-
ies have used light-guiding systems to more closely
approximate a true gamelike situation by forcing the ath-
lete to execute the cutting maneuver at the last possible
moment.5,6,18,23,43 Although it is difficult to assess exactly
how well these unanticipated laboratory maneuvers repli-
cate the true gamelike situation, Besier et al5 were able to
show in male athletes that unanticipated running and cut-
ting maneuvers generate greater knee joint moments and
muscle activation levels compared with similar but pre-
planned maneuvers. Adduction/abduction and internal/
external rotation knee joint moments increased approxi-
mately 100% for the unanticipated cutting maneuvers,
whereas muscle activations only showed a 10% to 20%
increase. The authors also concluded that muscle activa-
tion patterns were more selective for the preplanned
maneuvers, whereas for the unanticipated maneuvers, a
more generalized co-contraction pattern was adopted for
the musculature surrounding the knee.

Only a couple of studies have analyzed the biomechanics
of the unanticipated side-cut with a focus on differences
between genders.18,43 None of these studies simultaneously
compared the kinematics and kinetics of the knee, hip, and
ankle along with the neuromuscular response of the mus-
cles surrounding the knee during the unanticipated side-
cut maneuver. As well, previous cutting studies have
compared discrete waveform measures and have not made
group comparisons based on features identified using the
entire waveform during stance.

Traditionally, biomechanical and neuromuscular wave-
forms have been analyzed by subjectively defining and
extracting parameters describing discrete instants or
events associated with the waveforms. Limitations related
to these analysis techniques include the subjective nature
by which the parameters to be tested are chosen; waveform
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temporal information is often ignored, there is limited
information on the variability of the entire waveform, and
the chosen parameters can be highly correlated.14

Recently, the multivariate analysis technique of principal
component analysis (PCA) has been effectively used to
analyze gait15,30,35 and EMG25,27 waveform data, and this
technique has distinctive advantages over the more tradi-
tional analysis techniques. Principal component analysis
has been shown to have increased sensitivity over tradi-
tional parameter-based analysis techniques in detecting
differences in kinematic and kinetic data.53 It is also very
capable of (1) reducing the data set’s dimensionality,
(2) objectively extracting important features from the
waveform data based on the variability in the data, and
(3) detecting group differences across entire waveforms.12

Principal component analysis is an orthogonal or eigen-
value decomposition of an original data set into new uncor-
related variables or principal components (PCs). These
individual PCs describe salient features of variation
within the original data set that can then be related to bio-
mechanical or neuromuscular waveform characteristics.
Individual waveforms in the analysis are scored based on
their similarity to the extracted features (PCs), and then
statistical hypothesis testing can be performed on these
scores to test for differences (ie, group, condition).

The purpose of this study was to measure and compare
muscle strength, hip, knee, and ankle kinematic and kinetic
waveforms, as well as muscle activation waveforms of
the quadriceps, hamstrings, and gastrocnemii, during the
stance phase of an unanticipated side-cut maneuver in an
elite adolescent soccer population using PCA. It was hypoth-
esized that gender and mediolateral muscle site differences
would exist in both the magnitude and temporal character-
istics of these waveforms and that these differences would
help explain risk factors related to the higher prevalence of
noncontact ACL injuries in female athletes compared with
male athletes. The long-term goal of this study is to use the
identified gender and mediolateral muscle site differences
collectively to help develop or improve preventive training
programs aimed at reducing the incidence of ACL injuries,
particularly in female athletes.

METHODS

Subjects

Forty-two healthy elite adolescent soccer players (21 male
and 21 female) between the ages of 14 and 18 years (Table 1)
were recruited from the Nova Scotia provincial youth and
Canada Games soccer teams. Each subject had no signifi-
cant injury at the time of testing and had no history of
major injury to either lower limb (ie, meniscus damage or
substantial ligament damage to the knee or ankle).
Subjects with previous ankle sprains were permitted to
take part in the study if the sprain occurred at least 1 year
before testing and they were no longer experiencing any
pain while playing soccer. The Research Ethics Board for
Health and Medical Sciences at Dalhousie University
approved this study, and all subjects, along with their
guardians, were required to sign a written consent form
before testing.

Experimental Design

On arrival in the laboratory, subjects viewed a demonstra-
tion of the athletic maneuvers and then practiced each
maneuver before testing. The three maneuvers included a
straight run, a running side-cut between 35° and 60° from
the direction of travel (cutting to the left with the right foot
planted on the force platform), and a running crosscut
between 35° and 60° from the direction of travel (cutting
across the body to the right with the right foot planted on
the force platform). Two infrared timing gaits were used to
ensure that the approach speed was 3.5 ± 0.2 m/s, and just
before the subject landed on the force platform, a 3-light
guiding system was used to randomly cue the subjects to
either run straight, cut to the left (side-cut), or cut to the
right (crosscut). Subjects had approximately half a second
to react and make the cut, and the maneuvers were
repeated until 5 acceptable trials were obtained for the 3
maneuvers. Only the results for the side-cut maneuver are
discussed in this article; the results for the straight run
and cross-cut maneuvers will be presented in another arti-
cle (S. C. L. et al, unpublished data, 2007).

EMG and Motion Analysis

A complete 3-dimensional analysis including motion and
force data as well as muscle activation patterns of the
right leg was conducted for the stance phase of the side-
cut. Patient setup began with standard skin preparation
(shaving and cleaning with alcohol) followed by place-
ment of silver/silver chloride pellet surface electrodes (0.79
mm2 contact area, Bortec Inc, Calgary, AB, Canada) over
the appropriate muscle locations. The electrodes were
attached in a bipolar configuration (20 mm center-to-
center) along the direction of the muscle fibers on the right
leg for the rectus femoris (RF), VL, VM, LH, MH, lateral

TABLE 1
Descriptive and Strength Data for Male and Female

Subjectsa

Male Female P Value

Anthropometrics
Age, y 17.0 (0.6) 16.7 (1.0) .19
Height, m 1.77 (0.05) 1.65 (0.07) <<.0001
Weight, kg 69.6 (6.6) 60.8 (5.5) <<.0001
BMI, kg/m2 22.1 (1.7) 22.4 (1.8) .63

Cutting characteristics
Approach speed, m/s 3.50 (0.09) 3.44 (0.10) .08

Soccer experience
Years played 10.7 (1.7) 9.8 (2.1) .15

Strength
KE 45° supine, N⋅m 139.5 (24.8) 115.5 (20.7) .001
KF 55° prone, N⋅m 86.8 (22.5) 66.3 (13.8) .001
KF 55° supine, N⋅m 74.4 (27.5) 52.9 (14.1) .003
PF seated, N⋅m 122.4 (39.4) 91.0 (21.7) .003
KF 55° supine/KE 45° 0.53 (0.16) 0.46 (0.08) .10
KF 55° prone/KE 45° 0.62 (0.12) 0.58 (0.11) .24

aBMI, body mass index; KE, knee extension; KF, knee flexion; PF,
plantar flexion. Student t tests used to test for differences between
genders. Statistically significant differences in bold (P < .05).
Values in parentheses are standard deviations.
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gastrocnemius (LG), and medial gastrocnemius
(MG).25,26,31 A reference electrode was positioned over the
tibial shaft, and proper electrode placement was validated
by assessing the EMG recordings51 while the subjects per-
formed a series of isolated movements.29 Raw EMG signals
were preamplified (500 times) and further amplified (band-
pass 10-1000 Hz, common mode rejection ratio = 115 dB [at
60 Hz], input impedance ~10 Gohm) with an 8-channel sur-
face EMG system (AMT-8 EMG, Bortec Inc).

Motion data were captured at 100 Hz using an Optotrak
motion analysis system (Northern Digital Inc, Waterloo,
ON, Canada), and ground-reaction force data were cap-
tured at 1000 Hz using an AMTI force platform (Advanced
Medical Technology Inc, Watertown, Mass). Infrared light-
emitting marker diodes were placed on the shoulder,
greater trochanter, lateral epicondyle, and lateral malleolus
of the right leg. Marker triads consisting of 3 rigidly fixed
infrared markers were placed on the pelvis, thigh, shank,
and foot. Virtual points including the right and left anterior
superior iliac spines, medial epicondyle, fibular head, tibial
tuberosity, medial malleolus, second metatarsal head, and
calcaneous10 were collected to create anatomical coordi-
nate systems, and a standing calibration trial was cap-
tured as the reference position on which to base all joint
angle calculations. To prevent damage and entanglement
of the EMG electrode and infrared marker wires during
testing, an ultrathin stretchable stocking was placed over
the right leg.

On completion of the motion trials, an EMG subject bias
trial was recorded with the subject relaxed and supine. Six
maximum voluntary isometric contraction (MVIC) exer-
cises were performed to elicit maximal activation ampli-
tudes for the purpose of EMG amplitude normalization.25

Five of the 6 exercises were performed on a Cybex
dynamometer (Lumex Inc, Ronkonkoma, NY), and 4 of
these exercises provided a measure of muscle strength
(N⋅m) for the muscle groups. The 6 MVIC exercises
included (1) sitting supine and extending the knee at 45°,
(2) simultaneously extending the knee at 45° and flexing
the hip while sitting supine, (3) flexing the knee at 45°
while sitting supine, (4) flexing the knee at 55° while lying
prone, (5) plantar flexing the ankle with the knee fully
extended and the ankle in a neutral position, and (6) plan-
tar flexing the ankle against a resistance while standing
on toes. All torques were gravity corrected, and the EMG
data were captured at 1000 Hz.

Data Analysis

Three-dimensional joint angles and net external moments
for the hip, knee, and ankle were calculated using Matlab
(The MathWorks Inc, Natick, Mass) custom-written inverse
dynamics analysis software. The foot, shank, thigh, and
pelvis were modeled as rigid bodies, and the position and ori-
entation of these segments were determined using a least
squares optimization routine.11 Joint angles were reported
according to the floating axis joint coordinate system21 with
flexion (or plantar flexion at the ankle), internal rotation (or
eversion at the ankle), and adduction (or toe-in at the ankle)

all being positive for the 3 joints. The net external moments
were described with respect to the same rotation axes used
for the joint angle data.30,35,36

The EMG data were bias corrected, converted to micro-
volts, full-wave rectified, and low-pass filtered at 6 Hz
using a zero-lag fourth-order Butterworth filter in Matlab.
All kinematic, kinetic, and EMG waveform data were time
normalized with the maneuver’s stance phase represented
by 101 data points ranging from 0% (foot strike) to 100%
(foot off). The moment data were amplitude normalized to
body mass, and the EMG data were amplitude normalized
to maximal EMG amplitudes attained during the MVIC
normalization exercises using a 100-ms moving window
algorithm for each muscle.25 Three to 5 side-cut trials were
averaged together to create an ensemble average profile
for each waveform measure.

The analysis technique of PCA was applied to the
ensemble average angle, moment, and EMG waveforms to
identify features of variation in the waveforms that were
then tested statistically for gender and/or mediolateral
muscle site differences. Principal component analysis is a
multidimensional analysis tool that has become increas-
ingly popular for analyzing biomechanical and neuromus-
cular waveform data in recent years.12 A data set that
includes all the waveforms of a particular variable or
measure is first arranged in a matrix, and the mean value
at each instant of time is then subtracted from all wave-
forms in the data set. The covariance matrix of this mean
removed data set is calculated and entered into a PC
analysis. Principal component analysis involves perform-
ing an orthogonal or eigenvector decomposition of the
covariance matrix for a group of waveforms to identify or
capture biomechanical waveform features (ie, overall mag-
nitudes, local magnitudes, phase shifts, and amplitudes)
based on the patterns of variability in the waveform data
set. The biomechanical features are represented by the
eigenvectors or PCs of the analysis, and then each subject’s
waveform receives a score (PC score) based on how similar
his or her waveform is to that specific PC. Statistical com-
parisons are performed on the PC scores, and the PCs are
ordered in a manner so that the first PC describes the
greatest amount of waveform variation, the second PC
describes the second greatest amount of variation, and so
forth. The salient features that the PCs capture can be dis-
criminatory or nondiscriminatory in nature, and the PC
scores that each waveform obtains provide some indication
of how much that particular feature is contributing to the
overall waveform pattern.

The waveforms for hip, knee, and ankle angles and
moments and RF activation patterns for the male and female
athletes were analyzed using separate PC analyses for
each individual variable or biomechanical or neuromuscular
component. Each separate PC analysis involved inputting
the male and female waveforms for the particular variable
being analyzed into the analysis and then statistically
testing the PC scores for gender differences using Student
t tests. For each of the quadriceps (VL and VM), ham-
strings (LH and MH), and gastrocnemii (LG and MG) mus-
cle groups, gender and mediolateral site differences were
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analyzed by simultaneously including medial and lateral
muscle site waveforms for both male and female subjects
in a separate PC analysis for each of the 3 different mus-
cle groups. A 2-factor mixed-model analysis of variance,
with the repeated measure being lateral and medial mus-
cle sites, was used along with Tukey adjusted post hoc
pairwise comparisons (P < .05) to identify differences
between mediolateral muscle sites and between genders
for the 3 muscle groups. Gender differences in anthropo-
metric measures, strength, and years of playing experience
were tested using Student t tests (P < .05). All analyses and
statistical testing were performed in Matlab and Minitab
(Minitab Inc, State College, Pa).

RESULTS

Subject Demographics and
Maneuver Approach Speeds

All subjects were free of injury at the time of testing,
although many subjects reported minor lower limb injuries
(ie, ankle sprain, muscle strain, and broken bone) previously
in their soccer careers (62% of male subjects and 86% of
female subjects). The male soccer players were 8.81 kg heav-
ier (P < .01) and 0.12 m taller (P < .01) than their female
counterparts; however, no differences were detected for age,
body mass index, and years of playing experience (Table 1).
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Figure 1. Male (M) and female (F) mean gastrocnemii activation waveforms for the stance phase of the side-cut, principal com-
ponent (PC) waveform, high and low PC score waveforms, and PC score means. A, group means for the maximum voluntary
isometric contraction (MVIC) normalized ensemble average activation waveforms of the lateral gastrocnemius (LG) and medial
gastrocnemius (MG) for male and female subjects during the stance phase of the side-cut. B, PC1 capturing the overall muscle
activation magnitude during early stance to midstance. C, muscle activation waveforms for 2 subjects with a high and low PC1
score. D, PC1 score means with standard error of the means for the LG and MG of male and female subjects. *Significant gen-
der difference; #significant mediolateral muscle site difference (P < .05). 
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The side-cut was performed in an indoor/turf soccer shoe by
all athletes, and the approach speed for the maneuver did
not differ statistically between the male (3.50 ± 0.09 m/s)
and female (3.44 ± 0.10 m/s) groups (Table 1).

Strength Measures

Male players produced greater maximal moments than did
female players for knee flexion (prone and supine), knee
extension, and ankle plantarflexion strength exercises on
the Cybex dynamometer (Table 1). The largest muscle
moment mean difference between genders was for plantar
flexion while sitting supine, with male subjects generating

a 31.4 N⋅m (P < .005) larger moment than female subjects.
No statistically significant differences between genders
were identified for the ratios of knee flexion (prone and
supine) versus knee extension (Table 1). When maximal
moments were normalized to the body weight and height
of the subjects, no differences between genders for the 4
strength measures were found.

EMG

Four separate PC analyses were performed on the gastroc-
nemii (LG and MG), hamstrings (LH and MH), quadriceps
(VL and VM), and RF muscle activation waveforms to
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compare the male and female ensemble average muscle
activation waveforms for the side-cut maneuver. The first 3
PCs for the 4 analyses explained the majority of the total
variance in the magnitude and overall shape pattern of the
temporal waveforms. The total variance explained by these
3 PCs was 96.5%, 93.3%, 97.2%, and 97.1% for the gastroc-
nemii, hamstrings, quadriceps, and RF activation wave-
forms, respectively. The general overall magnitude of the
activation waveforms during stance was captured by PC1
for the hamstrings, quadriceps, and RF. For the gastrocne-
mii, PC1 captured early stance to midstance activation mag-
nitudes (≈0% to 70% of stance), and PC2 captured late
stance (≈70% to 100% of stance) activation magnitudes. The
remaining PCs captured more subtle features of the tempo-
ral waveforms, and these features were not as effective in
detecting gender or muscle site differences. Two female VM
activation waveforms and 3 male MG activation waveforms
were not included in the analyses because of insufficient sig-
nal quality during the MVIC normalization trials.

Gastrocnemii Activation Waveforms

Figure 1 provides an example of the gastrocnemii ensem-
ble average waveforms (Figure 1A) along with the PC1
loading vector that captured an overall magnitude during
early stance to midstance (Figure 1B). The waveforms from
an individual with a high and low PC1 score (Figure 1C)
for each analysis were used to help with interpretation of
the waveform features. Means of the PC scores correspon-
ding to the waveform magnitudes and standard errors of
these means for each group were also plotted (Figure 1D).

Gender and mediolateral muscle site differences in acti-
vation magnitudes during the side-cut were captured for
the gastrocnemii (Table 2). Pairwise comparisons of the
PC1 scores illustrated that the female LG and MG had
larger overall magnitudes than the male LG and MG (P <
.003) during early stance to midstance. For the same phase

of stance and comparing the medial and lateral muscle
sites within gender, females had higher LG activation
magnitudes compared with their MG (P = .05), whereas
statistically significant differences were not identified
between the male MG and LG muscle sites. During late
stance, a mediolateral muscle activation imbalance was
detected in female subjects only, with the LG being more
activated than the MG (P = .02) (Figures 2 A and B).

Hamstrings Activation Waveforms

No overall activation magnitude differences between gen-
ders were detected by PC1 throughout the entirety of
stance for both the LH and MH (Table 2). In male subjects,
however, LH activity was greater than MH activity
throughout stance (P = .02), but this mediolateral imbal-
ance was not present in female subjects (Figures 2 C and
D). The relationship between muscle activation levels dur-
ing early stance and midstance was captured by PC2 (see
Figure A1 in Appendix A, available in the online version of
this article at http://ajsm.sagepub.com/cgi/content/full/35/
11/1888/DC1/ for PC waveform) with the difference being
statistically significant in male subjects only (male
P = .001; female P = .09). For this feature, the LH and MH
mean activation levels were comparable during early
stance; however, the main difference was during midstance
where the LH activity was significantly higher with a more
distinctive peak than the MH in male subjects only. The
MH demonstrated on average greater activity during early
stance compared with midstance. A female difference may
not have been detected for the PC2 feature because of a
lack of adequate power (0.645).

Quadriceps Activation Waveforms 

The PC analysis of the quadriceps that simultaneously
tested the VL and VM for both genders found no gender or

TABLE 2
Interpretation and P Values for the Muscle Activation Principal Component (PC)

Waveforms During the Side-Cut Maneuvera

Gender Comparison, Med-Lat Site Comparison,
Muscle Group PC Interpretation P Value P Value

Gastrocnemii PC1 Magnitude during early stance Med site, <<.003 Male, 1.0
(LG & MG) to midstance (≈0% to 70%) Lat site, <<.003 Female, .05

PC2 Magnitude during late Med site, .14 Male, 1.0
stance (≈70% to 100%) Lat site, .89 Female, .02

Hamstrings PC1 Magnitude throughout stance Med site, .95 Male, .02
(LH & MH) Lat site, .29 Female, .32

PC2 Magnitude/shape during early Med site, .62 Male, .001
stance and midstance Lat site, .97 Female, .09

Quadriceps PC1 Magnitude throughout stance __, .05 __ , __
(RF site only)

aMed, medial; lat, lateral; LG, lateral gastrocnemius; MG, medial gastrocnemius; LH, lateral hamstring; MH, medial hamstring; RF, rec-
tus femoris. Dashes mean that comparisons were not made. Repeated-measures analysis of variance used on PC scores for hamstrings and
gastrocnemii activation waveforms, using Tukey adjusted post hoc pairwise comparisons. Student t tests used to test for differences in PC
scores for RF. Significant differences in bold (P < .05).
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mediolateral muscle site differences (Figures 2E and F).
Analyzing the RF muscle site, however, demonstrated
larger activation magnitudes in female subjects compared
with male subjects throughout stance (P = .05) (Table 2
and Figures 2G and H).

Kinematics

Principal component analysis was used to test for differ-
ences in joint angle waveforms for the hip, knee, and ankle
between male and female players. Knee adduction and
internal rotation angles were not examined because their
relative values are of a comparable magnitude to meas-
urement errors from marker skin motion and kinematic
cross talk.4,28,42 Joint angle differences between genders
were most prominent at the hip, with more subtle differ-
ences evident at the ankle and no significant differences
present at the knee. The first 3 PCs for each joint angle
component at all joints captured between 94.6% and 99.0%
of the total variance in the waveform data. To aid with
interpreting the results from the PC analysis, all kine-
matic and kinetic PC waveforms that were statistically
significant or approached significance (Table 3) are plotted
in Figure A1 in Appendix A, along with the percent varia-
tion explained by each specific PC.

Principal component 1 for hip flexion and hip internal
rotation described the overall magnitude throughout
stance (Table 3). Female subjects demonstrated signifi-
cantly less hip flexion than male subjects (Figure 3A).

Mean hip flexion at foot strike was 38.9° ± 8.8° and 44.1° ±
7.6° for female and male subjects, respectively, and this
approximate magnitude difference was evident throughout
stance. Internal rotation angles throughout stance were
also different, with male subjects having a more internally
rotated femur than female subjects, who had a more exter-
nally rotated femur (P = .03) (Figure 3B). Male subjects
had a mean internal rotation angle during stance of
3.00° ± 1.78°, whereas female subjects had a mean exter-
nal rotation angle of 2.48° ± 2.3°. Principal component 2
captured a difference in the pattern of the internal rotation
angle with male subjects maintaining a more steady-state
internal rotation angle throughout stance compared with
female subjects, who tended to go from internal to external
rotation as stance phase progressed (P = .05). Gender dif-
ferences in hip adduction were not detected.

Knee flexion angle differences between genders were not
found (Figure 3C), and the only gender difference captured in
ankle kinematics was a subtle shift in the timing of the plan-
tarflexion waveforms (Figure 3D). Female subjects tended to
dorsiflex their ankles sooner during early stance to mid-
stance and plantar flex the ankle sooner during late stance
in comparison with the male athletes (PC3 P = .02) (Table 3).

Kinetics

Differences in joint moments between genders were identi-
fied for all 3 joints, both throughout the entire stance phase
and at specific instants of stance (Table 3 and Figure 4).

TABLE 3
Interpretation, Gender Means, Standard Error of the Means, and P Values for the Kinematic and Kinetic Principal

Component (PC) Waveforms During the Side-Cut Maneuvera

PC Score Means (SEM)

Gait Measure PC Interpretation Male Female P Value

Joint angles
Hip flex/ext PC1 Magnitude throughout stance 36.2 (21.3) –36.2 (17.0) .01
Hip int/ext rotation PC1 Magnitude throughout stance 27.6 (18.4) –27.6 (15.3) .03

PC2 Amplitude/shape throughout stance 11.1 (7.3) –11.1 (8.0) .05
Knee flex/ext PC1 Magnitude throughout stance 9.0 (18.9) –9.0 (13.9) .45
Ankle plantar PC3 Phase shift throughout stance –8.6 (4.8) 8.6 (4.8) .02

flexion/dorsiflexion
Joint moments

Hip flex/ext PC2 Magnitude throughout stance 1.38 (0.64) –1.38 (0.52) .02
PC3 Amplitude during early –0.67 (0.54) 0.67 (0.45) .06

stance (≈0% to 20%)
Hip int/ext rotation PC3 Magnitude during early –0.16 (0.09) 0.16 (0.10) .03

stance (≈0% to 12%)
Hip adduct/abduct PC3 Magnitude during early 0.42 (0.21) –0.42 (0.33) .04

stance (≈0% to 12%)
Knee adduct/abduct PC3 Magnitude during early 0.23 (0.16) –0.23 (0.18) .06

stance (≈0% to 12%)
Ankle evert/invert PC4 Magnitude during early –0.045 (0.04) 0.045 (0.02) .05

stance (≈0% to 20%)

aSEM, standard error of measurement; flex, flexion; ext, extension; int, internal; ext, external; adduct, adduction; abduct, abduction; evert,
eversion; invert, inversion. Student t tests used to test for differences between genders in the PC scores for kinematic and kinetic wave-
forms. Statistically significant differences in bold (P < .05).
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Four PCs were examined for each joint moment, and gen-
erally the third and fourth PCs captured waveform differ-
ences during early stance. The first 4 PCs for the 3 ankle
moments captured at least 96.6% of the total waveform
variance. For the knee and hip, at least 81.2% and 86.1% of
the moment waveform variance was captured by the first
4 PCs, respectively.

The most notable moment differences captured between
genders occurred at the hip followed by less subtle differ-
ences at the ankle and knee. Principal component 2 for hip
flexion moment captured the overall magnitude through-
out stance, with male athletes exhibiting a greater flexion
moment magnitude compared with female athletes for the
duration of stance (P = .002) (Figure 4A). Principal compo-
nent 3 also captured a feature of variation in hip flexion
moment magnitude during the early stance (≈ first 10%);
however, this feature was not quite statistically significant
for a gender difference (P = .06).

Differences between male and female athletes in hip
internal rotation (Figure 4B) and hip adduction moment
magnitudes (Figure 4C) were captured during the first
approximate 12% of stance by PC3. Female subjects gener-
ated a larger hip external rotation moment than male sub-
jects (P = .03) and tended to have a hip adduction moment
during the early stance phase in comparison with male
subjects, who had a hip abduction moment during the
early stance phase (P = .04) (Table 3).

No differences between genders for knee flexion moment
were found (Figure 4D), and the only moment difference
that approached significance at the knee was adduction

moment during the first 12% of stance (P = .06) (Figure
4E). Principal component 3 captured this magnitude dif-
ference, with male subjects having a larger abduction
moment than female subjects during early stance. With
respect to the ankle, PC4 captured a gender difference in
eversion moment during the first 20% of stance (P = .05)
(Figure 4F). Male athletes were more apt to experience a
small eversion moment during the first 20% of stance fol-
lowed by the generation of a larger inversion moment for
the remainder of stance. Female athletes, however, pro-
duced an inversion moment immediately after foot strike
and maintained this inversion moment throughout stance.

Results Summary

Differences were found in kinematic, kinetic, and muscle
activation waveforms between genders as well as between
medial and lateral sites for the side-cut maneuver.
Features of variation related to the overall magnitude and
pattern of the waveforms were captured with the most
notable gender differences being detected for the gastroc-
nemii and RF activation patterns and hip flexion angle
and moment waveforms. Female subjects had higher acti-
vated LG, MG, and RF and also demonstrated a reduced
hip flexion angle and moment compared with male sub-
jects throughout the stance phase. Principal component 3
and PC4 for several joint moment measures (hip adduc-
tion, hip internal rotation, knee adduction, and ankle ever-
sion) also captured gender-related differences, particularly
within the first 20% of stance.
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Figure 3. Male (M) and female (F) mean joint angle waveforms for the stance phase of the side-cut. A, hip flexion and extension;
B, hip internal and external rotation; C, knee flexion and extension; D, ankle plantar flexion and dorsiflexion.
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DISCUSSION

This study identified neuromuscular and biomechanical
differences between genders in an elite adolescent soccer
population during an unanticipated side-cut maneuver.
The application of PCA to the muscle activation waveforms
demonstrated that female athletes have greater LG, MG,
and RF muscle activation magnitudes during the stance
phase of the side-cut than male athletes. Female athletes
also exhibited smaller hip flexion angle and moment magni-
tudes throughout stance compared with male athletes. Hip
adduction, hip internal rotation, knee adduction, and ankle
eversion moment differences were also captured by PCA
during the first approximate 10% to 20% of stance, when
noncontact ACL injuries most often occur.8 With respect to
strength measures for knee flexion, knee extension, and
ankle plantar flexion, no differences were identified

between genders for the generated moments normalized to
body weight and height. The ratio of knee flexion strength
to knee extension strength was also compared between
male and female athletes, and no differences were
detected.

Muscle activation magnitude differences between the
gastrocnemii of male and female athletes during the side-
cut were the most notable differences identified in our
study, and the contribution of these differences as potential
risk factors for ACL injury has not been previously
addressed in the literature. No previous study on cutting
maneuvers has compared gastrocnemii activity between
genders, and landing studies analyzing the gastrocnemii
have not identified gender-related differences.13,16,45 In our
study, female subjects demonstrated greater LG and MG
activity than male subjects during early stance to mid-
stance. In female subjects only, a mediolateral muscle site
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Figure 4. Male (M) and female (F) mean joint moment waveforms for the stance phase of the side-cut. A, hip flexion and exten-
sion; B, hip internal and external rotation; C, hip adduction and abduction; D, knee flexion and extension; E, knee adduction and
abduction; F, ankle eversion and inversion.
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imbalance for the entire stance duration of the side-cut
was also evident, with the LG being more active than the
MG. Male subjects exhibited similar activation magni-
tudes for the medial and lateral sites throughout stance.

The higher gastrocnemii activity may be necessary to
help the quadriceps and hamstrings stabilize and stiffen
the female knee joint, which tends to be more lax and less
stiff than the male knee joint.24,52 Although the higher gas-
trocnemii activity in female athletes could help protect
the knee, it may also increase ACL strain. Studies using a
computer-based model41 and a differential variable trans-
ducer implanted on the ACL17 have shown that contraction
of the gastrocnemii alone or in combination with the
quadriceps is able to increase the load on the ACL. As well,
the mediolateral site imbalance present in only female
subjects may also be a risk factor, and further investigation
is warranted to determine if this imbalance places the
knee or the posterolateral aspect of the knee in a more vul-
nerable state for injury.

In addition to greater LG and MG activity, female ath-
letes demonstrated greater RF activity throughout stance
compared with male athletes. Contraction of the quadri-
ceps at knee flexion angles less than approximately 45°
can increase ACL strain,3,44 and therefore the higher RF
activity in female athletes may increase ACL strain during
the side-cut and potentially place them at greater risk of
ACL injury.

Differences in VL and VM activity between male and
female subjects were not found, in contrast to the findings of
Malinzak et al32 and Sigward and Powers.46 Both studies
had subjects perform the side-cut in a preplanned manner
and at an approach speed greater than 5.0 m/s. Malinzak
et al demonstrated greater VL and VM activity in female
athletes (averaged together) throughout stance, whereas
Sigward and Powers demonstrated greater VL activity in
female athletes compared with male athletes during early
stance. The unanticipated nature of the side-cut, the slower
approach speeds (3.5 ± 0.2 m/s), and the differences in skill
levels among these studies, with ours having more skilled
athletes, may have contributed to the different findings.
Although future investigations are recommended with
respect to the influence that the RF has on ACL injuries and
the hip, capturing gender differences in RF activity and not
in VM and VL activity suggests that female athletes might
possibly be activating the biarticulate RF muscle at a
greater magnitude than male athletes to help more with
controlling of the hip rather than the knee.

Differences between male and female subjects in ham-
string activation magnitudes were not captured, and these
findings agree with Sigward and Powers,46 who also found
no differences between genders in hamstring activity lev-
els during early stance. Malinzak et al,32 however, reported
that female athletes have smaller hamstring activation
magnitudes (LH and MH averaged together) than male
athletes during stance of a preplanned straight run, side-
cut, and crosscut, with the differences being most pro-
nounced for the straight run and crosscut. Differences in
hamstring findings between the studies might possibly be
attributed to the subjects being tested. Sigward and

Powers and our study used more skilled and experienced
teenage soccer players, whereas Malinzak et al32 used
older recreational athletes to make gender comparisons.

Contracting the hamstrings at knee flexion angles greater
than approximately 30° can reduce ACL strain by increas-
ing knee joint stability and resisting anterior tibial transla-
tion with respect to the femur.39,44 A reduction in hamstring
function during cutting or landing is a potential ACL injury
risk factor, and although we were not able to identify ham-
string differences between genders, we did identify a statis-
tically significant mediolateral hamstring muscle imbalance
present in the male subjects that was not significant in the
female subjects. The LH was activated at a greater magni-
tude than the MH in male subjects, and this difference was
particularly evident during midstance when the knee was
experiencing large flexion, adduction, and external rotation
moments. It is difficult to conclude if this mediolateral site
imbalance exists to help male athletes perform the side-cut
more efficiently or if it serves as a protective mechanism
against the higher rotational moments present during the
side-cut. The higher LH activity in male athletes could
also provide increased stability to the posterolateral corner,
where structural damage and bone bruising often occur in
tandem with noncontact ACL injuries.9,48

Sagittal plane kinematic differences between male and
female athletes were captured at the hip but not at the
knee for the unanticipated side-cut maneuver. Similar to
the findings of McLean et al,37 hip flexion angles through-
out stance of the side-cut were smaller in female subjects
than in male subjects. With respect to the knee, no differ-
ences between gender were identified, and this agrees with
previous side-cut studies.18,43,46 It must be noted that flex-
ion angle differences between genders do vary throughout
the literature, with other studies reporting different
results. In contrast to our findings, Pollard et al43 found no
hip flexion differences between genders, and with respect
to the knee, Malinzak et al32 and McLean et al37 deter-
mined that female athletes performed the side-cut with
less knee flexion than male athletes. Although flexion
angle results vary across cutting studies, cutting with less
hip or knee flexion can place an individual in a more erect
posture. Small flexion angles have been shown to generate
higher impact forces,19,49 and therefore the reduced hip
flexion angles in female athletes might possibly increase
knee joint loadings and thereby place the ACL at greater
risk of injury. The gender differences in hip internal rota-
tion and ankle plantar flexion were relatively small and
were both deemed to be clinically irrelevant with respect to
risk factors for ACL injury. In contrast to our findings
where gender differences were not detected for ankle
eversion-inversion, Ford et al18 found that female athletes
side-cut with a greater maximum eversion angle and a
decreased maximum inversion angle than male athletes.
The discrepancies between these 2 studies can most likely
be attributed to the method in which the unanticipated
side-cuts were performed. Our subjects ran straight before
making the side-cut, whereas the subjects studied by Ford
et al performed a forward jump, and then a light randomly
cued the subjects to side-cut to either the left or right side.
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Gender differences were captured for hip flexion
moment, with male athletes having a larger overall flexion
moment magnitude than female athletes throughout
stance. Although requiring further investigation, this
greater hip flexion moment combined with a greater hip
flexion angle in male athletes could help to increase hip
joint stability and thereby make the ACL less vulnerable
to injury compared with their female counterparts. Other
kinetic differences between genders were also detected
during the first 10% to 20% of stance, where ACL injuries
are most likely to occur. These differences were captured
for hip internal rotation, hip adduction, and ankle eversion
moment; however, the moment magnitudes were much
smaller than the maximal moments reached later in mid-
stance. It remains unclear if these moment differences
at the smaller magnitudes during early stance serve as
potential risk factors for ACL injury.

Limitations related to the analysis technique and the
testing protocol were acknowledged in this study. The
waveform analysis technique of PCA was effective in iden-
tifying features in the biomechanical and neuromuscular
waveform data that were statistically different between
the male and female athletes. The limitation of this analy-
sis technique, however, was that once differences were
detected, the magnitudes of these differences were not
quantifiable with respect to the units in which the wave-
forms were reported. The second limitation, related to the
testing protocol, was that the athletes were told to side-cut
in a manner that felt natural to them, and this most likely
introduced variability in the data based on individual dif-
ferences in cutting technique, making it more difficult to
detect differences.

CONCLUSION

This comprehensive study represents the first time PCA
has been used successfully to detect biomechanical and
neuromuscular differences between genders during an
unanticipated running side-cut maneuver in an elite ado-
lescent soccer population. Using the variation in the wave-
form data, PCA objectively identified a number of
biomechanical and neuromuscular features that poten-
tially serve as risk factors in the predisposition of higher
ACL injury rates in female athletes compared with male
athletes. This was the first study to demonstrate that female
athletes have greater gastrocnemii activity and a mediolat-
eral gastrocnemii muscle site magnitude imbalance that is
not present in male athletes during side-cutting. Other dif-
ferences identified that may have a contributing role toward
higher ACL injury rates in female athletes include greater
RF activity in female athletes and reduced hip flexion
angles and moments throughout the stance portion of the
unanticipated side-cut.
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